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TOXICITY OF RADIOELEMENTS

APPLICATION OF CELLULOSE NITRATE FILMS FOR ALPHA

AUTORADIOGRAPHY OF BONE

Alan Cole,* D. J. Stmmons, Helen Cummins, F. J. Congel, and Jacob Kasiner

Cellulose nitrate can be used to record the tracks of alpha
particles from bone and may have some advantages over nu-
clear emulsions. The tracks are made visible by etching the
cellulose nitrate film with NaOH and no darkroom is re-
quired. Beta rays and electrons do not produce tracks, so
background fogging is eliminated. The etching process makes
visible only those alpha particle tracks which penetrate the
film, so the attainable resolution may be better than that of
nuclear emulsions. Finally, the alpha tracks are enlarged and
so may be more easily counted by a photoelectric scanner.

When an alpha particle strikes the surface of a
dielectric material such as a cellulose nitrate foil and
gives up more energy per unit distance along its tra-
jectory than the critical value of the material, latent
etchable tracks are produced. The ionization and
subsequent electrostatic repulsion produced by the
particle creates vacancies along its path by ejecting
atoms from the nitrocellulose molecules into inter-
stitial positions. The resulting molecular fragments
are more soluble than the parent molecule.t*-® The
process of recording alpha particle tracks in nitro-
cellulose foil by etching radiation damaged sites has
been called alphagraphy. It is a simple and direct
method, and because nitrocellulose films offer cer-
tain technical advantages over photographic nuclear
emulsions, it has found application in health physics
for dosimetry.(® This technique can discriminate be-
tween heavy and light charged particles, and thus the
films are insensitive to electrons, thermal neutrons, or
gamma irradiation. In addition, they will not fog
during long term exposures, they are remarkably
stable, and they can be processed (etched) in day-
light and at room temperatures.

It is possible to prepare thin films of cellulose ni-
trate which are selectively sensitive to alpha par-
ticles which have an energy range up to 5 MeV. This
suggested that the technique might be useful when
high resolution autoradiographic studies are required
to visualize the tissue localization of bone-seeking
radioisotopes such as plutonium and radium. We will
describe a method of cellulose nitrate film prepara-

* Present address: Department of Anatomy, The Bowman
Gray School of Medicine, Winston-Salem, North Carolina.

tion and etching which has produced high quality
autoradiographs of bone sections from mice injected
intravenously with a monomeric solution of 1% so-
dium citrate with 90% ultrafilterable 23°Pu (0.1
pCi).® The animals were sacrificed 6 days after in-
jection. The long bones obtained at autopsy were
fixed in 95% alcohol, embedded undecalcified in
methyl methacrylate, and were cut on a high speed
rotary saw longitudinally at 100 x. The tissue sections
had been used previously to prepare contact auto-
radiographs using Kodak Type A autoradiographic
plates, and the results of that study have recently
been published by Rosenthal et al.™®

We prepared a stock solution of nitrocellulose ac-
cording to Benton’s® method: 17 g nitrocellulose}
were first dissolved in a solvent composed of 5.1 g
isopropyl alcohol, 4.0 g butyl alcohol, and 8 g cello-
solve acetate. This solution was then dissolved in
61.9 g ethyl acetate, and 4 g dioctyl phthalate were
added as a plasticizer. The mix was permitted to age
for 4 days to achieve chemical equilibrium before use
as an autoradiographic detector film. In practice,
we diluted 25 ml of the stock solution by adding 75
ml ethyl acetate in order to obtain thin (3 x) detector
films.

Autoradiographs were prepared by simply dipping
the bone sections mounted on microscope slides into
the dilute cellulose nitrate solution for 10 sec. The
slides were removed vertically and allowed to drain
for an additional 10 sec. The underside of each slide
was wiped free of the solution and the preparations
were air dried horizontally overnight under a glass
dish to avoid contamination with dust. The coated
slides. were then annealed at 70° C for 4 hr to temper
the detector film as recommended by Benton,®
and were wrapped in aluminum foil during the ex-
posure period. The autoradiographs were developed
in a stendor dish by etching the detector films with
6.5 N NaOH at 24° C for 2 hr. Since the rate at
which the hydroxyl ions attacked the radiation dam-

t Hercules Powder Co.. Wilmington, Delaware: nitrocel-
lulose RS 118-122% N, 5- to 6-sec viscosity, 80% isopropyl
alcohol by weight.



Fre. 1.—A comparison between (A) cellulose nitrate and (B) Kodak AR-10 stripping film autoradiographs of longitudinal see-
tions from the tibia of a mouse injected with 0.1 uCi ionic #?Pu. Both sections show alpha tracks over the endosteal surfaces of the
bone. The tracks registered in the cellulose nitrate detector film after two 2-hr periods are well defined at low (100 X) magnification.
Higher magnifications (250 X) were required to demonstrate the alpha tracks in the AR-10 emulsion.

aged sites was greater than the rate at which they
attacked the bulk material (1 w/hr), tracks were de-
veloped along the ionization paths of the alpha par-
ticles. The etching process has been described(® as a
solid-liquid interface reaction which proceeds in two
steps—the diffusion of ions from the oxidizing agent
to the interface and the interface reaction. Strict con-
trol of detector film preparation is required since the
etching behavior of cellulose nitrate is affected by a
number of variables, such as the degree of polymeriza-
tion and nitration, the plasticizer, temperature, etch-
ing time, hydroxyl concentration, and oxygen.(:-3
Daylight has not been reported to be an influencing
parameter, but UV light apparently increases the
etchability of detector films by decomposing the bulk
material.¥) Since the detector films are mechanieally
very stable, they can withstand repeated etching.
Should, for instance, an initial exposure period prove
too short to develop a sufficient number of tracks, an
autoradiograph may be stored and re-etched at a later
time. However, while serial etching will develop new
tracks registered in the detector film after each pre-

ceding etch period, the process will enlarge previously
etched tracks as well and reduce the resolution of
the autoradiograph somewhat.

Figure 1A shows a typical cellulose nitrate auto-
radiograph of bone from a mouse injected with ionic
239Pu. The etched tracks, which have a conical
shape and a 1 u diameter, lie over the surface of the
endosteum. Figure 2 shows a similar autoradiograph
of trabecular bone. The apex of each track marks the
initial damage site, and the broad end indicates where
the particle emerged from or came to rest in the film.
Cellulose nitrate films always show some background
etch pits due to inclusion of debris during preparation
and etching. But the background is never severe even
after repeated etching and may be almost totally
abolished by simply agitating or changing the etching
solution at frequent intervals.

The resolution of the cellulose nitrate films is at
least as good as, and perhaps better than, that pro-
vided by the nuclear emulsion Kodak AR-10. Figure
1B shows an AR-10 stripping film autoradiograph of
an adjacent bone section exposed for an equivalent

IR
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period of time. The detection efficiency of cellulose
nitrate film is not quite as high as that of nuclear
emulsions because the etching process reaches only
those particles which penetrate the top surface of the
film (away from the bone). Since the films were 3 u
thick and the etching procecss removed 1-2 g, a few
tracks were missed. On the other hand, this penetra-
tion effect should increase resolution (particularly
with thicker films) by etching only those alpha tracks
which are more perpendicular to the plane of the
film.

In summary, the cellulose nitrate method provides
an alternative to autoradiography with nuclear emul-
sions. It does not require darkroom facilities. The
alpha tracks are enlarged and more easily detectable.
Background fogging is eliminated. At the expense of
some decrease in efficiency one should be able to ob-
tain better resolution than with emulsions.
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F1g. 2—A serially etched cellulose nitrate autoradiograph
of trabecular bone from mouse, injected with 0.1xCi iomic
**Pu, which shows surface alpha tracks. 100 X.

THE CONCENTRATION OF RADIUM, THORIUM, AND URANIUM

BY TROPICAL ALGAE

D. N. Edgington, S. A. Gordon,* M. M. Thommes, and L. R. Almodovarf

Samples of twenty species of marine algae collected between
1961 and 1968 in Puerto Rico have been analyzed for total
organic material, protein nitrogen, calcium, radium, thorium,
and uranium. The results suggest that the concentration of
radium, thorium, or uranium by these organisms may be con-
trolled by two mechanisms: (1) ion-exchange or coprecipita-
tion of the ion with the calcium carbonate matrix, or (2) com-
plex formation with either the protein nitrogen or some other
component of the organic fraction.

Concentration of radium (and possibly thorium) appears to
occur by both mechanisms, the dominant one being dependent
upon the division. For the Rhodophyceae and the highly cal-
cified Chlorophyceae it is the former, and for the Phaeo-
phycea the latter. Concentration of uranium occurs by the
first mechanism. This difference in behavior is consistent with
the chemical forms of the ions of these elements in seawater.

* Biological and Medical Resarch Division.
t Department of Marine Biology, University of Puerto
Rico.

INTRODUCTION

To predict the consequences of the accidental re-
lease of radionuclides from nuclear power plants it is
necessary to understand the mechanisms by which
stable elements are concentrated and transported
within the ecosystem. Nuclear power plants, by neces-
sity, are located close to large bodies of water for
cooling purposes. Hence, aquatic organisms. are
among the first most likely to be affected by radionu-
clide release. Also, data on their natural levels of ra-
dicactivity would be useful as reference indices.

While some information is available on the concen-
tration of various elements and radionuelides from
fallout in marine organisms,1-3) little is known con-
cerning their distribution within species, between spe-
cies, and as a function of collection site. In 1961, be-
fore the nuclear reactor “Bonus” at Punta Jiquero
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Fre. 3.—Sampling locations for the collection of algae. (1) Guajataca: rocks and surf; (2) Fajardo, Bahia Yeguas; (3) Humacao,
Cayo Santidgo: rocks; (4) Guardarraya: rocks; (5) Aguirre: rocks, reef in front of Central Aguirre; (6) Cayo Cardona (12 km S.W.
Playa de Ponce: rocks); (7) Cayo Don Luis, La Parguera; (8) Guayacon (~3 km W, Playa La Parguera); (9) Margarita (~12 km
S.W. Playa La Parguera); (10) Cabo Rojo, La Playnela (East); (11) Cabo Rojo, Punta Aquila (West); (12) Punta Arenas; (13)

Rincon: rocks, surf; (14) Culebra (not included on map).

near Rincon on the northwest coast of Puerto Rico
went critical, a series of samples of different species of
marine algae were collected from sites around the is-
land (Figure 3). These samples, together with several
additional collections made in 1967 and 1968, have
been analyzed for (1) the naturally-occurring alpha
particle emitters, radium (2*®Ra), thorium (*32Th)
and uranium (**¢U); (2) three components represen-
tative of the total mass of the organism, total organic
material, protein nitrogen, and calcium; (3) trace ele-
ments including cadmium, chromium, cobalt, copper,
indium, gallium, iron, and arsenic; and (4) the
gamma radioactivity from both naturally-oceurring
as well as fallout isotopes. In this paper we shall dis-
cuss the relationships between the natural levels of
radium, thorium, or uranium with protein nitrogen
and ecalcium ecarbonate.

METHODS

Algae Samples

Algal samples were collected from thirteen different
locations around the coast of Puerto Rico and on the
island of Culebra which is 38 km east of Fajardo
(Figure 3). ‘

The algal samples were rinsed briefly in fresh water
as soon as possible after collection, drained, and dried
under forced draft at 100° C to constant weight. They

were then ground in a Wiley mill to a 20-mesh pow-
der.

The different species of algae collected and their
sites of collection are listed in Table 1. (For the cod-
ing of the sites of collection see Figure 3.)

Radium

Radium was determined using the radon emanation
method described by Lucas.® Twenty-gram samples
of the algae were suspended in dilute nitric acid to
decompose any carbonates present and then digested
with aliquot portions of concentrated nitric acid until
the evolution of oxides of nitrogen ceased. A sili-
caceous residue was found after digestion of almost
all of the samples. This residue was removed by fil-
tration, dried, and weighed. The filtrate was diluted
to approximately 200 ml with radium-free water and
transferred to the emanation flask for radon anaylsis.
The total radium concentration in these samples
varied between 0.2 and 2 pCi (approximately 1-10
epm *2*Rn).

Thortum and Uranium

Thorium, uranium, and other trace elements were
determined by the neutron activation methods of
Edgington and Lucas.® © QOne-gram samples of the
algal powder were ashed by low temperature oxida-

‘:
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TABLE 1. IDENTIFICATION OF SAMPLES AND SUMMARY OF RESULTS OF ANALYSES
Collection . . . . . .
I d . Sample Soluble | Organic, | Nitrogen, | Calcium, | Radium, Thorium, | Uranium,
Division and species No. - fraction g/e mg/g g/g pCi/g #e/g ug/g
Date Site
CHLOROPHYTA

Halimeda opuntia 3 1961 8 1.000 0.260 5.460 0.300 0.020 1.240
21 1961 10 0.996 0.060 2.200 0.320 0.060 1.850
39 1961 6 0.984 0.080 2.560 0.330 0.050 0.100 1.770
44 1961 5 0.989 0.430 2.560 0.250 0.020 0.220 0.680
49 1961 12 0.941 0.050 2.580 0.360 0.030 1.280
54 1961 14 0.973 0.070 2.460 0.320 0.030 1.750
75 1968 9 0.978 0.060 3.300 0.310 0.070 0.090 1.620
80 1968 10 0.973 0.100 3.300 0.306 0.040 1.470
85 1968 12 0.956 0.080 3.400 0.291 0.110 0.070 1.460

N 9 9 9 9 4 9
X 0.132 3.091 0.310 0.048 0.120 1.458
ox 0.043 0.329 "0.010 0.010 0.034 0.121
Penicillus capitatus 10 1961 9 0.907 0.310 5.900 0.275 0.080 0.120 1.650
20 1961 10 0.968 0.260 10.400 0.236 0.030 0.075 1.580
57 1961 14 0.990 0.340 11.400 0.202 0.020 0.110 1.600
74 1968 9 0.970 0.180 8.700 0.231 0.030 1.700
79 1968 9 0.928 0.140 5.900 0.285 0.060 0.080 1.690
84 1968 12 0.852 0.190 5.900 0.275 0.080 0.070 1.650

N 6 6 6 6 5 6
X 0.237 8.033 0.251 0.050 0.091 1.645
ox 0.032 1.017 0.013 0.011 0.010 0.019
Aurainvillea rawsont 61 1961 14 0.756 0.140 13.500 0.110 0.110 1.000
65 1961 11 0.808 0.090 4.000 0.027 0.120 0.270 0.970
67 - 1961 10 0.975 0.130 6.400 0.200 0.050 0.280 1.590
69 1967 4 0.487 0.150 6.500 0.150 0.200 0.390 0.280
72 1967 3 0.840 0.150 7.500 0.243 0.140 0.160 1.380

N 5 5 5 5 4 5
X 0.132 7.580 0.146 0.124 0.275 1.044
ox 0.011 1.588 0.037 0.024 0.047 0.224
Ulva latuce 14 1961 10 0.917 0.490 8.300 0.003 0.010 0.100
37 1961 6 0.945 0.400 12.900 0.020 0.050 0.210

40 1961 4 0.947 25.200 0.010
Cympolia barbata 16 1961 11 0.996 0.240 7.200 0.204 0.010 0.060 1.270
30 1961 1 0.937 0.210 7.900 0.393 0.030 1.460
Caulerpa racemosa 11 1961 7 0.981 0.460 16.000 0.084 0.050 0.130 0.370
Codium isthmocladium 29 1961 13 0.945 0.490 9.700 0.002 0.040 0.130
RHODOPHYTA

Laurencia papillosa 5 1961 12 0.853 0.360 8.200 0.120 0.060 0.450
17 1961 11 0.876 0.430 7.900 0.190 0.060 0.080 0.240
33 1961 1 0.919 0.480 11.460 0.060 0.020 0.160 0.300
45 1961 5 0.801 0.300 7.390 0.110 0.040 0.150 0.660
59 1961 14 0.944 0.400 11.640 0.110 0.150 0.510
63 1961 14 0.990 0.430 15.160 0.070 0.050 0.300

]\1' 6 6 6 6 3 6
X 0.400 10.292 0.110 0.063 0.130 0.410
ox 0.030 0.857 0.026 0.019 0.025 0.080

10



TABLE 1.—Continued

Divi d . Sample Collection Soluble | Organic, | Nitrogen, | Calcium, | Radium, Thorium, | Uraniun
1vison and species No. - fraction g/ mg/g g/e pCi/g ug/g re/g
Date Site
Gracillaria cornea 26 1961 13 0.986 0.560 6.840 0.040 0.030 0.250
27 1961 13 0.954 0.570 9.180 0.030 0.010 0.090 0.210
28 1961 13 0.997 0.270 13.580 0.010 0.010 0.180
34 1961 1 0.997 0.520 10.760 0.010 0.010 0.100
N 4 4 4 4 1 4
X 0.480 10.090 0.023 0.015 0.090 0.185
ox 0.071 2,026 0.015 0.011 0.039
Acanthophera specifera 6 1961 7 0.951 0.430 11.460 0.150 0.060 0.470
42 1961 5 0.768 0.230 12.000 0.140 0.090 0.630
56 1961 14 0.919 0.170 8.120 0.100 0.030 0.610
70 1967 3 0.984 0.270 10.200 0.070 0.190 0.620 0.720
N 4 4 4 4 1 4
X 0.275 10.445 0.115 0.092 0.620 0.607
ox 0.090 0.864 0.033 0.031 0.152
Hypnea musciformis 12 1961 10 0.928 0.430 17.300 0.003 0.110 0.020 0.240
25 1961 13 0.880 0.450 15.900 0.009 0.020 0.300
38 1961 6 0.930 0.430 20.600 0.009 0.020
N 3 3 3 3 1 2
x 0.437 17.933 0.007 0.050 0.020 0.270
ox 0.069 3.275 0.026 0.063 0.000 0.000
Digenia simplex 22 1961 10 0.900 0.410 5.900 0.140 0.050 0.630
31 1961 1 0.776 0.340 11.500 0.158 0.030 0.300 0.620
73 1967 11 0,882 0.480 6.500 0.173 0.140 0.400
[
N 3 3 3 3 1 3
X 0.410 7.967 0.157 0.073 0.300 0.550
ox 0.030 5.422 0.061 0.030 0.043
Bryothamnion triquetrum 23 1961 13 0.854 0.450 7.500 0.167 0.040 0.070
Ceramium nitens 7 1961 7 0.957 0.590 14.120 0.020 0.030 0.070 0.190
Galazaura cylindrica 24 1961 13 0.962 0.200 6.000 0.256 0.020 0.850
Spyridia filimentosa 41 1961 5 0.872 10.200 0.087 0.040
PHAEOPHYTA
Dictyota divaricata 2 1961 9 0.984 0.290 8.280 0.130 0.070 1.140
43 1961 5 0.703 0.110 7.940 0.110 0.080 2.140
55 1961 14 0.959 0.220 3.800 0.330 0.100 1.940
68 1961 4 0.643 0.270 5.400 0.160 0.120 0.160 0.200
71 1967 2 0.928 0.230 7.400 0.120 0.090 0.130 0.910
zY 5 5 5 5 2 5
X 0.224 6.564 0.170 0.092 0.145 1.266
ox 0.030 1.141 0.047 0.021 0.265
Il
Padina gymnospora 9 1961 9 0.907 0.300 5.700 0.151 0.080 0.155 0.780
18 1961 10 0.919 0.200 3.500 0.234 0.040 0.085 1.150
35 1961 6 0.877 0.300 6.500 0.130 0.050 0.120 1.030
60 | 1961 14 0.905 0.380 8.800 0.098 0.100 0.240 0.650
81 1968 10 0.938 0.330 5.200 0.153 0.070 0.640
86 1968 12 0.836 0.340 5,500 0.192 0.060 0.340 0.700
’\f 6 6 6 6 5 6
X 0.308 5.867 0.160 0.067 0.188 0.825
ox 0.029 0.757 0.020 0.014 0.034 0.139
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TABLE 1.—Conlinued
Collection . . . . . .
Division and species Sample Soluble | Organic, | Nitrogen, | Calcium, | Radium, | Thorium, | Uranjum,
pec No. | fraction | g/g mg/g g/x pCi/g | ue/g ue/g
Date | Site :
Sargassum polyceratium 4 1961 7 0.992 0.360 8.600 0.040 0.100 0.130 0.440
15 1961 10 0.981 0.380 11.200 0.031 0.080
32 1961 1 0.928 0.500 14.000 0.044 0.080 0.430
48 1961 12 0.970 9.400 0.061 0.150
53 1961 14 0.970 8.800 0.080 0.090
‘N 3 5 5 5 1 2
X 0.413 10.400 0.051 0.100 0.130 0.435
ox 0.063 1.842 0.039 0.013 0.000
Turbinaria turbinata | 19 1961 10 0.997 0.310 8.200 0.024 0.110 0.220 0.610
| 62 1961 14 0.850 17.100 0.007 0.130
i
N 1 2 2 2 1 1
D' 0.310 12.650 0.015 0.120 0.220 0.610
ox 0.000 0.000 0.000 0.000 0.000

tion with ionized oxygen.* Samples of the ash were
then irradiated in the Argonne National Laboratory
CP-5 reactor, along with suitable standards. The in-
tegrated neutron flux was approximately 5 X 10'¢ n/
em?. After irradiation the samples were dissolved in
concentrated hydrochloric acid and fractionated by
passage through an anion exchange column. The
daughter products, #3Pa and 2**Np from the *%3Th
and 23°U, produced by neutron irradiation were eluted
from the column and assayed by gamma-ray spectros-

copy.
Calcium

Caleium was determined by atomic adsorption
spectrophotometry.(” The determinations were made
on the same solutions used for radium analysis.

Protein Nitrogen

Protein nitrogen was determined by the micro
Kjeldahl method. One-hundred-milligram samples of
the algae were suspended in 5% trichloracetic acid
and allowed to remain overnight at 4° C. The precipi-
tate was washed by centrifugation with the trichlor-
acetle acid and then oxidized with concentrated
sulfuric acid and hydrogen peroxide. After partial
neutralization of the digestion mixture, the nitrogen
content was determined colorimetrically using Ness-
ler’s reagent.(®

Total Organic Matter

The total organic matter content was estimated
from the loss in weight during the low temperature

* Tracerlab Low Temperature Asher, Model LTA 600, Large
Sample Assembly.

oxidation with ionized oxygen. The oxidation of or-
ganic matter is presumed to be the major contributor
to the loss of weight, but it must be recognized that
the oxidation of various inorganic compounds, ie.,
bromides and iodides, may also occur and contribute
to the loss in weight.

RESULTS AND DISCUSSION

The results of the analyses for (1) total organic
material, (2) the concentration of nitrogen precipi-
tated by trichloracetic acid (as an index of protein
content), (3) calcium, (4) radium, (5) thorium, and
{6) uranium are given in Table 1 together with other
data pertinent to the identification of the individual
algal samples. The first three of these analyses are
representative of the major chemical components of
the algae.

Caleium is considered a major component because,
of the ten divisions into which algae have been classi-
fied, five contain members which lay down apprecia-
ble concentrations of calcium carbonate.® Three of
the five divisions, the green algae (Chlorophyta), the
brown algae (Phaeophyta) and the red algae (Rhodo-
phyta) are represented in the samplings made in this
study. For Chlorophyta the caleareous algae belong
to the families of the order Siphonales—the Dasy-
cladeceae (Cympolia) and the Codiaceae (Halimeda
opuntia and Penicillus capitatus). On the other hand
Padina gymnospera is the sole representative of the
Phaeophyta which calcifies, and for the Rhodophyta
there was a single collection of Galaxaura cylindrica
which is highly calcified. The results irom the analy-
sts of a limited series of samples of seawater and sand
are given in Table 2. The analytical results presented



8

in Tables 1 and 2 are, for almost all the different algal
samples, averages of replicate determinations on the
same large (20 g) sample for radium and calcium,
and on different small (< 1 g) samples for total or-
ganic content, nitrogen and the neutron activation
analysis experiments, which generally were in agree-
ment to better than = 10%.

In almost all of the algal samples an insoluble off-
white residue remained after wet oxidation or dissolu-

tion of the product of low temperature oxidation

nitric or hydrochloric acid. These residues were four
to be soluble in hydrofluoric acid and were, therefor
in all probability hydrated silicates. This residue w:
filtered off and weighed. All analytical results haz
been normalized to the soluble weight, and the fra.
tion of each sample which dissolved is shown show
in Table 1. The insoluble residue generally accounte
for less than 10% of the gross weight; for most of tt

TABLE 2. ANaLysis oF WATER, SAND, AND THREE SPECIES OF ALGAE COLLECTED FROM THREE DIFFERENT LoOcCaTIONS

Location Material fsrzlcutti)gi gC/ag, plé?/’g ”g/ . Ra/Ca U/Ca
Cajo Margarita (9) Water 1.00 3.9 X 1004 | 7.2 X 1078 |3 X 107 @ 0.18 7.6
Sand 0.984 0.30 0.039 1.68 0.13 5.3
Halimeda opuniia 0.978 0.31 0.073 1.62 0.24 5.2
Penicillus capitatus 0.970 0.23 0.034 1.70 0.15 7.4
Padina gymnospora — — — — — -
Cabo Rojo (10) Water 1.00 4.4 X 1074 | 1.3 X 1074 |3 X 1073 (» 0.29 6.8
Sand 0.780 0.32 0.072 1.08 0.22 3.4
Halimeda opuntia 0.973 0.31 0.045 1.48 0.15 4.8
Penicillus capitatus 0.928 0.28 0.060 1.69 0.21 5.9
Padina gymnospora 0.938 0.15 0.067 0.64 0.44 4.2
Punta Arenas (12) Water 1.00 3.5 X 1074 | 4.1 X 1078 |3 X 1073 @™ 0.12 8.7
Sand 0.554 0.25 0.086 0.59 0.34 2.4
Halimeda opuntia 0.956 0.29 0.08 1.46 0.37 5.0
Penicillus capitatus 0.852 0.28 0.080 1.65 0.29 6.0
Padina gymnospora 0.836 0.19 0.060 0.70 0.31 3.6
) From Ref. 15.
TABLE 3. REsULTS OF REGRESSION ANALYSIS
All algae Chiorophyta Rhodophyta Phaeophyta
Correlation
R f P R f P R f P R f P
Organic with
Nitrogen(® 0.57 64 0.001 0.60 26 0.001 0.15 23 — 0.65 15 0.01
Calcium® —0.66 63 0.001 —0.57 25 0.005 —0.42 23 0.05 —0.51 15 0.05
Radium(® —0.23 64 — —0.40 26 0.05 —0.17 23 — —0.09 15 —
Thorium(® —0.12 33 — —-0.15 16 — —0.67 8 — —0.60 9 —
Uranium(s —-0.77 62 0.001 —0.69 26 0.001 —-0.73 22 0.001 —0.73 14 0.005
Nitrogen with
Radium® —0.09 69 — —0.19 27 — —0.06 24 — 0.43 18 0.10
Radium® —0.14 56 — —0.18 22 — —0.19 19 —_— 0.69 15 0.005
Thorium® —0.09 33 —
Uranium® —0.54 62 0.001 —0.46 26 — —0.34 22 — 0.29 14 —
Calcium with
Nitrogen® —0.69 67 0.001 —0.56 25 0.005 —0.65 24 0.001 0.80 18 0.001
Nitrogen(® —0.69 55 0.001 —0.67 21 0.001 —0.60 19 0.01 0.82 15 0.001
Radium® —0.10 67 — —-0.17 25 — 0.19 24 — —0.40 18 —
Radium® —0.02 54 — —0.08 21 — 0.51 19 0.001 —0.81 15 0.001
Thorium(= —-0.22 32
Uranium® 0.76 61 0.001 0.77 25 0.001 0.56 22 0.01 0.50 14 0.10
Uranium ® 0.77 ‘ 50 0.001 0.83 21 0.001 0.62 18 0.05 0.31 12 —

() All data taken.

(b) Selected data. Individual data point dropped if X — 30 < X > X + 3¢ for each species.
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samples it was less than 5%. Silicification appears to
he associated particularly with the yellow-green
algae, the Chrysophyta®®. Thus the residue might
derive, in part, from epiphytic diatoms.®* The in-
soluble residues might also represent mechanically en-

* trapped contaminants. It would be expected that

those algae which have a mat- or sponge-like struc-
ture, and which grow where there is considerable sus-
pended material of land origin, would show the greatest
degree of such entrapment. It is of interest, therefore,
that the spongy Aurainvillea rawsont shows the great-
est degree of variation in insoluble residue, its soluble
fraction varying between 0.98 and 0.48 for different
samples. Laurencia papillosa and Dictyote divaricata
also show a large variation in their soluble fractions.
The degree of contamination by silica would also
depend on the nature of the bottom sediments where
the algae are growing. The importance of this factor
may be inferred from the variability in the values of
the analyses for calcium and insoluble matter in the
samples of sand from different locations (Table 2).
Even the limited sampling represented by Table 2

9

shows that, depending on collection location, the sand
can consist of from 60% to 90% of calcium carbonate
and other acid soluble components. It may be further
noted from the data in Table 2 that the concentra-
tions of radium, uranium, and caleium in sand are
very similar to those reported for the samples of
Halimeda opuntia or Penicillus capitatus (Table 1
also). This is consistent with the observations that
the sands in the region of collection are made up
largely of the mineral residues of calcareous orga-
nisms, particularly Halimeda.*® Thus, it is possible
that calcareous contamination might have contributed
to the extent of variance found for some of the analy-
ses.

For those species where samples were collected in
sufficient number in 1961 and again in 1967 or 1968,
there were no significant differences between the two
groups in their concentrations of caleium, radium,
uranium or nitrogen. An insufficient number of sam-
ples from each location precludes an evaluation of
the effect of the environment at each collection site or
of location dependent differences for the various spe-

o.zo[ T o T I
o
O CHLOROPHYCEAE
O RHODOPHYCEAE
A PHAEOPHYCEAE
0.15— A D —]
n} o}
A
—_ o] A
E
o
2 D A o o
fo.loL— a a A -
2
é A A a
x AA A A ©
A A o}
a 0 [m:
0.05( oo a0 o} 0 —
o] 0o o 0 A o
o o u} o o o o
CI@ 0 @ o
o0 O
o) | | I
0 0.1 0.2 0.3 0.4

CALCIUM (gm/gm)

F1c. 4.—The variation in the concentration of radium with the degree of calcification of the algae
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cies collected. However, samples of Halimeda
opuntia, Penicillus capitatus and Padina gymnospora,
and contiguous water and sand, were collected at
three different sites in 1968. Some analytical data for
these samples are summarized in Table 2. Cajo
Margarita (9) and Cabo Rojo (10) are close to each
other on the southwest coast and Punta Arenas (12) is
on the west coast of the island (Figure 3). From these
analytical values, the concentrations of calcium and
radium appear to be lower on the west coast of the
island than at the two locations on the southwest
coast. Surprisingly, as is shown by the values of the
[Ra]/[Ca] ratio, samples of all three species of algae
and sand at Punta Arenas concentrate radium pref-
erentially to calcium from sea water by a factor
greater than two, while on the southwest coast there
is, in general, no concentration or even a discrimina-
tion. It may be noted further from the values of the
[U]/[Ca] ratio there is a discrimination against ura-
nium by all of the three species investigated, as well
as by sand, at these collection sites.

In addition to measuring the concentration of cal-

cium in these samples, the total content of organ
material and protein nitrogen were also determine
From all these data an attempt has been made 1
understand the apparently complex relationshi
which govern the concentration of radium, thoriw
and uranium by these algae. To this end regressio
analysis of the analytical data has been made an
correlation coefficients calculated. The values of tf
correlation coefficients R, the number of degrees ¢
freedom f and the probability P of there being n
correlation in each case are tabulated in Table 3 ac
cording to phyta and for the complete sample. In tk
case of some of the correlations the values before an
after the rejection of suspect data are recorded.

When the degree of calcification increases, the prc
portion of organic matter in the organism should dc
crease. Regression analysis of the analytical data con
firms this proposition (Table 3); the correlatio.
coefficients of —0.66 (f = 63) for total organic ma
terial and —0.69 (f = 67) for protein nitrogen witl
calcium are both highly significant when considerin:
all algal samples. Analysis of the data according t

I

0.8—

o
o
I

THORIUM (pgm/gm)
o©
a
[
(o]

o)

a !

0

I

O CHLOROPHYCEAE
0O RHODOPHYCEAE
A PHAEOPHYCEAE

Q 0.10

0.20 0.30 0.40

CALCIUM (gm/gm)

Ira. 5.—The variation in the concentration of thorium with the degree of calcification of the algae

15



1anic
ined.
e to
ships
rium
sion
and
the
s of
no
ac-
the
and

oro-

de-
on-
tion

vith
ing
cto

o Y o g

phyta does not alter the significance of the correla-
tion.

As might be expected, the correlation between pro-
tein nitrogen and total organic material was also
highly significant (R = 0.57 for f = 64). However, if
the regression analysis is carried out according to
phyta, the correlation for Chlorophyta and Phaeo-
phyte is highly significant while there is no correla-
tion for the Rhodophyta.

In all of the species of algae analyzed in this study
caleium carbonate is laid down and normally retained
as the orthorhombic crystalline form aragonite,
which, while being metastable under many conditions,
is the most common modification in warm tropical
waters.28 The exchange or coprecipitation of radium
or uranyl ions with calcium in the aragonite lattice
is possible because there should be neither steric prob-
lems nor restrictions on the formation of solid solu-
tions due to ionic size (particularly at the extremely
low concentrations of these two ions). Therefore it
would be expected that either of these two ions
(Rat* or UOF) could act as a tracer for calcium
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and that their concentration in the organism would be
directly proportional to its caleium content. Although
there is no biological evidence of this in a ecaleium
carbonate system, there are many instances of radium
localization at sites where caleification oceurs in the
bones of animals. Inferences have been made concern-
g calcium metabolism on the basis of this localiza-
tion.(*® There is, thus, the widely held belief that
radium may be used as a tracer for calcium at least in
the apatite (calcium phosphate) system. Similarly,
while data for uranium metabolism are relatively
scarce, the uranyl ion is found in all natural apatite
deposits. In the case of thorium and its ions, whose
solution chemistry under the conditions of pH and
salinity found in seawater is complex, it is uncertain
whether any thorium would be present in an ionic
form to act as a tracer for calecium.

The relationships between radium, thorium, and
uranium with ealcium are shown in Figures 4 to 6.
The lines drawn through the experimental data were
derived from the regression analyses for each set of
data. These analyses (Table 3) show that (1) there

2.0 ]A
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F16. 6.—The variation in the concentration of uranium with the degree of calcification of the algae
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Fic. 7.—The variation in the concentration of radium with the degree of calcification for the Rhodophyceae

is no correlation between radium or thorium and cal-
cium; the calculated values of the correlation coeffi-
cient were not significantly greater than zero; (2) the
correlation between uranium and calcium is highly
significant (P < 0.001). The result for radium is very
surprising.

Since there was no direet relationship between ra-
dium or thorium and the calcareous material, regres-
sion coefficients for all algae were then calculated for
their correlation with the concentration of protein ni-
trogen. The results are found in Table 3 and show
that there is no direct relationship with protein ni-
trogen for radium or thorium. There is, however, a
highly significant inverse correlation with protein ni-
trogen for uranium (P < 0.001), but this, of course,
follows from the strong inverse correlation between
caleium and protein nitrogen.

From a careful examination of the data shown in
Figure 4 for the relationship between the concentra-
tions of radium and caleium in these algae, it ap-
peared that regression analysis according to phyta
might lead to meaningful correlations being found.

Regression analysis of all of the data for each of th
three phyta did not lead to calculated values of th.
correlation coefficient which were significantly greate
than zero (P > 0.1). However, if all of the result
which are not inciuded within the limits X == 3.
(where X and o refer to any analytical parameter fo
each separate species) are rejected, then highly sig
nificant correlation coefficients (P < 0.001) are foum
for the Rhodophyceae and Phaeophyceae, but the cor-
relation coefficient for the Chlorophyceae is still no
significant.

The experimental values of concentrations of ra
dium and calcium for the Rhodophyceae and Phaeo.
phyceae are shown in Figures 7, and 8, respectively
The data points which are hatched are those whicl
were rejected in the second regression analysis. Thi:
analysis clearly demonstrates differences according tc
phyta for the concentration of radium with increasing
calcification. The concentration of radium, on the on:
hand, increases with increasing degree of calcificatior
in the Rhodophyceae (R = 0.51), is completely vari-
able in the Chlorophyceae, and on the other hand de-
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creases with increasing degree of calcification in the
Phaeophyceae (B = 0.81).

A similar analysis was performed for the relation-
ship between the concentrations of radium and pro-
tein nitrogen. The values of the correlation coefficients
for the Chlorophyceae and Rhodophyceae were not
significantly greater than zero (P > 0.1).

However, for the Phaeophyceae, where there was a

significant inverse correlation between radium and

calcium, the value of the correlation coefficient (R =
0.69) was significant (P < 0.1) when all the experi-
mental data were considered, and highly significant
(P < 0.005) when selected data were taken. There-
fore, the concentration of radium by Phaeophyceae is
directly dependent on the concentration of protein ni-
trogen in the algae. The data and regression line are
shown in Figure 9.

As the thorium data were not sufficiently numerous,
further regression analysis was not applied. However,
splitting of the data into subsets according to phyta
did not alter the conclusion that the concentration of
uranium in these algae increases with increasing cal-

cification and decreasing protein content, except per-
haps in the case of Phaeophyceae.

The lack of significant correlations for the Chloro-
phyceae between the concentrations of radium and
calcium or protein nitrogen may derive, in part, from
the fact that the sampling within this division was
biased toward those species which are highly calci-
fied (Halimeda opuntia and Penicillus capitatus).
The deposition of radium in these two species is prob-
ably entirely due to coprecipitation with caleium car-
bonate, as the concentration of organic material, par-
ticularly in the former species, is very low. If this is
the case, then the [Ra]/[Ca] ratio (pCi/g) should be a
constant. The [Ra]/[Ca] ratio should increase with de-
creasing content of inorganic material in the organism
if radium is being complexed by the organic fraction.

A comparison of the average values of the analyti-
cal data for these two species is shown in Table 4.
From these values it can be seen that, while total
concentration of calcium in Penicillus capitatus is
25% less than in Halimeda opuntia, and the concen-
tration of total organic material or protein nitrogen
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TABLE 4. AvVERAGE VALUES FOR THE ANALYsis oF Two MEMBERS OF THE DivisioN Chlorophyta

Species Total organic, g/g Protein nitrogen, ng/g Calcium, g/g [Ra]/[Ca)}, pCi/g
Halimeda opuntia 0.07 & 0.01 2.73 + 0.19 0.324 &+ 0.018 0.145 £ 0.022
(n = 6)
Penicillus capilatus 0.24 + 0.05 8.46 + 1.13 0.244 + 0.014 0.188 + 0.043
(n = 5)
[cnlo 2.02
to.s (f = 9) 2.26

is approximately 300% greater, there is no significant
difference in the value of the [Ra]/[Ca] ratio in these
two species on the basis of Student’s ¢ test.

The variations in the [M]/[Ca] ratio for radium,
thorium and uranium with increasing degree of calci-
fication for all samples are shown in Figures 10, 11
and 12. The ordinate at the left of each figure gives
the [M]/[Ca] ratio in seawater. The [Ra]/[Ca] ratio for
seawater was obtained from the data in Table 2, and
those for [Th]/[Ca] and [U]/[Ca] from the data on cal-

cium in the same table and from published values fo.
thorium (0.05ng/ml) and wuranium (3 ng/ml).(5
These ratios are: [Ra]/[Ca] = 0.20 pCi/g; [Th]/{Ca
= 0.18 ug/g; [U}/[Ca] = 7.5 pg/g.

Concentration of radium relative to caleium fromr
seawater occurs in all but the most highly calcifiec
species, Halimeda opuntia (Figure 10) ; when the alga
contain less than 50% ecalcium carbonate, the con-

" centration factor varies between 5 and 100, with mos
species of algae having values between 2 and 40. Sim-
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Fic. 10.—The variation in the [Ra]/[Ca] ratio with the degree of calcification of the algae

ilarly, the concentration factors for thorium (Figure
11) are always greater than 1.0 and are higher than
those found for radium. In contrast, the concentra-
tion factors for uranium relative to caleium from sea-
water are most frequently less than 1.0 (Figure 12),
but do increase slowly to a maximum of 10.0 when the
algae contain less than 10% calcium carbonate.

From these data it may be concluded that there are
two mechanisms involved in the concentration of ra-
dium, thorium, and uranium by these algae. These are
(1) ion exchange or coprecipitation of the ion with the
caleium carbonate matrix, and (2) some form of com-
plex formation with either the protein nitrogen or
some other component of the organie fraction.

The concentration of radium and thorium appears
to be related more to the latter than the former since
In general the [M]/[Ca] ratio increases with decreasing
concentration of calcium carbonate in the organism.
In the case of radium, the variation in the [Ra]/[Ca]

ratio is very obviously dependent on phyta (Figure
10). We have already considered in detail the be-
havior of the highly calcified members of the Chloro-
phyceae and concluded that there the concentration
of radium is due to mechanism (1). Similarly, it has
been shown that members of the Rhodophyceae con-
centrate radium proportionally to their calcium con-
tent (Figure 7), but their [Ra]/[Ca] ratios are signifi-
cantly higher than those, for example, of Halimeda
opuntia, which suggests that some of the radium is
being complexed by the organic fraction of the orga-
nism. The concentration of radium by the Phaeophy-
ceae has been shown to be proportional to the
concentration of protein nitrogen and is, therefore,
largely fixed by organic complexation.

The behavior of radium is consistent with its chem-
ical properties in seawater. Under normal conditions
in seawater radium is almost certainly present as its
free ion because, as its concentration is so low

VN
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Frc. 11.—The variation in the {Th}/[Ca] ratio with the degree of calcification of the algae

(107 ug/1®) | there is no question of the solubility
product being exceeded for RaCQj3, or Ra(OH)..

The behavior of thorium appears to parallel that of
radium. The greater rate of increase in the value of
[Th]/[Ca] ratio with decreasing calcium content in the
organism as compared to that for radium (Figures 10
and 11) is in agreement with the greater stability of
thorium complexes with organic ligands over those of
radium. However, the picture is not as simple as this,
as it is highly unlikely that the free thorium ion
(Th*+) exists at the pH of seawater,'® and there-
fore the organism is concentrating thorium either as a
hydrated oxide or a charged colloidal particle.

On the other hand, the results for uranium suggest
that the effect of the organic fraction on the complexa-
tion of uranium is secondary to the coprecipitation or
ion exchange with the calcium carbonate matrix. This
difference in behavior between uranium and radium
is entirely consistent with the differences in the be-

havior of these two ions in seawater. Unlike radium.
at the pH, pCO. and Egx of seawater, uranium is
most likely to occur as the anionic species
[UO2(CO3)3]*~.47 Therefore, while radium is avail-
able for either complexing by the organic fraction or
coprecipitation in the inorganic fraction, the urany!
ion, being in the anionic form; is not readily available
for the formation of organic complexes, unless they
are much more stable than the carbonate complex.
Uranium is, therefore, coprecipitated as the anionic
carbonate with calcium carbonate (or undergoes an
anion exchange reaction) in those species of algae in
which calcification occurs. When the fraction of cal-
cium carbonate is low, then the formation of organic
complexes becomes more important.

The differences in behavior found in the concentra-
tion of radium by members of the three phyta studied
are of considerable interest, particularly as the trend
to a greater concentration of radium in the least cal-
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F1a. 12.—The variation in the [U]/[Ca] ratio with the degree of calcification of the algae

cified of the organisms is in direct contrast to the
discrimination found for strontium in various fresh-
water algae.(1® It would be particularly desirable to
extend this study to include the other Group II ele-
ments, magnesium, strontium, and barium in order to
ascertain whether the behavior found in the case of
radium is peeuliar to that element. Generally, those
organisms which have a high [Sr]/[Ca] ratio also
have high [Ra]/[Ca] ratios.("® In addition it would be
Interesting to include in this more extended study
samples of the family Cryptonemiales, the coralline
red algae, which even though they are tropical orga-
nisms, deposit calcium carbonate as the stable rhom-
bohedral calcite.?® 1In the argonitic Halimeda
opuntia the concentration of strontium carbonate is
1.3%,®" while in the calcitic red algae its concen-
tration is only 0.35%.22) The reverse situation is true
for the concentration of magnesium.®V This behavior
1s the result purely of ionic size. Substitution of larger

ions for calcium in the calcite lattice is limited by the
steric factors of a close packed lattice.
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SEPARATION OF CESIUM AND RUBIDIUM BY THE FERROCYANIDES OF

COPPER, ZINC, AND ZIRCONIUM

D. N. Edgington, M. M. Thommes, and L. I. Harrison*®

The suitability of several metal ferrocyanides for ion ex-
change separation of cesium and rubidium has been studied.
Both cesium and rubidium are satisfactorily absorbed on zine
ferrocyanides and could be recovered in separate fractions by
elution with solutions of nitrate jon. Zirconium ferrocyanide
absorbs cesium strongly and is well suited to concentrate ce-
sium when subsequent elution is not required, e.g., to separate
fallout Cs from sea water. Copper ferrocyanide absorbs hoth
cesium and rubidium strongly, but is of little value in analysis
because of difficulties in elution of adsorbed species.

Extensive measurements of the concentration of
radioactive ¥7Cs in the biosphere have been made in
order to understand more fully the behavior of this
fission product in terrestrial and aquatic environ-
ments, as well as in man. While most elements are
diseriminated against with increasing trophic level,
Gustafson has shown that the ratio of ¥7Cs to potas-
sium inecreases in the aquatic environment.™® Folsom
has measured the concentration of this radionuclide
and stable cesium in salt water fish® and sea
water.®® Recently, Edgington and Luecas have shown
that there is also an increase in rubidium concentra-
tion with increasing trophic level in freshwater fish.®
It would be interesting to know whether stable cesium
exhibits the same increase in concentration with
trophic level as its radioactive isotope.

In order to determine the concentration of cesium
in water and biota, its separation by ion exchange
and solvent extraction has heen extensively stud-
ied.® On the other hand, very little has been pub-
lished concerning the separation of rubidium. Because
solvent extraction and anion exchange processes are
not effective for univalent cations, much attention
has been focused on the development of cation ex-
change materials for their separation. Such an ex-
changer would be useful for concentrating trace

* ANL-CSUI Honor Student. Spring, 1969.

amounts of these elements in the biota for analysi:
measurement of 37Cs from fallout, and the separa
tion of radioactive cesium and rubidium from mix
tures of nuclides produced by neutron activation o
hiological or other samples.

For these purposes it is desirable to use a catio:
exchanger which will not only concentrate trac
amounts of cesium and rubidium, but will also al
low them to be eluted as well with a high percentag
of recovery. The organic lon exchangers, Dowe
50W-X12, sodium form,® and Amberlite IR-100,¢
have been used, but they require large columns an
are time consuming in operation. Many highly in
soluble inorganic compounds have also been Investi
gated. The compounds of zirconium,® the heteropoly
acids,™1  ammonium phosphomolybdate,1%-13)  an,
various cobalticyanidest* 1® and ferrocyanides (hex
acyanoferrates) 14 1619 have been shown to hav
exchange properties for cesium and rubidium. Th
ferroeyanides have a high specificity in particular fo
cesium, but have to be destroyed using the concen
trated sulfuric acid to get the cesium back into solu
tion. Therefore, the present study is being conducte
in order to obtain a greater understanding of the im
exchange behavior of the zine, copper, and zirconiun
ferrocyanides, and to evaluate their usefulness a-
exchangers for ion exchange chromatography of thes
two elements,

METHODS AND MATERIALS
Analytical grade reagents were used in the follow-

ing preparations.

Preparation of Heavy Metal Ferrocyanides

Zinc ferrocyanide was prepared as described by
Kourim, Rais and Million,*?) but on a larger scale
Eight hundred milliliters of 0.1 M potassium ferro-
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cyanide were added dropwise to 2500 ml of 0.1 M zinc
nitrate while stirring. The resulting fine precipitate
of the ferrocyanide was allowed to digest for one to
two hours in a boiling water bath, and after cooling to
room temperature, was filtered through a sintered
glass funnel. The precipitate was washed with am-
monium nitrate, then distilled water, and dried at
110° C for 4 hr. The resulting solid was ground in a
mortar, the fraction between 40 and 200 mesh being
collected.

Copper and nickel ferrocyanides were prepared in
a similar manner using 167 ml of 0.1 A potassium
ferrocyanide and 500 ml of 0.1 M copper or nickel
nitrate.

Samples of copper and zirconium ferrocyanides
(less than 0.25-u mesh) were also obtained from T. R.
Folsom at the Seripps Institute of Oceanography for
investigation.

Solutions of Radioactive Nuclides

Cesium-137 was obtained from an TAEA standard
cesium solution containing 25.79 uCi/ml. The con-
centration of cesium was approximately 73 X
10~ M.

Rubidium-86 was prepared by irradiating 10 mg of
spectrographic grade rubidium chloride® in the Jug-
gernaut reactor. After irradiation, the material was
dissolved in 7 ml of water so that the rubidium con-
centration was 1.2 x 102 M.

Determination of Distribution Coefficients (Kp)

Distribution coefficients for copper, zinc, and zirco-
nium ferrocyanides were measured in the following
manner. One-tenth gram aliquot portions of the in-
organic ion exchanger were weighed into two dram (7
ml) polyethylene flip-top vials (Olympic Plastics).
Five milliliters of the required aqueous phase were
added, followed by a 50-ul aliquot of the radioactive
nuclide (¥°Cs or %Rb). Blanks were prepared to
measure the total activity added to the vials by fol-
lowing the same procedure, only omitting the ex-
changer. If the K, was known to be very large,
smaller amounts of the exchanger were taken. The
maximum concentrations of rubidium and cesium in
the final solution used were 1.4 X 10-* M and
<10~7 M, respectively.

The vials were shaken overnight on a rotary
shaker. The two phases were then allowed to separate,
and the supernatant aqueous phase was filtered
through 0.45- or 0.8-x Millipore filters. Four milli-
liters of the filtrate were pipetted and made up to 5
ml with distilled water into 2-dram polyethylene flip-

top vials. These samples, as well as the blanks, were

* Obtained from Johnson Matthey Company.
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counted using a 37x 27 Nal(TIl) crystal. The counts
were recorded on a scaler, and the gamma-ray spec-
trum was accumulated on a 400-channel pulse height
analyzer.

The counts per gram of exchanger were calculated
from the difference between the total counts in the
aqueous phase after equilibration and the total activ-
ity added initially. The distribution coefficients for
the tracer between the inorganic ion exchanger and
the aqueous phase were calculated from

counts/g of exchanger

KD = .
counts/ml of aqueous phase

Kinetics of Attainment of Equilibrium

The rate of attainment of equilibrium of the ion
exchanger with the cesium ions was determined by
measuring the apparent distribution coefficient after
different times of shaking.

Stability of the Inorganic Ion Exchangers

A procedure similar to that used for the measure-
ment of the distribution coefficients was employed to
determine the stability of zine and ferrocyanides in
strong acid, except that no radioactivity was added.
The aqueous phases were subjected to analysis by
atomic absorption spectroscopy for iron and zine. The
techniques used were as described in the Perkin-
Elmer 303 atomic absorption spectrophotometer man-
ual for these two elements.

Column Ezxperiments

A water slurry of the exchangers was prepared so
the fines could be decanted. Ion exchange columns
were made by packing a 7-cm length of polyethylene
tubing, 0.6 c¢m diameter, with about 3 cm of the
slurry under gravity. Ten milliliters of water were
spiked with a known concentration of cesium, rubid-
lum, or both, and passed through the column at a
constant rate of 1 ml/min by means of a polystaltic
pump. The eluate from the column was collected and
counted to check the efficiency of adsorption of the
cesium or rubidium. Then, 10 ml of a selected eluent
were passed through the column at a rate of 1 ml/
min. Fifty-drop fractions (1.5 ml) were collected and
then counted. The columns were regenerated by pass-
ing water through them.

RESULTS AND DISCUSSION

The ion exchange properties of the ferrocyanides of
zine, copper, and zirconium have been investigated in
this study. Distribution coefficients were measured for
the partition of cesium and rubidium between several
different solutes and these ferrocyanides. The stabil-
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F1c. 13—Rate of attainment of equilibrium in the partition
of cesium between zinc ferrocyanide and nitric acid.

ity in strong acid and the rate of attainment of ex-
change equilibrium of the zinc ferrocyanide were also
determined. The results obtained will be discussed
separately for each of these inorganic ion exchange
materials.

Zinc Ferrocyanide

Rate of Attainment of Ion Exchange Equilibrium.—
The rate of attainment of equilibrium for the parti-
tion of cestum between zinc ferrocyanide and 4 M
nitric acid was determined. The results are shown in
Figure 13. The value of the distribution coefficient
(Kp) increases to a maximum after shaking for 45
min and then decreases slowly thereafter with longer
equilibration times. The decrease at longer times is
probably due either to surface decomposition of the
inorganic exchange material by the acid or to a com-
petitive reaction with the hydrogen ions from the
acid.

Stability of Zinc Ferrocyanide—~In order to deter-
mine the stability of the zine ferrocyanide in the pres-
ence of various eluants likely to be employed in the
separation of rubidium and cesium, a series of experi-
ments was set up to determine the concentrations of

PANEL I AR Tt e Ak A

zine and iron found in the solute after equilibratic
for 16 hr.

Table 5 shows the concentration of zine and irc
found in solution after 1 g of zine ferrocyanide h¢
been equilibrated with 1 ml of the appropriate aqu
ous phase. The average concentrations of iron in t!
nitric acid solutions were approximately equal. Hov
ever, the concentration of dissolved zinc in the nitr
acid solutions was ten times the concentration of ti
iron, while for ammonium nitrate solutions, the co:
centration was four times as great. Assuming that tl
molecular formula of the precipitated zine ferrocy.
nide is ZnsFe(CN)s, then the concentration of zir
should be twice that of the iron. The zinc ferrocy.
nide was originally precipitated using a 50% excess
zine in order to aid complete precipitation of the fe
rocyanide. It is highly probable that the precipitat
material would accumulate excess zinc ions by a
sorption or occlusion and that it is these ions that a.
being preferentially dissolved. The even greater col
centration of zinc in solution under acid conditio
may be due also to a competitive reaction betwec
zinc and hydrogen ions.

TABLE 5 CONCENTRATIONS OF IRON AND ZINC IN VARIOT
SoLuTIiONS AFTER 1 ¢ oF ZiNc FErrocYyaNiDE Has Beg:
EQUILIBRATED WITH 1 ML OF THE APPROPRIATE
AQUEOUs PHASE

Molarity HNO;, g/ml NH NO;, g/ml
Concentration of zinc
1 8.9 X 1073
2 1.75 X 1072 8.9 X 1073
3 1.95 X 1072 8.3 X 1073
4 2.1 X 107 9.9 X 107*
5 8.3 X 1073
6 2.2 X 10 9.1 X 1073
7 1.75 X 102 8.8 X 1073
© 8 1.69 X 102 8.6 X 1073
9 1.72 X 10? 8.6 X 1073
Average 1.88 X 1072 8.9 X 1073
Molarity 1.44 X 1071 M 6.8 X 1072 M
Concentration of iron
1 9.5 X 10¢
2 2.9 X 1073 2.1 X 10°?
3 4.2 X 1073
5 1.7 X 1073
6 2.9 X 10¢
7 3.1 X 1073 7.4 X 10¢
8 1.7 X 107¢ 1.8 X 1073
9 2.1 X 1073 1.7 X 1073
Average 2.3 x 10— 2.0 X 1073
Molarity 4.1 X 10 M 3.6 X 10 M
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Distribution Coefficients—The distribution coeffi-
cients for cesium and rubidium are shown in Figure
14. The distribution coefficients reported for the par-
tition of cesium and rubidum between water and zine
ferrocyanide are in agreement with those previously
reported by Gorenc and Kosta. (15

Using nitric acid, the distribution coefficients for
cesium range from 9160 at zero acid concentration to
1.5 with 9 M acid, and for rubidium from 2520 at
zero acid concentration to 1.8 with 9 M acid. The
distribution coefficients for rubidium are much lower
than those for cesium in dilute acid (up to 4 M). At
concentrations of acid greater than 4 M, the differ-
ences between the distribution coefficients for cesium
and rubidium become much smaller, and for 9 M acid,
are minimal,

When ammonium nitrate is used in place of nitric
acid in the aqueous phase, the distribution coefficients
for cesium decrease from 9160 to 3.2 at 9 M, and for
rubidium, from 2520 to 0.9. The distribution coeffi-
clents for the two elements are widely separated at
all ammonium nitrate concentrations.

The Separation of Rubidium and Cesium Using
Columns of Zinc Ferrocyanide—lIon exchange col-
umns of zine ferrocyanide were prepared as described
in the section on methods. The columns were loaded
with cesium or rubidium by passing 10 ml of water
spiked with #7Cs or %¢Rb through the column. The
eluant was checked for residual activity, and in all
cases greater than 99% of the activity was adsorbed.

According to the results presented in Figure 14, a
separation of rubidium and cesium should be possi-
ble. Rubidium may be eluted first with 2 M ammo-
nium nitrate or 3 M nitric acid and then cesium
with 9 M ammonium nitrate or 9 M nitric acid. The
results of such experiments are shown in Figures 15
and 16. The rubidium was quantitatively desorbed
using either 2 M ammonium nitrate or 3 M nitric
acid with little or no contamination due to cesium.
While 91% of the cesium was eluted using 9 M nitric
acid, only 68% was removed using 9 M ammonium
nitrate.

Copper Ferrocyanide

Distribution Coefficients—The distribution coeffi-
cients for the partition of cesium and rubidium be-
tween copper ferrocyanide and aqueous solutions of
nitric acid or ammonium nitrate are shown in Figure
17.

In the nitric acid system, the values of the distribu-
tion coefficients for rubidium show a very noticeable
Initial decrease from 1590 at zero acid concentration
to 34 with 1 M acid, and then continue to drop to a
vilue of 0.14 with 9 M acid. The value of the distribu-
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Fic. 14—Distribution coefficients for the partition of cesium
and rubidium between zine ferrocyanide and nitric acid or
ammonium nitrate (cf. Figures 17 and 19).

tion coefficients for cesium decreases from 38,100 at
zero concentration to 5.9 with 8 M acid.

Using ammonium nitrate the values of the distribu-
tion coefficient for rubidium decrease from 1590 at
zero ammonium nitrate concentration to 2.8 with- 9 M
ammonium nitrate. Similar experiments with cesium
give values of Kp which are extremely high, decreas-
ing from 38,100 to 116 with 9 M,

The behavior of the copper ferrocyanide prepared
in this study was compared to that found for a sam-
ple of this exchanger obtained from Folsom. Distribu-
tion coefficients for the partition of cesium between
ammonium nitrate solutions and the two copper fer-
rocyanides were compared. The material prepared for
this study gave values of K, which were twice as
large as those obtained using the material prepared
by Folsom. This difference will probably be found to
be due to variations in the method of preparation and
is most likely connected with the concentration of
copper in the precipitating solution.

Separation of Cesium and Rubidium Using Copper
Ferrocyanide—From these values of the distribution
coefficient it may be predicted that a good separation
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Fias. 15 anp 16 —Separation of rubidium and cesium using columns of zine ferrocyanide

of rubidium from cesium may be obtained using either
nitric acid or ammonium nitrate as an eluant, but
because the values of Kp for cesium remain large,
even at the highest concentration of the eluents
tested, the recovery of cesium from the column is

likely to be poor. However, under acid conditions, this
exchanger tends to coalesce and not allow the passage
of the eluent through the column, so elution curves
were obtained using only ammonium nitrate (Figure
18). Rubidium is eluted with 6 M ammonium nitrate,
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but there appears to be a little contamination with
ceslum.

Zircontum Ferrocyanide

Distribution Coefficients.—The distribution coeffi-
cients for the partition of cesium and rubidium be-
tween zirconium ferrocyanide and aqueous solutions
of ammonium nitrate and nitric acid are shown in
Figure 19.

Using nitrie acid, the values of the distribution co-
efficient decrease from 3143 at zero acid concentra-
tion to 1.8 with 9 M acid. The rubidium is not at all
strongly adsorbed, and the values of distribution co-
efficients decrease from 23.8 at zero acid concentra-
tion to 0.56 with 9 M acid. The differences between
the distribution coefficients for cesium and rubidium
for every acid concentration are large.

Similarly, there is a very sharp drop in the dis-
tribution coefficients for cesium from 3143 at zero
NH;NO3 concentration to 123 with 2 M ammonium
nitrate, and then a gradual decrease to 17 for 9 M.
The distribution coefficients for rubidium decrease
from 23.8 at zero ammonium nitrate concentration to
0.95 at 8 M ammonium nitrate and show poor repro-
ducibility.

The value of the distribution coefficient of 23.8 for
the partition of rubidium between water and zirco-
nium ferrocyanide is lower by a factor of almost one
hundred for other heavy metal ferrocyanides investi-
gated.

Separation of Cesium and Rubidium from Columns
of Zircontum Ferrocyanide—The short ion exchange
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Fig. 17—Distribution coefficients for partition of cesium
and rubidium between copper ferrocyanide and nitric acid or
ammonjum nitrate.
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F1g. 19—Distribution coefficients for the partition of ce-
sium and rubidium between zirconium ferrocyanide and am-
monium nitrate and nitric acid,

columns of zirconium ferrocyanide adsorbed greater
than 99% of the cesium but a maximum of only 46%
of rubidium from the spiked water solutions. The ad-
sorbed rubidium was readily eluted with 6 M nitric
acid, but the cesium could be only partially eluted
using 9 M acid.

Zirconium ferrocyanide is therefore the most spe-
cific of the exchangers examined for the concentra-
tion of cesium, but is of little value for the separation
of rubidium because of the low value of K, for this
ion.

SUMMARY

The ion exchange behavior of several heavy metal
ferrocyanides has been investigated. The ferrocya-
nides have shown varying degrees of stability in the
eluents studied. Zine ferrocyanide and zirconium fer-
rocyanide were stable in nitric acid and ammonium
nitrate. Copper ferrocyanide was attacked in the ion
exchange columns by nitric acid, but was stable in
ammonium nitrate. According to the values of Kj
for the three ferrocyanides, the separation of rubid-
ium from cesium is feasible in each case, but the re-

e T P - e R S

covery of cesium is highly dependent on the partic
lar ferrocyanide used.

These predictions were confirmed by the column «
periments. Zine ferrocyanide was found to be the by
exchange medium for the separation and recovery
cesium and rubidium. Using 2 A ammonium nitr:
or 3 M nitrie acid, the adsorbed rubidium could
completely recovered from a zinc ferrocyanide e
umn, Cesium could then be eluted from the colu
with either 9 M nitric acid or 9 A/ ammonium nitra’

Zirconium ferrocyanide was an excellent exchar
material for the concentration of cesium since to
adsorption occurred and the cesium could not
eluted effectively. Rubidium, however, was poorly u
sorbed by the material and could be readily elut
Likewise, copper ferrocyanide adsorbed cesit
strongly, and it could be eluted only with great dit
culty. Rubidium was effectively adsorbed and sep
rated from ecesium on copper ferrocyanide colum
using ammonium nitrate as eluent.

Zirconium ferrocyanide, because of the high valu
of its distribution coefficient K, and values of t
distribution coefficients for cesium under all conditio
is ideally suited to concentrate fallout ¥°Cs from =
water. The 37Cs adsorbed on columns of zirconiu
ferrocyanide can be counted directly and the conce
tration of the radionuclide determined. Other radi
nuclides will not interfere since the ferrocyanide
specific for the alkali metals and because the activi
of other long-lived nuclides such as *K is known
be equal to or less than that of eesium. Similarl
copper ferrocvanide concentrates cesium and rubi
ium but is of little value in analysis because of ti
difficulties encountered in elution of adsorbed specic

Cesium and rubidium, on the other hand, can !
quantitatively recovered from as well as concentrate
by zine ferrocyanide. Zinc ferroeyanide is, therefor
an ideal material for the preconcentration of rubi
ium and cesium before analysis. Trace amounts
cesium and rubidium may be concentrated on column
of this exchanger from large volumes of natural we
ters and then determined after removal from the co
umn by neutron activation with a minimum
contamination from nuclides other than those of zi
or iron. Zinc ferrocyanide can also be used to sep:
rate these alkali metals from mixtures of other ck
ments in biological samples,
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RECOVERY AND MODIFICATION OF RADIATION-INDUCED DIVISION DELAY

IN DEVELOPING SEA URCHIN EGGS*

Patricia Failla

Treatment of fertilized sea urchin eggs with a number of
agents that prolong the normal cell division cycle permits re-
covery during the prolongation period from division delay
caused by previous irradiation of one or both gametes. Treat-
ment with several of these agents has also been shown to
modify the subsequent response of fertilized eggs to radiation.
Some implications of the results in the elucidation of the
recovery process are discussed.

Virtually all dividing cells exposed to sufficient
doses of ionizing radiation exhibit division delay. De-
veloping sea urchin eggs are an excellent material in
which to study this effect for a number of reasons.
First, a remarkable natural synchrony of the initial
divisions greatly facilitates experimental procedures.
Second, since this material has long been a favorite
of embryologists and molecular biologists, extensive
morphological and biochemical information is readily
available. Third, the eggs are rugged and can tolerate
treatments that mammalian cells cannot. Finally,
there is the opportunity to compare the reactions of
irradiation of almost pure nuclear material (sperm),
nucleus and cytoplasm (eggs) or a developing diploid
system (fertilized eggs or zygotes). The criterion of
radiation damage under consideration, therefore, is
the delay in the time of first division of fertilized sea
urchin eggs after one or both gametes have been ir-
radiated, The magnitude of this radiation-induced
cleavage delay, however, can be altered both before
and after fertilization. It is this aspect that will be
emphasized.

Henshaw® 2 showed over 30 years ago that the
division delay resulting from the irradiation of un-

* Presented in part at the Fifty-fourth Scientific Assembly
and Annual Meeting of the Radiological Society of North
Ameriea, Chicago, Illinois, December 1-6, 1968,

fertilized eggs could be reduced by increasing the in-
terval between irradiation and fertilization. Post-
ponement of fertilization of normal eggs with irradiated
sperm, however, had no such effect. This suggested
that some cytoplasmic constituent was involved in
this type of recovery. More recently, a postfertilization
recovery from division delay has been demonstrated in
both irradiated eggs and sperm.®® During the study
of this recovery process modification of radiation-in-
duced division delay itself has been achieved.

The postfertilization recovery process involves a
prolongation of the first division cycle by various
chemical or physical means during which the radia-
tion effect on either egg, sperm or zygote diminishes.
The experimental protocol is outlined schematically
in Figure 20. On lines 2 and 4 the sperm is depicted
as irradiated, resulting in radiation-induced division
delays of D and I, respectively. On lines 3 and 4 a
chemical or physical agent is applied to the fertilized
egg inducing a prolongation of the division cyecle
which serves as a recovery period. If D’ is less than
D, recovery is said to have occurred during the time
R. By using agents which are known to interfere with
specific eellular activities, the influence of this inter-
ference or inhibition on the recovery process can be
investigated and the process itself better character-
ized.

While studying the influence of various agents on
the recovery process, it was decided to ascertain
which portion of the cell cycle was being prolonged.
That, is, although the agents are applied for various
intervals soon after fertilization, they may produce a
delay in a later portion of the cell cycle. This is the
case with radiation: no matter when the gametes or
fertilized eggs are irradiated, the radiation-induced
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F1e. 21—The sensitivity to radiation-induced cleavage de-
lay as a function of the time during the first cell cycle the
Arbacta zygotes are irradiated with 5000 R.

division delay occurs in early prophase. If the zygote
is irradiated after this time, no delay is evident until
the second division cycle. This can be seen in Figure
21 which depicts the variation in the amount of divi-
sion delay produced by a dose of radiation as a func-
tion of the time during the first cell cycle that the
zygotes are irradiated. For Arbacia punctulata zy-
gotes the radiation insensitive portion of the cycle
begins about 15 min before division. The character-

istic shape of this radiation sensitivity curve st
gested its use in determining the time of action of t
agents. If the ehemically-induced mitotic delay tal
place during the time of treatment, then it would
expected that the radiation sensitivity curve of t
drug-treated zygotes would be.shifted in time to t
right by an amount equivalent to the treatment p
riod or its induced delay. Therefore, the fertilized eg
or zygotes were treated with a number of agents a
then exposed to radiation. The changes in shape a
position of the sensitivity curves indicated that di
ferent agents acted at different times. It was al
found that treatment with several agents modified tl
subsequent response of the system to radiation. Th
effect will be called modification and should be di
tinguished from protection which implies that tl
agent is present at the time of irradiation. A study ¢
this type should give some insight into the types o
reactions and cellular activities that are responsibl
for the variation of radiation response during the ce
cycle.

MATERIALS AND METHODS

Two species of sea urchin have been used, Arbaci
punctulata,* and Lytechinus pictus.f The animal
are maintained in two 25-gallon refrigerated aquaris
which recirculate artificial sea water (Instan

* Supplied by the Marine Biological Laboratory, Wood:
Hole, Massachusetts or Glendle Noble, Panama City, Florida

T Supplied by Pacific Biomarine Supply Co., Venice, Cali-
fornia,
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Fig. 22—Decrease in cleavage delay in Arbacia sperm ex-
posed to 7200 R 'as a function of the time the control cell
division cyele is prolonged by treatment of the zygote with

. cither beta mercaptoethanol or EDTA.

. Ocean}) continuously through a calcareous filtrant

spread over the bottom of the tank.
Gametes are procured by injection of 0.5 M KClI or
by electrical stimulation of the animals with an al-

' ternating potential of about 8 volts. The fertilized

cggs develop in either Instant Ocean or natural sea
water at room temperature. The radiation doses are
delivered by a 137Cs gamma source at a dose rate of
about 1200 R/min.

Since the first division of fertilized sea urchin eggs
is so remarkably synchronous, estimation of the time
when 50% of the eggs have cleaved is made visually
under low magnification. This time can generally be
dermined to within =1 min. Hence, cleavage delays
are good to about =2 min.

RESTLTS

Previous publications®® have described the ef-
feets of prolonging the control cell division cycle by
temporary exposure of fertilized eggs to nitrogen,
D.0, sodium azide, Coleemid, ribonuclease, or 0° C on
the radiation-induced cleavage delay. When the cell
cycle is prolonged by treatment with all these agents
except low temperature, there is a decrease in the
radiation-induced cleavage delay. Recovery is, there-
fore, said to have occurred during the time the cycle

Is prolonged. No significant reduction in the radia-

% Supplied by Aquarium Systems, Inc., Wickliffe, Ohio.
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tion-induced division delay is evident, however, when
the cell cycle time is extended by incubation of the
fertilized eggs at 0° C or any temperature lower than
normal. Two other agents, EDTA and beta mercapto-
ethanol, have now been used which prolong the cycle
and also permit recovery to take place. Figure 22
shows the effect of treating the same gametes with
these agents. At the concentrations used, EDTA ap-
pears to be more effective, probably because of less
interference with activity required for recovery or a
difference in time of action. These agents are listed in
Table 6 along with the others and their assumed
modes of action. That recovery has been observed
with all these agents except temperature must indi-
cate that the temperature coefficient of the recovery
process is similar to that applying to extension of the
ecell cycle. Additional evidence is provided by the ob-
servation that the magnitude of the radiation-induced
division delay in any one experiment is independent
of the temperature (between 8° C and room tempera-
ture) at which the fertilized eggs develop.(®

In order to define the time of action of the agents
listed in Table 6, their effects on the radiation sen-
sitivity curve (Figure 21) were determined. The

TABLE 6 EFrFFEcT OF VARIOUS AGENTS ON CELL
DivisioN CYCLE

Effect on
Agent inducing radiation-
prolongation of induced Interpretation
division cycle cleavage
delay

0to 15.5°C D'~ D | No recovery when division
period prolonged by reduced
temperature.

N, D’ < D | Aerobic metabolism not re-
quired for recovery. i

DO D' < D | Rigidification of mitotic ap-
paratus does not interfere
with recovery.

Puromycin (+N3) | D’ < D | Recovery not wholly depend-
ent on protein synthesis.

NaN; D’ < D | Aerobic metabolism not re-
quired for recovery.

Colcemid D’ < D | Interference with spindle for-
mation does not interfere
with recovery process.

Ribonuclease D’ < D | Surface effect? Does not inter-

i fere with recovery.

EDTA D" < D | Complexing of divalent ca-
tions? Does not interfere
with recovery.

Beta mercapto- D’ < D | Interference with aster and

ethanol spindle development does
not block recovery process.

D = Radiation-induced cleavage delay.
D’ = Radiation-induced cleavage delay after treatment
with agent inducing recovery period.



28

agents were applied to the zygotes for a 20- to 30-min
time period shortly following fertilization. The zy-
gotes were subsequently irradiated at different times
in the cell cycle—in some cases during the treatment
period. A comparison of the radiation sensitivity
curves of treated and untreated zygotes for the agents
tested is given below.

Figure 23 shows the effect of treating Lytechinus
zygotes for twenty minutes with 10—* M ribonuclease
after fertilization. The solid curve depicts the re-
sponse of control zygotes to irradiation with 5000 R
at the times indicated on the abecissa. The dashed
curve depicts the response of zygotes to the same dose
of radiation after the ribonuclease treatment. The
solid and dashed arrows represent the division times
of the unirradiated control and treated zygotes; thus,
8 20-min treatment with ribonuclease delayed the un-
irradiated cell division time by about 18 min. The
response curve for the drug-treated zygotes resembles
closely that of the untreated ones and appears to be
shifted in time only by the approximate length of the
treatment time. This would be expected if the treat-
ment with ribonuclease delayed the cell progression
process only during the time of application and did
not, affect the system’s subsequent response to radia-
tion. Figure 24 shows similar results when Arbacia
zygotes are temporarily immersed in 99.8% deute-
rated sea water.

On the other hand, Figure 25 depicts the radiation
response of Arbacia zygotes after a 30-min treatment
with 2.5 X 1073 M sodium azide. Again, the reactions

responsible for the shape of the response curve apr
to be delayed principally during the time of trc
ment, but in this case the magnitude of radiat
response is appreciably less during and after the trc
ment. A similar result is shown in Figure 26 for tre
ment with 0.1 M beta mercaptoethanol. There is

possibility, however, that even though in each ¢
the fertilized egg suspension was rinsed, enough che
ical remained to protect some critical structures fr
the action of the radiation.

As shown in Figure 27, treatment with EDTA
mg/ml) of Arbacia zygotes appeared to protect
zygotes both before and after application. In this
stance, however, the prolongation of the cell divis
period seemed to occur in the latter part of the .
cle—after the chemical was apparently removed
dilution. A similar, but less dramatic, result was «
served when colchicine was used. This is shown
Figure 28 which depicts treatment of the same .
metes in morning and afternoon experiments with t
different colchicine concentrations. Only the lov
concentration was protective. The super-imposition
the control curves in the two experiments, howev
illustrates the precision of the measurements. He
ever, again the complete removal of the chemic
from sensitive structures by the rinsing process w
not assured or tested, and, therefore, the reduction
radiation effect observed might be the result of p
tection of relevant entities by the chemical presc
during and after the treatment period.

It is felt that the action of nitrogen is immedia
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Fia. 23.—The sensitivity to radiation-induced cleavage delay as a function of the postfertilization time Lytechinus zygotes a
irradiated. The dashed curve shows the effect of treatment with 10~¢ M ribonuclease for 20 min right after fertilization.
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i.c., it enters and leaves the cell in strict conformity
to its concentration in the medium at any time.
Therefore, the effect of nitrogen on the response curve
wa= tested. The results are shown in Figure 29. The
reduction in radiation response after the bubbling of
nitrogen through the cell suspension has ceased and
air has been readmitted can only mean then that the
system has been modified in its response to radiation.
It can be envisioned that some reactions, sensitive to
radiation, have proceeded and perhaps have been
completed during the anaerobic period. Therefore,
they may no longer be as vulnerable to exposure to
radiation. These reactions, however, do not seem to
be those that determine the shape of the response
curve. Only the magnitude, therefore, and not the
shape of the radiation response curve is altered by
the absence of oxygen.

Figures 30 and 31 show the results of similar ex-
periments involving prolongations of the cell cycle
time by temporary reductions of temperature. A low-
cring of the normal (~22°C) development tempera-
ture, even by less than 10° C, postponed the processes

| determining the characteristic shape of the radiation

response curve but did not modify the magnitude of
the response. Since the difference in control egg divi-

| sion times was appreciably less than the treatment

time, however, these reactions appear to have pro-
ceeded more rapidly than normal once the system was
returned to control temperatures. Again, therefore,
certain activity must have been possible during the
period of reduced temperature which permitted the
more rapid rate of completion of the cell cyele once

PYRRIPP YN TR SR THRAAER 2 M
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F1. 24 —The sensitivity to radiation-induced cleavage de-
lay as a function of the postfertilization time Arbacia zygotes
are irradiated. The dashed curve shows the effect of immer-
sion in 99+% deuterated sea water for 20 min right after
fertilization.
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]‘:lG. 25.—The sensitivity to radiation-induced cleavage delay as a function of the postfertilization time Arbacia zygotes are ir-
radiated. The dashed curve shows the effect of treatment with 2.5 X 10~ M sodium azide for 30 min right after fertilization.
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with 10 mg/ml EDTA for 25 min right after fertilization.

50

normal temperatures were restored. The reactions
sponsible for the shape of the radiation curves, th
fore, are inhibited by reduced temperature, inter
ence with oxidative metabolism, treatment -
ribonuclease, D20, and beta mercaptoethanol. T
do not appear responsive, however, to the actiol
EDTA or colehicine. EDTA treatment, and to a le
degree colchicine treatment, nevertheless, slow d.
later reactions, protect while present and alter sul
quent responses to radiation. Hopefully, similar
periments with other agents will help to shed n
light on the mechanisms associated with the ra
tion response of developing sea urchin egg systems.

DISCUSSION AND SUMMARY

Recovery from radiation-induced division delay
sea urchin eggs has been shown to occur when
normal cell division time is extended by tempor:
treatment with a number of agents, except the low
ing of temperature. The recovery mechanism, the
fore, is felt to have approximately the same tempe
ture coefficient as the general processes leading to «
division. Considering the interpretations of the
tions of the actions of the agents so far used, it «
be inferred that interference with aerobic metaboli-
protein synthesis or mitotic apparatus developm:
does not block this recovery process. The actions
ribonuclease and EDTA are not so well defined. ]
bonuclease is reported to bind to the cell surface a
perhaps inhibit cleavage nonenzymatically by int

B
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T16. 28—The sensitivity to radiation-induced cleavage de-
lay as a function of the postfertilization time Arbacia zygotes
arc irradiated. The open circles and squares represent experi~
ments on the same control gametes in the morning and after-
noon, respectively. The solid curve is drawn through these
svmbols. The dashed curve shows the effect of treatment with
75 X 10 M colchicine for 30 min right after fertilization,
while the dotted curve shows the effect of 125 X 10*M
colchicine treatment for 30 min right after fertilization.

acting as a basic protein with the cell surface.(* The
chelating activity of EDTA is presumed responsible
in some way for its action. As discussed in last year’s
report,® comparisons of recovery rates under the ac-
tion of these various agents tends to implicate some
metabolic activity in the recovery process. One indi-
cation is that more recovery generally occurs during
extensions of the cell division period induced by phys-
1co-chemical agents like D20, colchicine, and EDTA

 than during comparable time periods induced by met-

abolie inhibitors.
From analysis of the variations in radiation re-

| sponse curves as a function of the time during the
. ccll eyele that fertilized eggs are exposed, a “modifi-
- cation” effect of certain of the agents has been un-

covered. Thus, the radiation response of zygotes that
have been treated with sodium azide, beta mercapto-
¢thanol, nitrogen, and EDTA is less than their un-
treated counter-parts. Since this reduced response is
observed at times when the agent is not present dur-
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Fic. 30—The sensitivity to radiation-induced cleavage de-
lay as a function of the postfertilization time Arbacia zygotes
are irradiated. The dashed curve shows the effect of incuba-
tion at 6.5° C for 30 min right after fertilization.

ing exposure, it cannot be the usual type of protee-
tion afforded, for example, by hypoxia. Therefore, the
phenomenon has been termed modification. In a sim-
ilar experiment, puromyein treatment, on the other
hand, has been shown by Rustad and Burchill’® to
sensitize fertilized Arbacia eggs to subsequent radia-
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Fic. 31—The sensitivity to radiation-induced cleavage de-
lay as a function of the postfertilization time Arbacia zygotes
are irradiated. The dashed curve shows the effect of incubation
at 15.2° C for 30 min right after fertilization.
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tion treatment. It is hoped that further study of the
effects of various agents on the recovery and modifi-
cation processes will lead to a better understanding
not only of the processes themselves, but also of the
underlying radiation response.

Mitotic or division delay in mammalian cells also
varies as a function of the time during the genera-
tion cycle irradiation takes place. The subject has
been reviewed recently by Sinclair.® The form of
response appears similar to that found with sea ur-
chin eggs in that the maximum delay occurs when
the cells are irradiated during the period of DNA syn-
thesis, S. For cells not irradiated in S, the principal

THE RETENTION OF 33Bg IN BEAGLES
J. E. Farnham and R. E. Rowland

B R U SV SR SUUIPRA T W o v

portion of the division delay after moderate doses
expressed as a block in (s. More detailed comparis
will not be made herc. It appears evident, howev
that work on the naturally ~ynchronized cell syst.
of dividing sea urchin eggs is pertinent to the prc
lem of division delay in irradiated mammalian cells.

The assistance of Regina Rigoni in carrying ¢
these studies is gratefully acknowledged.
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Barium, like the other alkaline earths, is a bone-seeking
element. These studies, which started some ten years ago, were
designed to examine the whale-body retention and the plasma
clearance of Ba'™ in beagles of various ages, with the aim of
comparing these parameters with the values found for ealeium,
strontium, and radium. This is the final report of this study.

INTRODUCTION

The retention of barium in the skeleton and in the
blood, like that of the other alkaline earths, is of inter-
est because 1t is closely related to the caleium metabo-
lism of bone.*"® Knowledge of the differences and
similarities in the metabolism of barium and caleium

should elucidate the normal processes of skeletal n:
tabolism. Furthermore, the chemical similarity
barium and radium insures that extending our mea:
knowledge of barium metabolism will contribute
our understanding of the toxicity of radium in m
and animals.

In June of 1959 we began a long-term study to me:
ure the whole-body retention of 133Ba in two bea
dogs over a period of several years. Progress data h:
been given in three earlier reports.® 7 8 Subsequen
we have injected three additional beagle dogs w
the 133Ba isotope to measure the short-term upt:
and retention of barium, and to measure the rad
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chemical distribution of the 33Ba in various bones
and types of bones (cortical vs. trabecular) throughout
the dog skeleton.

This barium isotope was chosen because 1) it has a
long half-life of 7.2 years and is excellently suited for
long-term retention studies, 2) the radiation dose from
it is minimal (1*3Ba decays by electron capture and
no beta particles are emitted), and 3) quantitative
measurements are easily made by means of scintilla-
tion counters, that is, gamma counters for whole-body
retention data, and liquid seintillation counters for
blood, fecal, and chemically ashed samples.

MATERIALS AND METHODS

Lach animal was given an intravenous injection of
13334 in the form of BaCl; in 0.075 N HC!, with a

TABLE 9. BartuMm: Broop SepeciFic ACTIVITY

Percent injected dose/mg calcium

Time,
days 576 A22B A22C A22D

0.021 — —  [3.26 X 10712.58 X 107
0.042  [2.83 X 1071(2.73 X 10-1(2.65 X 1071[2.12 X 10~
0.098 — 2.03 X 10~1(1.70 X 101
0.167 — —  [1.35 x 101/1.19 X 107
0.25 1.17 X 10(6.31 X 10-2[1.17 X 10-1]9.57 X 10~
0.313 — — 9.5 X 10-2|8.43 X 10~
1 5.15 X 1072/1.76 X 10~2|4.61 X 10-2[3.13 X 10~
2 2.04 X 10-2/8.83 X 10-3|2.51 X 10~21.82 X 10~
3 1.18 X 107213.50 X 10-|1.39 X 10~2{1.04 X 107
4 — — 19.26 x 10-37.23 X 10—
5 — —  16.37 x 10~[4.40 X 10~
6 — —  |5.06 X 103]2.39 X 1073
7 .80 X 107%|1.66 X 10-3|4.02 X 10-|1.75 X 1073
14 1.10 X 107%/6.28 X 104

1002-1091 —  I8.60 X 10~

1100-1195 [7.40 X 1075 —

1450-1550 |4.65 X 10-5 —

1765-1865 —  3.50 x 10-¢

TABLE 7. INsecTiON OF DoGs wiTH 33Ba
Age at Weight at "Ba t'Sacrigce
Dog injgection injeectgion,akg injected, m}f':)mays
#Ci injection
A22B 8 m 7.2kg 6.1 3113
576 =4 yr 10.1 kg 10.0 1508
156 6.5 yr =7.2 kg 10.5 7
A22C 9.25 yr 10.0 kg 300 7
A22D 9.5 yr 12.5 kg 314 7
TABLE 8. RETENTION OF BAaRivM TRACER
Days Fractional retention % injected dose/g calcium
after
Injection | 576 | A22B | A22C | A22D| 576 | A22B|A22C | A22D
0 1 1 1 1 0.667| 0.952| 1.03
1 0.895 0.791 i 0.978 0.818
2 0.747| 0.680 0.816| 0.703
3 0.636| 0.513 0.695| 0.531
4 0.518| 0.443 0.566| 0.458
5 0.460| 0.369 0.503| 0.382
G 0.409| 0.323 0.447| 0.334
7 0.354] 0.295 0.387f 0.305
20 | 0.491; 0.667 0.327| 0.635
27 | 0.464] 0.647 0.309} 0.616
34 | 0.427] 0.589 0.285| 0.561
41 1 0.420] 0.588 0.280] 0.561
48 | 0.418| 0.610 0.279) 0.581
83 | 0.371] 0.509 0.247| 0.485
139 0.332| 0.460 0.221] 0.438
188 1 0.307| 0.401 0.205] 0.382
203 | 0.252] 0.361 0.168| 0.344
363 | 0.224] 0.352 0.149| 0.335
454 | 0.213) 0.319 0.142| 0.335
6931 0.173) 0.280 0.115| 0.267
951 0.153] 0.291 0.102) 0.277
1002 10.157| 0.303 0.105| 0.289
L9 1 0.128| 0.264 0.085| 0.251
3 — | 0.208 0.196

stable barium level of 10 mg/ml of solution. The in-
jection materials were neutralized with NaOH immedi-
ately before injection. The age and weight of each dog
at the time of injection, the quantity of 33Ba injected,
and the time of sacrifice are listed in Table 7.

Samples of venous blood were obtained at frequent
intervals on the day of injection and periodically
thereafter for plasma clearance studies. Separate urine
and fecal samples were collected from each animal on
the days indicated in Table 10. No fecal or blood sam-
ples were collected from Dog 156.

Preparations of samples and analyses were as fol-
lows:

Whole-Body Retention

The body burdens of the two long-term retention
animals were measured in a steel room of the Division
of Biology and Medicine by placing a 5” x 4” NaI(TIl)
crystal, connected to a multichannel analyzer, in a
reproducible position with respect to each dog. Im-
mediately after the intravenous injections of the iso-
tope, each animal was counted so that the original
count included all of the injected activity. All subse-
quent counts were expressed as a fraction of the origi-
nal count. Also, for calibration purposes, an aliquot
of the original injection solution, sealed in a glass
vial, was counted in a reproducible position immedi-
ately after each dog was counted. The retention, ex-
pressed as percent of injected dose per gram of total
skeletal calcium, and the plasma specific activity, ex-
pressed as percent of injected dose per milligram of
plasma calcium, are tabulated in Tables 8 and 9 and
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Fra. 32—The ™Ba plasma specific activity and the whole-body retention of this isotope in four beagles plotted as a func

of time after intravenous injection.

are both shown in graphical form in Figure 32. The
3113-day 12*3Ba retention point for Dog A22B was ob-
tained from radiochemical analysis of the entire skele-
ton. ‘

The values listed in Table 8 and plotted in Figure
32 are expressed as percent of injected dose per gram
of skeletal calcium. It has been assumed that the
total skeletal calcium in Dogs 576 and A22B was 1.5%
of their respective total body weights: ® 150 ¢ ealeium
for Dog 576 and 105 g caleium for Dog A22B. The
total skeletal calcium in Dogs A22C and A22D was
measured. The values of the total skeletal calecium in
these two dogs were 91.5 ¢ for Dog A22C and 96.7 ¢

for Dog A22D. These stable caleium determinations on
both plasma and the complete skeletons were made on
a Perkin-Elmer atomic absorption spectrophotometer
by the method described in their handbook. (19

Seven days before sacrifice (3106 days after the
133Ba injection) Dog A22B, at age 9.2 years, was in-
jected with 2081 nCi- of high specific activity *5Ca as
part of a kinetic study.™ At about the same time, its
two littermates were also injected intravenously with
tracers: Dog A22C recetved 300 uCi 132Ba and Dog
A22D received both 423 uCi of #*Ca and 315 xCi of
133Ba. The dogs were maintained in separate activity
cages for one week, during which time periodic blood
samples and daily fecal and urine samples were col-
lected. Data from the analysis of these specimens per-

mitted us to compare 4°Ca and 33Ba retention
blood curves of Dog A22B at 8 months of age vs.
vears of age. All four of the above mentioned cw
are plotted on log-log scale in Figure 33.

Plasma Clearance

Three-milliliter samples of heparinized (0.02
0.05 ml of heparin) whole blood from Dogs A22B :
576 were sealed in glass vials and counted in a Nal(
well counter. The ¥*Ba standard vial was counte
the same manner. The concentration determinati
of 33Ba for the last four observations were made {1
pooled samples of plasma. The plasma was collec
over periods of about three months by taking appr«
mately 150 ml of whole blood from the appropriate «
every two weeks, separating the plasma, and stor
it until a sufficient quantity had been obtained
gamma-ray analysis. The final collected volumes w
wet ashed with 2N HCI and concentrated down
3-ml volumes, which were sealed in glass vials
comparison with earlier samples. At sacrifice a ten
nal blood sample of 300 ml was taken from Dog 5
The observed values are listed in Table 9 as perc
of injected dose per milligram of caleium and plot:
in Figure 32 as percent injected dose per gram calciu

The *Ba content in the blood plasma from D«
A22C and A22D was measured using liquid scintil
tion techniques. Aliquots of plasma separated fr

HELEL) D i
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F16. 33.—The plasma specific activity and the whole body retention of ¥Ba and *Ca given intravenously into a single beagle
dog, but at two widely different ages. 133Ba was administered when the animal was 8 months of age and 45Ca when the animal was

9.2 vears of age.

3 ml samples of whole blood were dissolved in liquid
scintillation vials using hydroxide of hyamine and
10 ml each of absolute ethanol and scintillation solu-

| tion. The vials were then counted against aliquots of

the 1%Ba injection solution (dissolved in the same
manner as the plasma) in a Packard Tri-Carb liquid
scintillation speetrometer system, Model 3002. Quench-
ing was controlled by gain adjustments and obser-
vations of the spectrum shift through simultaneous
two-channel counting with one narrow and one wide
window opening. These observed values are also listed

in Table 9 and plotted in Figure 32.

Urine Samples

Urine samples were wet ashed with concentrated

- HNO; and then diluted up to volume in volumetric

flasks. Three-milliliter aliquots from each sample
taken from Dog 576 or A22B were sealed in a glass
vial and counted in the same Nal(T1) well counter
that was used for the plasma clearance studies. Smaller
ali(\iuots of the wet ashed urine samples from Dogs
A22C and A22D were transferred to liquid scintilla-

) tion vials and counted in the liquid scintillation coun-

ter,

Fecal Samples

.\l.l fecal samples were placed in separate porcelain
crucibles, heat dried, ashed overnight in a 600° C

muffle furnace, dissolved in concentrated HNOQj3, trans-
ferred to volumetric flasks, and diluted to volume. Ali-
quots from the prepared samples from the appropriate
dog were either sealed in glass vials and gamma
counted in the well counter or dissolved in liquid sein-
tillation solution and counted in the liquid scintillation
spectrometer. All fecal and urinary excretion rates
(percent of injected dose per day) are summarized in
Table 10.

Bone Determinations

The bone specimens were air dried, weighed, placed
in separate preweighed crucibles, ashed overnight in a
muffle furnace at 750° C, reweighed to determine the
ash weight of each sample, dissolved in 2 N HCI, and
then transferred to volumetric flasks. Five long bones
(a femur, tibia, humerus, radius, and ulna) from Dog
576 and the left femur from each of the other dogs
were cut into five pieces, which were coded as proximal
end, proximal shaft, mid-shaft, distal shaft, or distal
end prior to weighing and ashing. As was done with the
other samples, appropriate aliquots were either sealed
in glass vials and counted in the well counter or dis-
solved in scintillation solution and counted in the liquid
scintillation counter. The observed values, listed in
Table 11, were calculated by comparison with the
standards made from the original injection solution.
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RESULTS AND DISCUSSION

Barium-133 emits two strong gamma rays, one at
81 keV and one at 360 keV, as well as other less in-
tense gamma rays. It was of interest to note that the
shape of the spectrum as recorded by this particular
Nal(TI) crystal, remained unchanged throughout the

TABLE 10. ExcreTioN DaTa

period of observation, namely from minutes to

after injection. This indicates that the effectiv
sorption and scattering of the gamma radiation w
sentially the same after the isotope was dep
within the bone as it was when the isotope was ¢
the blood. Thus, in this case, the technique of reco
an original burden measurement immediately aft:
jection and before any excretion has taken plc
valid as the 100% point, and the spectrum thu
tained may be compared directly to any later sp:

Percent injected dose Percent injected even though the location of the isotope within th.
18RBa dose #*Ca . .
Sample | Day is not the same at later times.
576 | A22B | A22C | A22D | A22D | A2?B Figure 32 indicates that the retention of 331
these animals is not exactly described by a 1
Feces 1] — — ]0.38 | 0.541 ) 0.883) 0.609 function.®® Tt is clear that the plot of retentio
§ 517l ?-?g? gg?g g-gg? }g'g‘;g time does not yield a straight line on log-log co
s | 198 0:39 ;3.708 10,599 14'17;’ 12.930 nates; this is particularly true for the older dogs.
5 1.16 | 0.298 | 2.495 3.552 5.430 | 10.067 It Should be not'ed that the plasm& concentrat.i(
6 | — [0.118 | 2.560 | 3.429 | 11.801 | 4.027 13384 shown in Figure 32 has been expressed ir
T = — 12,666 1.158, 2.969 | 2.020 same units as the retention. This type of plot s
the relationship between the specific activity of
Urine 1 — — 8.406 | 16.374 | 0.816 1.110 ) d thp £ th k le p v
2 | — | — |3.785| 4.130 | 0.045 | 1.461 plasma and that of the skeleton.
3 | 278 — 2.742| 4.466 | 0.377 | 0.657 A straight line ean be drawn through the plasma
4 [0.810.270 | 1.389 { 1.842 | — 0.624 centration points from day 2 to day 7 or day 14 o1
5 1 1.05)0.377 | 1.540 | 2.302 | 1.781 | 0.555 data from three of the animals. Dog A22D, how:
6 — 10.162 | 0.806 | 2.026 | 0.285| 0.619 ind; definite d £ traight 1i
7 . — 11.030) o8| 0.327] 0984 .1n 1ca.tes .a. e' nite departure from a s-ra1g‘ ine
g this time interval. The values for the interva.
, tween 1000 and 1900 days (See Dogs A22B and
Feces/ 1= — [ 0.046 ) 0.03 ) 1.08 | 0.55 indicate that the plasma concentration did not
urine 2 — 2.2 0.55 | 63.73 6.89 . fall idly duri h .
3 4| — |262 1.19 |16.09 | 19.29 t}nue to a‘ a§ rapidly ( ur%ng the entire exposure
4 511.62 [6.27 | 575 — l20.72 riod. The significant point is that by 1000 days ¢
5 0.79 | 1.62 | 1.54 | 3.05 | 18.14 the isotope administration the plasma specific acti
6 072 | 3.18 | 1.69 1 41.7 | 6.51 is a factor of fifty below that of the skeleton. The sl
7 _ — 2.59 1.32 9.08 7.11 . .
of these blood curves on the log-log plot is typics
TABLE 11. 13Ba CONCENTRATIONS IN ViRIOUs BonNEs (PERCENT INJECTED DoseE PER GRiM AsH)
576 156 A22D A22C A22B
(1508 days from (7 days from (7 days from (7 days from (3113 days fro
injection) injection) injection) injection) injection)
Femur
Proximal epiphysis 0.040 0.089 0.154 0.201 —
Proximal metaphysis 0.025 0.043 0.155 0.150 —
Proximal epiphysis plus 0.035 0.070 0.155 0.166 0.103
proximal metaphysis .
Mid-shaft 0.018 0.042 0.057 0.065 0.075
Distal metaphysis 0.026 0.039 0.153 0.134 —
Distal epiphysis 0.046 0.095 0.146 0.212 —
Distal metaphysis plus 0.039 0.075 0.149 0.181 0.079
distal epiphysis
Tibia 0.032 0.047 0.070 0.086 0.086
Humerus 0.030 0.072 0.126 0.152 0.086
Radius 0.031 0.042 0.057 0.081 0.106
Ulna 0.035 0.044 0.069 0.091
Lumbar vertebra 0.033 0.095 0.094 0.116 0.052
Total femur 0.035 0.068 0.133 0.152 0.083

7
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other data and relates well to Marshall's power fune-
tion model.11®

In Table 12 the measured retention and plasma
clearance are expressed as power functions where ¢ is
in days. The coefficient of the retention function was
ohtained by extending the straight line which fits the
interval between 2 and 14 days to the day 1 intercept.
The experimental slopes (the b term in the power fune-
tion By = at~?) were measured from the data shown
in Figure 32.

It should be noted that “crossover,” the time at
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that of the skeleton, occurred between 14 and 100 days.
An average slope has been drawn for the plasma and
retention eurves shown in Figure 32 to indicate a
“crossover” point.

The fecal and urinary excretion rates, summarized
in Table 10, indicate a general decrease in the urinary
excretion rate with time after injection, whereas the
fecal exeretion rate may have a peak somewhere be-
tween 2 and 4 days. The peak in the feeal excretion
rate could be due entirely or in part to a fecal delay.

Table 11 tabulates the ***Ba concentrations, as per-
cent of injected dose per gram of ash, of various bones
and segments of bones. It is probably not meaningful
to compare the actual quantity of 133Ba retained in the
dogs because of their different ages, since Decker, et
al.'"™ have shown a marked difference in retention
with age. However, the specific aetivity, in terms of
pereent of injected dose per gram of ashed bone seg-
ment relative to the specifie activity of the whole bone,
i¢ probably a significant quantity to compare between
the animals. Thus, in Table 13, we have compared the
relative 33Ba retention of bone segments and whole
hones at short times and long times after injection. A
ratio greater than one indicates more activity per
gram of ash in the bone segment than in the bone as a
whole. A ratio less than one indicates the opposite. At
scven days after injection the trabecular bone of the
proximal and distal epiphyses has a specific activity
two or three times that of the cortical bone of the mid-
=haft. This suggests a reactivity or turnover rate of
trabecular bone that is two to three times that of corti-
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TABLE 12.. Prasma RETENTION aAND CLEARANCE OF 13Ba

Measured Measured plasma

Dog Age retention, concentration,

fraction of % of injected

injected dose dose/ml plasma
A22B 8m 1.30 ¢ 1.76 X 1078 127
576 4 yr 1.00 ¢=031 4 5.15 X 107% 114
A22C 9 yr 0.98 (—0.59 i 4.61 X 1073 147
A22D 9.5 yr 0.82 ¢ 067 | 3.13 X 107° g8

cal bone. One, therefore, expects that trabecular bone
would eventually lose activity more rapidly than corti-
cal bone so that the ratio of the specific activity of
trabecular segments to that of a whole bone should
decrease with time after injection. A slight decrease is
shown by 1508 and 3113 days, but the effect is surpris-
ingly small.

Thus, the analysis of tracer content in segments of
various bones suggests that, while changes are occur-
ring, these changes are not rapid. Even four and nine
years after the isotope administration those bones or
portions of bone usually considered to turn over rapidly
still contain relatively high specific activity levels when
they are compared to the regions of compact cortical
bone where the turnover is known to be low.

SUMMARY

The whole-body retention, plasma clearance, and
bone deposition of 1*¥Ba have been measured in beagle
dogs. The 33Ba retention by these animals is clearly
not well described by a single power function, but does
relate well to Marshall’s theory of alkaline earth me-
tabolism. No attempt has been made to fit these data
with a series of exponential functions.

The plasma clearance studies indicate a steep slope
of the barium blood curve when compared to normal
calcium blood curves. This steep slope is typical of all
barium, radium and strontium data that we have ex-
amined, but we have yet to appreciate its significance.
The excretion rates show a general decrease with time
after injection.

The analysis of the tracer content in various bones
and segments of bones suggests that, even several years

TABLE 13. RaTio oF SPECIFIC ACTIVITIES OF FEMUR SEGMENTS TO SPECIFIC ACTIVITY OF ENTIRE FEMUR
Dog 576 Dog A22B Dog 156 Dog A22C | Dog A22D | Avg. 7-day | Avg. 7 day/

Femur bone segment 1508 day | 3113 day 7 day 7 day 7 day value 1508 day
Proximal epiphysis 1.15 —_ 1.31 1.32 ‘ 1.16 1.26 1.10
Proximal shaft 0.706 — 0.63 0.99 ; 1.17 0.93 1.32
l’l‘_«vximal epiphysis plus shaft 0.998 1.24 1.04 1.09 : 1.17 1.10 1.10
A\l.nl-shaft 0.523 0.90 0.61 0.47 0.50 0.53 1.01
l)f.\'lu] shaft 0.734 — 0.57 0.88 1.15 0.87 1.19
mxtal epiphysis 1.31 — 1.39 1.39 : 1.10 1.29 0.98
Distal shaft plus epiphysis 1.117 0.95 1.11 119 | 112 1.14 1.02
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after the isotope administration, trabecular bone which
is usually considered to turn over rapidly still contains
high amounts of activity as compared to cortical bone.
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1P 'AND 1°Po IN WOOD AND THE CIRCULATION OF LEAD IN TREES

R. B. Holtzman and F. H. Ilcewicz

Measurements of *Pb and **Po concentrations in tree rings
from four 100-year-old trees were made in order to estimate
the rates of radial translocation. Decrease of the concentration
of the *Pb with a 214-year half-life showed that there is
little circulation of lead in hickory heartwood more than 20
years old. In oak there appears to be little circulation in wood
less than 5 years old, but this conclusion is less reliable because
of the low concentration of the #°Pb and the presence of **Ra.
The concentrations of the #°Po correlated fairly well with those
of the *°Pb. Preliminary measurements of the stable lead con-
centrations did not show increased uptake in recent times.
However, more detailed studies on the ®°Pb and stable lead
concentrations are needed to determine the value of the heart-
wood of trees as a temporal record of lead contamination of
the environment.

In recent years the concentration of 21°Pb, a natur-
ally-occurring radionuclide with a 21.4-year half-life,
has been used for age determination of materials such
as snow‘® and lead in artists’ paints,’> % and as a
tracer for stable lead in rain.™ As a time-dependent
tracer it could also be useful in estimating the temporal
distribution of lead over the last century.

Despite the generally acknowledged increase in con-
tamination of man’s environment by lead over the last
century or more, many of the quantitative aspects are
uncertain, such as the rates of change of this contami-

nation in the biosphere in general and in man in
ticular. Environmental levels of lead in the past c
be obtained from contemporary measurements, wl
however, are scarce, often of low sensitivity and
curacy, and not easily compared to present day m:
urements. Another possibility is the measuremen
lead in relics of the past which are uncontaminatec.
present day lead. Thus, Chow and Patterson(®
Jaworowski(® have measured lead in glacial cores
Jaworowski also determined lead in bone from anc
gravesites.® Similarly, Ault et al.{™ have lookec
the lead concentrations and isotopic composition 1
set of 3 tree rings covering a 30-year period. This t
of sampling may be useful in estimating the amot
of lead contamination in trees in different environme
and possibly the change in contamination over
years, if one assumes that the trees absorb.a measurs
amount of the additional lead either through the ro
or leaves.

This use of trees depends on the stabilization of
lead concentration within a few yvears of formation
the wood. Although the heartwood does contain liv
cells, the arguments on metabolism of Stewart® ir
cate that radial transport of materials in heartwoo
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unlikely. However, metabolites do travel along the ray
tracheids, tritiated water enters heartwood, and in
coitwoods fission products are found in wood formed
prior to the existence of bomb failout.'®

This paper reports on the use of 21°Pb tracer to esti-
nute the rates of radial translocation of lead In trees.
Al=o measured was 21°Po, which gives an indication of
the transport of this nuclide. These nuclides oceur in
nature and are derived from the 28U chain which de-
cavs to ***Ra and then through a chain of short-lived
daughters to 2'°Pb, which has a 21.4-year half-life.
Thi= nuclide then decays to 5-day 21°Bi and finally to
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138-day 21%Po. Because of their different chemistries
and because the radioactive rare gas intermediate,
222Rn, may be easily translocated, the 2°Pb moves
through the biosphere independently of its predeces-
sors. Although the origins of the stable and radioactive
lead in the tree may differ, one would expect that aiter
entry their metabolic hehaviors would be similar, if
not identical. Thus, if we assume no eirculation, no
excretion, and that the input rates are constant, the
210Ph conecentration would decrease with its 21.4-year
radioactive half-life as one goes from the younger to
the older wood (outer rings toward the center).

TABLE 14. 20Ph, 0Po aNp 26Ra CONCENTRATIONS IN HICKORY

ﬁ;::;:f)}g;‘c‘globf Ageygggn& Milg;gef 20Ph, pCi/g dry 2P, pCi/g dry Ratio 210Po/20Ph 2R, pCi/g dry
1= Bark 0 0.233 + 0.014 0.192 = 0.021 0.83 = 0.10

2N 1-2 1.5 0.157 £ 0.017 0.329 X 0.029 2.09 + 0.29 0.265 = 0.016

3= 3-4 3.5 0.214 = 0.019 | 0.192 + 0.026 0.90 + 0.15 0.082 + 0.009
RN 5-6 5.5 0.261 = 0.024 0.202 + 0.042 0.77 = 0.17
5 7-8 7.5 0.221 + 0.017 0.176 + 0.023 0.80 = 0.12
6N 9-11 10.0 0.184 + 0.017 0.239 + 0.025 1.29 &+ 0.18
7N 12-14 13.0 0.207 = 0.017 0.238 + 0.032 1.15 + 0.18
8N 15-16 15.5 0.192 £+ 0.017 0.280 = 0.027 | 1.46 = 0.19
9N 17-18 17.5 0.221 + 0.017 0.269 £+ 0.026 122 +£0.15
108 19-20 19.5 0.268 & 0.020 0.170 &+ 0.026 063 &+ 0.11
115 21-23 22.0 0.269 &+ 0.018 0.238 &+ 0.025 0.88 + 0.11
128 24-25 24.5 0.266 £ 0.022 0.254 4= 0.040 0.95 &+ 0.17
138 26-27 26.5 0.271 &+ 0.021 0.196 & 0.027 0.72 3+ 0.12
4N 28-29 28.5 0.250 &= 0.020 0.227 + 0.043 0.91 + 0.19
15 = 32-34 33.0 0.208 + 0.017 0.221 + 0.03 1.06 £ 0.20
106 R 35-37 36.0 0.240 += 0.019 0.081 + 0.03 0.34 + 0.16
17 = 38-39 38.5 0.143 £ 0.018 0.266 += 0.043 1.86 = 0.38
18 = 40-41 40.5 0.178 & 0.019 0.157 & 0.042 0.88 + 0.26
19 = 42-43 42 5 0.202 £ 0.019 0.164 &= 0.043 0.81 = 0.22
2008 44-45 44.5 0.142 + 0.017 0.216 £+ 0.042 1.52 = 0.34
R4 Bh 46-47 46.5 0.179 = 0.019 0.110 = 0.042 0.62 &= 0.24
228 48-49 48.5 0.058 &= 0.011 0.076 & 0.026 1.31 = 0.51
AT 50-51 50.5 0.167 = 0.018 0.146 = 0.041 0.87 &= 0.26
24N 52-53 52.5 0.138 £+ 0.018 0.194 = 0.044 1.41 & 0.37
258 54-55 54.5 0.124 £ 0.017 0. 146 =+ 0.041 1.18 = 0.37
26 N 56-57 56.5 0.103 & 0.014 0.126 + 0.035 1.22 &£ 0.38
LN 58-59 58.5 0.119 &= 0.016 0.146 £ 0.041 1.22 + 0.38
28 N 60-61 60.5 0.002 &= 0.013 0.104 &+ 0.033 1.14 + 0.40
30 N 62-63 62.5 (0.080 &= 0.012 0.125 & 0.031 1.56 & 0.44
NSE 6267 65.0 0.085 + 0.010 0.086 &= 0.017 1.01 = 0.23
318 64-65 64.5 0.087 + 0.013 0.077 £+ 0.031 0.88 = 0.38
32N 70-73 71.5 0.069 £ 0.010 0.064 £ 0.026 0.92 £ 0.39
33N S T3-TT 75.0 0.055 £+ 0.009 0.071 £ 0.023 1.29 4+ 0.47
BRI 77-80 78.5 I 0.051 + 0.008 0.039 + 0.021 0.76 & 0.42
ENE 78 78.0 o 0.053 £+ 0.007 0.036 £ 0.012 0.69 = 0.24
ENE 79 79.0 0.045 = 0.007 0.042 = 0.012 0.93 = 0.30
LNE 80 80.0 0.061 &= 0.007 0.048 = 0.012 0.79 = 0.22
BHEN 84-86G 85.0 0.035 &= 0.007 0.086 = 0.021 2.15 + 0.63
N 8892 30.0 - 0.050 &£ 0.008 0.046 -+ 0.021 0.92 £ 0.44
30N 90-95 92.5 | 0.086 + 0.010 0.082 &+ 0.017 | 1.03 £ 0.23
48 Center 100 100.0 o 0.057 £ 0.008 0.073 £ 0.014 1.28 = 0.32

Mean ! 1.11 + 0.34 (8.D)
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The measurements of 2'°Pb, *1°Po, and stable lead
were made on four trees 100 to 120 years old, cut in
1966 on the grounds of Argonne National Laboratory,
which is in a rural-suburban area about 25 miles south-
west of the Chicago Loop. These were a hickory (Carya
cordyformis), a black oak (Quercus velutina) and two
white oaks (Quercus alba). A cross section of each
trunk 12 to 18 inches in diameter and 18 inches thick
was cut about 6 feet above the ground. A fifth tree, a
30-year-old elm from a nearby suburban street, was
also examined for stable lead.

TABLE 15. 219Pb anD 228Ra CONCENTRATIONS IN BLACK Oax

Sample
numlk))er Ar;g,: gOf l\gggn 2_‘°Pb, 2?“Ra,
dirz;(I:ltdion years | years pCi/g dry pCi/g dry
18 1-7 4.0 | 0.0580 + 0.0061 | 0.0081 + 0.0022
E 1-10 5.5 | 0.0722 &= 0.0067
N 1-10 5.5 | 0.0746 £ 0.0065
28 14-18 | 16.0 | 0.0351 £+ 0.0054 | 0.0097 & 0.0035
3’8 23-25 | 24.0 | 0.0244 4 0.0046 | 0.0008 + 0.0031
48 132-35; 33.5 | 0.0189 + 0.0038
58 42-46 | 44.0 | 0.0185 + 0.0039
68 52-56 | 54.0 | 0.0311 + 0.0045
E 53-57 | 55.0 | 0.0180 + 0.0037
N | 52-58 { 55.0 | 0.0306 = 0.0044
7S 63-67 | 65.5 1 0.0202 £ 0.0037
88 [ 72-76 | 74.0 | 0.0045 + 0.0018
98 | 8-84 | 8.5 . 0.0078 + 0.0023
108 | 88-90 | 89.0 | 0.0070 + 0.0022
E [ 90-94 { 92.0 | 0.0111 + 0.0028
N | 8895 91.5 | 0.0049 + 0.0018
118 96-99 | 97.5 | 0.0134 & 0.0032

e A i b e At & Rad e e

The wood from 2 to 5 adjacent rings was ren
by a power drill, the bit of which had been care
washed and used in the wood several times befor
samples were taken. Only this particular bit was
The drillings were dried 8 hr at 110° C, weighed
wet ashed in nitric and perchloric acids. (The sar
in which only stable lead was measured were dry :
at 500° C.). The solutions were eonverted to 0.5 N
and the 21%Po daughter of the 2!°Pb was plated o1
silver disk by heating 6 to 8 hr at 95° C, after w
the 219Po was alpha counted. The solutions were
stored 4 months or more to allow the 21°Po to gro
after which they were replated and counted.
amounts of both 21Po and 21Pb present were c:
lated from the Bateman equations for radioa
growth and decay.('® Stable lead was estimate
the spectrophotometric dithizone extraction metho
The errors of measurement for stable lead were a
5% (standard deviation) and for 2!Ph and 21%Pc
errors based on counting statistics at the 90% lev:
confidence are given in the data.

The results are presented in Tables 14 to 17. G
are the concentrations of the 21°Pb and 2'°Po in 1
of pCi/g dry wood, the ratios of these values in
group of rings and the respective ages of these ring
the trees. Some values of 2*®Ra concentration are
given. Because of the large errors in the #°Po d¢
minations in the black oak, only the 21°Pb concen
tions are given in Table 15. The directional represe
tions (N, 8, E, W, and ENE) of the radii along w]
samples were taken are relative and not necessarily
actual directions in the living tree.

’

TABLE 16. 21°Pb, 29Po anD 226Ra CONCENTRATIONS IN WHITE Qak T

e f ri .
Sample umber | Age of e, | Mesnsge, | gy, pcisg o
1S 1-7 4.0 0.108 = 0.008
w 1-7 4.0 0.089 & 0.008
N 2-9 5.5 0.085 2 0.008
28 14-18 16 0.055 + 0.006
38 2227 24.5 0.040 &= 0.005
48 33-37 35.0 0.030 = 0.004
58 43-48 45.5 0.037 4+ 0.004
68 52-56 51.0 0.028 + 0.004
w 52-57 54.5 0.029 = 0.005
N 51-55 | 53.0 0.023 + 0.004
78 5964 61.5 0.028 + 0.004
88 69-73 71.0 0.026 + 0.004
98 79-83 81.0 0.014 + 0.003
108 85-87 86.0 0.016 =+ 0.004
1ns 89-93 91.0 0.013 = 0.003
128 96-98 97.0 0.017 % 0.004
w 94-97 95.5 0.013 = 0.003
N 93-96 94.5 0.023 + 0.004

20Po, pCi/g dry Ratio 20Po/219Pb 20Ra, pCi/g dr
0.112 + 0.078 | 1.03 = 0.72 0.0142 £ 0.00
0.127 & 0.079 | 1.42 &+ 0.89
0.010 = 0.075 | 0.11 % 0.88
0.088 = 0.05¢ | 1.61 =+ 1.00 0.0107 + 0.00.
0.102 = 0.049 | 2.52 + 1.26 0.0249 =+ 0.00-
0.060 &+ 0.040 | 2.31 = 1.37 0.0176 + 0.00:
0.022 + 0.042 | 0.50 = 1.13 0.0172 £ 0.00:
0.038 = 0.037 | 1.22 & 1.36
0.009 = 0.048 | 0.33 + 1.67
0.022 = 0.038 | 0.76 = 1.35
0.016 = 0.033 | 1.17 =+ 2.39
0.012 + 0.034 | 0.72 + 2.14
0.024 & 0.035 | 1.83 = 2.71
0.020 & 0.031 | 1.53 + 2.48
0.012 £ 0.041 | 0.52 & 1.80
Mean | 1.18 &+ 0.70 (3.D.)
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removed TABLE 17. 20Pb, 219Pp anp 226Ra CONCENTRATIONS IN WHITE Oak II
arefully 77— :
£ thy Sample number | Age of ring, Mean age, H0Ph, 0Po, Ratio *¢Ra,
11ore the ™ i direction years years pCi/g dry pCi/g dry 210Pg /210Ph pCi/g dry
as used, !
1ed, and 18 1-7 4.0 0.059 + 0.007 0.090 == 0.039 1.53 = 0.69 0.0116 = 0.0025
samples . 1 W 1-7 4.0 0.052 + 0.006 0.027 £ 0.034 | 0.51 & 0.66
-y ashed fooN 1-7 4.0 0.058 + 0.006 0.030 &= 0.037 | 0.52 + 0.64
;N HCI oS 13-17 15.0 0.032 &= 0.004 0.030 &= 0.023 0.95 & 0.74 0.0154 + 0.0023
) [ IR 22-29 25.5 0.037 £+ 0.004 0.0067 = 0.023 0.20 + 0.69
L onto a P48 33-28 35.5 0.030 == 0.004 0.039 + 0.025 1.32 = 0.85
r which = 5= 43-48 45.5 0.026 == 0.004 0.041 -+ 0.023 1.55 + 0.90
are then = 63 52-55 53.5 0.022 = 0.003 0.036 + 0.020 | 1.63 & 0.94
srow in, | \il 53-58 55.5 0.037 = 0.005
f‘d Th’ N 53-58 55.5 0.025 + 0.004 0.006 = 0.022 0.25 + 0.87
o € T 59-63 61.0 0.022 + 0.003 0.020 = 0.020 0.94 £+ 0.92
> calcu- 85 70-74 72.0 0.030 + 0.004 0.018 =+ 0.022 0.60 £+ 0.75
10active 9N 79-82 80.5 0.027 + 0.003 0.017 = 0.020 0.63 = 0.76
ated by 10N 90-93 91.5 0.025 £+ 0.003 0.002 + 0.020 0.11 £+ 0.79
hod. (11 § 11 S center 100 (101) 0.024 + 0.004 0.013 + 0.021 0.52 & 0.88
b. £ w 99-103 101 0.029 £ 0.003 0.006 + 0.021 0.21 £+ 0.73
eabout . N 99-103 101 0.020 + 0.003 0.043 £ 0.021 | 2.10 + 1.11
°Po the :
level of Mean | 0.85 = 0.61 (S.D.)
. Given , .
o unite ¥ The fractional errors of the ?1°Pb data range from Lo
in each { about 5 to 20% and of the 21%Po from 10 to 209 in the
. . hickory and 50% and upwards in the oaks. These large © SouTH
‘ings in ] o O NORTHEAST
re algo | Crrorsin the oak data were caused by the low activities A SOUTHEAST
ldeter in these trees and by the long (1 year) interval be- BARK
centra tween acquisition of the specimens and analysis. —~ W
- . >
ssenta. | lthough Students’ é-test shows the mean ratio of x % g &oo
‘uwhich 1.11 = 0.34 (S.D.} in the 2'°Po to 21°Pb concentrations £ © 2o
ilv th ¢ in hickory to be significantly greater than 1.00 (P < L\g °oN
Y€ ¢ 0.025), it is still very close to unity. For the white oaks = olr
these means of 1.18 = 0.70 and 0.85 = 0.61 for I and g A Anrer
11, respectively, because of greater experimental varia- O%D g
- tiong, are not significantly different than unity, indicat- 2\ ©
rdry | ing that the 21°Po follows the *°Pb in the tree. K‘r = 2l4yrs
> r [ B
' The results of the 2'°Pb analyses versus age of the z
0024 wood are shown on semilogarithmic plots in Figures 34
. . . . . I | ! 1 i I
» to 37, The 219Pb concentrations in hickory (Figure 34) 0.02 %6 a0 Te0 80 100 120
are constant in the 20 outer rings or even increase, AGE (YRS)
. n 210 i i e . . .
8838 I. esumably becausc? the Pb 01r.culates. After this F16. 34 -—Variation of #Pb specific activity with age of wood
-0041 B time the concentration drops off with a 21-year half- in hickory.
8852 life, as shown by the close correspondence of the data

points with the line representing the half-life of the

- “'"Ph. That the concentrations are fairly constant

within a ring can be seen from the agreement among
the cireles representing values within a ring (or set of
rings) along one radius of the tree, and the squares and
triangles representing values along other radii. The
bark, despite exposure to dust and weather, shows no
higher concentration of 219Pb than does the adjacent
wood,

The curves for the three oak trees are less spectacu-
iii‘l' and less uniform. The black oak data shown in
Iivure 35 do not fit the 21-year half-life nearly as well

as do those of the hickory. The fit of the data for
White Oak I is poorer, and for White Oak II poorer
yet, as shown by the upper sets of data points in Fig-
ures 36 and 37. The tendency to level off with age indi-
cates either that 10 to 30% of the 2'°Pb cireulates in
these trees, that the early uptake of this nuclide was
greater than the more recent, or that a “background” of
210Ph is continuously being produced by parent nu-
clides, 2*®Ra or 2?2Rn, present in the wood. Thus, if
values of 0.010 and 0.015 pCi/g are substracted from
each of the data points for White Oak I and White Oak
II, respectively, the points fall more nearly with a
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21-year half-life as shown in the lower curves of Fig-
ures 36 and 37.

Preliminary measurements of >2¢Ra concentration in
a few samples from each of the trees as given in Tables
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F1c. 35—Variation of *Pb specific activity with age of wood
in black oak.
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Fig. 36.—The upper curve shows variation of #°Pb specific
activity with age of wood in White Oak I; the lower one is
these data with a constant background of 0.010 pCi **Pb/g sub-
tracted (see text).
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14 to 17 support the values of “background” concen-
trations chosen in these calculations. Measurements

'arc in progress to estimate further the 2?Ra content

and also to assess the emanation rate of the ?22Rn
daughter from the wood, which determines the fraction
of the *2*Ra forming 21°Pb in the wood.

~ince these results indicate that the circulation of
lead in heartwood is small after a certain time, if any

. significant portion of the lead was derived either from

direct atmospheric uptake or from increased concen-
trution in the soil from atmospheric fallout, the wood
might show the effects of changes in exposure over the
years. Some measurements of the stable Pb concentra-

 tion in these trees made by Dr. Ter Haar are shown in

Figure 38.4% Although environmental lead may be in-

[ ¢reasing, the few points available indicate a lower con-

centration of stable lead in trees in more recent times.
This effect may be caused by the weighting of the data
by the low values in the outer rings (near ¢ = 0),
which because of metabolic activity may be unrepre-
sentative of the remainder of the wood. Also, as the
tree ages and roots become deeper, the availability to
the trees of stable lead may decrease relative to that of
21vPh. Thus, increased lead in the atmosphere and soil
over the years may not be available to the wood, and

so the effects are not seen in this type of measurement.

Both the 22%Ra and stable lead data are consistent
with those of the 29Pb (3'°Po) in that the concentra-
tions in the hickory are much higher than in the other
woorls by factors of 2 to 10. The reasons for these vari-

. ations are unknown, but they could be caused by basic

metabolie differences, the higher ash content of the
hickory, or to differing environmental levels to which

. our particular specimens were exposed. The latter case
| xcems unlikely since one would not expect all three

materials to increase simultaneously.

In summary, the decrease of the 21°Pb concentration
with a 21.4-year half-life shows there is little circula-
tion of lead in hickory heartwood more than 20 years
old, while in oak there is little circulation even in wood
lexss than 5 years old (but with less certainty). The
uncertainties in these conclusions are caused by the

THE CONCENTRATION OF LEAD IN HUMAN BONE

R. B. Holtzman, H. F. Lucas, Jr., and F. H. Ilcewicz
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low concentration of 2°Pb and the presence of 22°Ra
in the oaks. The 2°Po does not appear to circulate,
either. Decreased, rather than increased, concentration
of stable lead in recent times is evidenced by these
data. However, more detailed measurements are neces-
sary to check this point.

REFERENCES

1. Crozaz, G. and Langway, C. C., Jr. Dating Greenland
Firn-Ice Cores with Pb-210. Earth and Planetary Science
Letters 1, 194-196 (19686).

2. Keisch, B., Feller, R. L., Levine, A. S., and Edwards, R.
R. Dating and Authenticating Works of Art by Measure-
ment of Natural Alpha Emitters. Science 165, 1238-1241
(1967). ‘

3. Keisch, B. Dating Works of Art through the Natural
Radioactivity: Improvements and Applications. Science
160, 413-414 (1968).

4, Ter Haar, G. L., Holtzman, R. B., and Lucas, H. F., Jr.
Lead and Lead-210 in Rainwater. Nature 216, 353-355
(1967).

5. Murozumi, H., Chow, T. J., and Patterson, C. Concentra-
tions of Common Lead in Greenland Snows. U. 8. Atomic
Energy Commission Report NYO0-3450-1 (1966), pp.
213-215.

6. Jaworowski, Z. Stable Lead in Fossil Bones. Nature 217,
152-153 (1968).

7. Ault, W. U., Senechal, R. G., and Erlebach, W. E. Isotopie
Composition as a Natural Tracer of Lead in Man’s
Environment. Paper presented at American Chemical
Society Meeting, Minneapolis, Minnesota, April 15,
1969.

8. Stewart, C. M. Excretion and Heartwood Formation in
Living Trees. Science 153, 1068-1074 (1966).

9. Adams, W. H., Christenson, C. W., and Fowler, E. B.
Relationship of Soil, Plant and Radionuclide. Radioac-
tive Fallout, Soils, Planis, Foods, Man, Ed. Eric. B.
Fowler. Elsevier Publishing Company, Amsterdam,
1965, pp. 46—49.

10. Holtzman, R. B. Measurement of the Natural Contents
of Rald (Pb?1%) and RaF (Po??) in Human Bone—Es-
timates of Whole-Body Burdens. Health Phys. 9, 385—100
(1963).

11. Assoc. of Official Agricultural Chemists. Official Methods of
Analysis of the A ssociation of Official Agricultural Chemasts.
Washington, D. C., 1965, pp. 369-370.

12, Ter Haar, G. L., The Ethyl Corporation. Personal com-
munication.

The concentration of lead in bone from humans whose ages
ringed from newborn to 85 years was found to increase with
4 at a rate of 0.6 ug (g ash)™ yr* and to be 8.7 ug (g ash)™
# Lirth, These results corroborate previous reports of increases
1o age 30, and they show a continuing and similar increase
I the group over 35 years of age. This rate represents an in-
“Iise in skeletal content of about 4 ug/day, which is about 1%

of the daily intake. The biological half-life of lead implied
from the data from this study ranges from 70 to 90 years and
is longer than previously reported. The concentrations of lead
in the group over 30 apparently consisted of two normally-
distributed populations, which may reflect differences in the
cigarette smoking habits of the subjects. Further studies are
required to more accurately evaluate the effects of smoking
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and to determine whether the accumulation of lead in adults
simply reflects a long biological half-life or is caused by chang-
ing levels of intake of lead.

INTRODUCTION

Lead, because of its wide commercial application,
ubiquity in the environment, and high toxicity, has
probably been the subject of more toxicological studies
than any other single substance. Consequently, the
toxicity is well known for high levels of acute and
chronic exposure to lead. Patterson‘?) and Hardy® are
very concerned about a possible health hazard to per-
sons not occupationally exposed to lead, since in urban
areas, the average lead concentration in blood is as high
as one-third to onec-half that at which symptoms of
toxicity may be clinically apparent following an acute
exposure. 3)

Despite extensive toxicological, metabolie, and en-
vironmental studies,® much still remains to be learned
about the metabolic parameters of this element and its
distribution in man and the environment. There is also
disagreement about the variation of lead in man as a
function of age, residence history, and oceupation in
other than industrial exposure to this element.®

Part of the controversy on the toxicity of lead con-
cerns the ability of the body to compensate for in-
creased intake levels, that is, the tendency for excre-
tion rates of lead to approach asymptotically those of
intake.®* # The change in lead content of the human
body as a function of age may, therefore, be a sensitive
method of assessing the degree of this compensation.

In recent work by Nusbaum et al.’® the lead concen-
tration in calvarium and rib bone from subjects in the
Los Angeles area was slightly higher for subjects over
20 vears of age than below. Above 30 years of age the
concentration did not appear to change. The lead con-
centration in lung, bone, kidney, pancreas, liver, and
aorta was shown by Schroeder and Balassa’s analyses
of Tipton’s data'® to increase up to ages of at least
30-40 years. More recently Schroeder and Tipton(™
reported that the concentrations of lead and caleium in
aortas increased with age, and that the lead concentra-
tion increased faster than calcium. Horiuchi et al.®® in
Japan found a similar increase in rib, vertebra, and
femur up to age 40, and the concentrations of lead and
caleium in the various bones were correlated at the
0.05 leve]l of significance. They estimated that the
total body lead content increased from about 78 mg in
adolescence to about 131 mg at age 50. The similarity
between these estimates and the 111-mg total body
content!® estimated from the data of Tipton et al.(19
and more recent estimates of 131 mg by Tipton and

Schroeder™ indicates a similarity between the U. S.
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and Japanese populations. However, there is sti
question about the total mass of soft tissue a
sampling of the wet bone in the Japanese study.

This increase of skeletal lead content with a
plies, as stated by Schroeder and Tipton,' tk
body is not in a steady state with respect to lea:
is, the human body retains a portion of all le
gested. Thus, the increase in lead content of
50 mg in 30 years (Horiuchi) represents a reten
about 4 pg/day, or about 1% of the 400 ug in
daily.® 1 This low level of retention is well
the experimental error of most metabolic balance
ies. Accumulation could be due to the long bio
half-life of lead in the skeleton or to changes in d
and smoking habits on reaching adulthood. Sm
as shown by Nusbaum et al.,’® may increase sl
lead by as much as 30%.

Corroboration of increases in skeletal lead wis
is shown in previously reported data of #°Pb, a
rally-occurring radioactive nuclide with a 22-yea
life, which is also ubiquitous in humans and the
vironment. (1

The purpose of this study is to determine th
concentration in bone from a large number of p:
for whom age, sex and residential histories were
able. Occupational histories were also availab
85 of the 105 subjeects. :

EXPERIMENTAL METHOD

The bone samples were obtained during norma
gical or autopsy procedures. No two samples were
the same subject, and the cause of death or bas
surgery was known. None are believed to have
exposed to lead occupationally.

Lead concentration was also determined in
from 29 other subjects from Chicago and neighb
regions of Illinois. These teeth were pooled in ¢
groups of 2 to 4 teeth each.

The concentration of lead was determined b
spectrophotometric method of Ilcewicz et al."
this method the bone is ashed 8 hr at 600° C and
solved in 9 M HCI at a concentration of up to
ash/ml. After extraction with triisooctylamine t.
move interfering elements, mainly iron, the lead i
termined from the absorbance at a wave lengt
271 mu. Comparison of dry-ashed with identical
ashed specimens showed no loss of lead due to he:
or to the solvent extraction procedure. Because o1
variability of bone weights, as discussed elsewhere.
the high likelihood of lead being associated with
mineral fraction of bone, the concentrations are ¢
as a function of the ash weight of bone.™® The ov
analytical errors are estimated to be less than 5%.
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£ RE<ULTS AND DISCUSSION

The concentrations of lead in the various specimens
in units of pg/g bone ash, along with the age of the

§ <ubject are presented in Table 18. The specimens are
¥ tabulated by bone type, ie., rib, vertebra and cortical

(femur and tibia), and by sex from subjects without
Lkuown hone disease (‘“normal” bone). In addition, data
from a previously published paper are included for un-
involved cortical bone (femur or tibia) from subjects
with osteogenic sarcomas (‘“‘sarcoma’” bone).(%)

The concentration is plotted as a function of age of

t the <ubjeet in Figure 39. The linear least squares line

i« <hown for each group. For the “normal” cases the
cquation 1s

Y = (3.6 = 43) + (060 = 0.09)¢t
and for the “sarcoma” cases
Y = (86 = 2.7) + (0.37 = 0.08)¢,

where Y is the lead concentration (pg/g ash) and ¢ is
the age in years.

The variation of the lead content of different bones
with age was evaluated and the coefficients of the linear
Jeast squares fits to the data are summarized in Table
19. The linear fit was chosen as the simplest to describe
the data; no significant improvement of the variance
wus given by a second order function (P > 0.05),119
exeept in “normal” female vertebra (P < 0.05).

The zero intercepts, A, (conecentration at birth)
ranged from —2 to 13 ug/g ash with large standard
deviations. At the 5% levels of significance or better,
only 2 groups, sarcoma “all” and sarcoma “female,”
had intercepts significantly greater than zero (P <
0.01). However, a mean value of 8.7 ug/g ash was ob-
tained for bone from three stillbirths and a 6-month-old
child. This is consistent with the data of Horiuchi et
al." who found the lead concentration of fetal bone to
inerease with age from 0.5 ug/g (3 ug/g ash if the wet-
to-ash ratio in fetal bone is 6) in a 5-month fetus to
1opg/e (9pg/g ash) at 10 months, Schroeder and
Tipton (their Table 5) (™ found less than 4 ug/g ash in
bone in their 0-to-1-year old subjects (apparently the
detection limits of their measurements). The appar-
ently negative intercept in the normal cortical bone is
consistent with that of Horiuchi et al.!® for femur
hone,

The slopes of the regression curves of the various
data groups are significantly greater than zero (P <
0.01), except for female rib (P & 0.07). The slopes of
the Tines for the different groups are not significantly
difevent from that of the total “normal” of 0.60 ug
txush) =1 yr—1, except those of the female rib and
“~arcoma’” subjects which are significantly lower (P <
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TABLE 18. CoNCENTRATION OF LEsp IN BONE AsH is
A FrNeTioN OF AGE OF SUBJECT

Rib Vertebra(® Cortical® ! Cortical®
Concen- Concen- Concen- Concen-
Age, | tration, | Age, | tration, | Age, | tration | Age, |tration
yr |sgPb/g| yr |ugPb/g| yr |wgPb/g| yr |ugPb/g
ash ash ash ash
Male
0 16.9 0.5 8.5 8 3.9 9 7.0
3 <1.0 |28 " | 24.7 13 3.3 12 3.5
8 3.6 |28 35.5 14 12.6 13 7.3
27 23.2 |44 19.4 19 2.8 13 7.5
30 11.0 | 53 61.2 | 20 4.0 16 7.6
32 1 154 | 57 47.9 42 38.9 17 | 30.5
36 13.2 | 59 41.9 48 37.2 17 | 13.0
37 19.5 |71 41.6 49 240 | 23 | 17.7
37 25.5 53 34.5 27 | 13.7
37 39.4 56 43.5 32 | 16.3
38 19.7 59 79.3 44 | 17.3
38 7.7 61 31.5 | 47 | 31.8
41 59.4 65 | 96.5 58 | 50.0
42 57.2 66 308 | 59 | 38.6
44 50.8 | 72 43.3 63 | 19.0
48 25.8 | 40.5 64 | 33.0
59 9.6 » 67 | 28.2
68 18.1 68 | 33.4
74 21.7
Female
8 7.2 00 6.0 13 6.2 7| 22,5
18 9.7 1 0 3.5 61 22.2 11 3.6
25 150 | 9 12.2 72 33.8 12 | 14.7
32 1 16.6 34 28.8 12 | 18.1
32 2.7 |46 4.3 14 | 147
31 13.2 |55 67.2 15 | 24.7
35 | 84 65 | 65.2 15 | 16.9
37 | 135 | 65 82.5 15 | 16.4
38 216 |85 60.5 23 | 24.0
40 1 17.9 |85 18.3 30 | 19.6
41 225 46 | 25.9
42 24.1 47 | 10.1
43 13.0 50 | 22.0
46 56.9 ! 62 | 40.0
49 16.5
65 13.4
68 25.6

) Subjects having no known bone disease.
® Subjects having osteogenic sarcoma.

0.01 and < 0.025, respectively). However, these differ-
ences appear to result from an excess of high values at
the younger ages. If the zero intercept, 4, is fixed at
zero, the slopes of the regression lines are no longer
significantly different.

That the slopes are not zero is also shown by the
significant correlation coefficients in Table 19 of about
0.5 to 0.7. While bone from female rib increases at only
about one-half the rate of male rib, this difference is
not significant (P = 0.10). The slope for “normal”
male cortical bone appears to be different from that

&
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TABLE 19. LiNEarR REGREsSSION PARAMETERS POR VARIOUS DaTa GRoUPINGs OF LEAD CCONCENTRATION IN Boni

Linear regression coefficients
Correlation Maximum
Type (No. of samples) Intercept Slope coefficient, probability,
r r =
A £+ S.D.,ugPb B +S.D,,
(gash)™? pg Pb yr ! (g ash)™?
All samples (105) 4.9 £ 2.9 0.552 + 0.065 0.70 0.0005
"~ Normal
All (73) 3.63 &£ 4.13 0.605 + 0.089 0.62 0.0005
Cortical, M + F (19) —1.70 £ 9.48 0.709 + 0.183 0.71 0.0005
Trabecular, M + F (54) 5.53 + 4.63 0.562 + 0.103 0.64 0.0005
Vertebra, M + F (18) 11.04 + 7.73 0.600 £ 0.151 0.67 0.005
Rib, M (19) 7.06 = 7.98 0.536 £ 0.194 0.45 =0.025
Rib, F (17) 8.25 & 7.67 0.276 & 0.187 0.33 0.10
Osteogenic sarcoma (cortical)
All (32) 8.62 £ 2.67 0.371 % 0.078 0.69 0.0025
Male (32) 4.47 &+ 3.96 0.456 £ 0.094 0.77 0.005
Female (14) 13.15 & 3.56 = 0.248 = 0.115 0.50 0.05
Other data |
Horiuchi et al.® —0.65 0.61 — —
Schroeder and Tipton®
Rib, 0-49 yr (0.00) ‘ 1.03 + 0.10 — —
Rib, 0-69 yr 9.3 =+ 9.8 ! 0.59 + 0.26 — 3 —

(&) Reference 8.
() Reference 7, Table 5.
(> Forced zero intercept.

for the “sarcoma” bone, but it is not significant at the
5% level of confidence. The concentration of lead in
bone of female sarcoma cases increases more slowly
than “normal” cortical bone (P < 0.05) and is essen-
tially identical to the “normal” female rib bone.

The lead concentration for subjects over age 30
shows a similar increase with age. For “normal” sub-
jects the rate of increase is b = (0.56 = 0.17) ug Pb
g1 yr—? and for the “sarcoma’” cases, b = (0.50 =
0.21) pg Pb g—* yr—L

The rate of increase of concentration estimated in
“normal” bone of about 0.6 ug g=* yr~! bone ash, is
equivalent to the 0.37 ug g—! yr—1! in wet bone (femur)
found by Horiuchi et al.®® if one assumes that femur
has about 60% ash content.(*) Schroeder and Tipton's
data in their Table 6 give estimated rates by weighted
least squares analysis of 1.03 ug g~ yr—! in the 0-49
year group and 0.59 g—! yr—! in the 0-69 group (Table
19). Their higher values may be caused by some high
measurements in the 40- to 59-year group which range
to 265 ug g~1. The yearly increases observed by Hori-
uchi, et al.®® and in this study amount to an aceumula-
tion in “normal” subjects of about 1.9 mg of lead per
yvear in a “Standard Man” with 2600 g of total skeletal
ash. The estimated total skeletal lead of 96 mg in a
“Standard Man,” aged 50, in this study, compares
favorably with the 92 mg of skeletal lead from a pre-
vious report® and a little less favorably with the 110

TABLE 20. CoONCENTRATION OF LEAD 1N TEET:

No Mean No. of teeth Pb,
- age,® yr in pool ug/g ash
1 4 2 9.6
2 6 3 2.9
3 24 4 21.4
4 26 4 17.2
5 43 4 40.5
6 44 4 22.7
7 62 4 21.9
8 64 4 14.2
Mean (ages 4-6) 6.3

Mean (ages 24-64)

23.0 4+ 9.2 (5.D.

® Mean of age at time of tooth extraction.

mg of Schroeder and Tipton based on their m
concentrations of 43 ppm of ash and 2600 g of sk:

ash.

Unlike that in bone, the lead concentration in
did not increase with age after the second decad
shown in Table 20, the concentration appears to
off at 23 = 9 ug/g ash, which is equivalent to
reached in bone at about age 27. The constant an:
concentration is to be expected because of the gr
reduced mineral metabolism in the teeth of adults
low values in the deciduous teeth are consistent

3
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the =ignificant but low concentrations observed in bone
from fetuses and young children.

The validity of the confidence limits depends on the
statistical distribution of the data. The total data and
the subgroupings given in Table 19 were normally dis-
tributed as shown by a cumulative probability test.
l{owever, since the concentration increases with age,
the distribution could be biased by the sample age
distribution, that is, by the number of samples from
vounger subjects relative to those from older ones.
This age effect was removed by testing the distribution
of the residuals (the deviations of the data points from
the least squares line}. A histogram for all 105 samples
i= oiven in Figure 40. A best-fit gaussian curve for these
data is shown by the solid line. The distribution of the
deviation from the least-squares line appears to be
skowed and a 2-gaussian-fit reduces the variance (P <
(.10). This skewness is attributed, at least in part, to
the additional lead intake by smokers,> The effect of
smoking on lead content of bone would be most ap-
parent in subjects over 30 years of age. The histogram
for these 41 trabecular “normal” cases is given in Fig-
ure 41. The solid lines represent two normal curves.
These two curves give a significant variance reduction
(P < 0.05) over a single normal curve. The smaller
curve, centered on + 11.2 ug/g ash represents 29% of
the total area. This value, while lower than the 44%
of the smokers in the adult population (above 17 years
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F'16. 39.—Concentration of lead in human bone ash versus
‘11!" of subjects for “normal” and “sarcoma” cases. Lines are
ear leust squares fit to the data.

N
o

FREQUENCY

)
T

— 1]

! I I T I T T | 1 T
-50 -40 -30 -20 -l0 0 10 20 30 40

RESIDUALS (ug/g ash)

F1a. 40—Deviation of lead concentration from least squares
fit for all data. Gaussian fit of the distribution is also given,

6
. 5
o
& . SINGLE
é k\/GAUSSIAN
@ S
v o3 N DOUBLE
[—="%C  GAUSSIAN
AN

-10 o] 10 20 30 40 50
RESIDUALS (ug/g ash)

0
-50 -40 -30 -20

F1g. 41 —Deviations of lead concentrations from least
squares fit for “normal” cases over 30 years of age. Best fit for
2 gaussians also shown.

of age), is comparable to the fraction of those smoking
more than 11 cigarettes per day.(7)

If one assumes the exponential model of mineral me-
tabolism given in the ICRP Report,'" and that lead
intake is constant over the lifetime, the body should
reach equilibrium. within a period of time equal to
several half-lives of lead in the skeleton. Thus, from
the previously estimated biological half-life of about
15 years,® the content should level off at about 50
yvears. This value of the half-life is inconsistent with
the data. The slopes of the linear regression curves de-
rived for the concentration versus age data for speci-
mens from people above 30 years of age are very
similar to those of the whole group, but with larger
variances. Ilowever, these slopes are still significantly
greater than zero (P < 0.01).

The half-life of lead in the body can be estimated if
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one assumes that the half-life and rates of intake and
excretion are constant. A single exponential model
leads to the equation

O = Cuc(l - B_M), (1)

where C,, is the skeletal concentration of lead at long
times, A is the decay constant (0.693/half-life), and ¢
is the time in years. An iterative procedure to estimate
the parameters of the above equation (Davidon’s var-
iable metric minimization) (18 gives a half-life of 71 =
12 years and a content at long times of 91 %= 13 pg/g
ash for the “normal” subjects. This half-life is sub-
stantiated to some extent in data on *°Pb excretion
rates in radium dial painters in which the biological
half-life (which would appear to apply to stable lead,
also) is about 57 years.(0®)

The increase in stable lead with age is also consistent
with previously published data on *°Pb in 128 samples
from about 100 subjects from an unexposed midwestern
U. S. population.®® A linear regression of the variation
of specific activities in pCi 21°Pb/g bone ash with age ¢
was

Y = (0.068 = 0.024) + (0.0015 + 0.004)¢. (2)

The rate of increase is significant (P < 0.005), al-
though as with stable lead in subjects over 30 years of
age, the coefficient was smaller and not significant at
the 5% level, in agreement with the data of Hunt et
al.(®*» For the radioactive lead this decrease in slope is
probably caused by the radioactive decay half-life of
21.4 years, which limits the effective (observed) half-
life in the body to a maximum of about 15 years.

Although the half-life estimated here is similar to
that found previously, the large variances are a strong
indication of the necessity for further examination of
the assumptions, particularly those of constant intake,
and of the model itself. Thus, the intake of Pb may
vary drastically at various times in life or with social
change. A-particularly large increase may oceur in the
late teens, because of an inereased exposure to cigarette
smoke and auto exhaust. Smoking alone may increase
the intakes of stable lead by 30% ) and of 1°Pb by
100% .2V

In contrast to the possible increased exposure to
young adults, a decreased exposure above age 70 seems
likely. The fraction of male smokers drops from 55.9%
in the 17 to 44-year group to 28.4% in the over 65-year
group. For women, an even greater reduction in the
percent smoking is observed.(*? This means that per-
sons reaching the older ages would be partially selected
by smoking habit from a lower lead intake group. This
selectivity would result in the reduced number of high
values at the older ages as shown in Figure 39, and as
noted by others.(5-®

CONCLUSION

The data presented here on hoth stable lead a
210Ph are consistent with those of Horiuchi &t
and of Schroeder and Tipton™ and demonstrate .
crease in the skeletal concentration of lead with :
about 0.6 ug (g ash) =1 yr—1, This increase with a
quires that 1% of the daily intake be permai
bound by bone, and indicates that the body is 1
equilibrium with environmental lead. The soft
concentrations of lead were constant with age in
U.S. subjects.(":® In contrast, Schroeder and 1
showed a positive correlation between skeleta
soft tissue concentrations in U.S. subjects. Thus,
the skeletal lead may not be toxic and bone may :
a detoxifying “sink” in cases of lead poisoning,*
skeletal concentration is an indication of the tot:
posure. Smoking appears to increase the daily ints
lead. Since the percentage of the human populati
exposed is lowest in the very young and the ver;
smoking will affect the correlation between agc
the concentration of lead in the bone. Further st
of this nature combined with extensive, well-cont:
metabolic balance studies are indicated. In partic
the lead concentrations in bone from smokers and
smokers need further investigation.
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NON-UNIFORMITY IN THE RETENTION OF THE ALKALINE EARTHS

In order to summarize some of the experimental informa-

- tion on which the model of bone turnover being developed for

the ICRP must be based, measurements of the uptake and
loss of Ca*, Sr™, and Ra*® in different bones and in different
parts of bone of rabbits, dogs, and man are reviewed.

RETENTION IN TRABECULAR BONE AND CORTICAL BONE V8.
WHOLE SKELETON

98y in Different Rabbit Bones

The alkaline earths are taken up in different concen-
trations in different bones. In general, trabecular bone
appears to take up more radioisotope than cortical bone
but releases it faster. Figure 42 shows the specific ac-
tivity of %08r in different bones in the adult rabbit rela-
tive to the mean value for the whole skeleton at differ-
ent times after a single intravenous injection. This
shows about a fivefold difference in the specific activity

- of the Jumbar vertebrae compared with the midportion
. of the tibia at 10 min after injection. This difference

drops to about a factor of two at 460 days when both

b Dortions of bone approach the mean values for the
F Whole skeleton.

" This is a synopsis of a contribution made as a member of
IQRP Committee on the Local Retention Function of
Bum-S(}()king ISOtODES-

the

*28Ra in Different Human Bones

In man the pattern of distribution of radium in in-
dividual bones as a function of time after intake ap-
pears to be somewhat similar to that shown above for
the rabbit. Figure 43 shows a linear-linear plot of the
concentration of 26 Ra in different human bones. This
graph summarizes the data available from the MIT
studies on human radium.® There is a wide spread in
the different values for different bones, and for the
sake of clarity, the individual points have been omitted
here. Figure 44 shows a typical spread of the experi-
mental values for the vertebrae where a straight line on
a log-linear plot appears to give a slightly better fit
to the data than the linear-linear plot in Figure 43.

In Figure 43 the results have been further subdivided
to show the difference in persons who were exposed
before age 20 and those exposed after 20 years of age.
The duration of exposure varied from 0.1 year to 31
years, but 18 out of 24 cases had a duration of exposure
less than 5 years. In addition, it is probable that even
in the cases having a long duration of exposure, the
most significant exposure took . place in the earlier
years before more strict regulations were imposed. Fig-
ure 44 does, however, show a larger spread in the
values for the cases which were exposed at age greater
than 20 years. This is in agreement with the findings of
Fletcher et al.!® from ®°Sr fallout studies.
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F1a. 42—The specific activity of %Sr in different bones of the adult rabbit relative to the total skeleton after a single

venous injection,
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Fra. 43.—Concentration of ?26Ra in different human bones relative to the total skeleton

RATIO OF THE SPECIFIC ACTIVITY IN THE DIFFUSE
COMPONENT TO THAT OF THE WHOLE BODY

Loss of Radioisotopes as Seen Microscopically

Two theories are currently considered to explain the
loss of activity from bone, (1) resorption, ie., the re-
moval of bone by osteoclasts and (2) the loss of activ-
ity by exchange with the extracellular fluids. Bone
formation, and by inference bone resorption rates, have
been well documented by tetracycline labeling tech-
niques. The rate of loss by exchange process is, how-

ever, much more difficult to quantitate. In Figure
47 T have tried to document what is known abou
loss of activity by the exchange process. There ar
main components of uptake of the alkaline eartl
seen in autoradiographs of bone, (1) a hotspot

ponent usually associated with areas of bone gre
and (2) a diffuse component which refers to lab
throughout the whole volume of the bone. These
components have been studied separately to eva
the loss of activity by exchange. The short-term uj
on bone surfaces is ignored in these studies.
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F1e. 44.—Difference in concentration of ?2¢Ra in persons exposed before and after age 20

Figure 45 shows the results obtained by Sears et
al.'®) in the vertebrae of high-level radium dogs which
were sacrificed serially at different times after injec-
tion. There would appear to be no significant difference
in the rate of fall of the hotspots and the diffuse ac-
tivity. Likewise, two other studies in dogs with 226Ra (%)
and ¥Ca'® failed to show any significant difference
between the loss from the hotspots and from the diffuse

- lubel of the cortex of the tibia between one month and

one year after injection. However, the loss in the
whole-body retention between these two times was less
than 40%.

Figure 46 shows a similar plot for *3Ca as observed
for hotspots and diffuse uptake for rabbits.® The
values shown here suggest a lower rate of loss of ac-
tivity from the hotspots compared with the diffuse.
Between 8 days and 100 days the loss in activity was

- whout a factor of 4 for the hotspots and a factor of 10

for the diffuse. Figure 47 gives the best values we have
been able to obtain for the human data. Here the loss
in the hotspot activity over a period of 25 years is a
factor of 3.6, while that for the diffuse is a factor of 10
over the same period for the mid-cortex of the tibia.
The values plotted for the hotspots at short times after

. Ijection were caleulated from the injected dose assum-

me that the hotspots in the bone were formed at the
fme concentration as the 226Ra/g Ca in the blood. This
Wi found to be true for dogs. Recently, the diffuse
lnhel was shown to be 0.48 and 0.35 of the uniform label

10
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F16. 45.—Diminution of **Ra in canine vertebrae

in two radium cases studied at 140 days and 400 days
after injection of radium,!” compared to an average
value of 0.43 found for about 20 cases at 25 years after
injection.® This suggests that the diffuse level in the

~ tibial eortex divided by the uniform label for the whole

skeleton does not change appreciably with time.

There would appear to be some doubt as to whether
the diffuse label and the hotspot levels vary between
different bones. All the animal work(® ¢ ® would sug-
gest that the diffuse level found in the vertebrae is
about a factor of two higher than that found in the
mid-shaft of the tibia at short times after injection.
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F1G. 46.—Diminution of 45Ca in rabbit vertebrae
At long times, however, the high level Ra dogs con- garding any difference in either the diffuse or ho
tinued to show the same difference, while the ¥*Ca rab- activity between different bones or the pattern of
bits showed a much higher loss of diffuse label from with time. A study along these lines is in progre
the vertebra than from the tibia, in parallel with the our laboratory. However, since the concentration i
loss in activity from the individual bone, not from the cortex of the tibia bears a much more constant rat
skeleton as a whole. the average skeletal concentrations than any «
In the human radium cases, the quantitative auto- bone studied (Figure 42), the use of the diffuse
radiographic data on bones other than the cortex of the in this site as an index for total skeletal retention w

long bones, is insufficient to draw any conclusions re- appear to be a good choice.
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F16. 47—Summary of data on **Ra in human bone

VARIATIONS IN THE SURFACE AREA AND VOLUME OF BONE IN CROSS SECTIONS
TAKEN FROM A SINGLE HUMAN RIB

Blizabeth Lloyd
The human rib is a convenient site for bone biopsy and is changes in surface-to-volume ratio which one finds in a single
oftrn used to obtain estimates of skeletal mineralization or human rib.
radioisotope uptake. It is not generally : iated how much ; ]
pe uptake. 1t 1s not generaly appreciated how Our interest in the surface area and volume of cross

the character of a rib varies along its length. An automatic

filin scanning system (CHLOE) is used to demonstrate the sections of bone was aroused by the fact that some
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F16. 48.—Microradiographs of cross sections of the sixth rib
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TABLE 21. PERIMETER AND AREs oF CROSS SECTIONs OF that the rib has been used extensively as a repr
BoneE TAxkEN FrROM DIFFERENT POSITIONS ALONG THE tive site for removal of biopsy material in the s
LexeTn oF » Human Rrp bone diseases, (-4 the variations noted along its
Section Bone area, | Bone perimeter, P/A, would appear to be of considerable interest.
number cm? cm cm/em? The sixth rib was first cut into seven segment
Sterr;al ond o its length, each segment being about 4.5 em lon
tions 100 u thick were cut from each end of the
P 0.16 28 176 ments. These were x-rayed using a high contrast
9 0.18 29.3 163 film so that the bone appeared clear on a black
10 0.13 25.1 193 ground. This type of microradiograph (as opp«
11 0.14 249 178 the more conventional type which shows d:
}g g}; 19.4 176 shades of gray corresponding to different mineral
17 0.10 16.5 165 ties) greatly facilitated the definition of bone s
19 0.13 15.2 117 for quantitation of bone area and surface lengt!
20 0.10 14.8 148 the automatic scanner. The scanning device'® v
g; 8~;§ 15.2 127 same as that used previously.(® ? The bone -
: 14.0 108 length and the bone area were determined frc
25 0.13 17.3 135.5 number and length of line segments generated o\
26 0.14 14.9 106.2 bone which appeared as the clear portion on the .
28 0.14 15.1 107.8 full description of the method is given elsewher
30 0.16 12.8 80.6 Figure 48 demonstrates the appearance of
31 0.16 13.1 radiographs of the cross sections of bone taken
34 0.16 14.7 92.0 junction of each of the 7 segments. It is interest
35 0.17 14.5 85.0 note that close to the costal cartilage junction, tl
38 0.16 l 15.1 94.4 tex is very thin and this encloses a large num
39 0.16 ’ 14.7 92.1 very fine trabeculations. About 5 em from the ver
" 0.18 ‘ 4.8 2.0 epd the cortex is very much thicker and the trab
43 0.18 13.3 738 tions are fewer and coarser. Values for the cro-
45 0.22 17.1 77.7 tional area, together with the surface length or p-
46 0.21 16.7 79.4 ter of each of the bone sections studied, are gi
" 0.2 6.4 - Table 21. Values of pgrirpeter/area are also
50 0.20 16.8 o1 Values for the representative hone sections tak
52 0.93 j 20.0 &7 4.5 cm intervals are also shown in Figure 49. In
53 0.21 ' 19.7 04 21 the numbers of the sections listed start with m
‘ ! 1 taken from the sternal end of the rib and ra
gé’ ggi ‘ }g'g 2513 g number 72 taken from the vertebral end. The bon
60 0.38 ’ 155 o changes from 0.10 ecm? to 0.36 cm?, while the perl’
6l 0.36 14.8 4l changes from 129c¢m to 29cm. The bone a
greatest about 5 em from the vertebral end whe:
63 0.34 12.9 38 cortex is thickest. The perimeter is small at this
64 0.33 12.9 39 giving a value of 43 em/cm? for perimeter/area (.
66 0.27 14.8 55 . .
68 0.27 181 67 compared with a value about 5 times greater obt
79 0.95 21.0 84 for a section taken close to the sternal end.
CONCLUSION
bone-seeking isotopes such as 23*Pu and **'Am deposit The variation both in the thickness of the corte:
specifically on bone surfaces. Caleulations of the rela- in the size and number of the trabeculations at diff
tive toxicity of these isotopes compared with those positions along the length of a single rib underlin
which deposit throughout the whole volume of bone need for caution in comparing biopsy material t
(such as 22°Ra) must include a factor for the surface/ from different subjects. In particular, biopsy sar:
volume ratio. As part of this study, which was designed taken at positions as close as 1cm apart have
to make representative sampling throughout the whole shown to vary by as much as 15%. This could
skeleton, a single rib of a cadaver was studied at 40 easily lead to an erroneous diagnosis of osteoporo:

different positions along its length. In view of the fact a normal subject if extreme care is not taken to e
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Fra. 49 -—Values for area and perimeter are for the bone shown in Figure 48

that the biopsy sample is taken from the same site as
the control samples.
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CONCENTRATIONS OF TRACE ELEMENTS IN GREAT LAKES FISHES*

M. F. Lucas, Jr., D. N. Edgington, and P..J. Colbyt

The concentration of up to 14 trace elements has
been determined in whole fish and fish liver samples
obtained from Lake Michigan, Lake Superior, and
Luke Erie. The mean concentrations in 19 whole fish
sumples from three species of fish were as follows:
wanium - (3 ppb), thorium (6 ppb), cobalt (28
], cadmium (94 ppb), arsenic (16 ppb), chro-
V:iim (1 ppm) and copper (1.3 ppm). The mean con-
teutration of 40 liver samples from 10 species of
fish were as follows: wuranium (~2ppb), thorium
(< 2ppb), cobalt (40 ppb), copper (9 ppm), zinc
(300 ppm), bromine (0.4 ppm), arsenic (30 ppb), and
cudmium (04 ppm). In addition, the following ele-

Abstract of paper presented at the Twelfth Conference on
C i Lales Research, Ann Arbor, Michigan, May 1969, and
* vitted for publication.

. S. Bureau of Commerecial Fisheries, P.O. Box 640, Ann

v, Michigan.

ments were observed in most of the samples: antimony
(5-100 ppb), gold (2-5 ppb), lanthanum (1-20 ppb),
rhenium (0.5-5 ppb), rubidium (0.06—4 ppm), and
selenium (0.1-2 pph).

Variations in trace element concentration with spe-
cies and collection site have been found. Uranium
and thorium content varies with species, but not for
the same species from different lakes. The trace ele-
ments, copper, cobalt, zine, and bromine, have a
nearly constant concentration in all samples stud-
ied. In contrast, the concentration of cadmium, ar-
senic, and chromium was interspecies and for some
species interlake dependent. The neutron activation,
radiochemical group separation, and computer proc-
essing of complex gamma-ray spectra technique has
proved to be a powerful and rapid method for the
analysis of many trace elements in fish.
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NATURAL THORIUM IN HUMAN BONE

H. F. Lucas, Jr., D. N. Edgington, and Frank Markun

The #**Th concentration in rib bone from 38 humans ranged
from <0.1 to 72 ng/g ash. Values increased with age and were
fitted by the expression

Y = (016 = 002)7,

where Y is the *Th concentration in ng/g bone ash and T is
the age in years. Evaluation of retention of the **Ra produced
by decay of **Th is not feasible because direct intake of natu-
rally-occurring **Ra is too large.

INTRODUCTION

The measurement of thorium in normal, non-in-
dustrially exposed humans is required for the evalua-
tion of its radiological hazard. Studies with dogs
have shown that the ?*!*Ra daughter of #Th is es-
sentially completely retained by bone.(V’ If one as-
sumes that 228Ra produced by the decay of 232Th is
similarly retained, then the radiation dose to the bone
would be higher than that previously assumed. In
addition, the metaboliszn of thorium under natural
environmental conditions is needed for the evaluation
of its toxicity. Edgington has reviewed present knowl-
edge and finds many questions unanswered.’® The
purpose of this study was to determine the concen-
tration of thorium in samples of human bone taken
at surgery or autopsy.

EXPERIMENTAL METHQD

The samples were obtained through the interest
and courtesy of many physicians as part of a survey
of the natural radium content of human bone. All
samples selected for this study were rib bone and
were obtained at the time of either surgery or autopsy.
The residence, age, sex, and occupation of each pa-
tient was recorded in almost all cases. On receipt at
Argonne National Laboratory, these samples had been
scraped to remove soft tissue, dried at 110° C, and
stored at —10° C until prepared for thorium assay.

All samples were ashed for 16 hr at 600°C in
quartz crucibles. Weighed aliquots were transferred
to 10-mm OD X 10-cm-long quartz tubes.* These
tubes were sealed with a crushed aluminum foil plug.
Thorium standards (5.5 ug) were aliquoted into the
quartz tubes, evaporated to dryness under a heat
lamp, and sealed in the same manner as the bone
samples. Four bone samples plus standards were com-
bined in a single irradiation can. All samples were
irradiated in the isotope tray of the Argonne CP-5

* “Spectrasil,” Thermal American Fused Quartz Co., Mont-
ville, New Jersey.

reactor for 24 hr at a flux of about 2 X 10
sec, and then allowed to cool for about 7 days.

The samples and standards were washe
the quartz irradiation tubes with about 9 ml
HCIL Less than 1% of the *¥3Pa activation
remained in the vial. Four sets of duplicate t
standards were run, and the average deviatio
the mean of each set ranged from 2.7 to 4.7%
average of 3.6%. The reproducibility of the st¢
was acceptable and indicates that the neutr
was quite uniform.

The bone samples were dissolved in 10 ml
HCI to which several drops of 309% hydrogen
ide and 0.1 g aluminum nitrate were added.
reagents reduce chromium to its trivalent sta
complex any fluoride ion present in the sampl
solution was heated for several minutes in a
water bath to insure complete dissolution of th:
ple. The sample was then transferred to a colt
Dowex 1-X8 anion exchange resin (100 mesh),
in diameter by 35 em long. The 233Ps activation
uct of 232Th is quantitatively retained on the ¢
under these conditions.

Cations and weakly bound anions are elutec
90ml 9M HCL® The 233Pa was then elutec
four 10-ml portions of 4 M HCl 0.3 M HF,
were collected directly in counting tubes. Ap
mately 90% of the ?33Pa was obtained in the &
and third fractions. The amount of #3Pa in bot
samples and the standards was determined by ¢
ing with a 47 X 2” Nal (T} crystal, an ND-120
tichannel analyzer, and an iterative least sq
computational method.* 3 This method has
found to be very sensitive and is not affected b:
small amounts of other radionuclides present i1
sample.(® 7 The amount and concentration
determined from the ratio of decay-corrected cc
ing rates of 3Pa in the sample to that in the st
ards. The standard deviation of the result is d
mined by the standard method from the cow
statistics and the deviation between duplicate st:
ards.

DISCUSSION

The #*2Th concentration in bone from 38 indi
uals is summarized in Table 22. The concentra
ranges from <0.1 to 72 ng/g ash. However, the h
est value was observed in bone from an indivi
who had a 40-year occupational exposure to th
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TABLE 22. Th 1y Humax BonNeE AsH
Age, years Sex Weight, g ash #2Th, ng/g ash Age, years Sex Weight, g ash MTh, ng/g ash
3 U 0.51 0.9 £ 0.2 54 M 0.72 14.8 £ 0.4
3 M 0.44 1.9 =+ 0.2 55 M 0.64 20.2 = 0.3
S M 0.26 <0.2 55 M 0.64 | 2.9 0.2
i1 M 0.47 0.4 £0.2 60 M 0.41 i 9.2 £ 0.8
12 F 0.85 <o0.1 62 M 0.44 14.1 + 0.7
25 F 0.28 12.2 £ 1.9 64 M 0.69 13.1 = 0.5
27 M 0.74 9.9 = 0.5 65 F 0.53 4.1 +0.2
29 F 0.50 1.9 + 0.4 68 F 0.59 22.3 + 0.6
36 M 0.46 5.8 £ 0.2 70 M 0.46 3.4 4+ 0.4
37 F 0.68 1.7 £ 0.2 72 F 0.48 3.4 £ 0.3
1 M 0.61 2.1 + 0.2 73 M 0.75 13.1 + 0.5
41 U 0.49 1.7 £ 0.3 78 M 0.68 22.4 4+ 0.4
12 M 0.55 1.1 £ 0.2 78 F 0.33 42.4 £ 1.5
43 F 0.41 9.9 = 0.5 79 F 0.24 <0.2
44 F 0.37 5.8 £0.3 79 F 0.36 72.2 = 1.2
49 M 0.69 6.5 + 0.4 80 M 0.50 4.0 = 0.4
51 F 0.30 7.5 £ 0.6 87 U 0.40 27.7 £ 0.9
52 F 0.51 6.7 & 0.4 90 F 0.46 30.5 = 0.8
53 M 0.66 5.2 £ 0.4 91 M 0.91 59 + 0.2
dust. This individual operated a commercial movie 50 T T — T T T T
projector where the carbon electrodes contain thoria
and ceria to improve the actinic quality of the light L -
source. . +
The #32Th concentration in normal human bone aol N
ash has been reported as 10 ng/g. ash by Petrow and
Strehlow® for a composite sample from individuals
whose ages were “largely adult.” In addition, Picer and i ]
Strohal ® report 23 ng/g ash for a single sample for <
which the age is not given. These values agree well Z 30— +
with the range of concentration found in this study. g b
The variation of the 2*2Th concentration with age is e | |
shown in Figure 50. The simplest function to describe ;
the increasing concentration with age was assumed to 2 - + "
be linear, and the solid line is that obtained by the § 20— " -
least squares analysis. The equation for this line is: =
Y = (016 = 0.02)T (1)
where ¥ is the 282Th concentration in ng/g bone ash
and 7' is the age in years.
The distribution of the deviation from the least
~quares line was skewed like that found for lead,
which was attributed to an increased level of exposure

!).\’ smokers compared to non-smokers.® A careful
m=pection of Figure 50 will show that 14 results fall

- Unhusually close to the dashed line, having a slope

ndivid- ¥
tration;
e high-*
ividual;

thoria*

¥ = 0.057. This slope is one-third that of the solid
line. The cause of this grouping is not known and will
'equire additional information such as dust inhala-
‘l‘j'\ tXposure and smoking histories.

he possibility of determining the retention of
“"Ra produced by the deeay of 232Th in bone was

- “Valuated. The maximum 282Th concentration of 72

90

40 50 60 70
AGE (YEARS)

80

Fic. 50 —Variation of thorium concentration in human bone
ash with age. @, female; W male.

ng/g ash was found in a 79-year-old woman who lived
in Canton, Illinois, for 57 years. This city ob-
tained water from deep sandstone aquifiers for many
years.!)) Unfortunately, the wells were sealed so
that samples could not be obtained. However, the
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226R g eontent of water from similar deep wells in this
area ranges from 5 to 10pCi/liter.*® The *?*°Ra
content of the bone from this high thorium case was
0.087 = 0.025pCi/g ash which correlates well with
that expected for exposure to this level of radium.?®
The 228Ra concentration in these deep well waters is
similar to that of the 226Ra.*¥) Thus, the ?*’Ra con-
centration in the bone of this patient will exceed that
of 282Th and the retention of 2**Ra produced by ***Th
decay cannot be determined from this sample.

All other 232Th results are less than 40 ng/g ash—
or 4 {Ci/g ash. By neglecting the increase of thorium
with age and assuming a quantitative retention of
228Ra produeced by thorium decay, the maximum
223Ra concentration would be equal to that of #32Th
or 4 {Ci/g ash. This level of 22®Ra is equal to or less
than that obtained directly from food and water so
that retention of 228Ra produced by the decay of
232Th cannot be determined from these cases.

The retention of 22Ra produced in situ can prob-
ably be determined from industrial workers since some
of these have been exposed to thorium dusts at a
very much higher level than the normal person.(1®)
If possible, lung, liver, spleen, and bone samples
should be obtained.
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RATE DISTRIBUTIONS IN

The International Commission of Radiological Protection
(ICRP) has requested information concerning the turnover

* This analysis was performed in connection with the work
of the (ICRP) International Commission of Radiological Pro-
tection Task Group on the Local Retention Functions of Bone
Seekers,

times of bone-seeking radioisotopes in different kinds ¢
man bone tissue. Maximum permissible doses to bone
heretofore been calculated assuming a uniform distrib
ICRP would now like to calculate doses separately for cc
and trabecular bone, for bone volumes, and for bone sw
The following model is being developed in order to org
what experimental data are available and to provide su



'EE Trans §formation. It represents an extension of the power function
model and takes explicitly into account the microscopic mecha-
of Complex? pi-ms of tracer deposition and removal.

3. Argonne
ivision An.
L-7060, pp. ’XN'I‘IKODUCTION

on Activa ¥ In order to caleulate the radiation dose to vario_us
ironmenta]§ purts of bone tissue from internally deposited radio-
e National} puclides, one needs to know their pattern of uptake and
nnual Re.2 - iontion within the skeletal system. Appropriate data
rp IL]ZE]?-TS for man are scarce, so that existing estimates of the
on Moc;es,.l: doses within bone have been based either on the assump-
1968, Td:} tion of a uniform distribution of the radionuelide or on
1969), pp.¥ an observed ratio which relates the activity in newly-

formed bone to the specific activity of the diet. It is
_IOAtomemc  the purpose of this report to go more deeply into the
- Amenanog subject and to see whether our accumulating knowledge
orium and ¥ of the mechanisms of skeletal metabolism and the

. Acta 40, ¥ retention of radionuclides can be put to use in the
. construction of a quantitative bone model.

ez, F. H.E pyy primary interest will be in the bone-volume-
118 report.

b geekers, the alkaline earth radioisotopes of caleium,
strontium, barium, and radium, because they are most
ccurrence § closely related to the metabolism of bone itself. The
Bull. Int. ¥ pattern of uptake of the bone-surface-seekers, the rare
oactivity } earths and af:tinides, can probably be related to that
\: Uptake b Of the alkaline earths through the surface/volume
Argonne ! ratios of bone.®

Division* A Glossary of terms appears at the end of this report.
0. ANL-§ An analysis of the pertinent measurements in bone will
appear in a fortheoming publication.® A short deserip-

10is State

\id -F . . . .

];ﬂVXZ tion of metabolic mechanisms and their possible rela-

une 1959, § tion to osteosarcoma induction are given in Reference 3.

Yaturally Abstract of Model

‘0tsolopes

. Snyder.§  Data bearing directly on the dose rate distribution

f Minne-£ within human bone as a function of time are scarce.
‘ k Therefore, our approach is to construct a model of bone

uris, W, . L3 . . -

ical Sup. remodeling which is flexible enough to fit existing data

11, 234- § and vet not so complicated that its parameters cannot

be independently compared with experiment. The model
is un extension of the modified power function model
and encompasses the microscopic mechanisms and the
doxe distribution within bone.

I'or the present, the model is limited to the descrip-
- tion of adult human bone. It considers the skeleton to
- be made up of essentially two kinds of bone, cortical
bone and trabecular bone. To each kind of bone it
| Assigns a turnover rate or apposition-resorption rate.

» of hu- g This determines the amount of tracer activity in the
ne havef .

ibution, ¥ '"'1vise hotspots. The turnover rate of cortical bone
cortical § 0 determines the time constant of the final exponen-

tial in the overall retention function. Under the as-
ftimption that this remodeling by apposition-resorption

surfaces.
Jrganize
such in- §
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in one kind of bone is random as to location, it then
specifies the distribution of local bone ages within that
kind of bone. Using an expression for augmentation
rate versus local bone age derived from numerous
experiments in animals and man, it calculates the
distribution of augmentation rates and the overall
augmentation rate for each kind of bone. This de-
termines the distribution of activity not connected with
apposition. .

The apposition rate and the augmentation rate for
each kind of bone are then added to give the kinetic
A-value or addition rate, which can be directly com-
pared with measurements of total tracer uptake in
human bone. The power function or multi-exponential
part of the whole-body retention curve is associated
with the process of diminution in both hotspots and the
diffuse component. The final exponential term in the
retention function, which is characteristic of age-
invariant systems, is associated (as mentioned above)
with the resorption rate in cortical bone. The model is
somewhat overdetermined, which means that internal
consistency is obtained only for certain sets of input
parameters. Fortunately, these appear to include the
best estimates of the actual values of the various param-
eters from direct measurements.

SUMMARY OF BACKGROUND INFORMATION

Data for Man

(a) The concentration of %Sr in different parts of
bone as a result of fallout.

(b) Radioisotope kinetics in man using *Ca, ¥Ca,
853y, 19Ba, ®Ra and 2%Ra.

(¢) Quantitative autoradiography of 2Ra and #Ca.

(d) The concentration of 22¢Ra in different bones
relative to that in the whole skeleton from autopsies
and exhumations of radium patients.

(e) Tetracycline labeling of human bone followed
by ultraviolet microscopic analysis of biopsy or autopsy
material.

(f) Microradiographic analysis of formation and
resorption surface.

(g) Whole-body counting or radioisotope retention
over long periods of time.

(h) Histological survey of normal bone for resorp-
tion surfaces and osteoid seams,

(i) Surface-to-volume ratios of cortical and trabecu-
lar bone in different locations.

(j) Measurements of the amount of trabecular and
cortical bone in different locations.

(k) Measurements of the composition of trabecular
and cortical bone,.

(1) Ratio of *Ra/**Ra in normal human bone, corti-
cal and trabecular.



U D AR At s i

60

(m) Measurements of the tracer content of soft
tissue.

Dala for Animals

(a) Radioisotope kinetics.

(b) Quantitative autoradiography.

(¢) Ratios of uptake in different bones and parts
of bone.

(d) Tetracycline labeling of dogs, cats, and rabbits.

(¢) Whole body retention functions for dogs and
rabbits.

(f) Surface to volume ratios for bone from dogs.

MODEL OF THE SKELETAL METABOLISM OF THE ALKALINE
EARTHS

1. Baste Postulates

Macroscopic—(a) The retention function is either a
modified power function or a sum of many exponential
terms. (When available, both forms should be quoted.)

{b) The retention function for adult man is prac-
tically independent of the age at injection after age 25*
(age-invariance postulate).

(¢) There is no long-term diserimination between
alkaline earth elements in transfers between blood and
bone (postulate of no discrimination). (This postulate
is needed only to derive the final exponential from the
early plasma clearance. If one takes a value of \ from
other information, it is not required.)

(d) The rate of excretion of activity from the body
at any time is proportional to its current concentration
in the blood plasma (excretion postulate).

Microscopic.—(e) Caleium transfer between blood
and bone can be completely deseribed by four processes:
apposition, resorption, augmentation, and diminution.
Apposition and resorption are the osteoblastic and
osteoclastic processes which affect local bone volume.
Augmentation and diminution include all the processes
of calcium transfer which take place in existing bone
in the absence of apposition and resorption.

(f) Diminution includes both the calcium transferred
from bone to blood by diffusion (long-term exchange)
and that transferred by Bélanger’s osteolysis. Augmen-
tation includes the calcium transferred from blood to
bone both by diffusion (long-term exchange) and by
secondary mineralization. The rate of secondary
mineralization in a given volume of bone is its aug-
mentation rate minus its diminution rate.

(g) The total rate of long-term uptake of caleium
in the skeleton, the kinetic 4-value or addition rate,t

* An onset of osteoporosis of about 1% /vear after age 50 is
characteristic of the general population, but this can be simply
superimposed on the predictions of the present model.

1 A-values have long been called accretion rates in the litera-
ture, but this is 2 misnomer.

is equal to the sum of the apposition rate and the
mentation rate. It is found experimentally that
microscopic volume of bone in which appositi
occurring, the apposition rate measured by tetrac:
labeling agrees with the value of 45 measured fo:
bone volume by calcium kineties. 45 refers to the
of 4 at 5 days after injection. Augmentation r.
defined as the value of Ay for a volume of bo
which there is no apposition. (See Reference 2
complete development of these observations and ¢
tions.)

(h) Augmentation rates may depend to som
tent upon the metabolic state of the skeletal syst
a whole—the data on this point are not yet concl
However, the main determinant of the augmen
rate of a given volume of bone is the age of that b
If the bone has been formed recently (within th
few years), it will have a much higher augmen:
rate than if it had been formed many years ago. '
is, therefore, a distribution of augmentation
throughout a given region of bone which depends
the distribution of local bone ages within that r
And the distribution of local bone ages depends
the rate of apposition-resorption.

(i) The data obtained so far for the augmen
rate as a function of local bone age in experin
animals and two men can be well represented }
expression

Augs = 30t707 t > 0.2 year,}
where Aug; is the kinetic 4-value caleulated 5
after tracer injection for bone in which the app«
rate is zero (no bone formation taking place), giv
pereent per year, and ¢ is the local bone age in
For ages (t-values) between about 0.2 year and 1
Augs represents mainly secondary mineralizatior
t-values greater than 1 year, secondary minerali
is largely complete and Awugys represents mainl
diffusion of ealcium into fully ecalcified bone.
diffusion n is balanced by a corresponding r:
diminution or diffusion out. This augmentation-di:
tion continues throughout the life of the bom
normal adult animals and normal man it appe
represent the greater part of the caleium transt
tween blood and bone.

() In a given region of adult human bone, st
the cortex of a long bone, the spatial distribut:
resorption sites is assumed to be random. (One
this postulate to calculate the age distribution ol
volumes, given the turnover rate A and the age
subjeet.) This assumption of randommness cou

1t A complete list of terms and definitions will be {c
the end of this article.
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that in 8 ndependently verified by observing the overlapping of

aversian systems in bone of known age and remodeling

:)tc; 2210(3 ate. A truly random process would produce a distribu-
Jd f01}~ t}llnth“’“ of bone generations shown in Figure 51. (See
, the valys !‘s(lllnll on the generation distribution of remodeling
on rate 1“’“”(
f bone i’ . pDerived Relationships
Li d2 di‘;.l’nia’ ) It follows from postulates 1(b), 1(c), and 1(d)

"Bt the area under the curve of the specific activity of
some  ex. the body between the time of injection and infinite
system as ttine is equal to the area under the curve of specific
onelusive.! inctn ity of the blood plasma versus time. N
menta tloni ) This area is simply g/nk, where ¢ is the activity
at bone. m;inj(-(-tod and nk is the rate qf excretory plas:ma clearance
n the last xpressed as grams of caleium per day (liters per day
mentation ftimes the calcium content per liter). .
£0. Therek (¢) This requirement of area together with the early
ion rates fretention curve determines the time econstant of the final
ands upogie‘\pnnuntml which is f:haractferlsm-c of age-invariant
at region fsystems. If the system is age-invariant, then a tracer
nds upon tfnllm\mg a single injection must eventually reach tran-

sicnt equilibrium: a state in which the tracer concentra-
nentatio tions differ in different compartments, but all decrease
eriment aln“ proportion to the same exponential function of
ed by th §time.

3. New Associations
(1), (n) Observation and theory show that the removal

of tracer activity from bone by diminution (diffusion)

d 5 days; can be represented quite closely by the power function.
pposition’ At short and intermediate times after tracer intake,
given in; power function retention in bone existing at the time of
in years.}intake can result from diffusion of tracer in cylindrical
d 1 year,! geometry around canaliculi.® In bone formed shortly
tion. For;after intake and in existing bone at long times after
"aliz&tion;illf:\k(‘, power function retention can result from the
unly the! decrease of the coefficient of diffusion with local bone
ne. This; age.
; rate off (b) On the other hand, in an age-invariant system

L-dlmmu!ﬂ"‘ removal of tracer activity by resorption of bone

bone. Inmg could not produce power function or multi-exponential
pears tof Fetention unless there were an extremely wide distribu-
nsfer be-§ tion of the turnover times of bone in different parts of
the slcleton, Bone turnover times that differed by four

such asf or five orders of magnitude in different locations would
wution off be required to produce the sort of power function or
ne needs§ Multi-cxponential function that is observed for skeletal
. of bonef Tetention. The ratio between the fastest and the slowest
re of the} tirmover by apposition-resorption is probably not
rould bei Ereater than four or six. Therefore, the effect of resorp-
tion ~hould be associated only with the final one or

found aff Possibly twoe exponential terms. The earlier terms (or
§ the power funetion part of retention) should be associ-
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TIME AFTER ADOLESCENCE — AT

Fic. 51.—The distribution of generations within a region of
bone that has been remodeling at the rate A in locations
governed entirely by chance (osteons) for a period of time T'
since the original formation of the skeleton (assumed to oc-
cur at the age of adolescence). Figures from Table 28. These
predictions, if verified, could be used to verify the applicability
of the assumption of randomness in local regions of remodeling.

ated with diminution. In view of the little data on this
point, we assume that the diminution of activity from
hotspots and from the diffuse component is the same
so that the specific activities of individual hotspots
and the diffuse component decrease in parallel with
the power function part of the whole-body retention
curve.

4. Bone Model

(a) Let us assume that there are two classes of bone,
cortical bone and trabecular bone, each with its own
rate of turnover by apposition-resorption. Let the rate
of cortieal turnover be A (in units of time™'). Then
let the rate of trabecular turnover be A. ¢ probably is
of the order of 4 to 6. Let the fraction of the skeleton
that is trabecular be 7, and the fraction that is cortical
be 1 — 7 (fraction by calcium content). = is probably
about 0.2.

(b) Then it is easy to show that when an injected
tracer has finally equilibrated within this skeletal sys-
tem, practically no activity remains in the trabeculae.
The skeletal activity is almost wholly in the slowly-
turning-over cortex so that it is the turnover time of
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the cortex which determines the time comnstant of the
final exponential of the system as a whole. (See sec-
tion on justification for equating the final exponential
rate constant X in the retention function with the rate
of apposition-resorption in cortical bone.)

(¢) Sections 2(c), 3(b) and 4(b) ean now be combined
to relate the final exponential of the modified power
function or multi-exponential model directly with the
rate of apposition-resorption in cortical bone.

(d) A corollary to 4(c) is that the retention curves
of all the alkaline earth elements in adult man must
have the same time constant for their final exponen-
tial. This is a reasonable possibility in view of exist-
ing data. This time constant must also agree with the
best estimates of cortical turnover in man by the
method of tetracycline labeling.

(e) Now the turnover rates A and o\ determine the
amount of new bone that is being formed in the cortex
and in trabeculae at the time of tracer intake. There-
fore, they determine the amount of activity in intense
hotspots. The distribution of this aectivity among
osteons growing at different rates is treated in the
section on detailed uptake in osteons.

(f) If we assume that the rates of turnover have been
constant and that the remodeling has been random as
to location in each kind of bone, then A and o) deter-
mine the distribution of bone ages within the cortex
and the trabeculae, respectively. Knowing these dis-
tributions one ecan calculate the augmentation rate for
cortex and trabeculae (see the section on age distribu-
tion of augmentation rates). Knowing both the aug-
mentation rates and the apposition rates, one can then
add them to obtain the addition rates or A-values for
cortical and trabecular bone and for the skeleton as a
whole. These A-values determine the tracer uptake;
they must agree with direct measurements of A-values
by kinetic studies.

(g) The relative uptake of tracer in ecortical and
trabecular bone is also determined by the area re-
quirement for age-invariant systems [2(a)]: the area
under the trabecular curve of specific activity must
equal the area under the cortical curve. The final ex-
ponential for trabeculae has already been specified to
be ¢ times that for cortex (and body). Therefore, with
a retention function of the type

Eb(t + 6>_be_o)\t @)

the area requirement determines the relative uptake in
trabeculae as compared to cortex once ¢ has been
agreed upon.

(h) Sections (f) and (g) give independent values for
the ratio of tracer uptake in trabeculae as compared to
cortex. They must agree for the macroscopic model to
be consistent with the microscopic model.

(i) Finally, having determined the tracer u
trabeculae, the tracer uptake in the cortex is de-
by the requirement that the total tracer upta
equal that for the body as a whole with w
calculation was started.

(i) The effect of soft tissue uptake is still to
uated. '

5. Results

This new bone model provides a solution for
outstanding problems in the literature:

(a) It shows that one can reconcile the low
bone turnover (a few percent/year) measured t
cycline labeling with the high rate of long-term
uptake (15 %/year) measured by calcium kinet
difference between the two rates is shown by th
to be produced both by the diffuse component
a wide distribution of augmentational hotsp:
uptake of activity in fully calcified regions -
which are—due to remodeling—much young:
the skeleton as a whole.

(b) It shows that the measurements of “bo:
over” from %Sr uptake in fallout-labeled sl
are much lower than calcium kinetic measu
because the latter are calculated only about fi
after injection, whereas the fallout measw
pertain to an average residence time of sever:
after intake in a system for which the appare
dence time increases with the period of the o
tions.

(¢) The model demonstrates that it is pos-
construct a system which is age-invariant in res
measurements of the whole-body retention of
jected tracer in spite of the fact that the ind
microscopic bone volumes are not age-invario
cause their local rates of augmentation and dim’
decrease as bone ages. The rates of resorptic
apposition in the adult human skeleton, howev
just sufficient to keep creating enough new b
maintain the rates of augmentation and dimi
in the skeleton as a whole at constant levels throt
most of adult life (see Figure 52). The model 1s,
fore, macroscopically steady state but microseo
non-steady state.

The osteoblasts and osteoclasts, through the:
tinuous production of new bone, produce a home:
in the calcium metabolism of the skeletal syste:
whole, in spite of the aging of the individual w
bone of which it is made.

(d) The model finally explains how it is possi
have a very low ratio of the diffuse to uniform
and at the same time to have more than half
kinetic 4-value produced by the process of diffu:
existing, fully-mineralized bone. We recogniz
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Fic. 52.—The calculated value of the average augmentation

nger thargpyi. (ugs) in a region of bone that has been subject to random
emodeling at the rate N for a period of time T since the
sone turgorikinal formation of the skeleton (assumed to occur at the

Eg' of adolescence). Figures from Table 27,

iffuse component as a low level, relatively uniform,
ong-term uptake of activity in existing bone. In men
'ho take in their activity at an advanced age the
Mdixtribution of bone ages within their skeleton is
lmudl wider than in 15- to 23-year-old men and in 1- to
mer old dogs, which have provided most of our
fautoradiographs. The volume of bone originally laid

surements
eral yean
irent resi
: observa:,

ossible

tdo\\ n during skeletal growth has been reduced by
respect
of an in resorption to a small fraction of the skeleton, but it is

y his bone with its low augmentation rate that we have
ndividua . - .
robably associated with the diffuse component. In
riant be
minutio Qsm« that have been remodeled since adolescence there
tion an is vounger bone with higher augmentation rates. The
, most intense hotspots still correspond to sites of apposi-
ever, are,. . .
bone 1m{tmn at the time of tracer intake, but there should now
minution be many hotspots of intermediate intensity which are
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is, there jmincralization. These augmentational hotspots have
copically? not previously been identified, but the above calcula-
tions show that they should contain a third or a half
reir com ‘of the total activity in a skeletal system receiving its
neostass trucer activity at an advanced age. The specific ac-
e a5 8 tivities of some of these augmentational hotspots could
units o be as high as ten times the specific activity of the diffuse
juptake in the remnant of adolescent bone. Figures 53
ssible 10 L and lllgure 54 show that this realization solves a long
m label Standing diserepancy in our approach. Tt is important
{ of the! Now o locate these augmentational hotspots experi-
. moentally by combined %Ca and tetracyeline labeling
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F16. 53—The calculated ratio of the diffuse specific activity
to the uniform label (average specific activity) for a region of
bone that has been remodeling randomly at the rate X for a
time T after adolescence. The diffuse specific activity referred
to here is assumed to be that deposited by the augmentation
rate of the original, unremodeled bone which is of age 7. The
total activity of the bone is the sum of this diffuse activity,
the activity in hotspots in newly-forming bone, and the aug-
mentational hotspots in bone of age less than T that has been
formed by remodeling since adolescence.

160 »= 69.3 % / year ]
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Fic. 54 —Calculated values of As as a function of A and T.
The total activity represented by As is the sum of the diffuse
activity in original bone (aged T'), the activity in newly forming
hotspots (75% A), and the activity in augmentational hotspots.
Figures from Table 27.
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DETAILED UPTAKE OF ACTIVITY IN FORMING HAVERSIAN
SYSTEMS

Continuous or Multiple Injection

Several experiments have verified that the deposition
of alkaline earth activity in forming haversian systems
oceurs at the specific activity of the blood plasma at the
time of that formation.

Therefore, a knowledge of the average specific ac-
tivity of the plasma during the period of tracer intake
vields the specifie activity of the new bone formed
during the same period. An observed ratio has been used
for this estimate herctofore, but the observed ratio
method does not take into account the dilution of the
blood plasma with unlabeled calecium transferring from
bone to blood for a considerable period of time after
the start of the continuous tracer intake. Furthermore,
the observed ratio method is not intimately connected
with the mechanisms of calcium transfer to and from
the blood plasma, since it is expressed as a product of
discrimination factors for urine, feces, and bone—
mechanisms which in fact are in parallel, not in series.

A more powerful method for this particular calcula-
tion follows from the excretion postulate (basic postu-
late 1(d) above, and postulate I of Reference 5). If
you know the shape of the retention curve R for a
radioisotope in the body following a single injection,
then the curve of the plasma specific activity versus
time is given by the time derivative of this function
together with the rate of excretory plasma clearance,
nk. If you know the curve of plasma speecific activity
following a single injection, then you can derive that
for plasma specific activity following the start of con-
tinuous tracer intake simply by taking the time integral
of the single injection curve. This procedure yields the
simple result that the specific activity of the plasma
under continuous tracer intake is

S = (¢/nk)(1 — R.), (3)

where

¢ = the rate of tracer introduction into the blood

nk = the rate of excretory plasma eclearance in
grams of calcium per day (equivalent)

S, = the plasma specific activity at any time ¢
after the start of the continuous tracer intake
and the specific activity of bone formed at this
time

R, = the whole-body retention of the tracer at the
same time { after a single injection.

This useful result depends only upon the excretion
postulate and upon the assumption of a steady state
over a relatively short period of time. It is well verified
by experiment. This equilibrium value of S, for a given
¢ depends only upon the rate of excretory plasma clear-

ance, 7k, values of which are available for the
earth elements in man and many animals.

Single Injection

. . . (7-9)
Tetracycline labeling in dogs and cats :

labeling in a dog"” have shown that haversian
in the process of their formation lay down b
linear apposition rate that decreases in prop:
the current size of the haversian canal. To a
proximation this may be expressed

dr/dt = —8r,

where r is the radius of the eanal as a function
and 3 is the fractional rate of closure in units of (
Marshall found 8 = 0.03 & 0.01 day™" in an aG
Lee found 8 values of 0.04, 0.03, and 0.026 «
dogs of age 3 months, 1 year, and >1 year,
tively. Manson and Waters in experiments .
and cats found that the data on osteon grow
well represented by

n = ks 3

where 7 is the radius of the first label and 7 is th
of the second label.

Expression (5) is consistent with expressi
because the solution of (4) yields

Py = 7.16*-5112’
where t, is the time interval between the la:
follows that

L= e—ﬂlm

Manson and Waters found 3 values of 0.044 an
day ™" in cats of age 9 months and 2.5 vears, respe
and 8 values of 0.055 and 0.045 day ™" in two adui
These expressions imply that the individual
blast lays down bone more rapidly in the earlyv
of osteon formation when the canal is large t
does in later stages as the canal closes. In ad
there is the fact that the canal surface and, the
the number of osteoblasts decrease in direct proj
to canal radius so that the mass of bone being Iaic
per unit of time decreases as the square of the
The amount of calcium being laid down in a fi
haversian system per unit length as a function «

is then
_ d(Area) _ dr)
g = P~ P(—Wra )

where

g = grams of calcium per day per em length o
r = radius of canal as a function of time

. 3
p = grams calcium per cm” of new bone.



he alkalifg,bstituting (4) into (8)

g = p(2mBr") = 2mpBroe ™", (9)
where 7o = the radius of the resorption cavity or cement
and ¥:line of the osteon. When the osteon canal has closed to
n systen it- :inal radius, s, growth stops so that
ortion. rr= e, (10)
vortion
- good ap where ¢ = the time necessary for the formation of a
haversian system. Therefore,
1
(4l b = 3 log., (ro/rs). (11)
l?t?ilzl)njl"nr values 7o = 100 microns, r;, = 10 microns, § =

0.0 day™, the time necessary for the formation of an
dny™ S osteon 1S t;._= 11 vyeeks, and the average apposition
rate, dr/dt, is 1.2 microns/day.

dult dog;

r, respee’ ... ) .
’o 5’ € gr‘ I'he number of forming osteons per unit area of bone,
n do

C
vth Wer{‘]\‘, is then
N = nip y (12)

(5% where » = the number of osteons which start forming
per unit area per unit time. Then the fraction of the

he radiu 'bone volume which turns over per unit time is N (the
. same M used above for the rate of cortical turnover),
sion (4 ¢
where
A = nx(ry — r3). (13)
(6

IFrom these relations one can caleulate the number of
abels. Ik forming osteons per unit area of bone for a given bone
turnover rate.

) The distribution of tracer uptake in these forming
f oxteons for a single injection then follows from the
nd _0-030 conxideration that the uptake in a given osteon is
ectively, proportional to the rate at which calcium is being laid
it dogs down in that osteon lg from expression (9)]. Further-
1 osteo-g more, if we assume that the turnover rate A has been
y stage':s constant for at least the osteon formation time 4 , then
thfll} 1§ the number of osteons with a growth rate between ¢
ddition, and ¢ + dg will be proportional to the length of time
1eref(3re,t di spent in this interval of growth rate by a single
portioly ostcon. Differentiating expression (9) with respect to
id down: time,

radius.
forming: dg = —2mpfrie ¥ = —28gdt (14)

N

of time; or

dg
= -2 15
' 3 (15)
- Then the number of osteons per unit area with growth
| riutes between g and g + dg is

dN
dg

ndt n
= 16
dg ’ 28g (16)

The long-term aetivity deposited in growing osteons
is given by

t
H = g¢gl, where I = f S di )
1]

and where H is the activity per unit length deposited
in an osteon with growth rate g and ¢ is the time after
injection (diminution of this activity produces a peak
value of H at a relatively short time after injection.
Furthermore, I reaches its final value for relatively
short times ¢. Therefore, the growth rate g does not
have time to change very much during the major part
of the tracer uptake. The value of ¢ used here is not
critical—it should be the order of a week.

Then the distribution of hotspot intensities due to
the process of osteon formation is given by

dN n A
dH ~ 26H ~ 2BHz (1% — %)’ (18)

where Hmax = gmaxI = 27rpﬂ7‘§]
Hmin = gminI = 27!'[)67';[.

The normalization of this distribution is correct be-
cause one may integrate (18) over the range from
H.in to Huax and obtain expression (12) above. This
distribution of hotspot intensities following a single
injection of tracer is hyperbolic in that it depends upon
H™'. The basis for this calculation is well established
experimentally because both expression (4) and (17)
have been verified by direct experiments in dogs and
cats, the latter for both “Ca and **Ra. However, it
would be most interesting to obtain direct verification
of expression (18) by measuring the dose distribution
from **Ca in a dog old enough for an equilibrium popula-
tion of growing osteons to have been established.

Note that a convenient expression for the time in-
tegral of the plasma specific activity S after a single
Injection is given by the excretion postulate:

1= [ sa=wma-r, a9

where ¢ is the amount of activity injected,
nk is the excretory plasma clearance,

I is the time integral of S from injection until

time ¢, and :
R is the whole-body retention of the isotope at
the same time ¢.
The curve of whole-body retention can, therefore, be
used to indicate how closely I has approached its final
value for infinite time. (Note the similarity between
expressions (19) and (3), both derived from the excre-
tion postulate and well verified by experiment.)

»r
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BONE SURFACE EXCHANGE

The initial deposition of the alkaline earth elements
within hours after injection is similar to that of the
bone-surface-seekers. Tracer leaving the blood rapidly
transfers to all bone surfaces near blood vessels. This
phenomenon has recently been investigated by Row-
land 9V using **Ca in adult dogs and rabbits.

It is important to emphasize the difference between
bone surface and bone crystal surface. From in vitre
experiments with bone crystals in water one learns that
the initial uptake of *Ca in witro is by exchange with
the calcium atoms at the surfaces of bone crystals.
However, this is not an adequate description of what
happens in vivo, although it is often so stated in the
literature. In wivo, only the bone crystals which lie at
bone surfaces take any part in the short-term exchange
of calcium. These crystals at bone surfaces constitute
only about 0.1 of all the bone erystals in the body.
The rest (99.9 %) are buried within the organic matrix
with very little water so that it takes a considerable
time for *Ca to reach them by diffusion from the blood
(from days for the erystals nearest canaliculi to perhaps

“years for those furthest removed®). The bone sur-
faces involved in this early exchange are the endosteal
and periosteal surfaces of cortical bone, the walls of
haversian and volkmann canals, and the surfaces of
trabeculae. Bone surface exchange must, therefore, be
carefully evaluated (particularly for isotopes such as
#Ra which have a short half-life) because the cells
lining bone surfaces appear to be a prime target for
osteosarcoma induction,

Our information about this component of skeletal
metabolism comes from two sources: Rowland’s ex-
periments on dogs and rabbits with Ca, and alkaline
earth kinetics for times shortly after injection. Rowland
found by quantitative autoradiography and blood
curve analysis that the amount of calcium involved in
the exchange at bone surfaces was equivalent to that
which lies within 2000 X of each bone surface. The same
depth was determined for dogs and rabbits. Whether all
crystal caleium within 2000 A of each bone surface is
involved or only the caleium at erystal surfaces within a
depth of 10,000 kY (1 micron) of each bone surface can-
not be determined from the autoradiographs. However,
the total amount of calcium involved is about 0.1 %
of the body calcium (this follows from the figure 2000 A
times the surface-to-volume ratio for the human skele-
ton, 42 cm?/em?, measured by Lloyd®).

The difference between the exchange in dogs and
rabbits 18 a question of time scale: the exchangeable
45Ca, activity reached a maximum in dogs about 15 hr
after injection, while that in rabbits reached a maxi-

mum about 2 hr after injection. If the modifiec
function model, R = €'(t + €)%, is fitted to Ro
data for plasma specific activity, the value of ¢
rabbits is 1.6 hr and that for the dogs is 12 hr.
analysis of the power function model® showec
is equal to Eu/A4, and hence to the turnover tin
initial pool. This relation, together with the corr
ence between the value of ¢ and the time of m:
exchangeable activity in the dogs and rabbits, -
that the power function parameter e is very |
associated with the time of maximum tracer up
bone surfaces. We would like more data on th:
particularly in man, but it seems reasonable to
ate the best estimates of the e-values for the :
earths in adult man (0.18 day for radium, 0.26
strontium, and 2.5 days for calcium) with the
maximum activity at bone surfaces due to excha

The size of this initial pool by kinetics of the
earths in dogs and man is about £, = 0.25%c,
is body calcium. This is somewhat larger tha:
land’s measurement of the size of the bone surfac
The difference is probably due to the fact that
the initial pool of caleium is located in soft
Heaney 2 estimates that 60 of the short-ter
cium pool in man is soft tissue, which fits Ro
measurement and the kinetic measurement vel
The exact behavior of the heavier alkaline earth-
surface exchange is still a matter for conj
Ellsasser’s®® measurements of barium uptake
dog indicate that at least up to about a wee
injection barium and radium mav be preferc
deposited on bone surfaces by a factor of two ¢
over calcium. This needs further investigation.

If we assume that Rowland’s figure of 20(
applicable to all the alkaline earths in man, t!
can use the area rule [2(a), (b), (¢)] to caleul
dose to bone surfaces due to this short-term exc

In a steady state system with no diseriminat
tween blood and bone, the continuous introduc
activity into the blood at a constant rate woul
produce equality between the specific activi:
plasma and the caleium in the exchangeable )
bone surfaces. Therefore, after a single injectic
time integral of the plasma specifie activity S a
pool specific activity V' from the time of injeet
time infinity are equal:

f th:f Sdt = q/nk,
(1} 0

in which the third quantity, ¢/7k, follows from ¢
sion (19). The dose accumulated at the bone =
due to this exchangeable activity is then diree:
lated to the number of microcurie-days per em® o

'ggs',; ¥



Rowland -
ofeforth‘ D=Ap[ vV di
hr. I\lnetm% <0 (21)
wed thatti = (2 X 107 em) (0.5 gea/em®) g/ 0k,
time of ant o s
‘orrespond wiore A = 2000A = 2 X 107 cm = the measured
max]mUm e IV alent depth of the pOOl
ts, suggeste, = 0.5 gco/em’ = the calcium content per
ry pOSSlbl}' unit volume of bone.
* uptake o

this point '1 he re fore, if we assume that the 2000 A figure measured
> to associzfor "('a in rabbits and dogs applies equally well to
he alkahne!hum ui bone for the different alkaline earths, then

‘) r

hg zﬁef‘: = (107° gea/em’) g/ nk (22)
hange. B} microcurie-days per em® of bone surface. This
be alkaling may be compared to the average dose to bone as a
«¢, where whole calculated from the time integral of body specific
han Row. activity B, because the latter is also given by fo Bdt =
rface pool! g/l

1at part OF ! . .

oft tissue! Average dose to bone in uCi-days/gpone (23)
-term cal-. = (0.25 gca/gvone) g/ 1k.
Rowland’s;

very well, tIn order to eonvert expression (22) to the average dose
ths in this to =oft tissue within 40 u of the bone surface (applicable
On‘]ecture‘ t() ll[)hd« p&rtlcles)

ke in the‘Suft tissue surface dose

veek after, s (24)
ferentially; = 15 10~ goo/cm’(g/nk) <

o or three 40u (10~ em/u) (1 g/em?)

. . §Therefore, .

2000 A s

, then we! Exchangeable surface dose to soft tissue
sulate thee  -Average bone dose to hard tissue

exchange.; 0.00125
1ation be- = 70325 0.005,
luction off '

ivities off expression (23), Therefore, this initial surface dose due
e pool at] to the rapidly exchanging calcium on bone surfaces is
stion, they very =mall (0.5 % for typical alpha particles) compared
3 and the't() the lifetime doses from long-lived isoto to th
pes to the
ection tof Skeleton as a whole. This intense short-term uptake on
boue surfaces may be of importance, however, in the
case of *Ra, which has a half-life of only 3.64 days
(20); and hence can never accumulate the long-term dose

to the skeleton.

ould so(::;g“'hich was obtained by dividing expression (24) by

n expresg,

e surface’ |/'" \GE DISTRIBUTION OF AUGMENTATION RATES
ecm}t’) reg - Assume that a region of bone has a random
of bone

»r( ~Orption- apposition rate of A (time™!)

— 4t
1
1

{
|
{
|
1
|
?
[¢)

t

2. Then the amount of new bone formed in time d¢
is A dt.

3. After a time ¢, ¢ of this new bone will remain
unremodeled, so the fraction of the bone, df, with age
between ¢t and { + dt 1s

df = xe M dt. (25)
4. Then

f=f Mdt= —e M5 =1
[}
is the total amount of bone in the region. .. The nor-
malization is correct.

5. If at adolescence all the bone is essentially new
bone, and if the time since adolescence is T, then the
age distribution of bone as a function of T is

df _ Ae M + (e with age T, (26)
dt 0=t=T)
where ¢ is bone age from 0 to 7.
6. Then

T
f= j; NeMdi+ e = —e™ IOT 4+ ™M =1 (20

. Normalization is again correct.
7. From the data given by Marshall® one ecan
express augmentation rates as a function of bone age:

Augs = at™®, (28)
where o = 30
g = 070
Augs is in % /year, and

¢ is the age of the bone in years.
8. Then the augmentation rate of the tissue as a
whole is found by summing the local augmentation
rates weighted by the fraction of bone in each age group:

Aug5 _ fT
for whole region Augs(t) df. (29)
9. Augs = a)\f %M dt + aT P, (30)

10. From the calculations of the incomplete gamma
function by Rowland and Leuer,"” one can pick out
values for the integral in step 9. Table 23 gives the
values for the integral [§ (*7¢™ d¢t and Table 24 the
values for 77",
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TABLE 23. VALUES FOR THE INTEGRAL fq¢~%7e ™M !

|
A yro 0693 | 0231 0099 | 0.046 | 0.020 | 0092
Tuz, ¥r.o....... 1 3 7 15 35 75
T, yr
0.2 1.919 | 2.010 | 2.037 | 2.047 ! 2.053 2.055
1 2.880 | 3.163 | 3.259 | 3.298 { 3.318 3.326
2 3.176 | 3.716 | 3.918 | 4.019 | 4.067 4.086
5 3.327 | 4.330 | 4.862 | 5.127 | 5.282 5.346
10 3.339 | 4.574 | 5.475 | 6.023 | 6.349 6.513
20 3.339 | 4.639 | 5.852 | 6.815 | 7.514 7.839
50 3.339 | 4.643 | 5.983 | 7.412 | 8.873 9.761
100 3.339 | 4.643 | 5,987 | 7.518 { 9.484 | 11.04
TABLE 24. V.iLUES FOR T-07¢™T
A yrhool 0,693 | 0.231 0.099 0.046 | 0.020 | 0.0092
Tl/z, yr....... 1 3 7 15 35 75
T,yr
1 0.500 | 0.794 | 0.906 0.955 0.980 | 0.991
2 0.154 | 0.388 | 0.505 0.561 0.591 | 0.604
5 0.010 { 0.102 | 0.198 0.258 0.293 { 0.310
10 0.0002| 0.0198| 0.074 0.126 0.163 | 0.182
20 — 0.0012] 0.0170 | 0.0490 | 0.0823} 0.1022
50 — — 0.00046| 0.0065 | 0.0238! 0.0408
100 — — -— 0.00040| 0.0054| 0.0159
TABLE 25. X TimEs TasLe 23 + Tase 24
Ayrhoool 0.693 | 0.231 | 0.099 | 0.046 | 0.020 | 0.0092
Tl/g, yro......o.. 1 3 7 15 35 75
T,yr
1 2.50 1.52 | 1.23 1.11 1.05 1.02
2 2.35 1.25 | 0.893 | 0.746 | 0.672 | €.642
5 2.32 1.10 | 0.679 | 0.494 | 0.399 | 0.359
10 2.31 1.08 | 0.616 | 0.403 | 0.290 | 0.242
20 2.31 1.07 [ 0.596 | 0.362 | 0.233 | 0.174
50 2.31 1.07 {0.593 | 0.347 | 0.201 |} 0.131
100 2.31 1.07 | 0.593 { 0.346 | 0.195 | 0.117

wards.

apposition rate of A

11. Therefore, Augs for the region as a whole is
given by a times Table 25.

12. Conclusions (a) For reasonable remodeling rates
the average augmentation rate 1s almost independent
of the time since adolescence over the major portion
of the human life-span. For example, for a resorption-
4.6%/year the augmentation
rate would be within the limits 11.8 + 1.3%/vear
from T = 8 yearsto T = o, or from say age 25 on-

(b) If we let T = 40 years, the local augmentation

rate of 40-year-old bone would only be 2.2
However, only 16% of the region of bone a:
would have this low a rate. Very likely, it w
considered as the diffuse component. The rest
bone volume would contain a distribution of bor
and the augmentation rates of the younger m
of this distribution would far outweigh those
older members.

(¢) We, therefore, have a successful quan:
description of the continual creation of enough
bone to provide an overall augmentation rate
practically independent of age. This is true
stasis of the adult skeleton due to remodeling.

(d) Therefore, it is consistent to consider the
adult skeleton as age-invariant with respect
jected tracer, even though individual bone
elements are aging and their local augmentatio
are decreasing with their increasing age.

(e) If we assume that the dependence o
augmentation rate upon bone age which we okt
for dogs, step 7, can be used for bone in man
same age, then it follows that an apposition-res:
rate of 4.6%/year implies an augmentation 1
11 % /year. The sum of these two rates is about
year, which is the observed A; value for norma
man,

(f) Therefore, about 70% (11/15) of the lon
tracer activity would be associated with augmer
and only 30% (4.6/15) with apposition. Thi
mentational activity would not, however, be oby
associated with a uniform diffuse component but
instead be located in bone only a few years old
tensities perhaps as much as 10 times the diffuse
apparent in 40-year-old bone.

(g) The age distribution (step 5) insures that
AT « 1, as it is for voung adult dogs, then there
a large area of bone with a relatively uniform
component. However, for older dogs and ma
distribution of local augmentation rates is much
One expects blotchy autoradiographs as we fow
“Ca in man, with what uniform diffuse activity t!
representing only a small fraction of the overal
mentation rate.

Improvement on Step 7

Because bone less than 0.2 year old (about the
to form a human haversian system) is in the imm«
neighborhood of bone formation, it would be
aceurate to use the formula for augmentation ra-
age with a lower limit of 0.2 year. Bone younger
0.2 year would then not contribute to augment
but would be included in apposition. (See Table &

Then Figure 52 is « times Table 26.

The exclusion of bone less than 10 weeks of age |



A TimEs (TabLE 23 LEss THE VALUE 1IN TABLE 23

) o §TABLE 26,
2%/year FOR 0.2 YEAR) + TaBLE 24

e analyz
;. would beA A, yrl
rest of th T,yr :
bone ages}_ 0.693 | 0.231 | 0.09 | 0.046 | 0.020 : 0.0092
* membery 1 1,17 | 1.06 | 1.03 | 1.01 | 1.01 | 1.00
ose of th 2 1.03 ' 0.78 | 0.601 : 0.652 , 0.631 | 0.623
5 0.99 | 0.638 | 0.478 | 0.400 | 0.358 | 0.340
1antitativ 10 0.98 | 0.612 | 0.414 { 0.300 | 0.249 | 0.223
ugh young 20 0.98 | 0.608 | 0.395 | 0.268 | 0.192 | 0.155
te that : 50 0.98 | 0.608 | 0.391 | 0.253 | 0.160 | 0.112
1“@ 100 0.98 | 0.608 | 0.391 ] 0.252 | 0.154 | 0.099
1e homeg.,

r

he humani the nugmentation rates, but the reduction is only about

¢t t0 ing 1 ; in the region of interest.
e volume)
tion ratesy .1-1'alue and Augmentation Rale

¥ () Iligure 52 gives augmentation rates (Augs) vs.
of local}

‘ A and T excluding bone younger than 10 weeks (0.2
observedi year).
an of the. {b) Therefore, it does not ineclude apposition but
['eSOI‘ptlonc docs include secondary mineralization.
1 rate of ) Sinece new bone is only 75% mineralized, the
ut 15 %/E 1;)p()~1t10n rate in mass per unit mass per unit time is
mal adult; ~-. - |
| ) A = Aug;, —+ 75% \.
.Ong—te.rm; The diffuse ecomponent will be understood as the
nentation

. tracer uptake in the original bone laid down at adoles-

his aUg-¢ conce. It is therefore bone of age T years and its local

)btkusﬁ'é augmentation rate is Augs = oT°
ut wou
ld at in- o) ratio Diffuse  _ Local Augs (adolescent bone)
e uptake® " Uniform label P
The curves in Figure 53 show diffuse/uniform label

1at \'vhen ¢ versus 7' and ), taken from Table 27. Figure 54 shows
€ glﬁll be; A versus X and T taken from Table 27.
n diffuse’
nan the,  Conclusion

h vsider{ . o . )
und for® I'he ratio diffuse/uniform label for a given re-
there 18‘ nmo: [(-lmrr rate should decrease as the age of the person
all aug- ' at the time of tracer intake increases. This trend is

f conlirmed by the radium cases of Rowland and Mar-
- shall™ with one exception (case 1J). (See Figure 53.)
-~ ib) For a given age at injection, the higher the re-
he time¥ modeling rate the lower the diffuse/uniform ratio.
mediatet D”L’f‘ \T (age 1 year) and P (age 3 months) fit the
e more¥ prediction very well. )
rate v B ¢ For animals injected at the older ages, quite
low diffuse/uniform ratios are found, but the fraction

er thang of the o o

ntation¥ ¢ - _—Yalue due to augmentation stays over 50 %.
26,y f !l 9.

Phe "Ca dog JJ1 (age 10 vears) should have a

ditfuse uniform ratio = 0.25. The value 0.167 was

e lowers 2
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observed. About 56 % of 4; was augmentation (theo-
retically).

The 51-year-old man with *Ca examined in 1958
has a blood curve consistent with A5, = 18.6 %/vear.
Therefore he is plotted in IFigure 53 at T = 33 years
and a diffuse/uniform label of (2%/yvear)/(18.6 %/
vear) or 0.107. This corresponds to A = 12%/year and

TABLE 27. VALUES oF PARAMETERS CALCULATED FROM THE
Microscoric MODEL

y /0/yr
T, yr

69.3 | 23.1 9.9 4.6 20 | 092
Augs, % /yr 1:25.0}132.0!31.5130.530.0/ 30.0
29.5119.0 | 14.4 | 12.0 | 10.8 | 10.3
201 29.5 | 18.2 11.8 8.1 5.8 4.6

100 { 29.5 | 18.0 1 11.7 | 7.6 4.6 3.0

A, , 9/ vr 187.0(49.338.9|34.031.5|30.7
5181.6136.3|21.8]15.5|12.3 | 11.0

20| 81.5135.5:19.2 11.5| 7.3 | 5.3

100 | 81.5 { 35.3 | 19.1 | 11.1 6.1 3.7

Augs/As, % 1 40 65 81 90 95 98
51 36 52 66 77 88 94

20| 36 51 61 70 79 87
100§ 36 51 61 68 75 81

7% original 1] 50 79 91 96 98 99
bone left 5 3.1 31 61 79 90 96
20 | — 1.0| 14 40 67 83
00| — | — | — | 1 14 40
Diffuse/uni- 110341061 0.770.88|0.95| 0.98
form label 510.119( 0.27 | 0.45 | 0.63 | 0.79 | 0.88

20 | 0.045| 0.104| 0.192) 0.32 | 0.50 | 0.70
100 | 0.015| 0.034; 0.062( 0.108| 0.196| 0.323

100
90 A=0.92% /year |

= 80 2.0

QL

(3

]

a 70

=

P 9.9

< 60t

']

g 23

< 501 =
40 69.3 7]
30 ! fo bl 1 IS B |

! 2 5 10 20 50 100

T (Years after Adolescence - Age of bone at injection}

F16. 55—The calculated percentage of the total kinetic A-
value (d4s) that is due to augmentation (Augs) rather than to
the deposition of activity in newly-forming bone. Figures from
Table 27.
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Augs = 13%/year or A = 22%/year. Despite his low
ratio of diffuse/uniform label of 0.11, about 55 % of the
A-value is augmentation according to Table 27.

(d) The assumption of random remodeling together
with an augmentation rate which depends solely on the
age of each bone volume element (30t "7%/year,
where ¢ is bone age in years) leads to a bone model
which answers a number of outstanding questions.

(1) For remodeling rates of about 49%/year or
greater, there can be age-invariance of tracer retention
over most of the adult life-span in spite of the local
decrease of augmentation rate with bone age.

(2) The ratio diffuse/uniform label is seen to de-
pend both on remodeling rate and on age at tracer
intake.

(3) For older dogs and men it is clear that the ratio
diffuse/uniform label can be as low as 0.1 in spite of
the fact that over half the value of A5 is due to aug-
mentation. The calculation that a significant fraction
of A5 can be in augmentational hotspots removes what
had appeared to be a serious discrepancy between data
and model.

Therefore, it would be most interesting to obtain
experimental verification of the high fraction of Aj
that should be due to augmentational hotspots in
older animals. This experiment should involve both
“Ca and double tetracycline labeling of an older dog
or man.

THE GENERATION DISTRIBUTION OF REMODELING BONE

The assumption of random remodeling can be tested
by examining microradiographs for the presence of
overlapping haversian systems. If the remodeling rate
is a constant, N (years™) and if remodeling occurs at
locations governed entirely by chance, then at a time
T after adolescence there should be volume fractions
of bone versus generation as shown in Figure 51 and
Table 28. Generation 0 is the original bone formed
during growth, generation 1 is once remodeled bone,
ete.

TABLE 28. FracrioN or THE BoneE VoLumeE OccUPIED BY
Eactn GENERATION OF BoNE

AT
Bone
generation -
0 0.2 0.6 1 2
0 1009, 829, 559, 3797, 139,
1 0% | 17% | 34% 379, 9807,
2 0% | 1% | 0% | 19% | 289
3 % | 0% | 15% | 6% | 19%
4 0% 0% 0.19, 19, 997,
5 0% | 0% | 0% 0.1% | 3%
6 0% 0% i’ 0% 0, 19,

R P NE PP R TR OSSO RS W Teey

This table summarizes Figure 51 which
erated iteratively on a calculator from the ser:

which 1s identical to radioaective series decay. T
constant A is the same for each bone fraction,
so the Bateman equations break down.

For the case in radioactive series decay in w
successive A's are equal, Iivans® shows 1
first daughter would peak at AT = 1. From 1
it appears likely that the second daughter wo
at AT = 2, ete. Furthermore, although the
caleulation of Figure 51 is slightly in error, the
of generation 0 bone should equal that of gen:
at AT = 1 when 1 peaks, and generation 2 sho
generation 1 at AT = 2 when the amount of ge
2 peaks, ete. Table 28 has been adjusted to sh.
relations.

Note that if N = 4.6%/year, AT = 2 wou!
at T = 43 years or about age 60, and 1% of 1
volume would be sixth generation bone.

Perhaps u more likely situation would be A =
vear observed at AT = 1 or 50 years after ado
or age about 68 years. In this case, perhaps
generations would be detectable, 0-3, with t
generation occupying 6% of the volume. (One
would be fourth generation bone.)

Careful microradiographic observation of th.
bution of overlapping haversian systems migh
whether this model of random remodeling is
the distribution of generations is not as wide as ‘1
predicts—that is, if the required proportions
higher generations of bone are not found in pr:.
then resorption is not random but favors olde
If true, this would be an important finding b
dosimetry and for an understanding of the .
signal which calls for resorption at a particular
adult bone not subjected to a changing pattern o

TURNOVER AND SURFACE-TO-VOLUME RATIO

Can the Ratio of Trabecular Turnover to
Turnover be Related to the Respective Surface-to-
Ratios?

This would be an attractive hypothesis for
bone because it would imply that an osteoblast

osteoclast does not know whether it is on a sur
cortical bone or of trabecular bone. The fra.

apposition surface and resorption surface would

same everywhere (provided there was no cha

stress which called for adaptive remodeling).
Jowsey’s observations of surface activity in dj

!



1 was gen cutions are pertinent here.®® The data in Table 29
eres mod re the average values for normal human bone for

e 39, 15, 55, and 65 taken from Jowsey’s graphs in
> he above reference. (There appears to be very little

1.nee with age in this age range.)

E | (llough the values are somewhat larger in the very
The decalt;..iccular iliac crest, very little error will result from
1, howevege 1=sumption of equal fractional areas, particularly
or formation.

which tih The volume turnover rates are, therefore, almost
that thiproportional to the respective surface-to-volume ratios.
Figure 5§ [,lovd® has found the surface-to-volume ratios in
rould peafhuman bone listed in Table 30.
e iteratiy The right hand column shows the respective turn-
he amounfpvr rates based on the formation surface from Table 29
neration §ai:d o linear apposition rate of 0.8 u/day. Lee® has
ould equiffound that linear apposition rates are the same in

<adult dogs they average 1 u/day. Villanueva et al.@®
eport a linear apposition rate of 0.8 % 0.3 u/day (3.D.)

Typical Caleulation

I we use the values for femur midshaft from Jowsey
nd Llovd and the apposition rate of 0.8 u/day from

E' rost:
the thirc';;

€ percent 25" (30 em/cm?) (0.8 u/day)(365 days/year)(10~*em/p) =

he distri.  (‘onclusion )

ht r_evea&.;_’ The ratios between these turnover rates in different
valid. Iibnnvs are quite close to those observed in the *Sr
Ta?liﬁs"’nu-nxurements in man. Apparently the ratio of the
5 of the

' suriice-to-volume ratios gives a reasonable estimate of
ractice—§ 4}, 1atio of trabecular-to-cortical turnover. In addi-
ler bone.ui““, Lloyd’s surface/volume ratios together with
bo,th fm".‘Jm\'scy’s formation surface and Frost’s mean apposi-
kind off 41,1 Jate lead to acceptable absolute values of the
\r ste i;turnover rates. It would be most valuable, therefore,
of stresse't,, huve more measurements of the surface/volume
ratio in different bones both in dog and in man.

Cortz'ca.?; Vole on Linear Resorption Rate

b Note that if resorption proceeded at the same
fO.\ u/day as does apposition, and if the iliac crest had
. & surface/volume ratio of 90 em/cm?, then Table 29
_indicates that the anterior iliac erest would lose bone
rface olg muxs at the rate of 9.7%/year. Over each 10-year
wctiona’® period 60 % of the bone would be lost. However, Jowsey
- be theg obscrves no more than a 10% loss of bone from the
inge 8§ I ~terior iliac crest over a 40-year period. This sug-
| £-1x that the high values for resorption surface in

Table 29 do not indicate an imbalance between the

ifferent
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TABLE 29. SuMMmARY OF JOWSEY’s DaTa oN BONE SURFACE
IN ApvLT HuMan BonNg

Percent of total bone surface

Formation Resorption
Rib 1.6
Anterior iliac 7.0
crest
Femur midshaft 3.9
Avg. 2.9 4 0.4 (8.D.) 52 + 1.6 (8.D.)

TABLE 30. TurNovEr RATEs oF DirrFERENT Bones Using
TABLE 29 ¥OR FORMATION SURFACE

Svl;i{lanclz/ Formati%r; Tur;ntgver Turnpver
em/cm? surface, 9, 9, /year ratios
Cortical bone
Mid-femur 30 2.8 2.5 1
Trabecular bone .
Femur head 75 2.9 6.4 2.6
Thoracic vertebra 90 2.9&) 7.6 3.0
Lumbar vertebra 90 2.9 7.6 3.0
Rib 90 2.6 6.8 2.7

() Average value from Table 29.

2.5%/year (turnover rate of the femur midshaft). (31)

volume rates of apposition and resorption. Perhaps the
effective linear resorption rate is only about 0.4 u/day.

MATHEMATICAL SUMMARY OF MACROSCOPIC MODEL

1. The whole-body retention funetion is either
Case (a) A power function followed by -an expo-

nential

R

E(t+ )7

( Ebty_beb) e-—bl/lu

¢

¢

=

2

ty (32)
ty (33)

Case (b) A power function times an exponential

R

Eb(t + 6)_be_M

Case (¢) A series of exponentials.

2. In any case, the total area under the retention
curve is given by ¢/9& (which follows from the model
of the skeletal metabolism of the alkaline earths,
postulates 1(b), 1(e), 1(d)). This assumes that the
system is age-invariant with no long-term discrimina-
tion between blood and bone.
3. From step 2 it follows that for cases (a) and (b)

in Step 1:

(34)
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Case (a) £ = (1 — )" (/)" (35)
+_[re- b)nke ]
Case (b) ‘! A= [——m—]

4. The final exponential in case (b) has a lower rate
constant than case (a), which allows a choice as to-the
best fit for data. (a) leads to A =2 b/f, = 2.5%/year
for Ca, Sr and Ra in man. (b) produces a common
A= 1.5%/year for approximately the same input
data.

w From this point on, consider only case (b)—the
power function times an exponential.

5. The average specific activity of the body is then
B= Ec’e”u + €)% ™ [case (b)]. (37)

6. We associate A in Step 5 with the turnover rate of
cortical bone by apposition-resorption.

7. Then if the apposition-resorption rate of trabecu-
lar bone is ¢ times that of the cortical bone, the specific
activity of trabecular bone is

Ve = (s geb(z + &)™, (38)

where the first bracket (¢ ") normalizes the whole
expression for Vi so that

fom Vrdt=f0det=j;det= a/nk. (39)

This is another application of the area rule. It de-
termines the initial uptake of activity in the trabeculae
once ¢ has been chosen.

8. Now the ratio of trabecular specific activity to
body specific activity, Vr/B, may be compared with
data for radium in man and *Sr in man:

f
Kl‘ - a_l-be~)\(v—1)t . (40)

B

|

9. Expression (40) is exponential so that V,/B
can be plotted as a straight line vs. time sinee tracer
intake on semilogarithmic graph paper. (See Llovd’s
report on radium in man.*”

10. The time at which Vr crosses and starts falling
below B is

‘= (1 —b)log, o

=S | Ve= B (D)

11. Lloyd’s plot of the MIT radium vertebrae is
fitted by

(a) ¢ = 2.9 (left hand intercept)
© t, = 23 years
For radium, b = 0.5, 80 ¢ = 8.4
A= 0.63%/
An equally good fit would be
(b) If '™ = 2.0, then ¢ = 4.0
A = 1.45%/year
t. = 23 years
(¢) From the considerable spread in tl
one can only conclude that A is the «
1% /year.
12. For case (b) above, the power function t
exponential, the effective rate constant for rc
at a time ¢ after radium intake is [(1/R)(dR/d.

b
>\eecive=)\
ffeot +t+1

For { = 35 years
A = 1%/year
b=0.5
This agrees with Keane and Evans'® measu
of the average rate constant in 20 radium -
some 30 to 40 vears after intake.

13. If the fraction of the skeleton (by ¢
weight) that is trabecular is designated by 7, tl
ratio of the specific activity of cortical bone to
the body is given by

Neffective = 2.4 Y0/ year

1 —A(o—1)¢
Ve 1 — 70 e (=1

B 11—+

This expression insures that the sum of the «
and trabecular activity always equals the to
tained activity [compare (40) and (43)]. It fits ]
plot for human radium quite well.

The expressions above for Vr, V., and B are
for radium in man in Figure 56.

JUSTIFICATION FOR EQUATING FINAL EXPON.
RATE CONSTANT A WITH CORTICAL APPO:
RESORPTION

From expression (42) it is clear that at ver
times after injection the power function (and d
tion) can be neglected and X is the dominant t.

1. Consider the behavior of the parallel m«
which a number of bone compartments exchang
cium directly with the blood plasma. A particula
compartment, 7, has specific activity, V,, calciu
and calcium transfer rate (due to apposition-:
tion), a; . The behavior of V', is given by

dv;

Ci—c'zz— = -ai(vi - S),
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I'16. 56.—Summary of the macroscopic model. Curves show the body specific activity B, the plasma specific activity 8, the specific

‘g8ctivity of cortical bone V., and the specific activity of trabecular bone V7 as given by the model. The parameter values are chosen

to :pproximate the behavior of radium in normal adult man: b = 0.5, ¢ = 0.18 day, 7k = 7 g calcium per day, ¢ = 4 (the ratio of
TENTIALEthe turnover rates of trabecular and cortical bone), » = 0.2 (the fraction of trabecular bone in the skeleton), and ¢ = 1000 g calcium
1SITION-¢ (hody caleium). The given values of b, €, and 7k lead to the prediction that the final exponential rate will be 1% /year (assuming
law-i nvariance and no long-term diserimination), and this rate has been taken as the turnover rate of cortical bone by apposition-

""f’”’hr ion. Note that the areas under all four curves from time zero to time infinity are equal to each other and equal to ¢/nk,where
ry long 9!~ the activity injected (1009 dose) and »k is the excretory plasma clearance in grams of caleium per day.

liminu
erm. FWhere Sisthe specific activity of the plasma, the central period, which is here taken as ¢ = 0, and X is the final
adel Img COtmpurtment. exponential rate constant of the model as a whole.

ge calf 2 Now when transient equilibrium following a single 3. Then

r bondf iMjcetion is finally reached, av,
m, ¢, —\t - = _'kViee_)\t = AV: (47)
resorp~ V,‘ = Viee (45) dt

S = 8e™ (46) S0

- —eAV; = —ai(V; — = —a;V; A (48
Where 17 and 8, are the compartment and plasma eny ai(V S) aVi+a (48)

;sp(-oifiv activities at the beginning of the equilibrium aVi— eV = a8 (49)

I
Sae
-
-
-
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Vi— 5= 8 (50)

a;
Vil = A/x) = 8 (51)

i I",; 1 -
N 1_—7—;? (52)

a; o .
where \; = = = the rate of apposition-resorption for
1

compartment ¢.

4. Now if A; refers to trabecular bone, we can write

or

}\i=a?\

I/vT_ g =
5 -.-1 (53)

5. The ratio of S/B, plasma to body specific activi-
ties, at transient equilibrium follows from the relations

S = 8™ (54)
B = Be™ (55)

and the excretion postulate

R 5
0 2 kS, (56)
where gR/c =
Then
80

O-x ow

which is the ratio of plasma to body specific activities
at final transient equilibrium.

6. Therefore,

(%)

1”1' S o )\C
= (F) (E) =1 (ﬁ) (60)

For A = 1.5%/year
¢ 1000 gca
nk = 7 gca/day (70 liters/day)
o 4

for radium in man

v
<_§)g = 0.0078.

In other words, if trabeculae have a turnover rate of 4

LYIPRPRERES PRSI SYRRIE W VS

times that of the final rate constant X, then at
equilibrium their specific activity would be
1% that of the skeleton as a whole.

7. Cortical specific activity at transient ec

V.
— = 2
<B>3 1.248,

assuming 7 = 0.2 (20 % trabecular, 80 % cortic
8. Substituting the above into (52) and u:
and (55)

1,t: I"rc B nK 1
().~ (5).R). = 128 (%) =55

where A, Is the rate constant of cortical bone
tion-resorption).
9. For the parameters listed in step 6

1948 ((7 gea/day ) (365 days/year))
- (1.5 %/year) (1000 gc,)

must be

1
1 — 3/,

1 — A\ = 0.0047

Radium in man | A/A. = 0.995 |,
|

the ratio of the body’s final exponential X to
position-resorption rate in cortical bone.
10. Therefore, Acortex 18 within 1/2% of X fi)
the two can be equated without significant error
11. In general

A
2wl —~
A

———

n
-
S
|
-‘
N
Q
B
e
S|

For caleium, with
7k = 0.3 gea/day

A = 1.5%/year

¢ = 1000 g¢.
r =02
g =4
;‘: = 0.886 (11 % difference).

Even 11 % 1s still negligible in view of our unce:
about A.

Pl



‘O_\'A\'ECTION WITH THE MICROSCOPIC MODEL

|. The final exponential of the macroscopic model,
we have associated with the apposition-resorption
.1 in cortical bone.

o IKnowing the latter, we know the amount of
¢ «~itv in hotspots a few weeks after injection. The
yoioactivity involved in new bone formation and
wondary mineralization in cortical bone is

using ( ¥ Anc = re(l — 1] (66)
here ¢l 1 — 1) is the amount of cortieal ealeium
\ is the fraction being renewed per unit time
i ( [ is the time integral of plasma specific activity.
e 2. I'rom expression (19),
ne (appos ¢ q
I I=| sdt=21-R). (67)
] 0 nk
& The asymptote of the integral at { = « Is
L I = q/7k. (68)
6L,
( I{ 5. Therefore,
/A
¢ A .
Apc = q(n—lf> (1—-7) (69)
(62,
" . Similarly, the total activity involved in bone
(63 formution in trabecular bone is
| A
nk

E

© the ap 7. I'rom the section on osteon formation, one can
&:tlvulate the average hotspot intensity and the distri-
ﬁnal anl ntion.
or. b Knowing both the total activity and the hotspot
activity, one obtains the aetivity not connected with
buouce formation. This calculation must then agree with
'the direct calculation of the overall augmentation rate
(65 ‘in the section on osteon formation.

9. Expressions (69) and (70) give the fraction of the
injected activity which deposits in hotspots due to
bone formation. They do not give the fraction of the
retiined activity (the current body burden) in hot-
spiots. If hotspots show little diminution for a month or
so. then the two figures can be quite different. The
diminution in hotspots at times shortly after injection
requires further experimental investigation. Also, the
effeet of soft tissue uptake has not yet been included.

CoNCLUsION

I The preliminary model outlined above promises to
provide a framework into which the data listed in

. tl «ummary of background information can be fitted.
:rtamt}k 0 ust, now attempt to find the best parameters for

IR U S SV SN S SUDPOMIL S0 I DU VT S IR E S U RO, o

Al L

75

normal man, keeping in mind that the macroscopic
and microscopic models must be internally consistent.

List of Symbols

Capital letters indicate functions of time since tracer
injection.

Augs Augmentation rate, the kinetic A-value calcu-
lated 5 days after injection for bone in which
there is no apposition.

Fractional retention of tracer in body.
Plasma specific activity.

. Plasma specific activity under continuous tracer

intake.

The rate of tracer intake into blood.

Radius of osteon canal.

Fractional rate of closure of osteon canal.

Mass of caleium per unit length of osteon being
laid down per unit time.

Grams caleium per ecm’ of bone.

tn Time for forming an osteon.

Number of forming osteons per unit area of
bone (not a function of time).

n Number of osteons per unit area of bone which

start forming per unit time.

H Activity per unit length of osteon.

7 The time integral of S from 0 to ¢.

14 Specific activity of some compartment in bone.

D Microcurie-days per cm’ of bone surface.

A

J

T

nn

QT 3

Depth of Rowland’s exchange on bone surface.
A volume fraction of bone.
The time since skeletal formation (a person’s
age minus about 18 years).

a,8 Used to express augmentation rate as a func-
tion of bone age.

A Kinetic A-value calculated at time ¢.

t Equilibration time for model in which a power
funetion is followed by an exponential [Case (a)].

V; Specific activity of it compartment. )

c; Caleium content of ¢** compartment.

a; Caleium transfer rate of ¢*» compartment.

Vi V. at beginning of period of transient equilib-
rium.

S. S at beginning of period of transient equilibrium.

Anuc Activity in bone formation hotspots in cortical -
bone.

Agr Activity in bone formation hotspots in trabecu-
lar bone.

B Body specific activity {uCi/gca).
Ve  Trabecular specific activity.
V. Cortical specific activity.
g Activity injected.

¢ Body calctum.

€ Turnover time of initial pool (days).

j_“'"? B P
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b Power function slope (due to diminution).

A Rate constant of final exponential (turnover
rate of cortical bone).

nk Excretory plasma clearance in ge./day (liters/
day times gg./liter).

le Crossover time (the time at which body specific
activity B equals plasma specific activity S).

k Endogenous excretion rate (ge./day).

o Ratio of the turnover rates of trabecular to
cortical bone (by apposition-resorption).

t. Time at which falling V, = B (crossover of
trabecular and body specific activity).

T Fraction of skeleton that is trabecular bone (by

caleium content).
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IMPROVED CONSTRUCTION OF RADIOACTIVE PHANTOMS

WITH ARBITRARY SOURCE DISTRIBUTION*
Harold May, L. D. Marinelli, and Paul Hess

The substitution of beads or pellets instead of liquids is
proposed for the convenient loading of radioactive phantoms.
An analvsis of the general problem suggests that mixtures of
active and inactive beads are perhaps most immediately con-
venient, whereas the use of loaded lattices offers simplification
and use of a “library” of simulated and economical “organs.”

* Presented orally at the 14th Annual Meeting of the Health
Physics Society, June 8-12, 1969, Pittsburgh.

INTRODUCTION

A wide variety of devices has been used to sin
the human body and its internal organs for the p1
of calibrating the response of radiation detection
ment. This variety is primarily the result of v:
requirements upon the accuracy with which the ph
dimensions and atomic properties of the body :
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, be duplicated. There is considerably less variety in

choice of materials employed. While rice, sugar, or

F .imilar granular materials are frequently used to simu-

l.te the uncontaminated body, it is the almost uni-
vor=al eustom to employ aqueous solutions when radio-
~v1ivity 1s to be incorporated therein. For intensive and

vied use, a phantom containing radioactive liquid
na- several practical disadvantages, namely the ever-

 present danger of leakage, which may lead to contami-

nation of expensively shielded detectors and enclosure,
andd the inconvenience of cross contamination between

. (Jifferent isotopes used within the phantom itself. The

latter counsels the use of short-lived materials, and the
additional labor that their use entails. These problems
increase in importance with the complexity in detail
. the phantom.

l.ess hazardous and tedious manipulation may be

obtained by incorporating the desired radioelement
¥ into beads of suitable size. These may be poured from

v, J. Radiyf ~torage container to phantom many times with quan-
Appearaneg {itative transfer. While they are still subject to acci-

) dental spillage, recovery and salvage are considerably
m in Huams:
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<implified. We have recently investigated the prac-
tieadity of such a system, and present here o progress
report on some of its advantages and problems.

'REPARATION OF BEADS

ladioactive microspheres of either ceramic or plastic
material are available from the 3M Company in sizes
ranging from 10 to 150 micrometers.® On special
order, they supplied us with much larger plastic spheres,
25 & 704 in diameter. Specific activities normally
produced range from 0.1 to 30 Ci/g. These activity levels
1o not compatible with our intended use, but, again
by =peecial request, we obtained spheres loaded with
resium-137 and eobalt-60 at approximately 1.3 uCi/g.

The spheres are much too small to handle individ-
willy or to locate if accidentally spilled (about 5000/g);
therefore, we obtained nylon beads 5.5 mm diameter
with o 1-mm hole drilled to the approximate center of
each. (The indentation will hold about 20 micro-
spheres,) A fixed number of spheres were placed in
“ach cavity and sealed in place with a drop of low-
Viseosity  epoxy cement. A vacuum pickup device,
adjusted to aceept a fixed number of spheres, devised
by Mr, E. Fudala of the Radiological Physics Division
staff shop, greatly simplified the loading procedure.
Figure 57 illustrates beads held in a simple polyethylene
Jig while being loaded and sealed. Beads were loaded
with each isotope at two specific activity levels, and
neh lot was sprayed with paint of a distinetive color to
“ird against accidental admixture and to facilitate
' trieval if inadvertently dropped.

STANDARDIZATION

When liquid sources are used, a uniform distribution
automatically results. With discrete beads, one must
either (1) assay each bead separately, identify it
uniquely, and sum the total activity in a given source,
or {2) determine the mean activity level of the beads
and their distribution about that value. We chose the
latter course for obvious reasons.

One hundred microspheres were counted repetitively
(a different sample each time) with a total of 58 samples;
a few additional runs were made with only 10 or 20
microspheres, i.e., single beads. Table 31 summarizes
the results.

Data are expressed as net counts per minute in the
entire photopeak, as detected by a 17.8-em diameter
by 8.9-cm thick Nal crystal and single channel ana-
lyzer. Sources were placed in accurately reproducible
geometry on the crystal face.

The first loading of beads was carried out using
microspheres from the top of the container. The abso-
lute activity level was about 30% greater than that
inferred from the assay supplied by the 3M Company.
We speculated that perhaps the discrepancy might be
due to nonuniform labeling of the plastic resin spheres,
which were then insufficiently intermixed and ran-
domized during subsequent processing and shipping,
Hence we sampled spheres taken from the midplane
and bottom of the container and noted significant
differences, though nothing like 30 % (see lines 4 and 5
Table 31). The large values of chi squared indicated
that the samples tested do not represent a normal
distribution. We observe that many spheres are in
actuality more like half-spheres, with a smaller fraction
of intermediate shapes. It has been suggested that
allowing the spheres to roll down a slightly inclined
plane would separate those with large flat surfaces and
henee improve the uniformity, and we intend to try this.

With this activity level, filling a liver or kidney en-
tirely with source beads results in an inconveniently
large total activity. The remedy is to use the required
number of active beads, diluted with additional non-
radioactive ones. For economy, the latter may be of
Lucite instead of nylon. As a practical matter, we think
it likely that not more than 100 active spheres will
usually suffice for a given requirement. The number
actually used may well be determined by the statistical
distribution in space required to simulate a uniform
distribution, rather than by the precision in total
activity.

The mean density of close-packed beads is about
0.7 g/cmd. For accurate simulation of the larger organs,
where self-absorption may be appreciable, fine granules
could be added to increase the density to unity.



FiG. 57.—Loading radioactive beads

TABLE 31. Statisties oF Cs!®” MICROSPHERES

Sample ‘ | ’
i | . i
oo " bmin Gountig | sD. | x
. L 5 ]
Location beads | %
Top 100 | 38 10 | 11,930 + 180 1634
Top 20 10 13 11,850 + 179 346
Top 10 9 6 12,070 + 218 201
Middle 100 0 ' 10 12,690 + 140 155
Bottom | 100 mn | 10 12,450 + 240 | 523

n = No. of samples counted.

{ = mean counting time per sample.

About 25 radioelements are available from the 3M
Company in microsphere form. For short-lived isotopes,
1t would seem entirely feasible to load the nylon beads
with any desired stable element and produce the de-
sired activity in situ by neutron irradiation. We have
not investigated this possibility in detail as yet.

ANALYSIS

The usefulness of a phantom is solely dependent
its imitating the relevant dimensions and shape
body and of the radioactive organ, and on co
locating one within the other. Obviously, the de
(customarily a single or multiple Nal erystal
possibly collimated) must be placed identically
respect to the body and the phantom. If we ar
cerned with caleulating the burden of a single indi
with precision, the uncertainties arising from n
variations in size and location must all be recog
dependent as these are upon the patient’s agc
race, and habilus. But these considerations are co
to any calibration procedure.

As a preliminary to studying the statistical proj
of many sources, an analysis was attempted «
minimum number and optimum spatial positi
discrete beads that are required to simulate a unif
active organ to any stated degree of accuracy



problem is illustrated in Figure 38. Consider a lincar
haped element of an extended radioactive mass or

£ cun, imbedded in the body. The length of this ele-

ment is 21, its center is the point P. Let the detector be
.1« distance a from the center. The radioactive seg-

} |t lies at a depth ¢ within absorbing, but nonradio-

active tissue. The analysis assumes that the angles

% mutually subtended by the source and detector are

elatively small, so that variations in response with

deviations in path direction from the line joining their

¢ midpoints may be neglected. IKeep in mind that the
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ask at hand is not to calculate the crystal response
exactly, but to estimate how spatially uniform the
Ji<tribution of spheres must be so as to simulate satis-
i wtorily the response of an extended uniform source
identically placed.

We assume the attenuation to be exponential. This
implies that the detector response should be restricted
to the “photopeak” region. As illustrated, the effects

E of scattering within adjacent volume elements of the

orean may be appreciable, and the absorption coefficient
{0 be used must be chosen accordingly.
The relative reading, in arbitrary units, produced by a

1ot source at the center, P is

KQOG—u(l+t)

Re
aZ

) (1)

where (o is the source strength and K a constant re-

- lating to detector efliciency, whereas that produced by

it lincar source of equal strength and length 27 will be

_ KQue e f“ " dx
I A sy T

motution of the integral is given by Evans.® The

R, (2)

- denominator is expanded in a series, and integration

term by term readily follows. For the case where ul
ix uppreciably less than unity, so that higher terms in
ul may be discarded, a particularly simple expression

DETECTOR

. 38 —Geometry of organ depth location in whole-body
(‘nunling. ‘

ut=1.0

ple .73

pls.350

ul=.25

Fetn

Fic. 59.—Efficiency factor F vs. 1/a

results. The normalized response factor F, namely the
ratio of the response R, from an extended source to
Rp , is given by

1

D)
+ pl(2/3f +4/5F 4+ 6/7f +

where f = [/a. F may also be thought of as the factor
by which the point source strength must be increased
in order to obtain a response equal to that of the ex-
tended segment of total strength @, . Note that ex-
ponential terms in thickness ¢ disappear, being com-
mon to both numerator and denominator.

Equation (2) can also be integrated exactly within
the range of approximation where ¢** = 1 4 uz, with
the following result

1 l 1 — 2

Pt (i), @
where in order for ¢ to differ by less than 10%, uz
1s restricted to values less than about 0.5.

Values of the factor F as calculated from equation (3)
are plotted vs. the parameter f = [/a in Figure 59.
The values assumed for ul in the three upper curves are
well outside the range for which the approximation is
valid. The point of this figure is that if one wants to
represent an extended line source (and by extension,
the whole organ) by only one point source at the center
to within an accuracy of, say, 10%, the acceptable
range in values of ul and [/a is quite restricted.

The correct value of the exponential integral may
be calculated to a much closer approximation if addi-
tional terms [equation (2)] are retained and the simpli-

F = Re Rp =
/ (3)

fying assumptions avoided.* In Figure 60 the values of

* The resulting solution to 16 terms, including the parameters
of ul and l/a to the sixth power, is given by Evans.®
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F16. 60.—Comparison of single, double, and quadrupole point source approximations to a uniform line source

R, thus obtained, for a choice of parameters typical of
many counting systems, is compared with the response
of one-, two-, and four-point sources having equal
total intensity and distributed symmetrically. It is
found that two sources result in a response which is
11 % low, three sources (not illustrated)—>5 %, and four
sources—2.7 %. There is one big drawback. The point
source nearest the detector contributes 56% of the
total response for four sources, and the first two con-
tribute 82%. Thev must, therefore, be located accu-
rately at the designated places, but of course in many
phantom systems this is impractical, if not impossible.

On the other hand, one might envision a phantom
system in which a uniform distribution within any
selected organ, or indeed any arbitrary activity distri-
bution, could be simulated by a set of equal point
sources located at uniquely determined points of a
three-dimensional grid or coordinate system, A com-
puter program permitting a systematic investigation of
organ size, shape and composition based upon such a
concept has been reported by Snyder et al.®

We are inclined to believe that a more useful ap-
proach is to determine the most probable response and
the statistical distribution about the mean resulting

from successively large numbers of points locat
random. One might try to do this empirically by p
a sufficient number of beads in a suitable encl
shaking them up thoroughly, and observing tl
sultant count rate. The question of what constiti
“sufficient number, and what Is the distribution
tion would then be evaluated from a large numl
repeated trials. A more sophisticated approach
involve Monte Carlo simulation by computer. In
gation of the properties of an ensemble of sc
along these lines is continuing.

In conclusion, an alternate system for the safe
ing of small amounts of radioactivity into phai
has been deseribed. We feel that the method has
improved flexibility (being capable of simulating
about any arbitrarily chosen source configuration
safety. Further analysis of the random spatial
bution assumed by multiple sources, and the resu
detector response in realistic, three-dimensional
dinates is necessary in order to realize its full poter
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“TIME-OF-FLIGHT" GAMMA-RAY CAMERA OF LARGE DIMENSIONS
L. D. Marinelli, Q. F. Clemente, I. K. Abu-Shumays,* and 0. J. Steingraber

The localization of low levels of radioactivity by means of
time-of-flight techniques is possible if resolutions of the order
of 5 cm are tolerated. A survey is given of the optical, elec-
tro-1e, and mathematieal problems involved.

An economical instrument, capable of measuring in
viro distributions of the order of 0.01 uCi of y-ray ac-
tivity, obviously would prove useful in monitoring in-
ternal contamination in neutron radioactivation analy-
si= /n vivo and peform, over large areas, some of the
tusks performed by the several y-ray cameras available
taday, In the case of K*, with an instrumental efficiency
of 7', the expected average counting rate would be of

SCINTILLATOR -

ure 61. A collimator grid whose cubic septa have lumina
from 25 to 100 cm? will cover the array. To the ends of
these rods there are optically coupled fast photomulti-
pliers (P.M.) connected in turn to fast subnanosecond
circuits that measure the time elapsed between the two
signals generated by a single scintillation in the anodes
of the corresponding P.M. pair.

At the present, the measurement of subnanosecond
intervals has become a fine art whose techniques can be
used to advantage.® The time “‘jitters” Af of these fast
measurements or, equivalently, the spatial resolution
W1;s of our system, depends on identical factors, except

\
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f sourceﬁg Fic. 61.—Outline of v-ray camera
the order of 0.2 counts/cm?/min; hence, in the presence that in our case the photons from each scintillation reach
afe loady ol comparable background, statistical errors of the the photocathodes through different path lengths and
hantomst o ler of 10% would require a counting rate of about 20 that, in effect, the effective decay time of the photo-

has bothy eju, fop 1g hr. Obviously at these levels one cannot

t.lﬂg JUSfE gdn .‘Aood statlstlcal information on activity spread over
ion) an®f arcas much smaller than 100 cm?, and this only with the

al distrig moxt. efficient visualization systems available, such as
resultingg the autofluoroscope.

1al coor I order to reduce the number of photomultipliers
otentialg us ],

we have thought of utilizing prismatic plastie
ficrescent rods of 27 X 2”7 cross section, one or two
Nty Jong and encireling the subject as shown in Fig-

\pplied Mathematies Division.

cathode burst is lengthened. The dispersion in a long
fluorescent rod can be represented by a roughly
Gaussian distribution deseribed by

Wi = At-f(L) « (Nof(e))™" f(rims) f(r) £(L),

where W, is the FWHM of the distribution of the time
intervals A¢ obtained with a rod irradi-
ated by a fixed point source finely colli-
mated;
Ny is the number of photons arriving at the
photocathode;

B T



RN S

82

t

Fi1c. 62.—Orthogonal projections and perspective trace of
skew path of light ray in cylindrical rod.

Nof(c) 1s the number of photoelectrons released
therefrom;

f(7172) is a function of the rise and decay time of
the fluor;

f(r) is the effect of the dispersion in the total
electron transit time in the phototube and
of the fraction of each pulse utilized; and

F(L) is the effect of the dispersion of the light
photons traveling through the rod.

It is possible to explain some of the experimental results
obtained if we recall the analysis of Potter® on the
conduction of light through optieal fibers. In a cylindri-
cal or square rod of length L, the length of either a skew
or meridional ray is proportional to L/cos 8, 8 being the
angle between the ray and the axis or a line parallel to
it. A meridional ray will stay in the same plane, whereas
a skew ray (Figure 62) will, in general, spiral down the
rod keeping, however, the angle § = constant and the
path length equal to L/cos 6. These relationships obtain
irrespective of the magnitude of the cross section.

Since the rays emitted along the larger #’s will arrive
later, and the emission is isotropic, it can be shown that
the instantaneous flux density will decrease as the
square of their transit time measured in units of the
transit time of the axial ray.® If one trips the circuits
with a smaller and smaller fraction of the pulse, one
selects predominantly the rays traveling the shortest
paths; hence the time per unit axial distance decreases,
but the spatial resolution (W) remains unchanged.
Hence, if one shifts a collimated point source along the
rod, the number of cm per channel of the TAC* remains
insensitive to the fraction r of the pulse that is utilized,

* Time-amplitude converter.

LR TR NPT YISO,

but the ratio of picoseconds/cm does not (Figu
As far as linearity of time vs. axial path, the re
excellent (Figure 64), but the counting efficie:
cpm/uCi decreases by about 10% toward the ¢
the rod for reasons not entirely understood, bu
likely related to absorptive, reflective and couplin
losses, the sum of which is not constant as the sc
tion oceurs throughout the rod. This variation

ciency is inconvenient but unavoidable, sinec
mately, its equivalent will be met sooner or later
study concerning the human body, where the de:
efficiency will vary because of the unequal thicl
encountered throughout the length and width

body.

From this point on we will not consider displ
tems but consider instead that, once one identit
distribution of scintillation in the rods surroundi
body, one must consider which experimental para
contribute most to information concerning distri
of the radioactivity in the body. This problem
folding is essentially stated by the Fredholm eq
of the first kind or by its equivalent matrix eq
which, in the presence of experimental error, yie
proximate solutions of what are considered “il:
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pmblems.” We consider here the one-dimensional case
which is expressed as follows

b
[ K@) f) da’ = @) + e

2"x2'PILOT B

¢ i ore f(z’) is the unknown distribution of radicactivity

Co®% coL.,

with Al mylar reflector

Av. Res. 482 ps
Av. ps/cm 142

Average FWHM = 3.04cm

CMS OF ROD

16, 64 —Proportionality between distance and transit time

RELATIVE AMOUNT OF ACTIVITY

per unit length of the body. The kernel K(z,z’) is the
counting rate registered by the scintillator at z due to
the presence of an ‘“‘ideal unit point source” situated at
z’. We assume that it can be determined very accurately
for practical purposes by prolonged measurements over
appropriate inanimate phantoms containing relatively
intense sources.

g(x) is the counting rate detected at the position x
and is subject to both statistical and experimental error.
e(z) stands for the error whose limits are known from
knowledge of g(x), although its actual value is unknown.
No detail can be given here of the methods of solving
this equation for f(z') once K (z,2') and g(z) are given.®
In practice, the physical problem is further complicated
by the faet that the amounts of radioactivity sought in
the human body are unusually small. Hence, careful
study must be devoted to the selection of response ker-
nels of width most appropriate to optimize the amount
of needed information.

Experimentally our experience was gained with a fili-
form source (~0.7 mm width) consisting of a fine cathe-
ter ~200 c¢m long filled with uniform Cs®¥" microspheres
of about 0.2 nCi and shaped as a sequence of sinusoidal
waves of varying frequeney and extending about 60 ¢m,
The detector was either a 3” diameter Nal crystal with
three collimators or a cylindrical rod 2” diameter and
60 cm long covered by lead bricks separated from spaces
ranging from 1 to 5 em, as indicated in Figure 61.

The resuits concerning Wy,; , namely the effect of the
kernel width on the solution f(2), are illustrated in Fig-
ure 65. As were all our results, they were obtained by the
smoothing technique, deseribed elsewhere® and pro-
grammed in a 3600 computer. Our f(z’), the true dis-
tribution, is shown by the solid line; our calculated solu-

25 7 T T T T
REAL DISTRIBUTION
FWHM = 8.5 ¢m ——
20l FWHM=ii{0cm  ------ )
. A
FWHM = 15.0 cm /o —60
15
—50
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RELATIVE AMOUNT OF ACTIVITY

20 30
cm

60

Fia. 65.—Influence of kernel resolution on detail of f(z’)
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tion, obtained by taking readings every 2 em, shows the
advantages of the narrower collimation yielding a
Wiz = 8.5 em vis-a-vis 11 and 15 em respeetively. It is
seen that except for the arca of the distribution between
15-21 em, the calculations could be considered satis-
factory, since the errors in f(x’) are not more than a few
times those introduced in g(r). (Note that the tangible
error at £’ < 10 em is due to having failed to include
g(x) readings for @ < 0, namely those bevond the spatial
limits of the distribution).

Before procecding further, we must recall that even
if we had perfeet photomultipliers and instantaneous

Integrated Activity
on fix)
Interval Percent Error Experimental
on fx) Value of the
fem | pwum < 150 cm | FWHM = 1.0 cm | FWHM - 85 cm | Activity £3%
h=2cm h=2cm h=2cm (uci)
014 L1 L0 09
~22 ~11 ~0 09
3.2 2.7 3
1444 ~10 ~1 ~35 29
4.2 48 4.6
44-54 . .
~10 ~2 ~2 a7

Fi1g. 66 —Influence of kernel resolution on aceuracy of in-
tegral values of f(2") over 0-14, 14-44 and 44-54 em of extended
source.

scintillations, the spatial resolution would be limit
timately by: (a) the dispersion due to the rod, (=~
of its length);® (b) the length of the luminescen:
tron track; and {(e) the energy interval of the Co
electrons chosen for counting. The choice of the
will be the result of & compromise since the resolu
affected inversely by the square root of the gamn
energy (that is the number of light photons per sci
tion), whereas the statistical information is propo:
to the 1y power of the number of scintillations.
It is not unlikely that the choice will also depe
whether detail of the function f(z’), or accuracy
integral [, f(z") dx’, is considered the more imp
information as far as the ultimate medical pur
concerned. An illustration of what may happen is
in Figure 66 where the information given by the
ing curves is gathered in terms of radioactivity
intervals. of 14, 30, 10 em, to simulate dimensi
some organs within the body. It is seen that or
activity is sought over Intervals larger than the
the errors drop sharply within acceptable limits.
A parameter of some practical importance is
terval h along g(z) at which readings are taken.
ure 67 the effects of intervals between 1 and 4
shown for a resolution of 8.5 em; it is seen that a-
detail is concerned & = 2 em is best in this case. ]
lar experiments with a resolution of 15 em (Fig:

FWHM =8.5 cm

———"h=1lcm

RELATIVE ACTIVITY
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Fic. 67.—Effect of b on details of f(z’) with Wi, = 8.5 em
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TABLE 32. Wy VaLUuEs OBTAINED UNDER Varrous Conpi-
TIONS OF CoLLIMATION, DEPTH, AND SOURCE-TO-Robp

DisTANCES
Pilot XZ(fZ in. X | Pilot ]3 % in. X
3 t t
consecutive |2 sorber | between . .
lead bricks, |thickness, | source Eﬂic(x:)n- Eﬂiflgl'
colljmato; cm and rod, R'esol(u; cy, Rgsolu— cy,
; cm tion,(® 108 | tion, | 10°
width, cm cm cpm/ cm cpm/
p#Ci uCi
No ecolli- | 0.0 0.0 10.5 — 8.5 —
mation
3.0 0.0 10.5 8.8 —_ 6.3 + -—
3.0 0.0 14.5 8.8 | 28 | 6.3 | —
3.0 0.0 18.5 8.8 -— 6.3 —
3.0 2.0 12.5 8.8 — 6.3 3.8
3.0 4.0 14.5 8.8 — 6.3 —
3.0 8.0 18.5 + 9.2 1.3 6.3 1.3
5.0 0.0 105 | 9.2 | — | 80 | 9.0
5.0 0.0 14.5 . 9.2 — 8.0 —
5.0 0.0 18.5 ;’ 9.2 3.5 8.0 —_
5.0 2.0 12.5 ’ 9.2 5.5 8.0 6.8
5.0 4.0 14.5 | 9.4 4.5 8.0 5.2
5.0 8.0 18.5 10.0 2.5 8.0 2.9
1.0 0.0 10.5 — — 5.3 1.5

@) Cs1¥ point source.

®) Cs13 54 cm long distribution.

© 7.5 em of polyethylene + 0.5 em of plaster of Paris
“tissue.”

of Figure 69 show that the solution can lead -
gerated peaks and valleys and that their locati
be seriously misplaced.

Preliminary results with cylindrical plastic roc
tically collimated with sources at realistic p
depths are shown in Table 32; from the few expc
made we conclude that the resolutions attainabi
simulated clinical conditions are of the order of
less and that the results obtained with the same
mensional source are similar to those obtained v
crystal.

With larger prismatic rods, but without efl
improve the ensuing crude light piping, the re:
of the kernel gets worse (Table 33); hence, one
limited with present technology to 5- x 5-cm
about 100-em length. It must be noted, howev:
faster and more transparent seintillators and moz
tive P.M.’s are already available and that better
tions are expected.

It is our intention, however, to investigate fi
mathematical and collimation problems with a
mensional camera by using a set of six square roc
feet in length to look at constructional detai:
practical model eapable of dealing with a two-
sional phantom. The actual construction of thix
type is well under way.

TABLE 33. Errecr or Rop Cross Section DimensioN oN Resornution or Piror B Rop®

Rod dimensions, cm Resolution, cm Resolution, psec Rod dimensions, cm Resolution, cm Resolutio
5 dia. X 61 L, round Co = 3.2 460 5 dia. X 91 L, round Co = 3.9 530
Cs = 4.3 630 Cs =5.1 700
5 X 5 X 91 1L, square Co = 4.6 630
Cs =6.0 820
5 %X 10 X 91 L, rectan- Co =17.5 960
gular with light pipe Cs =9.0 1170
10 X 10 X 91 L, square Co = 8.7 1175
with light pipe Cs = 10.4 1400
@) All wrapped in black paper.
not much could be done by varying 4; within the inter- REFERENCES

vals considered, h = 5 cm seems the best. We conclude
provisionally, that A should be around !4 Wy, but
recognize that more experimentation is needed on this
point.

A preliminary inquiry has been made on the possible
success of the iterative method of solving Fredholm’s
equation for the distribution considered above. Results
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'd with 4REGULARIZATION UNFOLDING IN LOW ~-RAY ACTIVITY MEASUREMENTS.

(. I’. Clemente, L. D. Marinelli, and I. K

K. Abu-Shumays*

 EVALUATION FOR ONE-DIMENSIONAL SCANNING

» resolutige— -

ne may The problem of converting the spatial distribution of the

m rods § 1-:ing rate of a scanning 3” Nal crystal to the distribution

vever, thadf : \dioactivity in the object being studied involves solution

more seng f .« Iredholm equation of the first kind. Precision of the re-
llts is studied as a function of the physical parameters used

tter resolyg

the measurements.

te ﬁri?othh:\ TRODUCTION
rods thdlt We have reported elsewhere® 2 on various methods
stails of gor the quantitative determination of the distribution of
-wo-dimey 10 level aectivity in man. We wish here to study, in
this pr otohn‘ -« etall, one such competitive method, the regulari-
g 1ion unfolding method, and specifically, its application
y 1 representative experimental model to be described
clow. We will analyze the effect of the experimental
arameters on the accuracy of the regularization un-
¥olding of low activity scanning data. A comparison of
ome of our results with results using the usual iterative
ethod @- 9 favors the regularization unfolding - ©.
The unfolding problem can be formulated by the fol-

ution, psec

700 owing Fredholm equation of the first kind

630 . , b ,

20 V&) = g@) + @) = [ J@) K@a)de Q)

1??8 vhere f(ir) is the unknown distribution of activity, ¢'(z”)
the hypothetically exact and g(z’) the actual spectrum

1175 or response of the detector, e(x’) the statistical and ex-

prrimental error superimposed on g(z’), and the kernel
LR -.t) the point response function.
For simplicity, the present treatment is restricted to
one dimension. We start with a known distribution
f(), calibrate (i.e., measure the response kernel by us-
ing point sources of known activity), measure the spec-
trum g(2") corresponding to f(z) and try to reproduce
$ the known distribution f(z) by using the regularization
'Unl'nl(ling method.
’elopment.‘i The distribution of activity f(z) consisted of a poly-
¢ lene catheter 0.034” 1.D., 270 em long filled with
68). -

Vil . .
dy of opt pplied Mathematics Division.

radioactive (Cs'¥) microspheres (=~0.725 mm in diame-
ter); the source configuration (54 ¢m long) consisted of
nearly sinusoidal waves of 5-cm amplitude and of vary-
ing frequencies set on a light Lucite bar. The total ac-
tivity (1.07 4+ 3% uCi) of the distribution was cali-
brated by proper comparison with the activity (0.127
pCi) of the point source used to obtain the point re-
sponse function K (z,x').

Measurements of the spectrum g(2’) were carried out
by taking measurements at various intervals over a
single distribution of activity, using a 3”7 x 3” Nal crys-
tal with different collimators placed in a low background
lead well. The crystal was restricted to move on a
straight line parallel to the long axis of the distribution
f@).

This paper considers the influence of the following
parameters on the calculated distribution f(z): A.
previous knowledge of the total radicactivity C which
is the integral of the distribution f(z); B. the full width
at half maximum (FWHM) of the point response kernel
(equivalent to the resolution radius of the collimator);
C. the experimental and statistical error superimposed
on g(z'); D. the quadrature approximations or, equiva-
lently, the interval h between two consecutive readings
of g(z’); and E. the usefulness of extending the measure-
ments of g(z’) beyond the range of the distribution f(z),
and thus increasing the information content of g(z’).
We will proceed to describe the method we used to solve
for the distribution f(x). This method has been pro-
grammed for the IBM 360 by Mrs. Alice B. Meyer and
one of the authors (IIXA).

MATHEMATICAL OUTLINE OF THE UNFOLDING PROCEDURE

If one eliminates ¢(z’') from Eq. (1), the result is a
mathematically ““ill-posed problem.” The measurement
g(z") is relatively insensitive to fictitious (positive-nega-
tive) distributions f” for which

fb K(za) f(z) de = €(a),
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where € is a distribution whose amplitude is of the
order of the magnitude of error in the measurement of
g(:z'). In other words, small errors in g(z') may be
amplified to such an extent that the exact solution of
Eq. (1) [deleting e(z)] becomes physically meaning-
less.

Eq. (1) is usually approximated by a linear system of
equations, or equivalently, a matrix equation. The in-
terval (a,b) issubdivided into n part ¢ = 21 < 25 - - - <
z, = b, and Eq. (1) is approximated by

ZlKjiwifi = gj + €5 .7 = 17 v m, (2)

where w; are weights that depend on the quadrature
forrlnula chosen{, K = Kl(a:,v,a:,-'l;), fi = f(zd), g5 =
g(z;), ¢; = e(z;) and 21, 22 - - - Zm the points at which
g is measured. In order that the system of linear equa-
tions become meaningful, it is necessary to have m > n.
Introducing the notation A = (w:K;:),f = (f.).g =
(g:),and e = (¢;), Eq. (2) can be written in the matrix
form

Af = g + = (3)

The method used for the solution consists in finding the

FWHM=8.5cm
5 h=lcm
10°
- FWHM = 150 cm
I g(x') DATA SMOOTHED
h=icm
-
4 FWHM=15.0
10 h D om
y 1
I FWHM=150cm
a(x') DATA NOT SMOOTHED
h=1cm
103
|
10® ! I ! L 1
0 50 100 150 200 250 300 350
e%0*

Fic. 70.—Representation of v's as a function of

et =

2
€.

VF

1

k3

solution of Eq. (2) which minimizes

m m n 2

2opief = 2. P (Z azifi — g,) )

=1 =1 i=1
where a;; = K;; and p; are appropriate weight
If there is no a priori evidence that some of the
more accurate than others, then one may set
for all . The minimization may be subject to t
straint which arises when the total activity C is
(see Section A below) and which has the disere

n

Z wifi = C;
=1
and to other constraints such as that of being sufl
smooth,
A typieal smoothness constraint is to minin
sum of the squares of the second differences. TL
lem then is to minimize the function

H(fly "'fny)\if)’)

+ 2x i wif; — )
im1
n—1
+ 7 2 (firr — 2f + fi—1)2 -+ 72(811f1
+ spfe)?

+ 72(Sn,n—1fn—1 + snnfn)?'

The last two terms in the above equation con:
conditions at the end points of the interval (a.
the factors N and 4* are Lagrange multiplie:
smoothness of the solution depends on +°, the
given to minimize the second differences in the
case. Tour curves are plotted in Figure 70 (sec
comments in Section C), giving v as a functio
error

my
2 2
¢ = _Zpiei
i=1

for different cases.

Normally, in a given experiment a lower and a
bound for the value of €2 of Eq. (4) can be estima
the v to be chosen ought to be the one which ¢
acceptable value of e

VARIATION OF THE EXPERIMENTAL PARAMETER:

A. The Knowledge of the Total Amount C of
activity

The computer program vields both quantitie-

f(x) from the experimentally measured values «

."‘-: ‘}Q“‘ b
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W1 F1e. 71.—Variations in f(z) caused by previous knowledge of ¢, 2 = 1 em
T]w:total amount of activity C can also be measured variable, and (c¢) 44-34 cm, where the density of ac-
ceurately by independent methods.®™ Intuitively one tivity is constant and high. From Figures 71 and 73 we
ontrol tigvould think that prior knowledge of the total activity C see that for 1 < h — 3 cm, previous knowledge of C

(ab), an vould lead to a more accurate determination of f(x)
nd ‘or the net activities in certain subintervals of (a,b).

liers. T /
he weightl' “CVer, according to our mathematical method, the
the abod @ Itiori” condition

ee furthe‘ b

ion of thé fa f(z) de = C (5)

s desirable only if (1) C is known to a high degree of
(feceuracy, and (2) the best experimental choice of
quidrature (the interval A between two readings) can-
not be made a priori. In our calculations, we have elected
f“ tixe the Simpson rule for quadrature and to take read-
e~ of g(z) at equally spaced intervals of length 2 =
(b — a)/n.

| [ Figures 71 and 72 are plotted the distributions
+) as computed in turn with ¢ unknown and known,
together with the actual f(x), respectively for A = 1 em

RS
2l h = 4 em in the cases of K(z,2') with FWHM =
of Radigsg 5 em; Figure 73 gives the integrated activity over the
three following intervals of the distribution: (a) 0-14
es C aljwﬁ & where the density of activity is constant and low,
s of g} (1 (444 cm, where the density of activity is widely

does not yield better results; whereas when 2 = 4 (see
Figure 72) one can clearly obtain improved results with
such knowledge. These implications are also confirmed
by using two other collimators whose point response
functions have FWHM 11.0 em and 15.0 em respec-
tively (Figure 74).

B. The FWHM of K(z,z))

The same distribution of activity was measured, us-
ing the three different point response functions K (x,ac')
with FWHM of 15.0 em, 11.0 em, and 8.5 cm, respec-
tively, plotted together in Figure 75. We assumed that
K(zz') = K(lx — 2'|), i.e., K constant and symmetric
for every position 2 of the point source. This approxi-
mation is true if there is no absorber material between
the distribution and the crystal, and if the backscatter-
ing due to the wall of the lead enclosing the entire ap-
paratus is uniform all along the length of the distribution
f(z). The three computed values of the distribution f(x)
are plotted in Figure 76 together with the real distribu-
tion. The statistieal errors are between 5%—10% in all
cases for both ¢(z) and K (xz,z"). In Figure 74 are given
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Fra. 72.—Variations in f(z) caused by previoys knowledge of ', h = 4 cm
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Integrated Activity on fix) - FWHM = 8.5 cm
Intervat Experimental
on fix) C Unknown C=85 Value of the
{cm) Activity £ 3%
h=1llh=2|h=3|h=4)h=1}h=2|h=3|h=4 (uci)
0-44 09 | 085 10 0.7 0.9 0.9 10 L1 0.9
14-44 30 2.85 29 2.6 3.0 3.0 29 3.1 2.9
44-54 45 46 4.6 42 4.6 4.6 4.6 43 47
0-54 8.4 83 85 1.5 85 85 85 8.5 85

F16. 73 —Integrated
f(z) for various k’s.

activities over

various

intervals of

Integrated Activity
on fix)
Interval Percent Error Experimental
on t(x) Value of the
em) | FwWhm - 15.0 cm | FWHM = 1LOcm | FWHM = 85 cm | Activity t3%
h=2cm h=2cm h=2cm (uci)
11 1.0 0.9
0.9
o-14 ~22 ~11 ~0
32 2.7 3
-4 ~10 -7 -35 29
42 48 4.6
-5 4.
44-54 10 - " 7

F16, 74 —Integrated activity with three different point re-
sponse functions,

the integrated quantities and the percentage err«
the three previously chosen intervals. The tot:
grated activity C is practically independent

FWHM of K(zz'). (See above for dependenc

on h.)

The results of Figures 74 and 76 suggest th
choice of the “best” collimator must be based
following:*

(a)

(b)

(c)

the smallest interval Az, (larger than /) in
the shape of the computed f(z) should re
the actual distribution, namely aceeptal
curacy in the location of the peaks and
magnitude of their slope; in our case Az, ~
FWHM;

the smallest interval Az. where the net
grated) activity

f:+AxE f2) do = C,

should have acceptable error. (If Azg >
this condition is automatically satisfied.);

the efficiency of the collimator should be

enough to minimize the statistical errors 1
feasible time intervals of measurement,

* These requirements are similar to those needed to i

and measure radioactivity in various organs of the body.
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C. Influence of the Errors in g(z')

Usually the selection of the collimation width s re-
lated to the limits of errors (statistical plus cxperi-
mental) in g(z") due to the structure of the system, the
quantity of radioactivity available in the distribution,
the natural background, and sometimes the limitations
on the time available for performing the measurements.

Of significance in our mathematical method is the re-
lationship between v and the measure of the error

R o

t=1

shown by the curves y(e°) in Figure 70. The selection of
the type of collimation and other parameters affects
the shape of v(¢’) and consequently influences the de-
termination of the computed distribution. In practice
it is difficult to define a general rule concerning the error
allowed in g(z’); hence it, is desirable to arrange the
experimental parameters so as to have the aeceptable
values of the error ¢’ fall in the region of y(¢’) where ¢*
is a slowly varying function of v.

A simple method to determine whether the experi-
mental conditions are well chosen is to plot €” for a few
different values of v, as in Figure 70 and check whether:
(1) the form of the curve y(¢’) is acceptable (as is the
case in the three out of four curves in Figure 70, which
have similar shape), and (2) the value of the error
e’ = X7 e (experimental plus statistical) falls into
the range of the curve which is insensitive to small
variations in v (e.g., in Figure 70 for FWHM = 8.5 ¢cm
the value of the ¢’ should be less than 10%). The under-
lying reason is that normally the value of ¢ is only
roughly known and, with low sensitivity an error in the

Q.70
oso- I e 50®
y = 20-103
—_———y= 103
050 -------y = 108
>
=
>
= 040
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Fic. 77 —Effect of v's on f(z)
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selection of v by “guessing” at ¢® would not in
the results unduly.

Various results for the distribution f{x) obtai
using different y's for the case FWHM = 8.5
shown in Figure 77; it is easily seen that for 5
v < 20-10°, the shape of f(x) changes very lit
could be deduced from the corresponding cw
Figure 70), whereas for v > 20-10°, the resu
greatly influenced by the selection of vy and an err
estimation of the experimental value of e’ could
a meaningless f(x).

D. The Intervai h between Successive Readings «

When carrying out an experiment, the proper
of the interval # between two consecutive read
g(z") is important for obtaining acceptable resul
Section A above). We saw in Section A (Figure 7
role played by & in the computation of the tot
partial activities under f(x). Figures 78 and 7!
the distribution f(z) obtained using different in-
h in the two extreme cases of FWHM = 85 ¢
FWHM = 15.0 em, respectively; these data -
that acceptable results can be achieved only for
tain range of values of 2. As a general rule, on
propose that the upper limit for 2 be kept arounc
FWHMI of the point response function K(z'
selection of its lower limit, on the other hand, se
be strictly correlated with e(z’), namely with the
ure of statistical noise superimposed on every r
ing(z'). In fact, if & is less than h, the value of th
e’ = Y ;e; will eventually increase beyond acce
levels. At such levels of ¢’ the computation of t
tribution f(z) becomes sensitive to the choice of
a wrong estimation of ¢* may make it difficult to
satisfactory value. If a very narrow collimator, an
sequently a very small &, is selected, better val
Sf(z) can be obtained by smoothing the experi
results* g,(z’), namely by reducing the statistic
cillations of the experimental data. This effect, f
case of FWHM = 15.0 em, 2 = 1, is shown in Fig
There, one sees that & = 3, ¢; as a function of y
absence of data smoothing is very sensitive t
change in v, which is an undesirable situation.

Smoothing the data instead moves the corresp
curve in Figure 70 to the left (reducing ¢*), mal
similar to the family of the other acceptable cury
v as a function of €.

E. Extension of Data Beyond the Limits of th
trebution

Intuitively, one expects that a certain improv
of the shape of f(x) near the extremities should

*and K(z,z') if the kernel also has significant statist
ror.
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tained by taking readings beyond the interval (a,b) of
the actual distribution, and by requiring f(z) to vanish
outside this interval. The results for f(z) obtained with
and without readings beyond the actual distribution are
plotted respectively in Figures SO and 81. These figures
show a clear improvement of the shape of f(z) in the in-
terval 0~14 ecm when additional values of ¢g(x)’ are used.

I'. Tests on the lterative Technique

In order to establish whether the iterative technique
reported elsewhere® could lead to more accurate results
in the case of the distribution f(x) considered here and
in the case of the experimental parameters described
above, a program of calculations was undertaken for
FWHM = 8.5 em and A = 1 ¢m. The iteration was
stopped when f(z) became negative somewhere within
the interval (a,b), or when the error corresponding to
g(x’) reached the level of the expected error. The results
were deemed unsatisfactory inasmuch as

(a) the approximations were not converging;

(b) the amplitudes varied more than in the true

known distribution f(2)—in other words, oscilla-
tions in the solution were not being dampened;

(c¢) the position of the peaks in the comp
were erroneous since they were related
those apparent in g(z’); some of those
g(x’) were due to statistical error.

In conclusion, the results were consistent with
ments made elsewhere as to the experimental ¢
suitable for the success of iterative techniques.

CONCLUSIONS

From the above, we now draw the followis

sional conclusions:

(a) For the distribution f(z) considered her
possible to obtain fairly accurate
(£3 %) of total activity, net (integrated
in a certain interval Az and of the shap
if all the parameters involved in the prob:
as collimation, ete., are properly chosen
text above). This is true even if statistic
in g(x’) and K (z,2’) are of the order of 5

(b) The FWHM of the kernel K(z,z") does
to influence the calculation of the total
instead it seems to affect the shape of f(x
net (integrated) activity in subintervals
practice, it is impossible to recogniz
changes in the shape of f(z) that are sepa

distances less than the 'WHA and to «

60 | 1 T I l

DISTRIBUTION f (x) COMPUTED
USING READINGS EXTENDING —
BEYOND THE BODY

RELATIVE AMOUNT OF ACTIVITY
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Fic. 81 —Distribution f(z) computed using read
tending beyond-the hody.
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the same time accurate results for the integration

z;+AXp

[ rw = e
with (Azg) < 2/3 TWHM.
The limit on the errors pertinent to g(z’) is
given not only by intrinsiec properties of the in-
strument (efficiency, natural background, count-
ing time, etc.), but also by the shape of the curve
v(€"). This means that if v(e*) belongs to a cer-
tain family of curves, it may be possible to ob-

" tain optimal results on f(z) even if the errors

er(2'), superimposed on g(z') are rather large
(e.g., in Figure 70 for the FWHM = 8.5 ¢m, the
rough value deduced from the experiment is
¢® ~ 5,000; but we would obtain comparable ac-
curacy for the computed f(x) if the errors (z)
were large enough to give a value of ¢' ~ 25-10",
in which case we choose y ~ 2010,

1) The interval b between two consecutive readings
on g(z') can influence strongly the shape of f(z)
and eonsequently the net (integrated) activities
C's; good results can be obtained in practice
with & < 1/3 FWHM,

PROGRESS REPORT
[. K. Abu-Shumays™®

(e) Improvement in the shape of the computed f(z)
near the extremities of the interval (a,b) of the
actual distribution can be obtained by taking
readings g(z’) beyond the interval (a,b) and set-
ting f(z) = 0 outside this interval.

The authors wish to acknowledge the technical help
of Mr. Richard T. Selman.*
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REGULARIZATION UNFOLDING FOR TWO DIMENSIONS:

2 »olution to a Fredholm equation of the first kind, relevant
tn a two-dimensional distribution of radioactivity is being
sought by smoothing the experimental data by the use of
approprintely weighted smoothing matrices. The kernel is as-
simed (o be Gaussian.

In recent work @ 22 we have successfully adapted the

' regularization (smoothing) techniques for unfolding

lincar spectra,® to determine unknown distributions of
radioactivity per unit length of g one-dimensional phan-
tom model. We report here an extension of the method

. o two dimensions, which meets both criteria of sim-
- plicity of form and considerable economy of computa-

tion time,

_ The distribution f(z,y) of radioactivity in two dimen-
sons iy governed by the following Fredholm equations
of the first kind

sl d
| e f dy'K (2,2, y, y )f () »
= g(2'y) + &'y,

“Applied Mathematies Division.

where K is a known response kernel, g(2',y") the meas-
ured spectrum and e(2’y')1 is the experimental and
statistical error in the measurement of the spectra. We
assume that K = Kj(z,2")K.(z,y), i.e., that the z and
y components of the kernel are separable. This is justi-
fiable, for example, whenever the kernel can be approxi-
mated by a Gaussian

K(xvx’:yyy’) ~C EXp {—[(1' - x,)2
+ (y — o))/4a")

TFor numerical calculations, the domain of the distribu-
tion f(z,y) and the range of the spectra g(x' ) are
covered with a hypothetical grid suitable for mathe-
matical treatment. (For simplicity, we select a uniform
grid with size up to 100 X 100.)

If we neglect the error term, Eq. (1) is then trans-
formed to the matrix equation

AFB = G, (3)

+It is well known that without exact knowledge of the
magnitude of the error term, Eq. (1) is a mathematically ill-
posed problem for the distribution f(z'y").

2)
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Fra. 83.—Comparison of both the unsmoothed solution and the smoothed solution with the exact distribution for two sets
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tvhere the matrices 4 and B correspond to the com-
bhonents K, and K of the response kernel, multiplied by
N,pmpri:mte quadrature weights. The regularization un-
olding is based on the physically meaningful assump-
tion that (except possible at a few irregular locations)
th. magnitude of the activity f(r,y) cannot change
abruptly between one point and its immediate neighbors
on the grid or between two adjacent grids; in other
words, we require the surface f(z,y) of the distribution
to be sufficiently smooth. The solution of the matrix
equation (3) subject to our smoothness requirements
becomes

F o= (A7 +vSTST ATGBT [BBT + 8,81, (4)

where S; and S; are appropriate smoothing matrices and
~1 and vz are corresponding weights. Usually it suffices
to compute Eq. (4) for a few values of 4; and v, in order
to estimate the acceptable values of these weights vy
and v:. The acceptable values of v1 and v, are those
which would lead to a new spectrum G with an error
comparable to the expected statistical and experimental
error in the given spectrum.

.M. Parr*, H. F. Lucas, Jr., and M, L. Griemt
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Figure 82 shows a typical surface studied and Figure
83 compares both the usual (unsmoothed) solution (y; =
v. = 0) and the smoothed solution (y; = v = 0.04)
with the exact distribution for two sets of three
typical cross sections, each parallel to the x and y axis,
respectively. Because of symmetry, the sets of Figure
83 correspond to only one of the peaks of Figure 82.
The error in the spectra g(z’5") in this case was between
24 % and 28 %.

A detailed analysis of the two dimensional regulariza-
tion unfolding described above is currently being
prepared for publication.
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METABOLISM OF 2:Th DECAY SERIES RADIONUCLIDES IN MAN AND OTHER ANIMALS
FOLLOWING INTRAVASCULAR ADMINISTRATION OF THOROTRAST

The activities of *2Th decay series radionuclides have been

studicd in tissue samples from 6 human patients and 9 experi-
nmiental animals to whom Thorotrast had been administered
inravaseularly, In favorable cases where analyses could be
cotumenced before extensive #n vitro radioactive growth or

deeay had occurred, the ¢n vivo activities of seven nuclides,
BT, #*Ra, ®Ac, 2*Th, #Ra, **Pb, and #*Bi, were determined.
The available information on the translocation of these nu-
clides within the body is reviewed, and current “best-estimates”
arc derived for the distribution of activities and consequent
dosc rates in the tissues of typical long-term Thorotrast pa-
tients. The anomalous behavior of **Ra, which is retained in
the reticuloendothelial system in high concentrations, is ex-
pliincd by a model which postulates that atoms are trapped
Within the Thorotrast particles unless the recoil distance
throngh which they move at the moment of their creation is
 8utlicient to allow their escape.

INTRODUCTION

'1‘§101j0trast is a commereial preparation of colloidal
tl“”'?um dioxide which was introduced as a contrast
Medium for radiography around 1931. Because of its

. Uresent address: Department of Research and Isotopes,
I +rnational Atomic Energy Agency, Vienna.
" \rzonne Cancer Research Hospital, Chicago.

excellent contrast properties and its ease of adminis-
tration, it was widely used for many years, mainly for
angiography but also in other applications such as
retrograde pyelography. Around 1945, however, it came
into disrepute when the possibility was recognized of
undesirable delayed sequelae resulting from its radio-
activity and negligible excretion rate. Since then, its
use in man has been largely discontinued.

Despite this diminished importance in radiography,
interest in the metabolic characteristics of Thorotrast
has tended to increase. As was pointed out by Mari-
nelli,®¥) the many thousands of patients to whom it was
administered intravascularly during the years that it
was in common usage now constitute an invaluable
and irreplaceable potential source of data on the ef-
feets of low level and long-term irradiation in man.
This is particularly the case for those patients to whom
it was administered for cérebral angiography since
they have a long life expectancy, and any observable
effects are not likely to be related to the need for treat-
ment.

Of fundamental importance in any study of the ra-
diation effects of Thorotrast is, of course, the accurate
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TABLE 34, Decay ParameTers oF THE ®Th Deciy SERIies

|
Serial number ! |

of decay product | Nuclide Half-life
0 (parent) )’ 22Th : 1.4 % 10
1 28R 5.75 y

2 =Ac 6.13 h

3 ; 228Th 1.91y

|

4 2Ra 3.62d

5 20F 54.5s

6 2Po 0.16 s

7 22Ph 10.6 h

8 H2Bi 60.5 m
9 212P, 0.14 us

10 208 31m

| Particle emitted Principal gamma-ra

and energy, MeV energies(®
y @ $.10
o] 0.053
8 1.55 0.34; 0.97; others up «
L« 5.42 (0.83)
* 5.33 (0.17)
« 5.67 0.241 (weak)
@ 6.26 —
o 6.77 —
B 0.36 0.239
a (0.337) 6.05 0.73 (weak)
8 (0.663) 2.20
| 8.78 —
B 1.77 0.58; 2.62; and othe

@ Only gamma rays greater than 0.10 MeV in energy and more than 19, abundant are listed.

determination of radiation dose. However, dosimetry
in these cases is a problem of great complexity since
energy 1s deposited within the tissues not only by the
parent nuclide, *3*Th, but also by a long series of radio-
active descendants (Table 34), each of which is trans-
located according to its own peculiar metabolic char-
acteristies. Other problems also serve to complicate the
dosimetry, such as the very nonuniform distribution
of the colloid in the body and in any one organ, as well
as the self-absorption of the radiation within aggre-
gates of Thorotrast partieles.

The general metabolic patterns of behavior of the
longer lived nuclides 23?Th, 2?®*Ra, 22Th and ?**Ra
can be described in broad outline from the work of
Rundo, % Rotblat,® Kaul®-®) and their coworkers
in Europe, and of Hursh®19 and Marinelli®t 12 and
their collaborators in the United States. To a lesser
extent, data are also available on the metabolism of
the shorter-lived daughter products 220Em,10. 13, 14)
212Ph, and *12B1.(* 8 However, much of this knowledge
is based on a very small number of tissue measure-
ments, which particularly for the shorter-lived daugh-
ter products, is very seanty indeed.

The present program of investigation was under-
taken with the aims of (1) checking the validity of
some of the currently accepted data on Thorotrast
metabolism and (2) studying particularly the metabo-
lism of the shorter-lived thorium daughter products,
228Ae, ***Ra, 2"Pb, and 21*Bi. On the basis of this
knowledge it was hoped to obtain a better understand-
ing of the factors on which the dosimetry of Thorotrast
depends. This report also seeks to summarize the more
important measurements of other workers in this field,
and henece to derive the current “best estimates” of the
radiation dose delivered to the tissues of Thorotrast
patients.

MATERIALS AND METHODS

Sources of Tissue Samples Analyzed

The attainment of the main objectives of th
vestigation required a study of tissue samples
typical Thorotrast patients, most of whom re
injections of the material 20 to 30 years previ
To this end, various small autopsy samples we:
tained for analysis through the kind cooperati
several physicians who had an interest in the 1
trast problem, However, it proved extremely di
to gain access to more than a very small numl
such specimens at a sufficiently early time after
for the study of the shorter-lived daughter pro
For this reason—but also to obtain data on the
metabolism of Thorotrast—the investigation of
term Thorotrast patients was supplemented ir
ways. Firstly, short-term studies were conduct.
terminal cancer patients injected intravenously th
a catheter with known amounts of Thorotras:
lected tissue samples were examined promptly
death. Secondly, a series of animal experiment:
performed using rats and dogs injected intraven
and then sacrificed after intervals up to about 2
from the time of injection for prompt examinati
the tissues. These animal experiments were imp«
for the understanding they afforded of the behav
the short-lived nuclides, 228Ac, 1?Pb, and *1?Bi.
in such cases could the measurements be comm
at sufficiently early times after death ( <1 hr) to
determination of the 2!2Bi activities.

Radioactivity Measurements

Small samples of tissue weighing up to abot
were used for the radioactivity determinations.
growth and decay of 228Ac, *1*Pb, and *°T1 wer



oweil by y-ray spectrometry over the course of two or
Jiree weeks from the time of sampling,* and from the
nalvsis of these data, the “zero-time” activites of
————Joo . %A, 225Th, 22#Ra, 212Pb, and 2!2Bi, were cal-
cm;u{rd. The activity of the parent isotope, ***Th, was
doormined at a later time from a measurement by

na-ray
)

P to 1.6 - v spectrometry in a Frisch grid ionization cham-
bir. A more complete description of these analytical
k) to-hiniques can be found elsewhere.'® By these means,
e-tiates were obtained of the in vivo activities of the
above-mentioned thorium-series nuclides at the mo-
) ment that biological activity ccased, i.e., generally at

the moment of death.

The full utilization of these techniques required that
others K. . .urements of the y-ray spectra be commenced
within an hour of the time of sampling. For obvious
pructical reasons this was not always possible, and
henee the results for the shorter-lived daughter prod-
ucts, particularly 212Bi; are not as extensive as for the
othier radionuclides.

f this in-} Vormalization of the Activity Measurements

ples from, -1y .ctivities of the various thorium decay prod-

recervedy, i in a tissue sample at the time of measurement are
reviouslyd i . rmined by two quite distinet processes. Firstly, in
were Db';t]u- living animal, there is the process of selective
Tation off 4. \<location of each respective nuclide from one organ
¢ F‘,[‘hom"to another or to the excreta. This may loosely be
7 difficultd s 1heq 4 “biological process,” though it may depend
umber off o nothing more fundamental than the circulation of
ter deathi 4}, hlood. However, the important point is that it
products .05 to act at the moment of death, or, for a biopsy
the early wimple, at the time at which it is withdrawn. Secondly,
of long¢ ). is the purely physical process of radioactive
growth and decay, which continues regardless of
whether the tissue sample exists m vivo or in vitro. It
,1x the first of these two processes that we wish to under-
stand, and the second is merely a physical phenome-

v through
rast. Se-

tly afterg ny, that complicates the calculations and interpreta-
ents Wask tion of the measurements.

venouslyf  The method of measurement described above allows
t 2'}’6‘31'5' & correetion to be applied for radioactive growth and
1ation of , deeay oceurring between the time of sampling and the
npgrtant tinie of measurement, However, this alone is not suffi-
avior off ¢i.py. In order to deduce correctly from the radioac-
Bi. Onlyg tivity (ata some measure of the mobility of cach de-
nmenced ¢ay product within the body, it is necessary to take
to allo¥E account of radioactive growth and decay in vivo be-

tween the time of injection and the time of sampling.
A hormalization procedure is, therefore, sought hy
\*\'lm-h the steady state activity ratio for any daughter-

Also referred to as “zero-time,” meaning in the case of
« 3.70psy samples, the time of death, and in the case of biopsy

vere fol - S:tiples, the time of removal of the tissue from the body.
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parent pair can be predicted from measurements at
any time after injection, on the assumption that bio-
logical processes continue at an unchanged rate. Such
a normalization allows a more meaningful comparison
of biological transport parameters to be made in pa-
tients or animals injected with different batches of
Thorotrast, or examined at different times after in-
jection,

For the shorter-lived nuclides, *?8Ac, 22*Ra, *1*Pb,
and *'?Bi, the normalization procedure presents no
difficulty. The activity ratio for any daughter-parent
pair reaches a steady state value (within <2%) in
about 6 haif-lives of the daughter product concerned.
Therefore, the steady state activity ratios, 222Ac/*?Ra,
224Ra/**3Th, 2**Ph/***Ra, and *'*Bi/2'2Ph, are given
directly by the ratios of the observed activities, pro-
vided that the Thorotrast burden is of at least 3 weeks’
standing (i.e.,, 6 half-lives of 2*Ra).

In the cases of 22®Ra and ***Th, the problem is more
complicated. In vitro, as may be seen from Figure 84,
their activities relative to 23*Th continue to change
significantly until about 50 years have elapsed from
the time of maufacture of the Thorotrast. Moreover,
during approximately the first 10 years, the *¥Th ac-
tivity also depends on the initial value of the *¥Th/
232Th ratio. In vivo, therefore, the attainment of a
radioactive steady state is likely to take many years,
and until then, the expected steady state ratios, >**Ra/
232Th and ?*8Th/?**Ra, can only be calculated by ref-
erence to their activities in the injection material. Even
when these activities are known, the calculations can-
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F1c. 84 —In vitro activities of ™Ra and **Th in Thorotrast
as g function of time since the preparation date. For **Th, the
dependence of the activity on the initial **Th/®*Th ratio is
shown.
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TABLE 35. Trissur DISTRIBUTION OF THOROTRAST(®
. Age of . . Cortical  Bone® + | Red bone
Animal bugr den Code Liver Spleen Kidney Lung | bone MATTOW MATTOW
o —
Man 404 02 100 258 | 3.4
! 19.1
49d 03 100 100 2.4
1.9
11y 66 100 134 0.5 0.9 5.0
5.8
26d 83 100 66 0.7 0.4 0.8
48d 85 100 65 1.0 1.1 1.3 14
26y 166(» 100 604 0.2 0.5 11
Average 100 205 0.6 0.7 1.0 7.1 12.5
Rat 41d 67 100 175 0.4
35d 72 100 213 0.8
38d 73 100 580 0.9
18m TH2® 100 204
22m TH3® 100 441
12m TH4®™ 100 252
22m TH5® 100 316
Average 100 312 07 :

(s) Concentration of thorium (3Th)/g of tissue as 9%, of liver concentration.
®Ratios are based on 228Ra activities assuming equal f; values for all the soft tissues.

¢ Rib and vertebra, respectively.

TABLE 36. OrgaN DISTRIBUTION OF THOROTRAST
IN Man (22Th)(®

C
W, Organ Thorium % in
wt in conc, rel. organ
Organ Standard | to liver w (100 CW/
Man, kg (from 2217.5)
Table 35)
Liver 1.7 100 170.0 7l
Spleen 0.15 205 30.8 13.6
Kidney 0.3 0.6 0.2 0.1
Lung 1.0 0.7 0.7 0.3
Cortical bone 7.0 1.0 7.0 3.1
Red bone marrow 1.5 12.5 18.8 8.3
Total 227.5 100
Bone -4 marrow 10.0 7.1 71

() The figures in the right hand column give the fractional
retention of ®2Th in the organ, relative to the amount in the
whole body. Amounts of Thorotrast contained in organs other
than those listed are assumed to be negligible. Thorotrast in
lymph nodes, though probably not negligible, has been ignored
because of inadequate data.

® The danger in extrapolating from the figure for bone
which contains marrow, is demonstrated. This value for the
whole skeleton is approximately three times that obtained by
extrapolating separately for cortical bone and red bone mar-
row.

not be carried out rigorously since they depend on
metabolic parameters which are inadequately under-
stood. For this reason a number of simplifying assump-

tions and approximations must be made. The s
mathematical model, and the one which assun
least about the physical and chemical prope:
Thorotrast, is presented in an Appendix to this
The following results have been obtained on th
of the equations contained therein.

RESULTS AND DISCUSSION

Tissue distribution of Thorotrast (232Th)

Measurements were made of 2*2Th concentrat
tissues from 6 humans and 7 rats. Average con
tions in the various organs are summarized in
35. All have been normalized with respect to the
content of the liver, the organ which contains tl.
jor fraction of the total body burden. In this way
of the difficulties which arise in making extrapo!
to the whole body can be minimized, e.g., those
nonuniform distribution of activity in each orga
certainty in the ratio between the weight of the ¢
measured and that of the whole organ (particule
the case of bone marrow), and inaccuracies i
quoted amounts of Thorotrast injected. On this
no significant differences between man and the r
evident in the extremely meager data.

Extrapolation from the data for man (Table .
the whole body has been made by assuming
welights for the standard man in accordance wi
recommendations of ICRP.1® The pattern of dis



TABLE 37. ORrGAN DistrRiBUTION OF 22Th 1N MaAN FOLLOWING INTRAVASCULAR ADMINISTRATION OF THOROTRAST

—
Lymph Author ..o Hursh et al.(2) Kaul Rundo ANL group Parr et al.
nodes
pu— |
Roference. .. ovvevnnonns 9 6 3 11, 17 This paper
Fraction of body
Nooofcases. ........... 4 Several 9 2 6 Mean values burden in
) (columns 2-6) organ:(®
- . Long term 10041 /144.7
Durdtion ......coovienes 17d-19y Long term (mean 12y) 18y, 26.5y 26d-26y percent
3
ol ofamabyis, .| S | ey anabs | S
960
E— Liver 100 (62)® 100 (7)) 100 100 100 100 69
spleen 9 an 33 (17) 18 24 17
~—————f [ted bone marrow 8 (30) 58 (<12) <17 11 126 8
l.ung 1.8 © 0.4 1.1 0.8
~keleton 0.75 0.8) 1.2 (0.55)®) 0.8 4.1 1.7 1.2
i Adrenal 0.003 0.003 0.002¢0
Heart 0.07 0.07 0.05
Intestine 0.6 0.6 0.4
Kidney 0.18 0.13 0.15 0.1
Muscle 5 5 3.5
E—— Pancreas 0.05 0.05 0.03®
Thyroid 0.05 0.05 0.03(
Total 144.7 100
w Liver, spleen, red bone marrow and lung figures are from authors’ “‘preferred values’’ for 22?Th concentrations in these organs,
buased on 4 patients (17d, 49d, 18y and 19y burdens). Other figures are based directly on quoted #2Th concentrations (18 and 19y
simplest? burdens). Organ weights in standard man assumed.
mes thet Quoted distribution as percent of whole-body burden.

is paper.
;he basis

erties of’ !
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acentra-
n Table
1e 282Th
the ma-

Y, someg

olations
: due to

sample
larly in
in the}
s basis,
rat are

35) to
© organ
ith the
istribu-

(= Normalized with respect to the liver content assuming liver burden to be 709, of whole-body burden.
@ Weighted mean value, using weighting factor of 0.1 for results of Rundo and Kaul, which were not based directly on measure-
ments of separated red bone marrow, and unit weighting factor otherwise.

) Excluding organs not listed (particularly lymph nodes and perivascular deposits, which may contain a significant fraction

of the injected Thorotrast).

‘® Measurements to be interpreted with caution as they are based on only a single analysis.

tion of 282Th among the various organs of the body, so

revenled (Table 36) is in general agreement with the

results of other workers. A comparison can be made on
the basis of the data presented in Table 37, where, as
for Table 35, normalized values relative to the con-

rcentration in the liver, are quoted. The results sug-

gest that the major part of the Thorotrast (~95% of
tht contained in the organs listed) is taken up by the
reticuloendothelial system, and that it is distributed
between the liver, spleen, and bone marrow, approxi-

an, un-J 0101y in the ratios 100:24:12.

1t is important to note that the percentage values
listed in Table 37, last column, refer only to those or-
s listed, and notably they neglect any considera-

tion of the lymph nodes. Reliable data for the lym-

Phatic system are almost completely lacking, but the -

Activities quoted for patient 166 (Table 35) suggest

thit the 232Th concentration in certain lymph nodes

¢ 1 cxceed that in the liver by approximately a factor
_°I 10. Tt would be not surprising, therefore, if a sig-

ficamt proportion of the whole-body burden of 232Th

were to be found Jocated in the whole lymphatic sys-
tem.

Consideration has also been omitted from Table 37
of the activities located in perivascular deposits at the
site of the injection. Such deposits are indicative of a
poor injection technique. External measurements of
Thorotrast patients in Vienna by whole-body profile
seanning have shown that the proportion of the total-
body radioactivity (of 20%T1) so located, not uncom-
monly exceeds 50%. The perivascular deposits deserve
a separate study.

Considerable caution is called for when using the re-
sults of Table 37 to predict the distribution of 232Th in
any one Thorotrast patient. Particularly for the liver
and spleen, wide departures from these average values
—showing no obvious correlations with variables such
as the age of the burden—are commonly observed in
individual cases. This is evident from the data of Table
35, though undoubtedly here, sampling problems were
partly responsible. However, it is also certain that real
differences exist. Thus, in a series of 15 patients,
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Rundo® observed that the estimated ?**Th content of
the whole spleen varied between the wide limits of 8
and 75% of that of the whole liver. Experiments with
dogs reported by Zilversmit et al.*®) suggest that such
differences are unlikely to be due to the use of Thoro-
trast batches of different mean particle sizes. It is
more likely that the explanation can be found in the
different pathological conditions from which these pa-
tients suffered, and which were, in part, the reason for
the administration of the Thorotrast. As reported by
Rankin et al.,*®) wide variations in the relative uptake
of colloidal material by liver, spleen and bone marrow,
are observed in patients with liver disease.

The estimate of the thorium content of the whole
marrow-free skeleton obtained in this investigation
was 3.1% of the whole-body burden of **2Th. This is
somewhat higher than the values reported by other
workers (Table 37, mean 0.6%). These discrepancies
are not surprising since all the presently available es-
timates of skeletal burden are based on extrapolations
from very small, and perhaps nonrepresentative, sam-
ples of bone and bone marrow. A more thorough inves-
tigation, embracing many different parts of the skele-
ton, is definitely required. Concerning its distribution
in bone marrow, a recent autoradiographic study by
Simmons® has shown that Thorotrast (232Th) is de-
posited in rat bone marrow as a “hot line” at the time
of injection and is not translocated further with subse-
quent bone growth.

The chemical form of the skeletal 2*2Th is of some
interest since it has a bearing on whether the distribu-
tion is likely to be diffuse or “hot spot”, i.e. concen-
trated in colloidal particles. The observation by Hursh
and his colleagues'® of a small but significant excre-

tion of **?Th during the days immediately foll
administration of Thorotrast to two patients (0.
the administered dose in 17 days, and 0.1% i
days) can be taken as evidence that a small p
tion of the thorium in Thorotrast may exist in @
ble form. Thus, it may well be that the small sk
burden of thorium in Thorotrast patients is d
from such a soluble pool, in which case, like 2**
long times after injection, !} it would be expec
have a relatively diffuse distribution.

Tissue Distribution of 2'2Pb

Many of the thorium daughter products ar
tributed throughout the body quite differently
the parent nuclide, 2*2Th. This is the conseque
various mechanisms which operate to bring abc
lective translocation from one organ to another
the excreta. The phenomenon is probably most m
for 21?Pb and the other daughter products whic
low thoron in the decay series. Despite the 54
half-life of thoron, its being an inert gas allows :
ciable translocation to occur, even to the exten
approximately 10% is exhaled. (1% 13, 14)

 212Ph is of little direct significance in the dos
of Thorotrast since it emits only low energy 8

rays, and, therefore, contributes very little to th
energy deposition within the tissues. Neverthele:
an interesting element to study, for reasons less

ficial than that its activity happens to be r
measurable. In most of the tissues its biological
life 1s considerably longer than its physical he
of 10.6 hr.(% Therefore, there are good groun
expecting that 22Pb can be used to estimate the
ities of its dosimetrically important precursors,

TABLE 38. Tissur DistRIBUTION OF 2Pb®

Animal lﬁﬁ%grfl Code Liver Spleen Kidney Lung ng;trixéal Rrﬁgﬁggf Bloo
Rat 35d 72 100 111 19
38d 73 100 200 32
41d 67 100 185 237
18m TH2 100 120 40 ;
22m TH3 100 298 228 i
12m TH4 100 — 311 | |
22m THS 100 241 202
Dog 21d 78 100 17 8(%) 190 9
36 (77
Man 48d 85 100 59 8 35 8 30 2
Mean values . 100 144 122 35 9 30 2

() Concentration of 22Pb/g of tissue as % of liver concentration.

®) Kidney medulla,
(o) Kidney cortex.



‘ollowingf, | 21°Po. Additionally, in cases where no estimates of
(0.7% off=1213; activity are available, the 212Pb activity gives
> In 1085umc indication of the doses to be expected from the

propor-k. uchter products which follow it in the decay series.
\[cusurements are recorded in Table 38 of the distri-
skeleta{bm jon of 212Pb throughout the organs of 7 rats, 1 dog,

**8Th aferuployed similar to that of Table 35. The results for
ected tg l‘l’]‘ ¢n and kidney in the one human patient who was
Fexamined do not appear to agree very well with the
fre-ults from the experimental animals. The reason for

thi= i~ not known.
' |1 human kidneys contained *'*Pb in amounts com-
/ yrable to those observed in rats (Table 38), a dose
ate would be obtained which, taking aceount of the
bout se-Egi,.ncc of any self-absorption of the radiation by
er or tog[}orotrast particles, would be of comparable magni-
tude to dose rates in the reticuloendothelial system
ich fol-F(R1:5). However, on present evidence it is unlikely
54.5-seckthut this is the case. Most, if not all, Thorotrast pa-
3 appre-gticnts are long since past their youth. Therefore, it is
:nt-that gionificant that although lead (and bismuth) com-

iponnds may produce renal damage in children,(?* 23
simetrygadule renal tissue appears to be relatively insuscepti-
3 and yfbl. The inference that the adult kidneys do not eon-

high concentrations in the kidneys only in the young

and yvoung-adult animals. (2%

\s a consequence of these complicating factors, the
1alf-lifegduata for the dog and rats contained in Table 38 can

tions of the distribution of 22Pb in a Standard Man
(''ihble 39) are, therefore, based solely on the results
for patient code number 85. Even here the numbers are

subject to large uncertainties. More reliable estimates,
od cells
TABLE 39. OrgaN DisTRIBUTION OF 22Pb 1N Max
. omen | T8 %
o weight in s - organ
Tissue standard t((:'fit)vlrelr CW cw/
247y (a)
man, kg | e 38) 3.77)
 Liver 1.7 100 | 170 ! 45
 Spleen 0.15 50 7.5 2.0
I\ltln('y 0.3 8 2.4 0.6
Lung 1.0 35 35 9.3
» Cortical bone 7.0 8 56 14.9
Red hone marrow 1.5 30 45 P 12,0
Bliod cells 2.1 29 61 16.2
Foral 377 100

-

Percent only of those organs listed. Other soft tissues
Probably contain a significant activity of 22Pb.
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TABLE 40. 22Pb ActiviTiEs 1N BLoop CELLS OF THOROTRAST
PaTiExts 3 WEEKS AFTER [.V. ADMINISTRATION

] 22Ph in total

. Thorotrast 22Ph activity, a
Patient code injected, ml pCi/g cells bl‘(‘:ﬁglé )bod\Of
|

|
85 48 { 36 24
| 28 19
71 24 ‘ 20 27

23

|
83 J 48
Mean value ‘

) Based on (1) known 228Th activity injected, (2) assump-
tion of 49, body burden per day excretion of 22¢Ra and 109
exhalation of thoron,®® (3) 2100 g blood cells in whole body.

TABLE 41. Activity Rarios 1N BLoob FrRoM ApULT BEAGLES
INJECTED WITH 22°Th [AFTER STOVER ET AL,(2®)](®

mTh | »Ra |

212pp, ’ 212B|

100 j 90

<2 10

? ?

Cells
‘ 0.21 5

Plasma

=) The figures are normalized to refer to a volume of blood
in which the 212Pb activity of the cellular fraction is 100 (arbi-
trary units). The activities (same arbitrary units) of the other
nuclides in the cellular and plasma fractions are then given by
the numbers in the table.

based 'partly on additional arguments, are presented
later in Table 51.

In addition to the autopsy samples referred to in
Table 40, several blood samples from short-term
Thorotrast patients were examined at 3 days, 1 week
and 3 weeks after administration. 2'*Pb was found in
the cellular fraction of the blood, and was indeed the
only radionuclide whose presence tn vivo could be de-
duced with any certainty. The results of the measure-
ments at three weeks following administration are
listed in Table 40. The actvities of ?'2Pb in the blood
at three days and seven days following administration
were lower at values, respectively, of about 18% and
19% of the whole-body content. The activities in the
blood of 2'2Bi, and, with a larger uncertainty, those of
224Ra and **¥Th, can probably be inferred approxi-
mately from the data of Stover et al.®® on the me-
tabolism of 228Th in beagles (Table 41).

One of us (HFL) obtained 30 cc of whole blood
from a Thorotrast case through the kindness of A.
Grillmaier. This case had a whole-body content of
1.5 X 10-7Ci *8Ra and 1.3 x 10—7Ci 2*Th. The
228Th content in this blood sample was determined by
the very sensitive method of Stehney,®® and the **Ra
was determined from the regrowth of >*¥Th over a two-
year period. The estimates of 4 = 3* x 10~18Ci
228Th/g and 4 = 15* x 10—18 Ci ??®Ra/g are not sta-

* 90% confidence interval.
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TABLE 42. Equrruiprium Activity RaTios

oF THorivM DaveHTER PRropucTs 1IN LivER

|

Batch No. Animal ’ Code No. Duration 28R3a/22Th UBAc/2BRa, | 228Th/228Ra j 4R, /28Th | 22Ph/4Ra | 212Bi/:
12878 Man ‘ 02 49d 0.30=) — — 0.59 -— —
(2y)® Man ' 03 49d 0.32() — 1.01 0.65 o -
09940 Rat ‘ 72 35d 0.34@) 0.87 0,65 0.54 0.65 0.7

(56y ) Rat 73 38d 0.38= 0.99 0.77® 0.51 0.63 0.~
13098 Rat(e 65 20d 0.25 1.1 0.97 0.31 1.4 0.
(4y)® Rat 67 41d 0.19 0.98 0.86 0.38 0.37 0.-

Dog 78 21d 0.18 0.96 0.87 0.55 0.34 -

Man 83 26d 0.20 -— 0.88 0.53 — —

Man 85 48d 0.19 —_ 0.88 0.59 0.63 -

Rat TH2 . 18m 0.30@ — — 0.51 0.54 1.(

~ Rat TH3 22m 0.24 0.94 — 0.52 0.34 0.¢

Rat TH4 12m 0.25W 9 — 0.51 0.38 0.¢

Rat THS5 22m 0.21@ —_ — 0.50 0.41 -

? Man 66 11y 0.36 — 1.00 — — -

? Man 166 26y ~0. 4 —_ 1.01 0.75 — -

Weighted 0.27 0.97 0.89 0.53 0.48 0.7
mean

@ Possibly an overestimate since no account was taken of the small amount of activity which may have been left absorb

the walls of the Thorotrast ampoule.

®) Approximate time since manufacture, calculated from 222Ra/??Th ratio.
(> This animal was not typical in that, due to a poor injection, most of the Thorotrast was retained at the site of the inj

in the tail.
@) Calculation based on an assumed 22Th/228Ra ratio of 0.9.
(&) Measured by growth of 2%Ra y-activity.

tistically different from zero, but do place an upper
limit on the actual concentrations of these radionu-
clides in blood.

The proportion of 22Pb in the blood observed at
early times after administration (~23% of the whole-
body burden at three weeks) seems surprisingly high,
and it is difficult to account for the fact that it is
higher after three weeks than after one day and seven
days, respectively. Recent measurements in Vienna on
patients with long-term Thorotrast burdens suggest
that after several years the proportion is reduced to
about 12%. Grillmaier in Germany, for similar pa-
tients, has reported values between 1.7% and 23.9%,
with a mean of about 8%.37

Steady State Activity Ratios of Thorium Daughter
Products in Various Tissues

Steady state activity ratios for various pairs of
daughter products have been calculated from the ac-
tivity data and are presented in Table 42 for liver, in
Table 43 for spleen, in Table 44 for kidney, in Table
45 for bone, and in Table 46 for various other tissues.
Because of the possibility of a dependence on the
bateh of Thorotrast used, the results have, in general,
been grouped according to the batch number. In a few

cases the #%?Th activities, and hence also the **
22Th activity ratios, f;, were not measured dir
but were calculated from Eq. (3) (appendix) usi
assumed value for the 228Th/??®Ra activity ratic
as indicated in the footnotes to the tables. To th.
tent that the assumption regarding f. is in erro
may also be the calculated value of f; be in
(probably <10%}).

Mean values of the activity ratios are include
the tables. They were calculated using weighting
tors of 0.1 for those measurements which were fc
be of inferior aceuracy and unity otherwise. It mu
remarked, however, that there are some obviou-
consistencies in the results which cannot be expl:
as arising simply from measurement errors or
species differences (e.g., the 22°Th/?28Ra activit)
tios), but which may depend on the bateh of TI
trast, its age, and the duration of the burden.

Recoil Model to Account for the Observed Act
Ratios

The high activities of most of the daughter proc
of 232Th in the RES can only be regarded as anom:
unless it is assumed that these nuclides are physi
trapped within the particulate material. Otherw:
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Batch No. |  Animal Code No. | Duration | 25Ra/®Th | 25Ac/*Ra | 2Th/®Ra | 24Ra/Th | :Ph/®Ra | 22Bi/u2Ph
12878 Man 02 49d 0.32( — — 0.74 — —
2y ) Man 03 49d 0.32 — 0.97w 0.74 — —
9940 Rat 72 35d 0.23@ 0.97 0.47t 0.44 0.57 0.72

3 tiv ) Rat 38d 0.20( 0.94 0.41¢® 0.38 0.54 0.65

13098 Rat(® 65 20d — — 0.98 — — —
Ly Rat 67 41d 0.24 0.94 — 0.28 0.50 0.59

Dog 78 21d 0.25 — 0.90 0.37 0.50 —

Man 83 26d 0.22 — 0.87 0.63 — —

Man 85 48d 0.21 — 0.94 0.64 0.42 —

Rat TH2 18m 0.25@ — — 0.43 0.41 1.0

Rat TH3 22m 0.23 1.0 — 0.44 0.21 —

Rat TH4 12m 0.22@ 1.1 — 0.37 <0.5 —

Rat TH5 22m 0.19@ - — 0.36 0.43 —

> Man 66 11y 0.36 — 0.97 — — —

g Man 166 26y ~0. 4 — 1.03 0.74 — —
Weighted 0.25 0.97 0.84 0.51 0.45 0.66

et
|

" Possibly an overestimate since no account was taken of the small amount of activity which may have been left absorbed on

the walls of the Thorotrast ampoule.

Approximate time since manufacture, calculated from 28Ra/2?Th ratio, .
- This animal was not typical in that, due to a poor injection, most of the Thorotrast was retained at the site of the injection

in he tail.

' (Caleulation based on an assumed 228Th /228Ra ratio of 0.9.
«' Measured by growth of *2Ra y-activity.

TABLE 44. EquiuisritM Activity Ratios oF Tuoricm DaveHTER PropUrcTs 1Ny KIDNEY
Itatch No.|  Animal Code No. | Duration 28R q /282 Th 28 A¢c/28Ra 228Th /228Ra 24Ra/28Th | 22Ph(0 /2R, | 24Bi/22Pb
049940 Rat 72 35d 1.03 1.4 2.5 0.64 3.5 1.5
3 6v) Rat 73 38d 1.5 1.5 2.9 0.90 3.4 1.6
13098 Rat 65 20d — >1 0.91 = >5 1.6
i4v) Rat 67 41d — — 1.18 ~1 >7 2.0
Dog 78 21d — — 1.07 1.1 4.8 2.7
— — 0.94 ~1 ~2 <1y
Man 83 26d — — 0.95 — — —
Man 85 48d -— — 0.98 ~1 ~1 —
Rat TH2 18m — — — ~1 ~3 2.3
Rat TH3 22m — — — ~32 ~6 1.9
Rat TH4 12m — — — ~1 ~7 1.8
Rat TH5 22m —_— — — 1.1 4.7 —
? Man 66 11y ~0.2 — ~2 — — —
? Man 166 26y — — ~2 ~1 — —
Weighted 1.2 1.4 1.4 0.9 4.7 1.9
mean

" Kidney cortex.

bi

Kidney medulla.

‘) **Ph was generally readily measurable in kidney samples. However the values of 22Pb/2%Ra ratio could only be determined

irbroximately in most cases because of the low activities of #¢Ra, which could not be measured precisely.
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TABLE 45. Ecquruisrivm Activity Rarios oF Tnorium DavenTeEr Propucts 1n BoNg
i | | , 1
Batch No.,‘ ﬁr;‘l‘j Code 131‘(‘)?‘ Sample | ™Ra/®™Th | *Ac/Ra | ™Th/Ra | ®4Ra/%Th | 20ph/mRa | 22Bi/:
12878 Man 1‘ (2 : Hd " b 0.51®: — — 1.4 : — -
! | ' Vertebra® 0.430: _— 0.8 -
Man | 03 | 449d Rib 0.38 — .10 .1 —
Vertebra® 1.2 — 1.03 1.3 — -
! : |
i ; ‘
09940 [ Rat ; 720 35d } Long bones 6.1 1.1 ! 1.8 1.0 2.2 -
Man ' 83 , 26d | Femur 1.7 — ! 1.16 — —
Man: 85 . 48d | Skull — — 1‘ 1.06 -— — -
| Rat  TH2 1 18m ' Long bones >1 0.9 — 1.3 0.8 ~1
} Rat - TH2 ' 22m . Long bones >1 1.3 | — 1.3 0.7 -
i Rat | TH4 ‘ 12m : Long bones | »>1 0.8 “ — 1.6 ‘ 0.7 ~1
Rat | TH5 i 22m | Long bones >1 — — 1.6 ; 1 -
3 1 :
Man| 66 1lv | Ribw 0.53 — 0.9 — j —
; | Vertebra 0.45 — } 0.9 — ‘ — -
Man | 166 - 26v : Femur —_ — i ~1.0 1.7 i — -
Weighted i 2.7 1.0 l 1.4 1.8 0.9 1
means | ‘ i

@) Containing bone marrow,

® Caleulation based on an assumed 8Th/2%Ra activity ratio of 1.00,

would be expected that many of them, and partieularly
#28Ra, would be translocated to other organs or ex-
creted. Sinee all the decay products are ultimately
derived from **Th or ?*Th located within the par-
ticulate phase, there is no problem in explaining the
fact that some of these decay-produet atoms are physi-
cally confined.within the particles. What does require
an explanation, however, is the inference from the bio-
logical data that not all the decay-produet atoms re-
main bound with the **Th in this way. It is probably
significant in this connection that in experiments with
Thorotrast samples from the same bateh but in differ-
ent animals and for different durations of the burden,
the **Ra/**Th ratios reported for the RES cover
rather a narrow range of values (see for example Ta-
bles 42 and 43, bateh 13098}, The “‘retention” of 225Ra
therefore appears to be a property of the Thorotrast
itself rather than the animal.

A plausible mechanism for the escape of radioactive
daughter products from the Thorotrast particles might
be thought to be diffusion. However, the physical half-
life of a radionuclide would then be one of the most
important paramecters determining its fractional re-
tention. Consideration of the available biological data
for each thorium daughter product in relation to its
phy=ical half-life, renders this possibility unlikely (see
Tuable 50). Particularly this is evident in the case of
the two radium isotopes. **"Ra (half-life 5.8 vears;
fractional retention at late times in the particles of the
RES ~0.5) and **Ra (half-life 3.6 days; fractional
retention in the particles of the RES ~0.7), since a

diffusion mechanism would require the fraction
tention to depend on the inverse square root ¢
half-life.

A more plausible mechanism predicts that da
products can escape from the particles by virtue
recoil energy which they gain at the moment o3
creation.® In the case of those nuclides whic
formed concurrently with the emission of an « rax
the parent nucleus, this recoil energy is consid.
{(Table 47). By the application of standard 1
energy relationships for heavy nuclei®® 3% it ¢
calculated that a 22%Ra atom, for example, has
coil range of approximately 60 A in ThO,. Th
portant consideration now is whether this is sh
long compared with the size of Thorotrast pa
From measurements of electron micrographs it aj
that the particle size is not closely controlled, for
been variously reported as 30 to 100 A with a m
70 A,31 80 to 200 A,3» and 55 = 25 A.(39

Nevertheless, these are of the same order of n
tude as the calculated recoil ranges of several .
thorium decay products, and it is, therefore, to |
pected that a substantial proportion of these
would be able to escape from the particulate ph
the Thorotrast. In the case of atoms formed by
transitions, the recoil range is very much lower.
ertheless, the recoil energy commonly exceeds
required for breaking chemical bonds (1-5 eV
would thus be sufficient to allow some of the atc
surface locations on the particles to break free, ¢
the change in chemical state alone were not suf




TABLE 46. EquiLisriuMm AcTiviTY RaTios oF THorium Davcurer Propucers IN SELEcTED Tissues
™ -
'Bi/212P}, Tissue Animal Code No. | Batch No. | Duration |28Ra/??Th [28Ac/2%Ra (28Th/?Ra |24Ra /28 Th |22Pb/2¢Ra | 2?Bi/22Pb
Led bone marrow
- vert.) Man 85 13098 | 48d 0.21 — 0.93 0.68 1.1 —
- vert.) Man 166 ? 26y - — 1.0 0.58 — —
- <ternum) Man 166 - — 1.1 0.60 — —
Weighted mean 0.21 — 1.0 0.6 1.1 —_
- Marrow (vert.)® Man 85 13098 48d 0.29 — 0.89 1.02 0.82 —
TO Matrix (vert.)® Man 166 ? 26y — — 1.1 2.4 — —
To Weighted mean 0.29 — 1.0 1.7 0.8 —
- Lung Man 66 ? 11y ~0.5 — I ~1.0 — — —
Man 83 13098 26d — — i 0.86 — — —
’* ‘Man 85 13098 48d — — 0.86 | ~1 - ~18 —
- Man 166 ? 26y — — 1.0 ~2 — —
- Jp— |
1.0 - Weighted mean 0.5 — 0.9 1.5 18 —
 Lymph node Man 166 ? 26y — — 0.90 0.89 — —
Man 66 ? 11y 0.25 — ~1.2 — — —
Weighted mean 0.25 — 0.9 | 0.9 — —
tonal reg p.jvaseular  de- | Rat 65 13098 20d — 0.96 — 0.97 — —
t of th positee Rat 67 “ 41d 1.47 0.89 1.08 1.08 0.94 0.71
Rat TH2 «“ 18m >1 ~1 — ~1 ~1 ~1
Jaughte Rat TH3 “ 22m >1 ~1 — ~1 ~1 ~1
gfth Rat TH4 “ 12m — ~1 — 0.5 0.7 0.7
1e 0 Rat | THS5 “ 22m >1 — — 1.05 0.8 —
Rat 73 09940 38d 2.1 0.8 0.90 2.2 0.98 —
Rat 72 “ 35d 1.7 1.06 0.96 2.2 0.81 0.82
P Weirhied mean 1.7 0.9 0.98 1.3 0.9 0.8
F Bile Dog 78 13098 21d — — — — ~T7 6

(i Rat tail at site of Thorotrast administration.

for this to happen. The size of the particles is such that
§ a-ignificant proportion of the atoms they contain could
“F be in surface locations (~20%). Escape following a
j low energy recoil may therefore be an important mech-
| ani=m, especially for 228Th (vide infra).
L \ccording to the proposed recoil mechanism, the es-

t:pe of recoiling atoms from the particles would be ex-
Pected to depend strongly on the ratio of the particle
j <170 to the recoil range. The particles are reported to
[ be irregular in shape and probably flat, ") and, there-
] fore, we may provisionally regard them as being in-
I tf~l'|110cliate between a sphere and a plane. It is a fairly
§ “''vle mathematical exercise to derive the relation-
*-1bs for the escape of recoiling atoms from particles
00 hese two shapes, as illustrated in Figure 85. It is
§ ¢ lent from either of the curves that the proportion
b 01 recoiling atoms expected to escape depends strongly

** Spongy marrow matrix from which the red bone-marrow was extracted by pressure.
‘b Spongy marrow matrix from which the red bone-marrow was completely extracted by means of a jet of water.

TABLE 47. RecoiL ENERGIES oF THORIUM SERIES NUCLIDES
Nucleus Tral;flit;oflcl)rtx)r);e(;[w}lmh Maxgg:rrg;ecoﬂ
228R g, @ 70 keV
28A¢ 8,y 0.1eV
228Th 8,y 16 eV
224R g o 97 keV
2205m @ 103 keV
6Py @ 116 keV
212Ph ‘ a ' 128 keV
212 By 2.3 eV
2P g B,v 19 eV
208T"] a 116 keV

on the particle size. In the case of 22*Ra, for example,
the observed proportion was approximately 75%
(228Ra/232Th = 0.25, Tables 42 and 43) which ob-
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FRACTION, F, OF NUCLEI ABLE TO ESCAPE (%)

l I

SPHERE

R

d = diameter
R=recoil range

d = thickness }P=d/R
R = recoil range

} p=d/R

6 8

10 12
p = (PARTICLE SIZE/RECOIL RANGE)

14 16

Fi1a. 85.—Theoretical escape of recoiling atoms from spherical and planar particles

TABLI 48. STEADY-STATE Activity Ratios iIN MaN (Burpens 3>1 YEAR)
Tissue Author Reference lDuration, years | 28Ra/22Th 28Th /28Ra 24Ra /2Th 212Ph /24Ra |2
Liver Jundo 2 13.5-14.5 0.62 (2)® 0.76 (2) 0.66 (2) 0.42 (2)
[0.62-0.625] | [0.73-0.80] | [0.66-0.67] | [0.39-0.45]
Hursh 34 20 — 0.9 (1) — —
Baserga 35 15 0.41 (1) 0.88 (1) — —
Kaul 6,7 long term (?) 0.46 (1) 0.90 (3) — —
[0.87-0.92]
i Parr et al. | This paper 11-26 0.36 (1) 1.00 (2) | 0.75 (1) —
[1.00-1.01] :
Spleen Rundo 2 13.5-14.5 0.69 (1) 0.83 (1) 0.75 (1) 0.17 (1)
Hursh 34 20 0.48 (1) 0.96 (1) — —
Kaul 6, 7 long term (?) 0.72 (3) 0.91 (4) 0.90 (3) 0.57 (3) !
[0.33-1.07] | [0.85-0.96] | [0.89-0.91] | [0.44-0.84] ,
Parr et al. This paper 11-26 0.36 (1) 1.00 (2) 0.74 (1) —
[0.97-1.03]
Trabecular bone | Marinelli et 11 15-26.5 1.6 (1) 1.09 (7) — —
without marrow al. | [0.64-1.48]
! Kaul : 6,7 long term (?) 1.3 (3) 1.2 (7) 1.0 (1) —
: [1.2-1.5] (1.1-1.7]
Parr et al. This paper 26 — 1.0 (1) 1.7 (1) —
Red bone marrow | Kaul 6,7 long term (?) 0.23 (3) 1.12 (3) — —
[0.19-0.30] | [1.08-1.18]
Parr et al. This paper - 11-26 — 1.05 (2) 0.59 (2) — :
1.0-1.1 [0.58-0.60] ‘

(= Figures in round parentheses quote the number of measurements. Figures in square parentheses quote the range.

viously places this nuclide on a very sensitive part of
the curve. Perhaps this accounts for some of the vari-
ability in results obtained with different batches of
Thorotrast. It is also significant that at late times after
Thorotrast administration, the particles are present in
the form of aggregates, and the escape of 228Ra appears
to be further impeded. Thus, steady state activity ra-
tios, 228Ra /?32Th, of the order of 0.5 are then reported

(see Table 48). Presumably this higher retenti
be explained by the recoil of **®Ra atoms from o:

ticle into another in such a way that they cont:

be trapped.

The interpretation of the estimated 225T1
steady state activity ratios, f», presents consi
difficulties (see appendix). From the results of

term experiments, the calculated values of (1 —

v oy 1
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60— LOWACTIVITY THOROTRAST
i [223Tn/232Th=o.25 AT To]

HIGH ACTIVITY THOROTRAST

28Th/232Th 1.00 AT To]
! 1 I O I |
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0.2 1.0

228Th PRODUCED BY GROWTH SINCE To

2.0 IO 20

TIME IN YEARS SINCE PREPARATION DATE Tp

I'1¢;. $6.—Proportion of #¥Th in Thorotrast produced ¢n vilro since the date of preparation, relative to the total ®Th

n('liVil}'.

TABLE 49. ArpPrROXIMATE ExcrRETION RaTEs OF THORIUM-SERIES NUCLIDES IN LONG-TERM THOROTRAST PATIENTS

o7 ) . . )
Nuclide /0 O:xtcorz‘ifg‘g th:‘x,-den Priority route of excretion CO"zz%}ﬁ?ite:?gtﬁ:ﬁ:%;g;m of Reference for excretion rate
22Th <1073 Feces — 9
28R a 0.03 Feces 28Ra/2Th = 0.50 6,9
228Th <0.01 Feces (?) 228Th/228Ra = (0.91-1.00 6
24Rqa 1-2 Feces 221Ra/228Th = 0.90-0.95 6,9
20Bm — (@) Breath 220K m /22Ra = 0.90-0.92 10, 13, 14
212Ph 1 Urine and feces M2Ph /220Em = (.99 6
Others Negligible — —
" On aceount of the short half-life of 22°Em it is not meaningful to express the excretion of this nuclide in the units of % body
burden per day.

the RES probably reflect the proportion of 2*Th in the

orizinal injection solution which existed in an ionic or
soluble form. In the Thorotrast ampoule prior to in-
juetion this proportion would be expected to grow with
time in the manner of Figure 86. Since 2*%Th grows
from *28Ra and there are no intermediate high energy
recoil events, the maximum value of this proportion
would he expeeted to approach the analogous figure of
**Ra (i.e., ~75%). Some support for this theory can
be found in the fact that the reported values of the
""" I'h,228Ra activity ratios in Tables 42 and 43 are
Lirzer for the “young” batches of Thorotrast, and

- ~nualler for the “old” bateh of Thorotrast.

For Thorotrast burdens of many years standing, the
vidues of (1 — fo) caleulated for the RES probably
refleet the proportion of 228Th in a soluble form which
s grown in vivo from the 225Ra trapped within the
Darticles. That is, unlike the original injection mate-
rial it does not include the 228Th which grows from

- ~uble 228Ra, because the latter is largely excreted

I the body (all but ~1% within its mean lifetime).
* there are no high energy recoil events to give

I to the direct eseape of ***Th from the particles,

the steady state activity ratios 228Th/228Ra would be
expected to be close to unity. In the two long-term
cases presented in Tables 42 and 43, this expectation
is borne out. Nevertheless, other workers have reported
a significant washout of **Th from the RES in long-
term Thorotrast patients (~10%, see Table 49), and
there have even been observations of 228Th in the ex-
creta.® Thus, although there is clear evidence for the
translocation of 22*Th at early times after administra-
tion, its later behaviour is uncertain.

The proposed recoil mechanism would lead to the
prediction that, on account of the higher recoil energy
(Table 47), the retention of 22¢Ra atoms within the
Thorotrast particles should be lower than that of 225Ra.
In fact the 22¢Ra/?%Th steady state activity ratios
turn out to be higher than the 228Ra/2**Th ratios in the
RES (e.g., in Tables 42 and 43, ~0.5 vs. ~0.3), but
this is readily explained on the assumption that ?*‘Ra
atoms which are not bound within the particles have a
biological half-life in the RES of several days. ICRP
quotes a figure of 10 days.(1®

The occurrence of several high-energy recoil events
between ***Ra and #*?Pb presumably implies that most
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of the 2?Pb and 21?Bi atoms observed in the RES are
not bouhd within the particles. The high activities of
both these isotopes can be explained by the fact that
their biological half-lives within the RES are much
longer than their physical half-lives. (10

Best Estimates of the Distribution of Activities
throughout the Human Body and the Consequent
Radiation Dose-Rates in Long-Term Thorotrast
Patients.

There is unfortunately no completely objective way
to combine the data reported here with those of other
workers to obtain the current “best estimates” of the
distribution of Thorotrast activities throughout the hu-
man body. Different investigators undoubtedly tend to
attach different weighting factors to all the evidence
that is available.

For the whole body, the most reliable estimates of
the steady state activity ratios of the various thorium
daughter produets are probably derived from excretion
measurements. The relations between percent excreted
per day and activity ratio in the whole body are of the
form shown for four of the thorium-series radionu-
clides in Figure 87. Steady state activity ratios caleu-
lated on this basis for the whole body are summarized
in Table 49. It is to be noted in particular that the

RS TPV TGP IRIV Y P17 LI WS R )

“8Ra,2Th ratios come out somewhat higher
those implied by the figures of Tables 42 and 43.
sumably because of the ageregation of Thorotrast
ticles that occurs at long times after administrati
For individual tissucs at long times after Thoro
administration, the steady state activity ratios
served by the present authors and those reported
viously by other workers, are summarized in Tab:
On the basis of these data a collection of current “
estimates” (in the present authors’ opinion) o
steady state activity ratios has been assembled 11
ble 50. In eases where no human data were ava
for this table, the best estimates were derived frox
results of the animal experiments reported abov:
data are quoted for the ratios **°Em/?*‘Ra. How
from thoron breath analyses and calculations inve
the circulation time of the blood, it is possible to
a rough estimate of the proportion of thoron :
generated within the major Thorotrast deposits i
RES which escape into the general -ecircul:
Hursh®® caleulated 16%, and Grillmaier et
concluded that it might even be as high as 20
tissues other than the RES, the expected thoron a
ties are more difficult to predict. From Stover's
on 212Pb metabolism®? there is some evidence

T T iy

100 T
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2287y /2327y,
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20—
o] L l[l(lJ_ll 1 I |llllL]l L | |
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%, EXCRETED PER DAY ({as fraction of total body content)

F1:. 87.—Relation between steady state activity ratios in the whole body and the excretion rates of four thorium series

products.

TABLE 50. AvutHors' “BesT EsTiMATES’ OF STEADY STATE AcTiviTy RaTios 1N Loxg-TERM THOROTRAST PaTIEN:

Organ 28Ra /22Th 2BAC /MRy 28Th /228Ra, 24Ra ,28Th Ph/2Ra 212Bj /212Ph Source of
Liver 0.5 1.00 0.9 0.7 0.5 0.7 Table 45
Spleen 0.5 1.00 0.9 0.7 0.5 0.7 Table 48
Kidney 0.2 1.4® 1 1.4® 0.9® 4.7® 1.9® Table 44
Trabecular bone 1.3¢) (1.0)@w 1.1 1.7 0.9® 1.0® Tables 47
Red bone marrow 0.2 (1.0)@ 1.1 0.6 S | (1)@ Tables 4
Lung 0.5 (1.0)w 1.0 ~1 ~18 (1)@ Table 46

(2) Except where indicated, the quoted values are based on measurements of tissues {rom actual long-term Thorotrast p

®) Based on data obtained from experimental animals.

() Values much greater than one are observed in short-term animal experiments (Table 45).

@ Assumed value in absence of actual measurement.
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TABLE 51. THORIUM-SERIES AcTiviTiES AND MEAN Dosk Rartus 18 Varrors ORGANS
(50 ML THOROTRAST INJECTED INTRAVASCULARLY)
|
Nanocuries in organ at steady state '@ -ray dose
ot wol : | from all
Organ Wet weight, g . { N N ' . 205m and - ! | isotopes,
Th Ra Th l “Ra TN ‘ 12Ph ’ 1B Rads/year
. | |
Wiole body 70,000 ’ 1,250 f 625 625 ! 580 l 530 ‘ 525 ‘ 525 '
| §
e | ‘ |
Liver 1,700 860 ‘ 430 390 ' 270 ‘ "15 135 90 71
spleen 150 210 ’ 105 95 67 ‘ 35 25 ’ 168
[led hone marrow 1, 500 100 25 30 20 40 40 | 18
Langs ’ 1,000 ’ 10 5 3 3 } 30 30 13
Bluad 5,400 0 0 0 3 ‘ 10() 55 55 O
Kidneys 300 1.3 0.3 0.6 ’ 0.5 2 4 | 3
sheleton (marrow-free) 7,000 15 25 30 : 50 ’ ' 45 45 ‘ 3
TABLE 52. Stvyary oF EsTiMaTeEp DosE RaTEs To ORGANs OF THOROTRAST PATIENTS
Mean organ dose rate > 20 years after 50 ml Thorotrast intravascularly, Rads/year®
i Author Year ! 0 Red b ’ ’
ed bone .
[ l Liver Spleen marrow | Kidney Lung Skeleton Blood
. 1
Parr ot al. (this 1967 168 18 ' 3 ' 13 3 6
paper) ! !
Flursht® 1965 4-9
N oheie) 1965 7
Kl & 1964, 1965 ! 145 30 2
Eindois, 13 1958 178 14-61 ’ 5 1
Hursh et al.® 1957 78 8 3
Reviolds et al. 1957 J* 1 4-9

thoron concentrations in the blood may be aproxi-
wiiely double those of 212Ph,
I'he data of Tables 37, 39, and 50 have been com-

i bined in Table 51 to give a “balance sheet” for the dis-

' trihation of activities throughout the whole body. This

 tuble is a slightly revised and recalculated version of
one first prepared by Marinelli for presentation at an

IAEA panel meeting in October 1965,(38) and since re-
 roduced by Dudley.®® The activities refer to 50 ml
of Thorotrast administered intravascularly 20-25 years
I vviously. Such a dose probably exceeds the average
Voiume administered, but is within the range of 10 to
“oml that was most commonly employed. Mean dose
tites (Rads/year) corresponding to these activities
litve been caleulated and are recorded in the last col-
i of Table 51. They take account only of the more
Iportant, component of the dose, that deriving from
e weparticles, which is of the order of 90% of the total
tose. Corrections for self-absorption of the «-particles
B ?w inert ThO, agglomerates have been applied ac-
“ ting to the factor F quoted by Rundo® in the form

F = 0.645 e—1-504 4. 0,355 ¢—0-0474,

' Dose rates reported by the different authors in most cases do not refer to 50 ml of Thorotrast. The values quoted here have
been normalized on the assumption of proportionality between dose rates and volume of administered Thorotrast, though this is
not strietly true because of differences in self-absorption of the radiation.

where 4 is the concentration of 23*Th expressed as
dpm/mm?. For the case considered in Table 51, F' has
values of 0.46, 0.31, and 0.87 for liver, spleen, and
bone-marrow, respectively, and unity for the other tis-
sues. However, in accordance with the “recoil-escape”
model proposed above, these self-absorption corree-
tions were not applied equally to all the thorium-series
decay produets, but only to that fraction of the ac-
tivity of each nuclide thought to be bound within the
ThO. agglomerates. The bound fraction in each case
was estimated from the following argument. In the
RES at late times after Thorotrast administration, the
steady state activity ratio 228Ra/??Th = ~0.5 is in-
terpreted as meaning that the proportion of ***Ra
atoms ejected by recoil from the ThO. agglomerates
is ~50%. 1f it is then assumed that each subsequent
a-decay within the agglomerates confers approximately
the same 50% probability that the atom concerned will
escape into the surrounding tissue, then the bound
activity of cach radionuclide can be readily inferred.
Only to these bound activities have the Rundo self-
absorption corrections been applied. If they had been
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applied equally to the whole proportion of the activity
of each radionuclide, the dose-rate estimates for liver,
spleen, and bone marrow would have been reduced re-
spectively to 55, 104 and 17 Rads/year from 50 ml of
Thorotrast.

At earlier times than the 20-25 years considered in
Table 51, the dose rates may be different on aceount of
the different status of activities in the decay chain
(Figure 84) and the different aggregation of particles
within the tissues. However, these two effects partially
compensate each other, and the quoted figures are
probably reasonable measures of the average dose rates
for Thorotrast burdens of long standing (>10 years).
Further information on the expected time dependence
of the dose rate has been given by Kaul.(®

A comparison between the above best estimates of
dose rates and those reported previously by other
workers is contained in Table 52. Lest the apparently
good agreement suggest that the dosimetry of Thoro-
trast no longer presents any problems, it should be
pointed out that the present authors’ calculations have,
of course, relied extensively on measurements reported
by previous workers in this field. The principal new
point of interest is perhaps the dose to the lung since
the present estimate is based on an actual activity
measurement of lung tissue itself, while previous esti-
mates have relied on calculations from the activity of
thoron in the breath.

CONCLUDING REMARKS

Although the overall picture of Thorotrast metabo-
lism presented here is unlikely to undergo major revi-
sion, there remain many important points of detail
that need to be settled. Undoubtedly the greatest in-
adequacy in our current estimates of dose rate is their
expression in the form of mean organ dose. On the mi-
croscopic scale, as shown by Rotblat et al.,V it is to
be expected that doses delivered to small regions of an
organ may be a factor of ten or more higher than the
average. The elucidation of these inhomogeneities re-
mains one of the most challenging of the problems still
to be solved. However, even if this problem is dis-
counted, mean dose rates in the range of 3 to 100 Rads
per year for a 50-ml Thorotrast injection are still dis-
turbingly high. By comparison, the maximum permis-
sible body burden of 2?®Ra (0.1 uCi), uniformly dis-
tributed in the skeleton, would yield a dose of about
3 Rads per year. It is clear, therefore, that Thorotrast
patients constitute an important and unique popula-
tion for the study of low-level and long-term irradia-
tion in man. Their numbers are fast diminishing and
within a few more years such studies will no longer be
possible.

The authors wish to express their sincere thanks to

Mr. L. D. Marinelli, Radiological Physics I
for his advice and encouragement in carrying o
studies; to Dr, D. J, Simmons and Mr. J. E. F.
for assistance with the animal experiments; anc
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(RMP) would also like to thank Dr. R. A.
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L APPENDIX

Calculation of the Steady State Activity Ratios
(**RA/**Th) and (**Th/™Ra) in vivo

A rigorous mathematical treatment of the **Ra and
. ““Th activities 4n vivo is complicated by the fact that
Thorotrast is a nonhomogeneous material in which the
rdioactivity is probably distributed throughout several
different physical phases in proportions which are differ-
ent for each nuclide. For this reason alone, and without
. Tegard to differences in physical half-life, it cannot be
d~~umed that different isotopes of the same element will

o . . . . . . .
b *how the same pattern of tissue distribution in vévo

- (x, 8Th and 22Th, or **Ra and *®Ra). Moreover, a
”}‘”‘Ough analysis of the problem even demands that

3 di~tinctions be drawn between atoms of the same iso-
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tope. In general, it is necessary to distinguish three
types of atom; those which enter the circulation in the
injection materials (type I), those which grow i vivo as
daughters of injected atoms (type II), and those which
grow in vivo as granddaughters of the injected atoms
{type I1I). (In the present context, since we are dealing
with growth and decay on a time scale long compared
to the half-life of 28Ac¢, the decay chain 2?Th:28Rq:228Th
is visualized as a parent:daughter:granddaughter
series). At the time of injection, therefore, all the
22Th, 28Ra, and **Th atoms are of type I. At any later
time, **Th atoms are of types I, II, and III, *8Ra atoms
are of types I and II, and all the *?Th atoms remain
of type I.

For a Thorotrast body burden of very long standing
(sufficiently long for essentially all the 226Ra atoms of
type I to have decayed away), we can write the follow-
ing for the activities in any tissue sample and in the
whole body. (See Table 53.)

TABLE 53. AcTIvITIES FOR A LONG-STANDING THOROTRAST
Bopy BURDEN

=Th 2Ry 2Th
(type I) | (type II) (type III)
Tissue sample activity ad, Jilad,) falfiad ]
Whole body activity Ay hid, Rlfido]
Tissue/whole body a afi/f af i fo/fife

A, is the activity of #2Th in the whole body (equally the
activity of 22Th in the total injection material) and a is the
fraction of this administered material contained within the
tissue sample.

These expressions define the quantities f; and f; for
the tissue sample, and f; and f, for the whole body, as
the steady state activity ratios which it is desired to
calculate. It follows that, of all the 28Ra atoms born
within the entire body which have not undergone decay
by the time of sampling, a fraction f; remains then
within the body; and amongst the different tissues these
retained atoms are distributed in the proportions afi/fi .
Similarly for ##Th, f, measures the fraction retained in
the whole body, and afif:/f1f» measures the distribution
of the retained atoms among the different tissues.

This discussion refers to a Thorotrast burden of such
long standing that none of the type I *®Ra atoms and
none of the types I and II *2Th atoms survive. At
earlier times it is obviously necessary to consider the
fates of the 2#Ra and ?»Th atoms contained within the
administered Thorotrast. For #6Ra it will be assumed
that all type I atoms distribute themselves in the same
proportions afi/fi among the different tissues as do the
type II ®Ra atoms referred to in Table 53 and that the
whole-body retention is f; . Similarly, the 28Th atoms
of type IT will be assumed to distribute themselves in the

PR Vo
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TABLE 54. SumMary oF DEFINITIONS USED IN NORMALIZATION PROCEDURE FOR 2Th aAND 228Ra

Quantity #2Th ’ 28Ra 2Th
Activities in injection material ’ A, B, Co
at time of injection( J
f _
|
Activities in tissue sample at 4 =ad, B C
time ¢ after injection J
Steady state activity ratio at . 5= Ra f2 = =Tk
t= w ' mTh ? T mpy
Decay constants ’ M Az Az

Bateman coefficients for growth
and decay of 22Ra (see Figure
88)

Growth from #2Th of type II **Ra

—At — At
e -—e °

by = s
! (N2 — A

Decay of type I 228Th

-, ¢

be

= ¢

Bateman coefficients for growth |
and decay of #26Th (see Figure
88)

C1

|

Growth from 22Th of type IIT 22Th

=\t

—At
Ashz —e * e

“ME_ TN

<€ llt
T e =AM\ M- N A — M

)

Growth from 228Ra of
type I1 22Th

=X

X e ot _e—)\st
Cy = —_—
! Az — A2

Decay of type 1

ez = e Mt

@) This is taken to mean the material actually administered, which is not necessarily the same as the material in the an

or even the material in the syringe.

100

T T 17171

T

BATEMAN COEFFICIENT (%}

lJlIJlI l

lll!ll

100
DAYS

1000

10,000

F1c. 88.—Bateman coefficients for the growth and decay of ?Ra and *»Th

same proportions af,f>/f1f: among the tissues as do 2#Th
atoms of type III, and with a whole-body retention of
fife. Type I 28Th atoms, however, must be treated
somewhat differently since they do not grow s vivo from
#28Ra and, therefore, cannot depend on the ratio f,/f; .
Thus it cannot be expected that type I 28Th atoms will
behave in the same manner as the atoms of types IT and
IIT; rather they bear an analogy with type I Ra

atoms. In the case of 2Ra, one is interested in the
tion: what fraction of the atoms in the injectior
terial is carried by the Thorotrast partieles? Ior ¢
28Th, exactly the same question arises. Therefo:
analogy with 2Ra it will be assumed that the v
body retention of type I 28Th atoms is f: and th:
retained atoms are distributed among the tissues :
time of measurement in the proportions afs/fs .
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It should be emphasized that this approach to the
‘Thorotrast problem is not intended to accord very ac-
cnrately with a metabolic model expressed in terms of
compartments constrained by long biological half-lives,
sinee this, in general, is not how Thorotrast behaves.
+'1¢ evidenee is more in accord with a model which pic-
- rex the Thorotrast as a diphasic material containing a
wortain proportion of the activity trapped within the
particles, and the remainder in a relatively rapidly
metabolizing pool outside the particles. In such a case
ax (his, the mathematical treatment presented here is a
simple but not unreasonable approach to the problem,
t least for the soft tissues. To the extent that it is over-
<implified, its inadequacies should reveal themselves in
the different values of the retention coefficients (or
~ready state activity ratios) fi and f; calculated from
experiments of different durations.

In short-term experiments (<1 year), most of the
activity of #8Ra and *¥Th is associated with atoms of
{vpe I, and, therefore, the calculated values of fi and f,
should deseribe mainly the behavior of the injection
material. At much later times (>>2 years), however, a
sjenificant proportion of the *¥Ra atoms are of type 1I,
sl most of the ®Th atoms are of types IT and III. In
ti<e cases, therefore, the caleulated values of f; and f,
~hould principally deseribe the behavior of the radioac-
tive atoms generated ¢n vivo. The quantitative inter-
pretation of fi and fe is thus fraught with difficulty.

| Nevertheless, from a study of their values for different

tizsues, 1t should be possible to gain at least a reasonable
qualitative picture of the overall metabolism of *®Ra
and 8Th in the whole body, since values of f1 and fa
simaller than unity imply a “wash-out” of the daughter
i-viope concerned, while values in excess of unity imply
4 net gain or “wash-in” of that isotope from other tis-

o Ses,

With the above qualifications in mind, and adopting
the definitions given in Table 54, and from the varia-
tion of the coefficients of the Bateman equations with
time (see I'igure 88), we can write for the activity in a
tissue sample at any time after administration of the
Thorotrast:

ior *Th: A = ad, (D
tor *8Rqy: B ad ofiby + aBofib, (2)
for 28Th: € = adofifsct + aBofifocs + aCofacs . (3)

fi

- Solving for fy , from Eq. (2) we obtain

h= [4] . I:Aﬂbl + Bobs
PLBLC Aq

1 00— s

2287 228,

i
i
[
!
‘

0.90— —
' i
= 4 i
2 i !
@ i
!
0.80— il
|
' !
! f
o 70! | ! 1 [
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TIME IN YEARS

Fic. 89.—In vitro activity ratios *Th:**Ra:**Th in Thoro-
trast at different times after the preparation date.

228 228
) Ra . “Ra
Le., ; ho= [zszTh]s - [Z”Th]’r . “

The ratios of activities at the time of sampling are im-
plied in this equation. The suffix S refers to the tissue
sample, and the suffix T to a Thorotrast sample contain-
ing, at the time of injection, the same activities of 2*Th
and its daughter isotopes as were actually administered.
At very late times when {#¥Ra/#*Th]y is equal to unity,
f1 has the desired property of expressing the Ra/*?Th
ratio in the tissue at the time of radioactive steady state.
Solving for f. , from Eq. (3) we obtain

C/4
[flcl + %fwz + QA({E] (5)

It should be noted that, at very early times when
a0, and ¢3 & 1, Eq. (5) can be expressed in a
form similar to Eq. (4), i.e.,

228Ra ) 228Th
b= \@Th)s T | BT

At times greater than about 10 years when ¢; < 1, it is
readily shown that /. can be expressed in the form

228Th ) 228Th
fr = [‘R‘] * [rsm . (6)

It is interesting to note that, from the time of manufac-
ture of the Thorotrast, the ratio [?®Th/?Raj; takes
many more than 6 half-lives of 2Th to approach closely
the value unity (Figure 89) and even after 20 years, is
still about 5% below radioactive equilibrium. The ratio
[2%Th/*Ra)r in Eq. (6), therefore, remains a significant
correction factor to the ratio [2Th/?*®Ralg until many
more than 20 years from the time of manufacture of the
Thorotrast,

fo=

Lo s e s ML i et e 1 it A St Dk bl b {2 L
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STRAIN DIFFERENCES IN THE RESPONSE OF THE MOUSE SKELETON

TO EXTERNAL BETA IRRADIATION

D. J. Simmons, R. Hakim,* and Helen Cuimmins

Irradiation of mice with external Sr®-Y® applicators provides
a way to control the dose rate and time of exposure of the
skeleton and other tissues to beta ravs. Therefore, toxicity
information may be obtained which is impossible to resolve
by the use of internal emitters. This investigation concerns the
skeletal changes that were produced by preliminary exposures
of three strains of mice to body surface doses of 5000 to 7200
Rads. Several strain differences in response were found.

INTRODUCTION

The results from experiments which have measured
the skeletal response to continuous whole-body x or
gamma irradiation (100-200 Rads/day) or to single
or multiple pulses of x rays (600-3000 Rads) adminis-
tered over relatively short time periods suggest that
radiation interferes with normal growth processes,
Some of the end points studied have been total bone
length,*-> the state of calcification,'® the histologic
integrity of the cartilage plates,* 719 the ability of
cells in the cartilage and bone to sustain DNA synthe-
sis,"™ the rate of fracture healing,!'* and the changes
in bone alkaline phosphatase concentrations, which are
believed to measure (indirectly) the numbers of func-
tional osteoblasts.* 12 13} With certain dose schedules,
however, there has been tissue recovery.(® )

In an autoradiographic study of the kinetics of a
heterogeneous population of osteogenic cells in the ir-
radiated rat femur (1750 Rads), Kember®? reported
an initial decrease in the number of cells that could be
flash-labeled with tritiated thymidine during the first
two davs, but full recovery on the sixteenth day. Re-
covery did not occur after a dose of 3000 Rads. In con-
tinuous irradiation studies (20 days), the reduction in
the thymidine labeling indices became particularly se-
vere as the dose was increased (84, 176, and 415 Rads/
day); the time period of greatest damage occurred
during the initial four days, but thereafter there was
evidence that the degree of damage leveled off and that
there was at least partial recovery. Adaptation to con-
tinuous irradiation has been noted for gut(*-1% and
marrow cell populations.(?

Age, species, and the genetics of animals have also
been shown to affect the ability of tissue cells to adapt
to a particular dose level of irradiation. Thus, several
laboratories have demonstrated strain differences in
the normal incidence of bone tumors% 1% in mice and
rats, and the incidence of bone tumors in mice follow-

* CSUI Honor Student, Spring, 1967. Present address: Har-
vard Biological Laboratories, Harvard University, Cambridge,

Mass.

ing the parenteral administration of bone-sec
emitters such as $9Sr(®® and 998y, (21)

This report is a preliminary study of the chang
the skeletons of three strains of Argonne C57
which had been subjected to partial-body irradi:
from an external 998r-°Y beta source. This metho
been employed by Auerbach and his associates®
study epidermal cell population kinetics in mic
radiated with high doses at a slow rate. Interest
focused upon the histologic changes in the epiph
growth plates and trabeculae in the primary spon
following irradiation and the time required for
skeletal tissues to recover from the insult.

MATERIALS AND METHODS

Animals from three genetic strains of male C57
black (HB = C57 BL/6 ANL [ANL 66]), and ha
white (H), and haired analogues (HW), each
months old were exposed in a total-body surface
irradiator (%°Sr-2Y) designed by Auerbach
Brues.® The ?93r-2Y source was in the form o
ramic microspherules embedded in polyurethanc sl
The sheet formed the inner lining of a 4” long w:
num tube placed inside a wooden box, which was =
by a %" thick fixed aluminum shield at one enc
a similar but movable shield at the other. Irradi
was performed by inserting a mouse confined in u
tilated Lusteroid test tube within the source for 11
16 hr, but the head of the mouse was shielded fro
radiation by a 17 thick glass shield. Dosimetric st
using solid fluorod dosimeters in Lucite phantons
cated a surface dose rate of 455 Rads/hr whicl
creased to 68 Rads/hr at a 3-mm depth—well w
the range of the surface tissues of the knee joint.
total-body surface doses, then, for 11-hr and 16-|
radiation periods were 5000 and 7200 Rads, rc
tively. The maximum dose rate delivered to the «
lar elements in the epiphyseal medullary ea
{about 5 mm from the surface) might be expeetes
der optimal geometrical conditions to be on the «
of 20-30 Rads/hr. However, it was difficult to esti
the actual doses delivered to the knee joints. We
know, for instance, if the knee joints were in cos
with the walls of the Lusteroid tube during the ¢
11- to 16-hr exposure period. A few control ann
both stressed (restrained in the test tubes) anc
stressed were included in this study, but they we:
sacrificed with the mice killed one dav after i
tion to establish base line values.
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“C}{ d?' . The histologic picture of the long bones from mice of
1 within - ~trains H, HW, and HB suggests that they were not
int. T'he y Undergoing rapid growth in length. This would be con-
6-hr ir-§ sictent with the fact that the mice were 4 months old
respec-g when the experiment began. There were some differ-
e C?H.u' ctees in the magnitude of the response of the bones to
cavibiesg |.tial-body beta irradiation at surface doses of
‘ted un-F 5000 Rads and 7200 Rads, and the amount of damage
1e ‘order ohserved and the pattern of healing also seemed to be
'stimate

dependent upon the strain.

The histologic damage observed in the cartilages of
bones from the mice involved cartilage, marrow, and
Vizeular anomalies similar to those previously de-
- >rihed for rats.® *) Epiphyseal-diaphyseal fusion
'“izure 90) occurred 1-3 days after irradiation with
10 or 7200 Rads in strains HB and HW mice and
“us present in strain HB mice as late as 120 days. The
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cartilages from strain H mice were similarly affected,
but only after 7200 Rads at 14 days. We did not ob-
serve the postirradiation recovery clones of cells in car-
tilage as did Sams® and Kember,® 19 but this was
probably due to the advanced age of the mice at the
time of irradiation, as well as to the low bone dose. The
data plotted in Figure 91 (strain HW) suggested that
there might be a concomitant increase in the DNA
synthetic indices and thicknesses of the growth carti-
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F16. 91—A plot of the thickness of the proximal tibial epi-
physeal cartilages of strain HW C57 mice vs. time after partial
whole-body irradiation with 5000 and 7200 Rads. The maximum
reduction in cartilage thickness which occurred during the sec-
ond week was interrupted by an earlier abortive attempt at
recovery. The time periods required to thin the cartilages and
to achieve partial recovery on the twentieth day were much
longer than in the other strains (compare with Figures 92 and
93).

TABLE 55. Days To ACHIEVE SUPPRESSION AND RECOVERY
FROM IRRADIATION DAMAGE IN THE BoNEs oF THREE
StrAINS OF C57 MicE

Days post- | Days post-
irradiation tojirradiation to| Days from
Total-body | maximum partial maximum
C357 strain | surface dose, | reduction in | recovery of | injury to
Rads cartilage cartilage partial
plate plate recovery
thickness thickness
I 5000 5 9 4
7200 3 9 6
HW 5000 14 20 6
7200 9 20 11
HB 5000 5 9 4
7200 5 9 4
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F16. 92.—A plot of the thickness of the proximal tibial epi-
physeal cartilages of strain H C57 mice vs. time after partial
whole-body irradiation with 5000 and 7200 Rads. Irradiation
initially produced thinner cartilages after 3 to 5 davs followed
by partial recovery on the ninth day. T.ess recovery was
achieved following 7200 Rads than after 5000 Rads.

190

180 o———0 5000r
170H x % 7200r

1601
150
140
130

12019 /
HOH x—x x/

100

90

B8O}~ .

70—

CARTILAGE PLATE THICKNESS (u)

Yoy H N N O N I S B
O 10 20 30 40 50 60 70 80120 i30 140 (50 160 70

DAYS POSTIRRADIATION

F1g. 93.—A plot of the thickness of the proximal tibial epi-
physeal cartilages of strain HB C57 mice vs. time after partial
whole-body irradiation with 5000 and 7200 Rads. While the
thinning of the cartilages following 7200 Rads was more severe
than after 5000 Rads (after 5 days), partial recovery had oec-
curred in both groups by the ninth day.

lages during the first days following irradiation with
5000 Rads or 7200 Rads. The sharp decrease in plate
thickness observed in strains H and HB during this
time, 3-5 days postirradiation, fairly well correlated
with histologic signs of chondroclastic activity in the
metaphysis. Table 55 summarizes the essential infor-
mation from the graphs (Figures 91-93). In these
strains, recovery, measured by increased plate thick-
ness, began 6 days after irradiation and was completed
by the ninth day at both dose levels. The effects of

5000- or 7200-Rad surface doses on strain HW
were substantially different from those on H a1
mice (Figures 91-93). First, the time required t
row the cartilage plates after irradiation was pro
(9 days—7200 Rads; 14 days—3000 Rads). Secor
recovery time following 7200 Rads was almost
that observed after 5000 Rads. The graph (Figu
also suggests that strain HW cartilages attemp
recover 7-8 days after irradiation, but that tln
aborted. After partial recovery, it was impossi
distinguish one strain from the other on the h:
cartilage plate thickness. Recovery in strain W
as noted above, was more dependent upon the nc
ization of ossification patterns than on the abil
the cell populations in the ecartilage to prolis
There was a general decrease in cartilage plato
ness in all mice after 60 davs, which may huve
due to age changes.

Irregular endochondral ossification oceurred
result of both 5000 and 7200 Rads irradiation, an
was due, in part, to the development of fibrillar n
and numerous foei of degenerate and probabls
permineralized plugs of matrix in the growth

¥

SRR

vy

F1a. 94.—A photomicrograph of the proximal tibial g
cartilage of an HW strain C37 mouse 2 days after partial w
body irradiation with 5000 Rads. The cartilage plate -
degenerate plugs of acellular matrix and unresorbed islan
chondrocytes in the metaphysis, which suggest impaired
esscs of endochondral ossification. Hematoxvlin and
250 K.
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luges (Figure 94). Within the first week after 5000
[2ads, resorption of cartilage had proceeded so irregu-
lurly that numerous tongues and/or nodules of carti-
lige projected into the metaphysis and became par-
rially ossified (Figure 94). That this change was
Javed until the 4th week after irradiation with 7200
~ads (and only in strain H) again suggests that the
‘ucher dose level prolonged the postirradiation recov-
cry period. The differences were undoubtedly related
10 the ability of the metaphyseal capillaries to invade
the cartilage, and this process is known to be depend-
¢nt upon the state of mineralization of the cartilage
matrix.# Capillaries were found running parallel to,
rather than perpendicular to, the face of the cartilage
curing the first week after both 5000 Rads and 7200
I:uds, but while a few days were required in the 5000-
Rad groups before normal invasion of the cartilage
plate was reestablished, several weeks were required
following 7200 Rads. In this respect, following 7200
Rads the bones from strain H miee had nodules of par-
tially ossified cellular cartilage in the metaphysis as
long as 120 days after irradiation, Remnants of cellu-
lar curtilage were never found after the second week
in the metaphyses of mice irradiated with 5000 Rads.

«+*ification processes, while irregular and slow follow-

me 5000 Rads, always resulted in the formation of true
cndochondral bone. However, 7200 Rads appeared so
disruptive to the normal processes of chondrocyte and
tissue maturation in the growth plates that only simple
lamellar bone was deposited on the subchondral sur-
fuces (areas which were probably of normal mineral
content) during the first two postirradiation weeks.
Resumption of the normal cartilage metabolism and
‘e formation of endochondral trabeculae were delayed
until the third week. In view of the continuing forma-
tion of trabecular bone in all the mice, the population
and function of osteoblasts seemed little affected by ir-
radiation. A similar conclusion was reached by Kem-
ber 't Tt is of interest that the trabeculae in mice of
the HB strain were shorter at all postirradiation pe-
rods, but the significane of this is unknown since no
nnirradiated control animals of this strain and of the
~1me age were available for comparison. However, it
“Hl be recalled that in this study HB strain mice also
'etained more medullary fat and sustained the more
~evere damage to their cartilages.

Beeayse the mice were irradiated at an age when
they normally begin to develop islands of degenerate
cartilage in their growth plates, it was difficult to re-
late this change to the effects of irradiation. However,
desenerate changes in the matrix became more severe

th time at both dose levels. Small rents developed

the tissues following 7200 Rads, but only in one in-
“tance (strain H) did we observe amputation of a
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middle segment of the femoral cartilage plate. Ampu-
tations are more frequently observed in mice after
high exposures of radiation (2000 Rads) delivered at
one sitting, and it usually involves separation of tra-
beculae from the growth apparatus.®

Marked strain differences were observed in the mar-
row. Two days after 5000 Rads the marrow cells were
noticeably depopulated and increasing numbers of fat
cells apepared toward the end of the first week in all
strains. Marrow regeneration occurred during the sec-
ond week, but it was slowest in strain HB mice. The
time course for the development of fatty marrow was
earlier after an exposure of 7200 Rads—at 2 days in
strain HB mice and at 3 days in strain HW mice. Ex-
travasation of red cells occurred at one day in strain
H and at two days in strains HW and HB. Less fat was
noted during the second week, and healing was com-
pleted by the third week—a delay of one week com-
pared to the 5000-Rad groups.

SUMMARY

C57 mice of three strains received 9°Sr-2°Y partial
body irradiation with a. 5000- and 7200-Rad surface
dose for a limit of 16 hr. In this preliminary study, the
cartilages of strains H (hairless) and HB (haired
black) mice responded similarly to the two doses. The
cartilages were thinnest 5 days after irradiation owing
to suppression of proliferative activity, but partial re-
covery was achieved earlier on the average in strain H.
The time required to elicit these changes in strain HW
(haired analogues) was extended. With the histologic
observations, data suggested also that the recovery pe-
riod in HW strain mice following 7200 Rads was some-
what longer than in the other two strains.
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IN RATS.

One of the most dramatic modifications of skeletal minerali-
zation occurs in rickets. The present investigation uses auto-
radiography of tritiated proline in rats in order to determine
whether the failure of mineralization of cartilage in rachitic rats

.18 related to change in the ability of cells to produce collagen.
The results indicate that in bone the cellular production of
collagen is normal, but that in cartilage the most mature cells
do not produce significant amounts of collagen.

INTRODUCTION

Rickets readily develops in the skeleton of young
growing rats fed a low phosphate, vitamin D-free
diet, The resultant morphology is characterized in
part by widened growth plates composed predomi-
nantly of unresorbed hypertrophic cells. In rachitic
cartilage, the chondrocytes appear to mature nor-
mally® and the ultrastructure of the matrix seems
unremarkable®; yet mineralization, a prerequisite
for capillary invasion and cartilage resorption, fails
to oceur.

*This study was supported by the U, 8. Atomic Energy
Commission and a grant, AM-09632, awarded to Dr., Kunin
from the National Institutes of Health.

T Departments of Medicine and Orthopedic Surgery, Uni-
versity of Vermont College of Medicine, Burlington, Vermont.

Biochemical - studies on this relatively avasc
tissue have revealed that carbohydrate metahc
in growth cartilage, as in bone, is predominantly
colytic in character. However, when slices of rac
cartilages are incubated 1w witro, glyco
is markedly increased over that of the normal.
tary phosphate supplementation is probably b
able to reverse this abnormality than vitamin
alone.® % QOthers® ® have also remarked that -
min D cannot by itself cure rickets in the rat
conjunction with increased glycolysis, the acti
of the major glycolytic enzymes in rachitic carti
is coordinately increased and can be coordin:
reduced to normal levels by either dietary phosp
or vitamin D.® Histochemical observations in
allel studies with this model system!? are in ge
accord with the biochemical data.

The role of dietary phosphate and vitamin I
the development and healing of rickets has also
investigated by high resolution autoradiograpbie t
niques employing tritiated thymidine (3HTdR)
marker for cells preparing to enter mitosis.!®
results indicate that the rapidity with which h
logic rickets occurs initially is due to enhanced
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' jierative activity of chondrocytes (percent labeled

proliferative zone cells)—as well as to the inability
of the tissue to clacify and undergo bony replacement.
[lowever, the autoradiographic studies with *HTdR
211 to delineate any specific cellular mechanism

“ich, in the absence of deficient calcification, might

- .plain why rickets occurs. With time, the proliferative

cupacity of chondrocytes decreases, but the ability of
the competent cells to synthesize DNA seems normal.
Ruchitogenic diets enriched with phosphate were more
cffective than vitamin D alone in reversing the even-
il decline in proliferative potential of rachitic carti-
lage.

The present autoradiographic investigation was

| dertaken to determine whether the abnormalities

aheerved during the development of rickets in rats
reflected an altered ability of cartilage and bone cells
1o produce the extracellular collagenous components
ol their respective matrices. We have used *H-pro-
linc as a tracer based upon evidence that it is a selee-
tive marker for collagen formation.®-'® The in-
nracellular pathway involving the Golgi apparatus

= 1v which protocollagen is synthesized in chondrocytes

1< been established by electron microscopic auto-
wdiography.2% 14 The export of radioproline from
vhondrocytes and osteoblasts and its incorporation
mto collagen with time has been effectively demon-
strated by light microscopic autoradiography,(! 15)
and by experiments conducted in vitro.('®? This study
also permitted a further investigation of the capac-
itv of dietary supplements of phosphate and/or vita-
min Da to heal rickets, and the opportunity to
cvaluate the results from several other labora-
ories1% 17 which suggest that collagen formation is
acceelerated in rickets.

MATERIALS AND METHODS

The experimental protocol was essentially identi-
ral to that employed previously by Kunin and his
roworkers.(® 7 8 Rickets was produced in 6 male
weanling Sprague-Dawley rats (40-50 g) utilizing a
high caleium (1.2%), low phosphate (0.1%), vitamin
D-free diet1® for 21-23 days. For comparison, litter-
mates were fed either Purina Laboratory Chow (eal-
cium, 1.42%; phosphorus, 0.96%) ad libitum, or pair-
fed with this commerecial preparation in amounts
consumed daily by the rats on the rachitogenic diet.
A third group was sustained on the basal rachitogenic
diet which was supplemented with NaH,PO, (cal-
“ium to phosphorus ratio = 1.4:1), and vitamin D,
'10 L.U. per gram diet) ad libitum. Free access to de-
‘nized distilled water was permitted, and the colony
‘4% maintained under shielded incandescent lighting
I constant temperature rooms at 22° C. In order to
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TABLE 56. DivisioNn orF Rars BY GROUP

Number of rats
. . sacrificed at
Group Dietary regimen
21 days | 23 days
1 Purina Chow, ad lib. 3 3
Purina Chow, pair-fed with 3 3
group 4
3 Rachitogenic diet fortified with | -+ 3 3
phosphate and vitamin D, ad
lib.
4 Rachitogenic diet, 21 days, ad 3 3
lib.
5 Rachitogenic diet (14 days) and 3 3
phosphate (7-10 days)
6 Rachitogenic diet (14 days) and 3 3
vitamin D, (7-10 days)
7 Rachitogenic diet (14 days) and 3 3
phosphate plus vitamin D,
(7-10 days)

study the ability of inorganic phosphate and vitamin
D, to heal rickets, 3 groups of 6 rats each were
raised on the basal rachitogenic ration for 14 days.
Subsequently, these animals were maintained for an
additional 7-10 days on diets which were selectively
enriched with either NaH,POQy, vitamin Ds, or both,
as outlined above. The division of rats by group is
listed in Table 56.

On the 21st day of the experiment, all the animals
were injected intraperitoneally with 2.0 nCi *H-pro-
line* per gram body weight in 0.1-0.3 ml 0.01 N HCL
Three rats from each group were sacrificed by cervical
dislocation at 4 hr and 3 days after isotope injection.
These time periods were chosen so that both the
initial pattern of isotope uptake by chondrocytes
and bone cells could be followed, as well as the
subsequent rates of endochondral ossification and for-
mation of new bone by osteoblasts. The tibias re-
moved from the rats at autopsy were fixed in 10%
ncutral formalin, decaleified in 10% EDTA (pH 7.4-
7.6), embedded in paraffin and sectioned with the
bones oriented in their long axes on a rotary micro-
tome at 4 . Slides bearing deparaffinized sections were
autoradiographed by dipping in liquid Kodak NTB-2
emulsion. After a 9-week exposure period in a freezer,
the siides were developed for 5 min in Kodak D-19
{20° C), fixed in acid fixer, washed thoroughly, and
stained through the emulsion with hematoxylin and
eosin.

Autoradiographic Studies

The pattern of silver grains developed in the emul-
sion was examined to determine which cell types in

* L-proline-3,4-*H, New England Nueclear Corporation, Lot
No. 343-207, Specific Activity 586 Ci/mM.
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the tissues had sequestered radioproline during the
initial 4 hr of the experiment. The number of silver
grains over the cytoplasm of labeled osteoblasts in the
periosteum, endosteum, and the endosteal surface
in the area of the proximal tibial metaphysis was
averaged for 30-50 cells to obtain a quantitative
estimate of the utility of the tracer for bone matrix
synthesis (vide infra). With the staining method em-
ployed, an ostcoblast was defined as a basophilic
cell with an eccentrie nucleus, a prominent nucleolus
and a juxtanuclear vacuole (Golgi apparatus) lo-
cated on or close to a hone surface. The relative
number of osteoblasts and their precursor cells, vari-
ously called reticular, mesenchymal, or osteoprogeni-
tor cells, was not estimated in the primary spongiosa,
although Rohr® has indicated that the absolute

F1c. 95—Autoradiographs of the articular surface of the
transverse epiphyseal bone from rats sacrificed at two intervals
of time after a single injection of *H-proline. A. a band of silver
grains at a~b representing collagen newly formed by osteablasts
(obl) 4 hr after injection. The exvtoplasm of the osteoblasts is
lightly labeled. B, the position of the silver grains over labeled
collagen lamellae 3 days postinjection. Interval a-c, thickness
of lamellar bone formed in 3 dayvs. Interval b-c, thickness of
the band of silver grains. Note the trail of silver grains (interval
a-h) due to reutilization of radioproline. Hematoxvlin and
eosin. Original magnification 250 X.

numbers of osteoblasts increase in rachitic rat
this point, it should be noted first that Tom
found peak uptake of radioproline in the ¢
genic cells of mice within 15-30 min after a -
injection. Secondly, in concert with results from
ies using radioglycine as a tracer for collagen
mation,® 1% 12} jt is known that osteogenic cell
port a large porportion of their tracer content
the surfaces of bone as an integral part of newly
thesized collagen molecules by 4 hr. However, pt
is also an active metabolite and can be transfo
via glutamic acid into other amino acids whicl
utilized for a number of other compounds, pro!
and mucopolysaccharides. Thus the early grain c
per se cannot be depended upon to measure onl:
rate of collagen synthesis by labeled osteoblasts.

The reliability of the initial grain counts was
sayed independently by measuring the position o
labeled matrical (collagen and mucopolysacchari
band of silver grains buried within the cortc
days after radioproline administration (Figure
The thickness of lamellar bone deposited by
osteoblasts on the growing surfaces of the -
(endosteal, periosteal) and transverse epiph:
bone during this interval was calculated by mea
ing the total distance from the leading edge of
continuous band of labeled matrix to the anaton
surfaces. This was done in the center of approxima
60 adjacent high power fields (400 x) with an oe
micrometer. This value was divided by 3 so that
rate of appositional bone growth could be expre:
in mierons per day. An estimation of the thicknes
the band of labeled matrix was also attempted, fo
lieu of definitive grain count data early after tr:
administration, this measure should reflect accura
the rate at which the osteogenic cells on these -
faces were producing new structural collagen. Tl
two sets of data were also expressed as an Osi
blast Activity Index (OAI), which is defined as
observed thickness of the 3H-proline label divided
the observed apposition rate (microns/microns/da
It is unlikely that these data would be complica
at the light microscope level by any change in
catabolic rate of newly synthesized collagen me
cules or differential packing of collagen fibers b
into the skeleton.® % A ratio of 1 would sugg
that the osteoblasts formed the labeled bone mat
in exactly 24 hours’ time. Other values would
inversely proportional to the pace at which
osteogenic cells were performing. It was difficult
apply this type of analysis to trabecular bone, fi1
becausc 1t is less well-oriented than compact bo
and second, because our animals were not sacrific
at narrow time Intervals.



TABLE 57. LINEAR AND APPOSITIONAL BONE GROWTH DURING THE DEVELOPMENT AND HEALING oF Rickkrs i1N Rar Tisias (MEaN + S K.
"Fransverse epiphyseal bone Periosteum Proximal metaphyseal endosteum Endosteum on shaft bone
G Thickness Thickness Thickness Thickness
roup Linear Appositional of the Appositional of the Appositional of the Appositional of the
rowth, u/da growth, $H-proline |OAI® | growth, fH-proline |OAI®) growth, 3H-proline |OAI®| growth, 3H-proline |OAI®
g ) w78y u/day band of u/day band of u/day band of u/day band of
matrix, u matrix, u matrix, u matrix, u
Control: ad libitum- {222.4 £ 13.43.98 £ 0.15] 4.3 = 0.31] 1.08 {6.73 == 0.96]6.71 4 0.82] 0.99 {5.98 £ 0.48]4.40 4 0.10| 0.74 |4.73 £ 0.21{4.54 + 0.16] 0.96
fed
Control: pair-fed 201.6 + 6.9 |12.75 £ 0.23(3.76 4 0.31 1.36 |6.76 £ 1.53|7.39 £ 0.53] 1.09 |5.55 £ 0.58/4.26 £ 0.50 0.77 |3.27 £ 0.164.03 & 0.40] 1.23
Rachitie (3 wk) 134.2 4 32.2/13.41 &+ 0.884.29 + 1.12 1.29 |5.57 £ 1.05/5.57 & 1.05) 1.18 |4.56 £ 0.56/3.63 £ 0.64] 0.80 (1.01 £ 1.03|3.52 £ 0.94} 0.88
Rachitic 4 phos- | 82.0 & 3.6 |1.42 £ 0.23]2.71 =+ 0.20] 1.90 |2.38 £ 0.38/4.80 £ 0.43| 2.05 |4.79 4 0.403.78 £ 0.53| 0.79 [3.15 =+ 0.30|3.60 £ 0.25] 1.14
phorus (1 wk)
Rachitic + vitamin D) | 44.2 + 12.7{1.17 «+ 0.2112.04 -+ 0.38] 2.28 {1.55 £ 0.14]3.78 = 0.02| 2.43 |4.86 =+ 1.21{3.97 £ 0.22| 0.82 {3.01 £ 0.08|3.71 + 0.27| 1.23
(1 wk)
Rachitic  +  phos- | 81.0 & 3.2 |1.91 + 0.08(2.68 £ 0.29] 1.40 (2.21 + 0.36(3.94 & 0.78] 1.78 |5.43 £+ 1.11)3.82 &+ 0.42) 0.70 (4.69 £ 0.28|3.49 *x 0.28| 0.74
phorus and vitamin
D (1 wk)
Control: Rachitic + | 96.9 4 11.9)1.34 &+ 0.18]2.67 & 0.38] 1.99 |2.17 £ 0.2714.37 == 0.33| 2.01 |4.39 =+ 0.10(3.02 & 0.41] 0.69 |2.95 + 0.17)2.88 =+ 0.26| 0.97
phosphorus + vita-
min D (3 wk)

&) Osteoblast activity index.

gl
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Estimates of the daily rate of endochondral os-
sification, i.e., linear growth of the tibias, were made
by dividing the total distance (in microns) that the
trabeculae labeled at time 0 had been displaced from
the epiphyseal dise by the number (3) of days.

RESULTS

The weight gain, linear bone growth characteris-
tics, and the appearance of the cartilage plates of the
rats maintained on the varlous diets were comparable
to those described previously.® For the description
of the pattern of labeling in cartilage, we have
selected the terminology of Balogh and Kunin.(™

Balogh and Kunin? Equivalent to Dodd’s®® classification

Zone 1-—Narrow ‘reserve cell’’ zone
adjacent to the bone and marrow
spaces of the epiphysis.

Upper layer

Middle layer Zone 2—Zone of cell proliferation
composed of wedge-shaped or dis-
coidal cells.

Zone 3—Zone of cell enlargement.

Lower layer Zone +—Zone of cell hypertrophy.

The data relative to appositional growth rates of
bone and OAI ratios have been tabulated in Table

TABLE 58. AVERAGE Grain Counts (BH-PROLINE) IN
OSTEOBLASTS DURING DEVELOPMENT AND HEALING OF
Rickers 1N RaT TiBias

Post-
injection p Shaft L
Group time of | L€l end- Epiphy-
sacri. | osteum | o m |seal bone

fice(®

Controls: ad libitum-fed 1h 13.1 10.9 10.9

3d 5.4 6.5 5.1

Controls: pair-fed 4h 13.0 1.1 13.8
3d 6.1 6.5 5.9

Rachitic (3 wk) 4h 12.4 12.5 15.0
3d 5.5 5.0 6.2

Rachitic 4 phosphorus (1 4h 12.2 15.4 11.4
wk) 3d 5.2 5.2 5.4
Rachitic -+ vitamin D 4h 7.6 10.3 10.1
(1 wk) 3d ’ 4.96| 6.5 6.2
Rachitic 4+ phosphorus 4h ' 8.1 10.1 10.5
+ vitamin D (1 wk) 3d | 4.2 5.8 5.1
Control : Rachitic + phos- 4h 8.5 11.3 12.2
phorus + vitamin D 3d 5.4 5.7 6.2

(3 wk) ‘ ‘

(@) Average of 3 rats per time interval.

57. Osteoblast grain counts have been included
Table 58.

Control Antmals Fed Commercial Laboratory Cho

At 4 hr after injection, silver grains were localiz
predominantly over the cells (nucleus and cyt
plasm) and extracellular matrix in the middle lay:
of the cartilage (Figure 96). Perhaps only 2% of tl
cells in the upper layer were labeled. The matri:
nuclel and cytoplasm of all the cells in the lowe
zone were labeled as well, but the intensity of th
autoradiographs was much less than that noted i
the middle layer. The cores of cartilage in the tra
beculae of the primary spongiosa were not labeled
this early time. Radioproline tagged the undifferen
tiated and differentiated cells in the metaphysis, an
large concentrations of grains were found between th
osteoblasts and bone trabecular surfaces. The osteo
blasts were the most intensely labeled, and this gen
eral pattern was found on all periosteal and endostea
surfaces which were undergoing appositional bon:
growth at the time of injection. Newly buried osteo-
cytes in the metaphysis and shaft were also markec
by radioproline, and the tracer was located at the
edges of their lacunae. Only the cytoplasm of osteo-
clasts was labeled.

Significant labeling of the extracellular matrix of
the cartilage plate was evident 3 days after tracer
injection, but the tracer was concentrated in the
middle and lower layers only. The intensity of the
autoradiographs over the middle layer was less than
at 4 hr, and somewhat increased over the lower layer.
The remnants of the cartilage which had initially
been labeled and had subsequently undergone endo-
chondral ossification now projected from the plate
into the metaphysis in trabeculae of the primary
spongiosa, and lamellae of primary trabecular bone in
this area were more diffusely labeled than the cores
of cartilage. Distally, the trabeculae were very heavily
labeled. This region quite obviously marked the juxta-
epiphyseal zone labled by radioproline at 4 hr which
had been displaced during the 3-day postinjection
period by continued endochondral ossification and
linear bone growth (200-220 n/day). In this time,
the trabceulae grew thicker by appositional bone
growth and this process served to bury the heavily
labeled lamellae under more diffusely labeled col- |
lagen matrix. The cytoplasm of the osteoblasts in:
this zone showed some 5-6 grains. It was impossible |
to measure the appositional rate of bone growth on
these trabeculae owing to their irregular contours.

In the animals fed Purina Chow ad lLbitum, the |
daily apposition rate of lamellar bone measured on
the periosteum, shaft endosteum, and transverse epi-



Fre. 96.—Autoradiographs of the proximal tibial cartilage of rats sacrificed 4 hr after a single intraperitoneal injection of 3H
proline. Left, control; right, rachitic. Note that the silver grains in the emulsion are distributed over the cells and extracellula
matrix throughout the control cartilage, whereas the thickened lower zone of hypertrophic cells in the rachitic cartilage is unlabeled

Hematoxylin and eosin. Original magnification 250 X .

physeal bone was 6.7 u, 4.7 4, and 3.9 g, respectively.
In the pair-fed group, somewhat less bone growth
was registered on the epiphyseal bone (2.8 n/day),
but otherwise there was no obvious effect due to
dietary restriction. The thicknesses of the bands of
labeled collagen were in fairly good agreement with
these daily appositional growth rates, and the OAI
ratios approximated a value of 1. In addition to the
dense band of silver grains which moved away from
the cells as new matrix was deposited (Figure 93),
there was a diffuse distribution of grains in the
matrix deposited during the second and third days.
This has been described by Tonna'l as a “trail”
due presumably to reutilization of metabolized radio-
proline by the osteoblasts.

Rats fed the fully supplemental basal rachitogenic
ratio for 2 weeks showed essentially the same pat-
tern of radioproline uptake and retention. However,
the rates of linear growth (97 w/day) and lamellar
bone apposition on periosteal and epiphyseal bone
surfaces were substantially less than in the other
control groups, and their OAI was approximately 2.

Only the rate of endosteal apposition was within
normal limits (= pair-fed controls). The poor growth
observed for this group may be due to voluntary
reduction in food intake as the rats did not favor
the diet and ate less.

Rachitic Rats

At 4 hr, the autoradiographs showed S3H-proline
retention in and around the cells in the upper and
middle layers of the cartilage. In the lower layer,
the label was found predominantly in the youngest
hypertrophic cells—a distinct difference from the nor-
mal pattern. Little proline was detected in the older
juxtametaphyseal chondrocytes (Figure 96). In the
metaphysis, cortical and transverse epiphyseal bone,
the early distribution of the isotope was similar to
the controls, and the grain counts suggested that
rachitic osteoblastic vigor was normal.

After 3 days, the middle and lower layers of the
cartilage were uniformly labeled by radioproline, as
were the remnants of the cartilage left by endo-
chondral ossification in the primary spongiosa.
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Distally, interposed between this newly formed endo-
chondral bone and the heavily labeled trabeculae in
the secondary spongiosa, there was a transitional zone
characterized by trabeculae having unlabeled cores
of cartilage and diffusely labeled bony lamellae. This
pattern clearly reflected events accompanying linear
bone growth (134 w/day) subsequent to labeling. The
transitional zone rcpresented the matrix around the
juxtametaphyseal chondrocytes which had acquired
the least radioproline 4 hr after injection. The grain
counts in osteoblasts lining the trabeculae in the sec-
ondary spongiosa were esszentially normal. The rates
of appositional lamellar bone formation on the peri-
osteum, endosteum, and epiphyseal bone were also
normal, and the OAI approximated values obtained
for the pair-fed control group.

Rachitic Rats Treated with Phosphorus

While the epiphyseal cartilages from rats fed the
basal rachitogenic ration supplemented with inor-
ganic phosphate were thinner than the rachitic plates
and their cytoarchitecture was more nearly normal,
the 4-hr pattern of labeling resembled that of the
rachitic cartilage. In the upper and middle layers,
radioproline was detected in the nucleus and cyto-
plasm of the eclls and in their extracellular matrix.
Only the first 1-2 hypertrophic cells per column in the
lower layer were heavily labeled; matrical tracer
deposition was very slight. No unusual patterns of
labeling were detected in the metaphysis or in the
periosteum and endosteum. but the ecells and sur-
faces of the epiphyseal bone were only lightly marked.

Labeling of the cartilage and metaphyscal tra-
beculae 3 days after injection also resembled the pat-
tern deseribed for rats maintained on the rachito-
genic dict. Linear growth was 80 n/day. Compared
to the normal and rachitic rats, little appositional
bone growth (1-2 p/day) was registered on perios-
- teal and epiphyseal bone surfaces. While dense bands
of silver grains over labeled collagen lamellae were
thinner than normal at these states, OAI values were
nearly equivalent to those caleulated for the bones
of control rats fed the basal rachitogenic ration which
had been supplemented with phosphorus and vitamin
D. These criteria also indicated that endosteal appo-
sition rates were normal (= pair-fed controls). and
unchanged by the dict. The grain counts in osteo-
blasts were normal.

Rachitic Rats Treated with Vitamin D,

The cartilage from vitamin D-treated rachitic rats
was more normal than the rachitic in appearance, but
the pattern of Ilabeling resembled that described
for the phosphate-supplemented group. Here, too, the

L it sion Nl sk A e b e < 5 o ase ad

grain counts in periosteal osteoblasts were abnor-
mally low 4 hr after injection.

Vitamin D treatment of the rachitic rats did not
improve the rate of appositional bone growth on the
periosteal and epiphyseal bone surfaces (1.0-1.5 n/
day). In fact, the measurements were significantly
less than those recorded for the phosphate-supple-
mented rats, but there was less difference between
these two groups in terms of the thickness of the
dense lines of silver grains developed in the emulsion
above radioproline-rich collagen lamellae, OAI values,
and the numbers of grains over osteoblasts. The bone
growth provided by endosteal cells was equal to that
of the pair-fed controls and rachitic rats. Whereas
the bulk of the periosteal and epiphyseal bone ac-
tivity remained in the surface lamellae, the endosteal
hot lines were buried. Linear bone growth was ap-
proximately 44 p/day.

Rachitic Rats Treated with Phosphorus and Vita-
min Dy

The 4-hr and 3-day patterns of labeling in the
bones of rachitic rats treated with both phosphate
and vitamin D were not appreciably different from
the effect of either partially enriched dietary sup-
plement. Incomplete labeling of the lower layer of
the cartilages produced, after 3 days’ growth, the
characteristic transitional zone in the metaphyseal
trabeculae. Linear growth of the tibias was estimated
to be 81 u/day. Only the periosteal osteoblasts con-
tained fewer than normal numbers of grains. How-
ever, appositional growth on periosteal and epiphyseal
bone surfaces was more rapid than that observed for
the animals supplemented with vitamin D or phos-
phorus alone. The ratio on the epiphyseal bone per se
was normal (= pair-fed controls). Endosteal bone
growth was particularly enhanced; the rate and OAI
index aproximated values achieved by controls fed
the commercial chow ad Ubitum. The matrical band
of silver grains was thinner than normal, but equiva-
lent to that produced in the bones of the animals
fed each of the supplements alone.

DISCUSSION

The results from this study confirm previous obser-
vations that rats maintained on a diet deficient in
phosphorus and vitamin D are stunted in growth and
develop rickets within 7 days.®® There appears to
be some aspect of the artificial diet other than its
Ca/P ratio and vitamin D content that prevents
full restitution of growth potential when both these
nutrients are replaced in amounts which in com-
mercial feeds provide for good growth. This problem
has also been encountered by other investigators




who have employed this diet!® 2 and the Steenbock-
Black rachitogenic diet®® as well, and it remains
unresolved. However, in view of data indicating that
the fully supplemented rachitogenic ration is utilized
as effectively for growth as is Purina Laboratory
Chow, disparate results from these control groups
most probably reflect differences in daily food intake.
In point of fact, since those rats fed the phosphate
and vitamin D-supplemented ration for 3 weeks ate
much less than the pair-fed controls, we do not be-
lieve that they are an adequate group against which
to compare the effects of deficient dicts. Parameters
such as linear and appositional bone growth in this
study, and epiphyseal cartilage thickness and cell
DNA synthetic indices in the growth plate in a pre-
vious study, seemed to be most sensitive to the ef-
fects of what must be considered voluntary starva-
tion. (8

In most animals, irrespective of dietary treatment,
the distribution of radioproline in chondrocytes, car-
tilage matrix, and bone 4 hr and 3 days after injec-
tion, was similar to that reported by Tonna, et al.(11)
and corresponded with the pattern for radioglycine
deseribed by others.(1912.21-23) FEarly, grains in the
emulsion were found over the nucleus and cytoplasm
of chondroeytes, osteoblasts, and undifferentiated mes-
enchymal cells, newly formed osteocytes, cartilage
matrix, bone surfaces, and in the eytoplasm of osteo-
clasts. Three days after injection, radioproline was
less heavily invested in the cells and was detected
principally in the matrical proteins of bone and
cartilage, suggesting that the builk of radioactivity
was destined for the synthesis and export of collagen
by these cells. Most of the cells labeled initially re-
tained a nuclear label after three days, presumably
due to utilization of some tracer for structural nuclear
protein synthesis as suggested by Carnciro and Le-
blond*® and Revel and Hay.*® Thus, the progressive
loss of label from the cytoplasm of cells and its burial
deep within matrix provides direct evidence for the
functional capacity of osteoblasts and chondrocytes.
However, distributional changes in the initial tracer
load and in the rate of bone matrix synthesis were oh-
served in the treated rats.

Whereas, for instance, all the chondrocytes (upper,
middle, and lower layers of the cartilage plates) in
control tissues seemed able to synthesize and form
collagen—albeit with less vigor as they matured—
only a slight autoradiographic image was recorded
over the mature juxtametaphyseal cells in either the
rachitic cartilages or those from rachitic rats ostensi-
bly healed by phosphorus and vitamin D. Thus, the
efficacy of phosphate, in particular, and vitamin D to
heal rickets histologically and correct the abnormal-
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ities In enzyme activity™® + ™ ® did not extend fully
to the chondromucoprotein moiety of the cartilage
matrix. An inability of the juxtametaphyseal cells in
rachitic animals raised on the Steenboch-Black diet
to incorporate radiosulfur was also reported by Hjert-
quist,® and this abnormality was not reversed by
vitamin D and a return of these animals to a normal
diet. On the other hand, the rate of 38 uptake by
cells in the cartilage is normally dependent upon vi-
tamin D 29 which appears to be essential for the
production of a calcifiable matrix. Thus these obser-
vations seem to suggest that the most mature cells in
rachitic rat cartilage are not producing significant
amounts of chondroitin sulfate and collagen, and that
this basic cell deficit may account at least in part for
the deficient calcification long observed in rachitic tis-
sue. Implicit, also, is the possibility that the state or
structure of the chondromucoproteins and other com-
ponents of rachitic cartilage is too immature or ab-
normal for mineralization to proceed.2-29) These
experiments, of course, do not contribute to the con-
troversy about the dependent®® or independent (31 32)
cellular control for the secretion of protocollagen and
mucopolysaccharides in cartilage.

The findings in this study tend not to support the
autoradiographie and biochemical evidence from other
laboratories that the rate of bone formation in ra-
chitic rats is excessive. Rohr™® reported that the ra-
chitic rat metaphyses contained more osteoblasts than
normal and that the export of radioglycine from these
cells and matrix formation occurred more rapidly than
normal. Parsons and Self®? reported a higher spe-
cific activity of labeled proline/hydroxyproline in ra-
chitic rat metaphyses 48 hr after injection. But their
data relative to bone turnover, ie., normal urinary
hydroxyproline specific activity and a fall in the spe-
cific activity of tibial bone 2-3 days post-injection
compared to a significant rise in control tissue, sug-
gest rather that the overall rate of bone formation in
rickets is normal or slow. We observed regional dif-
ferences in the rates of lamellar bone formation. But
with the sole exception of a low rate of endosteal ap-
position along the margins of the metaphyseal cortex
(Table 57), the pace of periosteal and endosteal os-
teogenesis in the compacta was within normal limits
(= pair-fed controls). Frost®® noted that the osteo-
blast birth rate in haversian bone of osteomalacic pa-

© tients (adult rickets) was increased; however, while

there were more cells, they showed decreased vigor,
and bone formation rates were low.

Dietary supplements of phosphorus or vitamin D
administered for at least 7 days to rachitic rats ap-
peared to be without any great ameliorating influence
on the rates of periosteal and epiphyseal bone apposi-
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tion and linear bone growth. In fact, these rates were
much lower than those calculated for the rachitic/
pair-fed control animals, and the bone formation in-
dices (OAI) suggested that the osteoblasts on these
surfaces were functionally lethargic. Phosphate was
statistically somewhat more effective than vitamin D
on these parameters and it did cure rickets histologi-
cally and histochemically, but there was no overall
improvement which could be attributed to either agent
per se. In contrast, the pace of endosteal lamellar bone
formation was quite independent of treatment, and
osteoblast activity was normal at all times. It may be
concluded, then, that thinning of the rachitic cortices
is due to deficient periosteal bone formation. It is dif-
ficult to estimate the contribution of the partially or
fully reconstituted diets to the observed stunting of
bones. But it is known that the effects of undernu-
trition are much more severe if it occurs in young
animals, and that if the nutritional insult is prolonged
they may never attain the body weight or cell growth
of animals reared on a normal diet.®®

The osteoblast aectivity indices reported in this
study, based in part upon the thickness of the dense
lines of matrical silver grains, are at the light micro-
scope level of resolution unlikely to be influenced by
changes in the ultrastructure of bone. Poorly oriented
collagen fibers in rachitic osteoid have been described
in dogs®® and in rats® by electron microscopy. It
should be noted that the fine structure of the rachitic
osteoblast is not entirely normal; broad cysternae
have been observed whieh eontain a moderately dense
amorphous material that Robinson and Sheldon®®
suggest is collagen which is not yet polymerized to
fibrillar form. There is little evidence from the present
study to suggest that the ultrastructural changes con-
tribute to the sharply decreased activity of osteoblasts
following phosphorus and/or vitamin D supplementa-
tion. OAT values approximating 2 were also detected
in the stunted bones from rats on the fully supple-
mented rachitogenic diet (Group 3). Nor is it likely
that the instances where the rate of lamellar bone for-
mation was depressed signal a parathyroid endoeri-
nopathy, for serum calcium concentrations in these
animals were normal or slightly high (vitamin D-
treated) and the ultrastructure of the glands was nor-
mal.3" Involvement of parathyroid activity might
explain the very rapid osteogenesis reported by
Rohr{9 in the metaphyses of rachitic rats raised on a
diet which was vitamin D-free and severely deficient
in both caleium (hypocalcemic?) and phosphate.
Parathyroid extract administered to rats and mice,
for instance, elicits a biphasic response in bone—an
initial inhibition and a secondary stimulation of bone
cell amino acid transport and collagen synthesis. (2% 38)
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While the present studies do not necessarily con-
tribute to our understanding of the basic biochemical
lesions in cartilage and bone which produce histologic
rickets, evidence has also been presented that the most
mature cells in rachitic cartilage are not producing
significant amounts of collagen (and presumably
chondroitin sulfate) and that this basic cell defect ac-
counts, at least in part, for deficient calcification of
the tissue. The results from this study also suggest
that the rate of bone matrix formation in rachitic bone
is generally normal.

SUMMARY

3H-proline was administered intraperitoneally to
young male rats with nutritional rickets produced by
a low phosphate, vitamin Ds-free diet. Autoradio-
graphs of the upper tibial epiphyseal cartilages from
untreated control littermates showed tracer incorpora-
tion by the cells and extracellular matrix 4 hr and 3
days post-injection, respectively, and this occurred
throughout the proliferative and hypertrophie cell
zones. The pattern of tracer uptake was abnormal in
the thickened cartilages from rachitic rats; the oldest
juxtametaphyseal chondrocytes were unable to syn-
thesize significant amounts of matrical protein and
this effect could not be corrected thereafter by feeding
rachitic rats nutritionally adequate supplements of
phosphate and/or vitamin D.

The rate of bone formation was calculated from the
displacement (burial) of the labeled lamellae of bone
matrix from anatomiecal surfaces 3 days post-injec-
tion, as well as by the thickness of the linear bands of
silver grains recorded in the photographic emulsion.
Lamellar bone formation at the periosteum, endos-
teum and on the articular surface of the transverse
epiphyseal bone was essentially normal in rats ren-
dered rachitic by the deficient diet. Unexpectedly, the
pace of appositional bone growth on the periosteum
and transverse epiphyseal bone was depressed when
rachitic rats were treated with phosphate and/or vi-
tamin D, owing presumably to the functional lethargy
of osteoblasts at these sites. Endosteal lamellar bone
formation rates on the shaft and peripheral to the
metaphysis were independent of treatment.
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METEOROLOGICAL STUDIES

CHICAGO AIR POLLUTION SYSTEM MODEL EXPERIMENTAL STUDIES

J. E. Carson

The city of Chicago's Department of Air Pollution Control
and the Argonne National Laboratory’s Meteorology Group
have joined forces to obtain certain meteorological measure-
ments needed for a proper understanding of diffusion rates
over the city; these data are not available from other sources,
such as the U. S. Weather Bureau. Fifteen flights, using both
helicopters and light planes, have been made to measure the
vertical and horizontal variations of temperature, humidity,
and sulfur dioxide. Temperature sensors are being placed 1200
feet above street level on the TV support towers on the roof of
the John Hancock Building. These data will result in contin-
uous measure of the stability of the atmosphere over the city.
Preliminary results using the sulfur hexafluoride (SFs) tracer
technique are discussed. The data show that background levels
of this gas, at least near Argonne, are alarmingly high.

INTRODUCTION

Argonne National Laboratory, with the cooperation
of the Chicago Department of Air Pollution Control
(DAPC) and the support of the Department of
Health, Education, and Welfare’s National Air Pollu-
tion Control Administration (NAPCA), is developing
a numerical model to predict air pollution levels (spe-
cifically, sulfur dioxide concentrations) from forecast
meteorological and stack emission data. If a numeri-
cal model can be formulated which accurately fore-
casts SO, levels, it will then be possible to design air
pollution abatement strategies which are effective with
the least amount of cost and disruption to industry.

Complete information on the Argonne diffusion
model can be found in the progress reports issued to
date. (+-)

CHICAGO URBAN METEOROLOGICAL EXPERIMENTS

In order to predict SO- concentrations in an urban
area accurately, it i1s necessary to know how the at-
mosphere transports and dilutes effluents ejected into
it. That is, we must know how the diffusive capacity
of the atmosphere over Chicago varies in time and
space and from one metcorological regime to another.
The diffusion parameters can be indirectly, but not
very accurately, estimated from standard meteorolog-
ical data, such as wind speed and cloud cover.

Four experimental programs to obtain additional
meteorological measurements in Chicago and to meas-
ure dispersion rates over the uneven terrain of the
city have been initiated. These projects are giving

a better understanding of urban flow patterns and how
the city itself affects the structure of the atmosphere.

The four experimental programs in which Argonne
is involved are: (1) helicopter sounding program, (2)
instrumentation of tall buildings in the city, (3) tracer
studies, and (4) fuel switch tests. In an earlier report
of this series,® the projected experimental programs
were discussed in considerable detail. This paper will
spell out the progress that has been made to imple-
ment and improve these projects.

AIRCRAFT SOUNDING PROGRAMS

Approximately fifteen flights have been made by
DAPC and Argonne personnel to measure vertical sul-
fur dioxide and temperature profiles in and near
Chicago. Both helicopters and light airplanes have
been used.

The primary objective of this sounding program is
to evaluate atmospheric and diffusion conditions (such
as the horizontal and temporal variations of the urban
lapse rate; the height, base, and thickness of inver-
sions; the depth and extent of penetration of lake
breeze circulation; and the altitudes of maximum SO,
concentration) for a number of typical weather situa-
tions. Argonne’s role in this program is to design the
flight program and to analyze the resultant data in-
ventory. The accomplishments during the fiscal year
are discussed in the next article.

INSTRUMENTATION OF TALL BUILDINGS

The helicopter is an ideal sensor platform for ob-
taining data over large areas rapidly and at moderate
cost. Unfortunately, neither helicopters nor radiosonde
balloons permit continuous observations to be made at
heights well above the surface.

The Chicago Department of Air Pollution Control
has obtained permission to locate one aspirated tem-
perature sensor on each of the two television towers on
the roof of the John Hancock Building in Chicago.
These sensors will be about 365 meters (1200 feet)
above ground level and about 30 meters above the
roof of the structure. Another sensor will be located
about 45 meters (150 feet) above street level on the
nearby Chicago Water Tower. DAPC will shortly be-
gin discussions with the operator of one or two inter-



mediate-sized buildings in the area to obtain sites for
additional sensors, so that temperature profiles up to
365 meters can be measured on a continuous basis. It
is recognized that it may not be possibl: to obtain
exact temperature profiles in this manner because of
heat from buildings, obstructions to wind flow, and the
fact that the sensors are not placed vertically; but for
the purpose of diffusion analysis, information on the
lapse rate class (inversion, isothermal, near neutral,
or unstable) is probably adequate.

The accuracy of building sensor data can be tested
by having the instrumented helicopter fly at the height
of the sensor but away from the building heat. If
these building-mounted sensors prove useful and ac-
curate, a significant advance in city meteorological
observations will have been achieved. Similar obser-
vations could be made at other locations in Chicago,
as well as in other cities, at low cost.

FUEL SWITCH TESTS

The second in a series of fuel switch tests was con-
ducted in Chicago between June 16 and July 4, 1968.
A paper published in one of the progress reports®
and presented at the 62nd Annual Meeting of the Air
Pollution Control Association,® discusses the design
of the experiment and results obtained. An extended
abstract of this experiment appears elsewhere in this
publication.

The third fuel switch test was conducted by DAPC
and Argonne between May 20 and May 30, 1969. Re-
alistic pollution abatement procedures were used in
this test. Analysis of the resulting fuel use, air quality,
and meteorological data is continuing.

SULFUR HEXAFLUORIDE TRACER STUDIES

In a previous report of this series,¥ a series of
tracer studies using SF; as the tracer material was
proposed to learn more about diffusion rates in Chi-
cago.

The SO, concentration observed at any location is
the sum of the contributions by many individual
sources and, with certain assumptions, to estimate their
group of sources in unknown. For pollution abatement
in general, but especially during serious pollution epi-
sodes, control authorities must know the relative con-
tribution of each source in the area. Otherwise, effec-
tive and economical abatement is not possible.

Tracers give one the ability to “see” individual
sources and, with certain assumptions, to estimate its
contribution to the total SO, levels at the location.
Thus, in a given weather situation, we can tag a sus-
pected source and see whether the tracer reaches the
sensor, and if so, in what amounts. Several experi-
ments under different weather conditions, using differ-
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ent kinds of sources, should tell a lot about the rela-
tive importance of different individual sources and
classes of sources, and test the ability of the diffusion
equations to accurately simulate nature.

The analysis system developed by the Department
of Health, Education and Welfare’s National Air Pol-
lution Control Administration in Cincinnati for this
tracer gas will be used.("® The ultrasensitive de-
tectability of this material results from the high re-
sponsc characteristics of electron capture detectors to
halogenated materials. Much of the experimental work
to date has been to optimize procedures so that very
high sensitivities can be realized. Gas is released at a
rate of about 3.5 to 7.0 g/sec (1 to 2 cfm) and is
collected in plastic bags using samplers borrowed from
NAPCA. These samplers contain a small battery-
driven pump which fill 16-liter bags at a rate of about
120 ml/min. Instantaneous air samples are also col-
lected in evacuated 1-liter metal cylinders.

Argonne’s Industrial Hygiene and Safety Division
has modified one of its gas chromatographs to deter-
mine concentrations of this tracer material. A Model
GC 1500 Micro-Tek unit is being used.

The system initially chosen was that designated
“System B” by Saltzman, Coleman, and Clemons.(
The column consists of a 1.2-meter section of 40 to 60-
mesh 3A molecular sieve which is used to remove in-
terfering water, followed by a 4.2-meter section of V-
inch tubing containing 40 to 60-mesh Baymal. The
latter material is a colloidal alumina which is particu-
larly useful for halogenated hydrocarbons. The stand-
ard inlet in the chromatograph was replaced with a
7-port valve containing a 0.25-ml sample loop. The
carrier gas is high purity nitrogen which is cleaned
with two 5A molecular sieves. The scavenger gas is
5% hydrogen in argon. A polarizing power supply and
a nanoammeter were constructed by Argonne’s THS in-
strument group. A one-millivolt recorder is used to
record the chromatograms. The air in the sample bag
is flushed through the sampling loop until approxi-
mately 100 ml have passed through. A 0.25-ml sample
is then retained and the SF; concentration measured.
The system will be ealibrated using standard gas mix-
tures supplied by NAPCA.

A sensitivity better than 0.05 ppb (vol/vol) of SFg
in air has been achieved with this system; it is possi-
ble to improve this to 0.01 ppb using minor changes.

The sensitivity of the system is being greatly in-
creased to better than reported geophysical back-
ground levels, one part SFy; in 10'2 parts air, by using
changes that have been developed and tested by R. K.
Stevens and others in the Cincinnati NAPCA chemis-
try group. These changes include:

(1) using a Nickel-63 detector,
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(2) operating the detector at 280° C rather than at
room temperature,
(3) using a pulsed power supply,
(4) using a larger volume (2 mi) for the sample
loop,
(5) using pure helium as the carrier gas, and
(6) using alumina as the column material.
Additional work to insure the absolute accuracy and
repeatability of the systemn and to refine analysis pro-
cedures will continue.

BACKGROUND 8Fg MEASUREMENTS

On February 27, 1969, six samples of air were col-
lected at the Argonne site and analvzed for back-
ground levels of SFs. No gas was released during the
collection period. The weather conditions at Argonne
during the collection periods (about 1030 to 1130
CST) were: east winds at 10 mph, clear skies, tem-
perature 23° F, very unstable air. In other words, the
winds brought in polluted air from the City of Chi-
cago, and very rapid dilution was occurring.

Two of the six samplers were placed upwind of all
Argonne buildings, and two were placed downwind of
two Argonne buildings known to contain large quan-
tities of SFy: the Tandem Van de Graaff accelerator
building and the Zero Gradient Synechrotron. In 1968,
15,000 lbs of SF; leaked from the Van de Graaff ma-
chine. One sampler was placed near each building, the
seecond about 300 meters further downwind.

Five of the six samplers showed SF; concentrations
below 0.20 ppb, the maximum sensitivity of the de-
tector system at that time; the sample taken just out-
side the Van de Graaff building contained 0.78 ppb.
Since projected changes in the analysis system will re-
sult in sensitivities of one part in 1012, this background
level and leak rate are disturbing.

Sixteen more background samples were collected at
Argonne during the morning of April 23, 1969; two of
these were found to have measurable levels of SFg
(>0.05 ppb). These two were located downwind of
the Van de Graaff building.

Additional background air samples were collected
in Chicago on May 27 and 28, 1969, during the third
fuel switch test. Strong WSW to SW winds carried air
from Argonne into the city. For this reason, most of
the air samples were collected along Lake Shore Drive
and in the Loop; any large SF¢ sources in the city
would have been detected.

Twelve instantaneous air samples were collected on
May 27, eighteen more the next day. None showed
SF¢ concentrations greater than the limit of detect-
ability (again 0.05 ppb). Two samples yielded read-
ings in the vicinity of the limit of detectability; it is
believed that these represent baseline excursions
rather than the positive results.

Four of the NAPCA continuous sample collectors
were placed along Lake Shore Drive in Chicago, from
31st Street to Lincoln Park, on May 28. Samples were
collected between 1135 and 1400 CST; none showed
measurable SF; levels. In addition, a sampler was
placed on the roof of the DAPC building, 320 North
Clark Street. Four one-hour samples were collected
between 1100 and 1500 CST; none was positive.

It is clear that many more background samples
must be collected and analyzed when the improved
SFe detector system is completed and operational.

$F RELEASE EXPERIMENTS

Three SFg tracer gas experiments were made at the
Argonne site in order to gain experience with the total
system: release, collection, and analysis. The gas re-
lease rate was about 3.5 g/scc.

The first of these releases was made between 1030
and 1100 CST on February 28, 1969. At the time the
SF; tank and the samplers were located, the winds at
Argonne were straight east (90°).

The actual conditions during the release period
were: wind ENE (70°) at 13 mph, clear skies, tem-
perature 34° F, very unstable surface layer. The six
samplers were placed along an cast-west road 45, 135,
300, 550, 750, and 950 meters downwind of the release
point. Just as the releases began, the winds backed to
ENE; as a result, only the two closest samplers were
in the plume, The nearest sampler measured 342 ppb,
the next one 5.65 ppb. The remaining four were below
0.2 ppb.

Another release was made at Argonne between 1518
and 1550 CST on March 3, 1969. The weather during
this release period was: wind NNE (30°) 14 mph, sky
clear, temperature 40° F, very unstable surface layer,
(a sigma meter showed a standard deviation of the
horizontal wind direction of 11°; for the vertical com-
ponent, 5.5°). Seven samplers were placed in an are
about 450 meters downwind of the source. One failed
to collect any gas due to a poor connection between
the pump and the sample bag; the other six showed
conecentrations between 5.6 and 23.0 ppb. The results
of this release are not shown in figure form since the
absolute accuracy of the system was not known. A
simple diffusion calculation (Turner®) for class “D”
stability vyields a center-line concentration of
18.2 ppb, somewhat lower than the 23.0 observed.

The final release was made between 1145 and 1220
CST on April 17, 1969, with the tracer gas being
emitted from the 34-meter Argonne experimental
stack. Seven samplers were placed in an are 1500 me-
ters downwind. Weather conditions during the release
were: wind SE (140°) at 11 mph, cumulus overcast
at 1500 meters, temperature, 19° C. A light shower
dropped 0.01 inches of rain during the release,



The highest SFg value measured was 0.60 ppb, with
values about half as large as 10° on either side of the
plume centerline. One sample again failed to collect
any air,

PROPOSED SFs PROGRAM, SUMMER AND FALL 1969

More SF¢ experiments will be made at Argonne,
using both ground level and stack releases. These will
continue until the system is operational. Simultane-
ously, additional SF¢ background measurements will
be made both in Chicago and at Argonne. Some of the
Argonne releases will be made from the Argonne heat-
ing plant.

If these tests are satisfactory, and if background
levels are acceptably low and uniform, full-secale re-
leases in Chieago will begin. Arrangements have been
made to introduce the SFg into one of the stacks of
the Commonwealth Edison Company’s Crawford and
Will County plants. Gas samplers will be placed next
to the TAM SO. sensor inlets to determine the relative
contribution of this one stack to total SO. levels. A
series of gas collectors will also be placed across the
expected plume axis one or more miles downwind to
define the plume center-line and to measure actual
dispersion coefficients (sigmas) in the urban environ-
ment. Other experiments are being planned, including
the use of other power plant stacks and ground and
roof-level releases.
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CHICAGO'S AIR- POLLUTION INCIDENT CONTROL TEST, SUMMER 1968%* }

J. E. Carson, R. J. Votrubal§ and J.-W. Lin}

One method for reducing pollution concentrations during
periods of weak winds and poor diffusion conditions without
turning industry off is to convert as many of the large sources
to alternate fuels as possible. Sulfur dioxide is a major pollutant
in Chicago; unfortunately, sufficient supplies of low-sulfur
fuels are not available to replace the usual fuels at all times.

The City of Chicago’s Department of Air Pollution Control,
in cooperation with Argonne National Laboratory, is develop-
ing an air pollution abatement strategy to use the limited

* Summary of paper presented at the 62nd Annual Meeting,
Air Pollution Control Association, June 25, 1969, New York
City.

1 This work was partially supported by the Chicago Depart-
ment of Air Pollution Control and the National Air Pollution
Control Adiministration, Department of Health, Education
and Welfare.

1 Department of Air Pollution Control, City of Chicago.

§ Deceased, October 16, 1969,

quantities of low-sulfur fuels with maximum effect on air
quality. This technique consists of asking major SQa producers
to convert to such fuels during periods of poor ventilation,
especially those sources within and upwind of the polluted areas
and population centers,

A full-scale dress rehearsal of this technique was tested dur-
ing a three-week period in June and July, 1968. This paper
discusses the results of this outdoor experiment, including
changes of air quality due to fuel switches.

The second in a series of fuel-switch tests was con-
duected in the City of Chicago between 16 June and 6
July 1968. Industry and the power generating plants
cooperated with the city’s Department of Air Pollu-
tion Control (DAPC) in conducting this unique and
valuable experiment in air quality control.

Chicago is the first and to date the only major city
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in the U.S.A. (and perhaps the entire world) to de-
liberately vary the rate of production of an atmos-
pheric pollutant (sulfur dioxide) on a city-wide basis
on a schedule designed to tell more about diffusion
and transport over a large urban area.

The incident control test discussed in this report
represents a joint effort conducted by the Chicago De-
partment of Air Pollution Control, the Atomic Energy
Commission, and the National Air Pollution Control
Administration of the Department of Health, Educa-
tion and Welfare.

The Chicago Department of Air Pollution Control
was responsible for program direction and for han-
dling the mechanics of the fuel-switch test. DAPC
personnel were to contact each plant, secure their co-
operation and provide the appropriate plant officials
with details of the test schedule, objectives, ete.
DAPC also provided the necessary forms for logging
fuel consumption data. A total of 76 plants, which
produce on an annual basis 85% of the city’s SO.,
were asked to participate; forty-nine plants did.

Secientists from the Reactor Engineering and Radio-
logical Physics Divisions of Argonne cooperated with
DAPC in the planning phases of this simulated “pol-
lution incident control test.” Except for the starting
date, the schedule which resulted was about as close
to a controlled laboratory experiment as one could
hope to conduct in an area as large and diversified
as the City of Chieago.

This city-wide pollution experiment had three pri-
mary objectives: (1) to act as a trial tun for estah-
lishing procedures for implementing effective SO.
abatement procedures during a forecast period of air
pollution buildup, (2) to observe changes in air qual-
ity due to fuel changes and to compare these changes
with those computed from the diffusion equations, and
(3) to provide Argonne scientists with detailed air
quality, meteorological, and SO, emission data during
a short period to aid in the development of better
methods for predicting air pollution levels.

This city-wide experiment did bring into sharper
focus the practical actions that industry can and can-
not realistically take to reduce or curtail SO» output
during pollution episodes. Any air pollution abatement
strategy must, of course, be based on accurate assess-
ments of the availability of low sulfur fuels and in-
dustrial-commereial operating procedures, so that no
undue burden will be placed on industry by air pollu-
tion control operations. Communications channels be-
tween DAPC and the operating engineers of the vari-
ous plants were established and used; the test showed
that improvements are needed.

The third objective of the test was to provide the
air quality and emission data needed by Argonne sei-
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entists In their efforts to develop a mathematical
model to forecast air pollution levels (speeifically, SO,
concentrations) in Chicago from meteorological and
emission data. Input data for this model include exist-
ing hourly air quality (SO. concentrations), wind
speed, and wind direction at each of the eight TAM
(Telemetered Air Monitoring) stations in Chicago,
standard hourly weather data at five additional loca-
tions, hourly SO emission data from as many as pos-
sible of the large industrial, commercial and residen-
tial point sources, and estimated hourly emissions
from area sources due to space heating and small in-
dustrial sources. This computer model, if able to pre-
dict futurc SO levels accurately, will be used to de-
velop effective abatement procedures at minimal costs
and minimal disruption to industry whenever an air
pollution incident occurs or is forecast.

There is only one way to reduce air pollution levels
during a period of poor ventilation conditions: reduce
the rate of emission of the pollutants. In Chieago, sul-
fur dioxide is a major pollutant (but not the only
one). One could turn off SO; sources during an air
pollution episode, but this would be economically and
politically difficult. Or, the sources could convert to
low sulfur fuels during the episode. In Chieago, an
optimal abatement strategy for SO» basically consists
of determining the best use of the available supply of
natural gas and other low-sulfur fuels.

The procedures used during the Summer 1968 fuel-
switch test were as follows: Those industries with sin-
gle-fuel capacity (coal or oil) were asked to colleet
and submit to DAPC detailed hourly fuel and sulfur
consumption data for the entire test period, 16 June
through 6 July 1968. Plants with dual-fuel capacity
were also asked to maintain hourly fuel use records
for the same period; they were further requested to
burn their usual fuel for that season during the first
week of the test, and to convert to maximum use of
high-sulfur fuel between 0700 and 1100 CST on both
June 24th and July 1st, 1968. During the week of
June 23rd, Commonwealth Edison was asked to con-
vert its plants to minimum use of high-sulfur fuels
after 24, 48, or 72 hours on coal, with industry con-
verting 1 day later; the exact date was determined by
the weather forecast. It was hoped that fairly steady
weather conditions would prevail for 48 hr or more
after the 24th so that the SO, concentrations observed
at each of the eight TAM stations could be compared
with consecutive periods of similar weather but differ-
ent SO. emission patterns. These conditions did not
occur during the first week of the test, and little useful
air quality data was obtained. Again on the morning
of July 1st, all plants with dual-fuel capacity were



asked to convert to maximum use of high-sulfur coal
or oil. During this week, industry was asked to recon-
vert to minimum-sulfur fuels on a date selected on
the basis of the weather foreeast, with the Edison
Company following one day later. Fortunately, the
weather did cooperate this weck.

When the city converted to maximum use of high-
sulfur fuels on July 1st, four of the eight TAM sta-
tions reported rapid and large increases in SO.» values
(from 0.00 to 0.23 ppm in 15 min at onc site, for ex-
ample). Fluctuations during the balance of the day
can be related to changex of wind direction. Very low
ground-level SQ» concentrations were often obzerved
at night and early morning during the high SO- out-
put period with light winds and strong, ground-level
inversions, showing that the pollutants were trapped
above the stable layer and did not reach the surface.

On July 3rd, when a lake breeze circulation covered
the city, a SO: concentration of 0.47 ppm was ob-
served at one station. This occurred several hours af-
ter the lake breeze front passed the station, showing
that the SO, was trapped in the relatively cool, stable
air moving in from the lake. No high SO: levels were
observed at any station in the zone of convergence
along the lake breeze front.

CHICAGO AIRCRAFT SOUNDING PROGRAM
J. E. Carson and D. I . Nelson
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The data show that sources outside of the city are
often responsible for high SO. levels inside the eity.

The third fuel-switch test in this series was con-
ducted between May 19th and May 30th, 1969. Dur-
ing this experiment, the dual-fueled plants and the
electrical generating plants were asked to convert to
high sulfur fuels on May 20th and May 26th. The con-
versions to low sulfur fuels were made one or two days
later using a selective abatement strategy; that is,
only a limited number of plants changed to low-sulfur
fuels. The abatement strategy used depended on the
actual and forecast weather conditions, observed and
forecast SO levels, location of dual-fuel plants with
respect to the SO. observing sites, diffusion calcula-
tions, and the availability of natural gas. Only those
sources contributing to areas of high SO. concentra-
tions were asked to convert to gas. The strategy em-
ployed in this test is quite similar to that which
would be used during a real air pollution episode. The

observed changes in SO. levels indicated that fuel

switches were effective in lowering SO» concentrations
in the affected areas, and that the decreases were con-
sistent with those computed by the diffusion model. A
complete analysis of this experiment in pollution
abatement is in progress.

Atmospheric stability, as measured by the vertical tempera-
ture distribution. is an important meteorological factor con-
trolling diffusion rates. Until recently, no measurements of this
parameter were being made in or near Chicago. The Chicago
Department of Air Pollution Control has purchased a flight
package to measure vertical profiles of air temperature and
sulfur dioxide. Both helicopters and light airplanes have been
used; Argonne and city scientists have made flights with the
svstem. About fiftcen flights were made during the period of
this report; features of several of the more interesting flights
are presented.

TUntil recently, two types of meteorological meas-
urements needed to accurately estimate diffusion con-
ditions over Chicago were not being made. These are
the vertical temperature gradient and winds in the
zone of mixing and transport. The vertical tempera-
ture gradient (lapse rate) determines the atmospheric

stability and (combined with wind speed and surface-

roughness) the intensity and spectrum of turbulence.
The depth of the mixing layer (that is, the volume of
alr in which the pollutants can be mixed) is deter-
mined by the height above ground and intensity of
stable layers (inversions) aloft; it is very difficult if

not impossible to estimate this critical pollution pa-
rameter without direct measurements.

The low-level lapse rate varies with time and height
as well as horizontally in an urban area such as Chi-
cago with its mixture of tall and low buildings, roads,
parks, lake, cte. In dispersion calculations, the lapse
rate in the first several hundred feet above ground is
usually estimated from standard weather observations
(wind speed, cloud cover, time of day, etc.) using ob-
jective techniques, such as those proposed by Gif-
ford™ and Pasquill.®® Unfortunately, these proce-
dures cannot be used to provide accurate cstimates of
the mixing depth.

Techniques to extrapolate the observations from the
two nearest U. S. Weather Bureau radiosonde stations
(Peoria, Illinois, 140 miles southwest of the Loop and
Green Bay, Wisconsin, 180 miles north) have been
developed at Argonne and by a local private meteor-
ological forecasting service (Sce Reference 3, p. 129).
These procedures cannot be expected to be sufficiently
accurate or detailed always to represent conditions
over Chicago.
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Since vertical lapse rate data are so important in
pollution work, the City of Chicago Department of
Air Pollution Control purchased an airborne instru-
ment package designed to measure SO,, pressure alti-
tude, and wet bulb depression and temperature. The
instrument was purchased from Sign X Laboratories,
Inc., Essex, Connecticut. This package, mounted on a
Chicago Fire Department helicopter, has been used to
measure SO, and temperature profiles over the city
since March 1969. Several examples of the types of
information that can be obtained from this system are
given below. DAPC personnel operate the equipment
on most flights.

The U. S. Weather Bureau, using funds from
NAPCA, began a balloon program in Chicago in April
1969 to provide wind and temperature data from the
surface to 10,000 feet. Slow-rising radiosondes are
used to obtain temperature and humidity data; the
balloons are followed optically to give wind speed and
direction. An over-inflated 100-g pilot balloon is used
to lift the package. Two flights are made each normal
work day at 0500 CST and 1000 CST (none on week-
ends or holidays).

As originally planned, the helicopter system was to
be used both to obtain routine vertical temperature
and SO; soundings and to study in detail these pro-
files in the city and how they vary horizontally and
with time during “typical” weather and pollution situ-
ations. The balloon program frees the helicopter from

routine observations. The balloons also give wind in-
formation in the zone of transport over the city, data
not observable from the helicopter.

The first helicopter flight using this instrument was
made on March 5, 1969. On this flight, only the Mid-
way temperature profile was complete and showed an
adiabatic lapse rate to the top of the sounding at
2600 ft above ground at 1045 CST. The winds were
southwest at 8 to 10 mph. Clouds at Midway were
thin, broken ecirrus above 20,000 feet with scattered
cumulus at 900 meters,

By far the most interesting of the helicopter flights
was made on March 19, 1969. The 0600 CST weather
map on this date showed an east-west stationary front
across Wisconsin, Liake Michigan, and Michigan just
to the north of Chicago. Winds were mostly light and
variable south of the front and weak north to north-
east behind it. This frontal zone pushed to the south
during the morning hours, passing Meigs Airport be-
fore the helicopter started its flight program and
Argonne after the sounding there. The three tempera-
ture soundings are shown in Figure 97.

All three soundings show the same temperature at
2600 ft (MSL) and above; it is assumed that all three
soundings were made in the same air mass above this
level. The data indicate that the fresh polar air mass
behind the front was still very shallow at Meigs and
Midway.

The Meigs temperature profile was made at 1030
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CST, when north winds at 14 mph were reported and is observed at ground level. The air at Meigs a short
the temperature of the water in Lake Michigan was distance above the surface was 10° C cooler than the
near 0° C. This trajectory, of course, brought fresh, air inland. This temperature difference is due to both
clear air across the very cold lake over the lake-front the change of air mass and cooling by the lake.
airport into the city. A very thin superadiabatic layer Midway reported NNE (10°) winds at 7 mph at
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1000 CST, ENE (80°) at 10 mph at 1100. The Mid-
way sounding was made at 1050 CST, after the frontal
passage. The cool air behind the front was consider-
ably moderated by the time it reached Midway Air-
port; a dry adiabatic layer about 1300 ft thick had
been generated, with a stable layer above.

The front did not pass Argonne until 1320 CST. The
weather before the air mass change was very good:
clear skies and light winds mostly from the north at 3
to 5 mph, The maximum temperature was 19°C
(66° F), reached just before the frontal passage. After
the frontal passage, the winds became ENE at 9 to 11
mph and the skies remained clear.

The Argonne sounding, made at 1100 CST, showed
an adiabatic layer to the top of the sounding at 3300
ft. (The lowest two points on this sounding are from
the Argonne weather tower and show the usual super-
adiabatic surface layer.)

The pall of pollution brought to Argonne was easily
visible; there was enough dust in the air to reduce
solar radiation intensity about 15 to 20%. Figure 98
shows the solar radiation data at Argonne on this
date; data for May 18th, also a clear day, are in-
cluded to show the reduction of insolation due to pol-
luted air. These data show that the pollutants were
within the new air mass, not ahead of it.

Wind data at Argonne show that the intensity of

turbulence in the new air mass was quite low; for ex-
ample, the standard deviation of the vertical wind
direction (as measured by a bivane and sigma meter)
37.5 ft above the ground changed from 13° before the
lake air arrived to 6° after. The standard deviation of
the azimuth angle changed from 40° to 10°. These
data show the reduced turbulence levels in cold air
mass.

By far the best SO, and temperature profile data
collected by the helicopter to date were obtained be-
tween 0940 and 1100 CST on April 11, 1969, The flight
path and sounding locations were selected using exist-
ing weather conditions and modified during the flight
itself to obtain maximum useful information.

On April 11, a large cold high pressure area was
centered over the upper peninsula of Michigan, moving
ESE. The sky was mostly clear with a few scattered
middle clouds. Winds were ENE at 7 to 9 mph. This
flow concentrated the pollutants emitted by the com-
plex of industries and power plants along the Steven-
son Expressway into a single visual plume, The flight
pattern was altered to take advantage of this concen-
tration of pollutants. The original plan was to make
vertical soundings at Meigs and Midway Airports and
at Argonne, the standard flight schedule. A decision
was made while in the air to make a detour to Hins-
dale Airport in order to make an additional sounding
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near the center of the visible smoke plume moving to
the SSW along the Expressway. Most of the plume
seemed to the observer in the aireraft to originate in
the Ridgeland Power Station and the Chicago Sani-
tary District Plant in Stickney. This airport is about
10 miles from these sources. The SO; and temperature
profiles at this airport are shown in Figure 99. A dry
adiabatic lapse rate 2000 ft thick was observed just
below a weak inversion. The SO, data show that SO,
levels were high and rather uniformly mixed in this
layer, with a very rapid decrease to background levels
above the base of the inversion. This figure rather con-
vineingly demonstrates the importance of the mixing
layer concept and how even a weak inversion aloft
can act as a lid to dispersion and vertical mixing.

The temperature profiles at Midway and Argonne
were quite similar to that of Figure 99; SO, concen-
trations below the inversion were considerably lower
than those observed at Hinsdale Airport. The sound-
ings at Meigs show near zero SO, at all heights, with a
cool surface layer caused by on-shore winds.

One leg of the return flight was going north at con-
stant levels (980 ft, MSL) along County Line Road
from 95th Street (Des Plaines River) to Cermak Road

(2200 South). (County Line Road runs N-S along the
boundary between Cook and DuPage Counties.)

The SO recorder trace for this leg is shown in Fig-
ure 100. SO, levels were quite high (0.25 to 0.33 ppm)
in the visible plume, much lower on either side. The
figure shows that valuable pollution information can
be gained on horizontal as well as vertical flights.

The ragged nature of the interesting SO, cross sec-
tion may be due to incomplete horizontal mixing from
several large point sources. A simple diffusion calcula-
tion, using typical SO: outputs from the two plants
mentioned above, the Gifford®) diffusion parameters,
and the observed weather information, shows that
most of the observed SO: concentration at Hinsdale
Airport could have originated at these two sources.
Not too much should be inferred from this caleulation,
as the real SO. emission rates were not known and the
SO, contributions from all the other possible sources
were ignored.

Figure 101 shows the 8O, and temperature profiles
at Argonne on April 16, 1969 at 1100 CST. South
winds at 8 mph with clear skies were present when the
sounding was made. The temperature data show the
expected adiabatic layer with a weak (~1° C) inver-
sion at 2000 ft. Even this inversion was enough to
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limit mixing. Profiles at the other airports were simi-
lar. (The SO. sensor on the flight package uses the
David conductivity method. It is unable to distin-
guish between SO, and CO.; a scrubber is used to
eliminate the SO2 before the conductivity is measured.
The CQ, contribution is then subtracted from the CO.
plus SO, reading. In Figure 101, the periods when the
serubber was in operation are shown.)

Several other flights have also been made using a
very simple thermistor bridge combination furnished
by the National Air Pollution Control Administration.
This package has been flown both on a helicopter and
on a light airplane. The thermistor, inside an alumi-
num radiator shield, was mounted at the forward end
of the landing skid of the helicopter or on a strut of
the airplane. The thermistor resistance was measured
by manually nulling a Wheatstone bridge having the

thermistor as one resistance element and a 10-turn
potentiometer as another. Temperatures were then de-
termined from a resistance vs. temperature calibra-
tion chart. Heights were taken directly from the air-
craft altimeter.

The first of these flights was made on December 16,
1968, when vertical temperature profiles were observed
over Meigs (lakefront) and Midway (urban) Airports
in Chicago and over Argonne (rural), using a Chicago
Fire Department helicopter.

Figure 102 shows the variation of temperature with
height between Meigs Airport on the lakefront and
Argonne. The three profiles are very similar, showing
adiabatic lapse rates up to a strong inversion layer at
about 2000 ft. Some of the horizontal differences may
be due to the fact that the sounding at Meigs was
made at 1000 CST, at Midway at 1015, and at 1100



141

P
/
—_
1400 — , \V\L -1
{ p 24 APRI969 (630
k I
/2\24 APR 1969 2100
1200 t— / ]
NN

@ 1000 — AN —
I \ \\
5 NN
£ NN
= O
£ v~ N \ 25 APR 1969 0500
© N \ \ —1
S soo =
i 80 \ N\
¥ AR
2 N
a A\ 25 APR 1969
& \(oms ]
& 600 }— 24 APR 1966 1220

400 |— —

200 |— /):‘

. B ob— A4
2 4 6 8 10 12 14

TEMPERATURE, °C

Fig. 103.—Vertical temperature profiles, Midway Airport, April 24-25, 1969

CST at Argonne. The winds were southwest at 8 to 10
mph. Clouds were broken at 10,000 feet with a 0.9
cloud cover at Midway.

The Cinecinnati thermistor system was flown on
January 14, 1969 by Argonne personnel in a rented
light plane (Cherokee 140). An adiabatic lapse rate
was observed up to the solid cloud layer at 1400 feet
over the Lewis Lockport Airport.

The airplane flights conducted between 1200 CST
on April 24th and 0600 CST on April 25th are illus-
trative of how an aircraft can be used to measure both
the space and time variability of lapse rate in the
area. The thermistor-bridge system was used every
four to five hours to make profile measurements at
Lewis Airport in Lockport, Illinois (a rural area),
Midway Airport (a city location) and Meigs Airport

(a lakefront site). A few soundings were made at other
locations.

A large, strong, high pressure area was moving from
NW to SE across Chicago during the flight program.
As the center of the high pressure passed, the winds
veered from north at 8 mph at the start of the pro-
gram through ESE at 5 mph at 2100 CST on the 24th,
through S at 4 mph at midnight to SE at 4 mph by
the end of the period. The sky remained clear.

The time variability of lapse rate at Midway is
shown in Figure 103. Considerable warm advection oc-
curred above 1300 ft between 1220 and 2100 CST.
The mixing depth decreased from 2900 ft to 1640 ft
between 1220 and 1630 on the 24th. The surface noc-
turnal inversion extended to 980 ft by 2100 CST; the
intensity but not the depth of the inversion increased
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during the nighttime hours. The data show that the
mixing depth on the 25th was much deeper than on
the previous day.
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PROJECT ITREX—A COOPERATIVE THUNDERSTORM TRACER EXPERIMENT

D.F. Gatz

The Ilinois Tracer Experiment (ITREX) is a cooperative
field research program to study the removal of dust and
pollutants from the air by rain. Three research groups are
participating in the study, which utilizes two types of tracer
materials: some already present in the atmosphere, and some
specifically added by the experimenters., The research pro-
gram runs for several weeks during the summer in a 40-mile-
square rain gauge network near Champaign, Illinois.

“ITREX” stands for Illinois TRacer EXperiment.
It 1s the code name for the largest field study ever
attempted on how rain cleans pollutants from the at-
mosphere. In some experiments, artificial tracers are
released into thunderstorms. Argonne scientists com-
prise one of three groups participating in the study,
which was scheduled for eentral Illinois during spring
and summer 1969. The other groups are from the Uni-
versity of Michigan and the University of Illinois—1II-
linois State Water Survey. An aircraft from Weather
Science, Ine., Norman, Oklahoma, will participate
during the first of two scheduled operational periods.
During the second period, an aircraft from the Na-
tional Center for Atmospheric Research (NCAR),
Boulder, Colorado, will participate.

Participation in ITREX is a first step in the de-
velopment of a program in precipitation chemistry at
Argonne. This new program, as now planned, will
measure the chemical content of rain, air, and air-
borne particles. Such information will aid the study of
two different but related problems of great interest
today: air pollution and weather modification. The
application to air pollution comes from a desire for a
better understanding of the way rain and snow clean
the atmosphere. The application of weather modifi-
cation stems from the need to understand how nature
makes rain so that man can find ways of modifying
the natural processes for his benefit. These two areas

are related because of the very real possibility that’

pollutants can interfere with natural processes to

produce more—or less—rainfall.
The field location for project ITREX (Figure 104)

is central Illinois in an area northwest of Champaign-
Urbana, where the State Water Survey maintains a
network of 196 rain gauges and rain samplers. The
field station of the University of Michigan group is
located near Clinton. An Argonne automatic rain col-
lector (AARC) will also be located near Clinton,
about 1.5 miles from the University of Michigan sta-
tion. The AARC is an automatic device to collect up
to 72 separate 500-ml samples sequentially from rains
of up to 1.6 inches. The Water Survey weather radars
are at the University of Illinois Willard Airport, five
miles south of Champaign. Both the Michigan and
Water Survey groups have radio-dispatched mobile
units that carry roof-top and basket-type rain sam-
plers.
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Fra. 104—Map showing field location of Project ITREX



Five separate types of experiments are planned by
the cooperating groups. For the most part, these are
being done jointly by two or more investigators. Some
of the experiments have definite goals; others are pi-
lot, or exploratory in nature. The experiments and the
cooperating groups are listed in Table 59.

In experiment 1, several hundred grams of indium
will be released from a burning pyrotechnic flare by
an aireraft flying below the cloud base in a thunder-
storm updraft. Rain from that storm will be collected
by the network of samplers on the ground and ana-
lyzed for the tracer by neutron activation, Total depo-
sition of indium by the storm over the network will
be caleulated and divided by the known amount of
indium released to obtain the removal efficiency.

Experiment 2 has similar objectives, but in addi-
tion will compare results between tracers to see if the
different materials are removed at different rates.

Experiment 3 is based on the recognition that the
elements present in rain were once borne by one or
more of the following: soluble particles, insoluble par-
ticles, large particles, small particles, condensation
nuclei, and ice nueclei. Besides, oxygen and hydrogen
isotopes are present in rain water, These different par-
ticles and water tracers may follow different path-
ways through the precipitation proecess, depending on
their size and chemical nature. Sometimes different
pathways result in different concentration-versus-
time curves (concentration “profiles”) bhetween two
tracers observed at the same station. For example, we
know (Dingle and Gatz») that gross airborne dust,
artificial radioactivity, and plant pollen concentra-
tions in rain usually have an inverse relationship to
rainfal] rate, whereas ice nuclei (Vali’®) usually have
a direct relationship.

We want to see if a number of different character-
istic profiles occur, and whether each can be identified
with a particular pathway through the precipitation
process. If so, one could tell how precipitation scav-
enges a given particle or element (i.e., what its path-
way 1s) by observing its concentration profile in rain.

In this experiment we will look for different tracer
profiles in two series of rain samples from the same
storm at two stations 2km apart. The tracer mate-
rials, rain collection sites, and analyst groups are
listed in Table 60. Some analyses will be done by co-
operating specialists at the U. S. Geological Survey,
Denver, Colorado, and The University of Wyoming,
Laramie,

Experiment 4 is an attempt to trace thunderstorm
downdrafts from their theoretical middle-level (3-6
km) origin to ground level, using gaseous SF, first
developed for air pollution tracing. Such deep down-
drafts could be important transport mechanisms for
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TABLE 59. Prosecr ITREX EXPERIMENTS AND PArTICI-
PATING (JROUPS

Experiment Groups )
participating{®)
1. Indium tracer budget UM, SWS
2. Indium, lithium, silver tracer comparison | SWS, UM
3. Chemical analysis of serial rain samples ‘ ANL, UM
. Sulfur hexafluoride downdraft tracing ANL, SWS

4
5. Pollutant scavenging efficiency ANL, SWS

i

@) UM, University of Michigan; SWS, Illinois State Water
Survey; ANL, Argonne National Laboratory.

TABLE 60. SgriarL RaiN WaTer SaMPLE COLLECTION AND
ANaLysis, Project ITREX

Collection
itel®) .
Tracer material s Anal_y(s;t)
, group
UM ' ANL |
Lead, lead-210 X | X ’ ANL, UM
Oxygen-18, deuterium X ' X | ANL, USGS
Iee nuclel X X | UW
Several elements by atomic ab- ‘ X | ANL
sorption
J

Pollens, beta radioactivity I X ] UM

@ UM, University of Michigan; SWS, Illinois State Water
Survey; ANL, Argonne National Laboratory; USGS, U. 8.
Geological Survey; UW, University of Wyoming.

bringing bomb-debris radioactivity from aloft to the
surface,

Experiment 5 is similar to the first experiment, but
uses tracers that are naturally available instead of
introduced. In this case, the tracer input to the storm
18 not controlled and must be measured. This is done
by taking a filter sample of the aerosols entering the
storm from a plane flying in the updraft. The air and
molsture inputs are measured at the same time. Depo-
sition is measured over a network of rain collectors
and divided by input to find the removal efficiency for
each storm sampled.

In summary, Project ITREX is a cooperative study
to learn more about the mechanisms and efficiencies of
aerosol scavenging by rain, using natural and artifi-
cial tracers. We are also using techniques of trace
analysis to understand the basic circulations, micro-
physics, and chemistry of convective storm precipita-
tion. '
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CITY OF CHICAGO POLLUTION INCIDENTS: CASE STUDIES*

D.F. Gatz and E. W. Klappenbacht

Chicago weuather phenomena and SO0 pollution sources in-
teract in o number of different ways to produce episodes of
severe pollution. The three high-pollution case studies pre-
sented in this paper were a first step in our study of the
weather associated with Chicago pollution. This information

through the city may have caused the unusually high pollu-
tion of that day. The two remaining cases involved winds off
Lake Michigan. One was a lake breeze, with the land warmer
than the lake surface. The other involved a shift to east
winds over the whole region in response to a pressure gradient
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Fic. 105.—19 January 1966 surface weather map, 1200 CST

is crucial to our efforts to build an SO. prediction model for
the city.

The first case examined was evidently a heat-island circula-
tion. Winds converged over the axis of the city heat island
from northwest and northeast on a clear, cold, nearly calm
winter afternoon. There is evidence that recirculation of air

* This papcr was prepared for presentation at the Air Pol.
lution Control Association Annual Meeting, New York, June
24, 1969.

i Senior Meteorologist, City of Chicago Department of Air
Pollution Control.

reorientation. In this case, the lake surface was warmer than
the land. In both cases. observed pollution conditions were
generally consistent with theoretical expectations.

INTRODUCTION
Argonne National Laboratory scientists are devel-

_oping an SO» pollution prediction model for Chicago.

To be useful, the model must be able to predict high
concentrations accurately. For the model to predict
high concentrations accurately we must provide it
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F16. 112.—Schematic diagram of heat-island circulation (redrawn from Lowry®)

DATA AND PROCEDURES

We studied each case using three graphical aids:
(1) a surface weather map for the day; (2) time sec-
tions of SO. concentrations and winds at selected
stations; and (3) meso-scale charts showing winds,
temperatures and SO. concentrations over the Chi-
cago area.

The weather maps show the broad scale framework
of each specific local event. The time sections show
the hour-to-hour relationships between S0, and
winds. These relationships are clearest in smoothed
data; therefore, we plotted hourly averaged winds and
S0. concentrations on the time sections. The purpose
of the meso-scale charts is to show instantaneous dis-
tributions of SO., winds, and temperature over Chi-
cago. Thus the winds on these charts are 1- to 5-min
averages, and temperatures are instantaneous. SOa
values are still 1-hr averages, though, to insure that
plotted values represent real effects and not nearby
sources.

We drew SO. isopleths and shaded areas progres-
sively darker with increasing concentration to show
pollution patterns at a glance. These are general pat-
terns only—they are not meant to give details. For
example, where data were sparse, uniform concentra-
tion gradients were drawn. This is an obvious simpli-
fication. Others may be evident as we look at the
three cases in detail.

RESULTS AND DISCUSSION
19 January 1966: A Possible Heat-Island Circula-
tion Case

The 1200 CST* surface weather map (Figure 105)
shows an anticyclone covering the Midwest. Its center

* All times in this paper are CST.

[ I T U T N
| mioway —-— P
— O'HARE

| ARGONNE =——=--

)
1

n
(o]

*

TEMPERATURE, (F)
o

N S N S T I A
2 4 6 8 10 12 14 16 18 20 22 24
19 JANUARY (966, CST

Fic. 113 —Diurnal temperature changes at Argonne, Mid-
way, and O’Hare, 19 January 1966.
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Fig. 114—Winds aloft at Peoria and Green Bay, 19-20
January 1966.

was just west of Chieago. The pressure gradient over
Chicago was weak; hence winds were light. The 19th
was the third consecutive day that Chicago was in-
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Fia. 115.—27 December 1966 surface weather map, 1200 CST

fluenced by the same high pressure area and had light
winds.

The 19th was not an isolated day of high pollution,
but the third or fourth of a series. Between 16 and 20
January, hourly averaged SO. values were above 0.4
ppm most of the time at station 4 of the City of Chi-
cago Department of Air Pollution Control Network of
Telemetered Air Monitoring (TAM) Stations. (TAM
station locations are shown in Figure 110). The hourly
802 and wind averages at TAM-4 are given in Figure
106. We see that the wind speed was always less than
10 kt, often less than 5 kt, during this period. Wind
direction was very constant from the northwest. The
figure also shows typical sunny day temperature vari-
ation on 17, 18, and 19 January.

Figure 106 shows some interesting details of the
SO, concentrations during this period. The generally
high levels, the gradual increase with time, and the
extremely high concentrations at TAM-4 on the 19th

and 20th are all significant, but the temporary drop
in S0, levels with northeast winds, especially pro-
nounced at TAM-4, is particularly interesting. A drop
in SO, with a shift to northeasterly winds is not sur-
prising, especially at a lakefront station, because
these winds bring in clean air from over Lake Mich-
igan. What is surprising 1s that a temporary shift to
northeast winds occurred over part of the city. Such
occurrences are common in warm seasons because of
lake breeze effects, but this situation developed dur-
ing the middle of January on a day when the high
temperature at Midway was 24° F.

When comparing Chicago temperatures to those of
its surroundings during winter, it is important to con-
gider carefully the condition of the lake surface. The
temperature and heat transfer properties of a solid ice
surface are much different from those of a water sur-
face. Mr. Ivan Brunk of the ESSA Weather Bureau in
Chicago reports (1969) that some ice was present in



150

Lake Michigan off Chicago from the middle of Janu-
ary to the end of February, 1966, and that reports
from Dunn ecrib, a city water intake facility in the
lake off Chicago’s south shore, indicate that “pancake
ice” (floating pieces) was present on 19 January and
several days before. There was also a report of “slush
ice” at 1800 on the 19th.

Lake water temperatures of 32° F were measured
several feet below the surface at Dunn crib on the
19th. This does not indicate either the presence or

absence of ice. However, the absence of a long period

of extremely cold weather, and westerly winds on sev-
eral days preceding the 19th add to the evidence
above that the lake surface was essentially liquid and
32°F.,

Therefore, the observed easterly winds are clearly
not the usual kind of lake breeze because the land was
colder than the lake. Figures 107-109 show details of
S0; and wind behavior at individual TAM stations
on the 19th. Temporary winds shifts occurred at some
stations, but not all.

A better way to evaluate these events on an hour
to hour basis is to examine the meso-scale maps. Fig-
ures 110 and 111 show winds, 80., and temperatures
in the Chicago area for 8 selected hours on 19 Janu-
ary. The 0600, 0900, and 1200 maps show a westerly
flow, at low speeds, over the Chicago area. At 1500,
convergence over the city was very clear, with north-
east winds at the three TAM stations along the lake
shore and westerly or northwesterly winds inland. The
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circulation was still strong over the south end of the
city at 1700 and the convergence line had retreated
east of TAM-5 and -6 once more and disappeared in
the north end of the city. The circulation continued
to weaken during the next hour; the 1900 map shows
northeasterly winds only at TAM-4 and Meigs Field
(CGX)H. By 2100 winds were northwesterly over the
whole area once again.

The city wind pattern is clear; it shows that winds
converged over the center of the eity for several hours.



These observed wind patterns suggest that we may
have found a heat-island circulation much like that
described by Lowry'? and pictured schematically in
Figure 112,

Two conditions are usually required for city-rural
circulations to begin. The first is a temperature excess
in the city: the second is sufficiently light ambient
winds, A plot of hourly temperatures at Midway,
O'Hare, and Argonne (Figure 113) shows a definite
temperature excess at Midway Airport (in the city)
relative to O'Hare Airport and Argonne (essentially
rural sitest. Figures 110 and 111 show that surface
winds were light in the Chicago area on the 19th, and
Figure 114 shows light winds aloft at Peoria, Illinois
and Green Bay, Wisconsin—the two rawinsonde sta-
tions nearest® to Chicago. Therefore, favorable tem-
perature and wind conditions for a city-rural circula-
tion did exist,

The available data suggest a city-rural circulation
somewhat different than the classical form. The clas-
sical case i1s for a somewhat circular city. The cor-
responding circulation is a ring vortex, with air rising
in the center of the doughnut, flowing outward aloft,
and returning to the surface at the outer perimeter.
Chicago’s topography and demography are not clas-
sical because the city lies along a lake shore. The
heat island is not circular, but is instead a north-
south band. Thus, heat island eirculations in Chicago
may have an axis of symmetry, rather than a center
of symmetry.

Tor analysis of this episode, we must also consider
possible interactions with the synoptic scale air flow,
Thix point is not clear; perhaps the outside air simply
flows around or over the city air “dome” with little
interaction hetween the two. There is some evidence
that interaction did oceur in this case, however. The
wind fields at 1500 and 1700 (Figures 110 and 111}
show definite northerly components in both converg-
ing currents, This suggests that momentum is being
transferred downward from the northerly winds aloftf
(Figure 114). The Chicago circulation observed on 19
January 1966 appears to have had the following bhasice
characteristies:

1. Relatively warm eity air rose over the axis of

the heat island;

2. To preserve continuity, air from the edges of the

city was drawn inward;

* Peorin 1s 210 km southwest and Green Bay is 300 km
north of Chicago.

T It 1= necessary to verify that the circulation reaches high
enough altitudes to interact with the northerly winds. The
depth of penetration of the rising city air was estimated from
the 0600 temperature sounding at Peoria and the Midway
high temperature of 24. The depth of penetration was about 1
km. This is high enough for the rising air to encounter north
winds,
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3. At the upper limit of convection, the rising air
began to spread outwards, to the east and west,
at the same time gaining momentum from north-
erly winds in this region;

4. The air was thus carried to the outer limits of
the circulation, perhaps 10-20 km away, and
reached ground level at a point south of where it
ascended ;

5. From this point, it was drawn back into the city,
where it was repolluted. If this circulation pat-
tern prevailed, air could have been recycled
through the city several times before finally
leaving at the south end of the metropolitan
area.

One additional item of evidence to support the
existence of this kind of circulation is found in the
recorded SO. concentration of air arriving at TAM-4
from the northeast. Figure 107 shows concentrations
near 0.20 ppm in the northeast winds. These are un-
usually high coneentrations for winds off the lake.
This is evidence of a recirculation of once-polluted air
back into the city.

One curious aspect of this episode is that the cir-
culation died (about 1900} as the city-rural tempera-
ture difference increased. Theory predicts the oppo-
site—the strength of the circulation should inerease
in proportion to the temperature difference. The ex-
planation probably lies with some change in the ex-
ternal conditions (especially winds) that permit such
local eirculations.

There is considerable latitude for speculation here,
of course, but one thing is clear: an unusual circula-
tion prevailed in Chicago on 19 January 1966. This
event was associated with severe air pollution in Chi-
cago, and as far as we know, has not been described
for this eity before.

From only one case, one should not try to identify
critical parameters or their threshold values for heat
island eireulations in Chicago; however, two points
are worth noting:

1. Surface winds outside the city were mostly less
than 5 kt between 18 and 20 January. Winds
aloft at Peoria and Green Bay were mostly less
than 10kt up to 700 mb on the day of the cir-
culation.

2. The city-rural temperature difference ranged
from 3 to 10° F on January 19. The larger values
occurred at night.

27 December 1966: A Wind Off Lake Michigan

The surface weather map for 1200 on the 27th is
given in Figure 115. The ridge line has just passed
Chicago. This movement caused a surface wind shift
to casterly. The storm over Oklahoma developed ra-
pidly and moved toward Chicago during the after-
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noon, tightening the pressure gradient and thus in-
creasing the wind speed.

Figures 116-118 show the wind shifts at the TAM
stations and the wind speed and SO, changes that oc-
curred with them. Two different relationships were
observed. Figure 116 shows that very high concentra-
tions were observed at lake front stations 3 and 4
with southwest winds during the morning. At inland
stations 1 and 7, the peak concentrations occurred in
the east wind, as shown in Figure 117. The same is
true for inland stations 5, 6, and 8 as shown in Figure
118.

The meso-scale charts (Figures 119 and 120} show
another view of these events. At 0900 winds over the
whole region were light from the southwest. Highest
S0. concentrations occurred along the lake shore. At
1000 winds at the southern stations had switched to
easterly. The northern stations still had southwesterly
or westerly winds, and there was a calm zone between.
The SO, pattern remained about the same. By 1100
winds were more generally from the east, and the SO.
had begun to move inland. It is clear from compari-
sons of 1000 and 1100 SO: readings at individual sta-
tions that concentrations were dropping at lake front
stations and inecreasing inland. This trend continued,
as shown on the 1200 map. Stations 6, 7, and 8, at the
outer perimeter of Chicago, all had higher SO, con-

TR 1 2SR N SN B PV IPT I SRS NPy WY RP SO SO T

centrations than the hour before, while lake front con-
centrations dropped even lower. The clean air had
reached TAM-5 also, and SO: deereased sharply there
from the 1000 reading. At 1400 and 1600 the whole
city was quite clean, except for readings of about 0.3
ppm in the downtown area, undoubtedly from local
sources.

This is a case of a large morning SO. buildup. It
was 14° F at Midway most of the night, so residential
sources were undoubtedly strong. Winds were light
and skies clear during the night, so a nighttime radia-
tion inversion was likely. This stable layer and the
light surface winds probably caused the observed high
S0, concentrations through the accumulation of SO.
in a shallow surface layer. Breakup of the radiation
inversion after sunrise could have brought additional
80, to the surface from plumes aloft. As winds swung
to casterly and became stronger, this pollution pall
was blown west and diluted somewhat, so stations on
the west side of the city observed smaller peaks one
or two hours after the wind shift.

There is no evidence for any effects other than ad-
vection for the high concentrations observed on the
west side after the wind shift. This may be compared
with the model for onshore flow from a warm lake
shown in Figure 121, If a stable boundary layer were
present, it would inhibit the downward transport of
50, from plumes aloft. As the figure shows, SO, from
low-level sources should remain concentrated near the
ground. High concentrations were not observed after
the morning pollution blew away, perhaps because of
a reduced source strength in the afternoon and the
stronger cast winds.

9-10 May 1967: A Lake Breeze

The surface weather map for 1200 on the 9th (Fig-
ure 122) shows a high-pressure ridge line west of Chi-
cago. The pressure gradient over Chicago was fairly
tight in this case; winds were northwest at about 10
kt. The lake water temperature was 48°F, in con-
trast to a midmorning (1000) reading of 54° F at
Midway. Inecreasing inland temperatures apparently
caused convection and initiated the lake breeze soon
after 1000.

Wind direction shifts during the day at six TAM
stations are shown in Figures 123-125, together with
simultaneous variations of wind speed and SO, con-
centration. These figures show that the pollution
peaks occurred behind the lake breeze front, but not
until several hours after the front passed.

The 1000 CST map (Figure 126) shows moderate
northwest winds over the whole region with SO, con-
centrations less than 0.10 ppm at all stations. By 1000
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Fia. 122.—-9 May surface weather map, 1200 CST

the lake breeze had already passed the three lake
front stations. All stations still had low SO. readings.
The 1400 and 1800 maps show the penetration of the
lake breeze many kilometers inland. The first high
S0, values were observed at station 6 at 1800. An
hour later (Figure 127) the lake breeze front had
passed Argonne. Winds behind the front were south-
easterly, and station 7 also had an increase in SQO..
The reading at station 6 had dropped from 0.38 to 0.27
ppm. The next map (2000) shows continued veering
of the wind to southerly and a jump in 80, at station
8. Two hours later (2200), winds were southwest and
802 concentrations were 0.3 ppm or more at all sta-
tions except 5 and 6. At 0200 on the 10th, winds were
light and variable and SO. concentrations were lower
at all stations. The highest levels appeared in a band
along the lake shore.

This case may be summarized as follows: A lake
breeze developed between 1000 and 1100 and pene-

trated inland as far as Argonne by 1900. High pollu-
tion levels appeared first at 1800 well behind the lake
breeze front in easterly winds at TAM-6. The pollu-
tion moved to the northwest, north, and then east; it
was detected next at station 8, then 7, and then almost
simultaneously at 2, 3, and 4. The fact that the pollu-
tion first appeared at station 6 in easterly winds sug-
gests a source between TAM-6 and the lake shore. We
traced the trajectory of TAM-2 pollution backwards
from 2200 and arrived at the same area.

Theoretically an onshore wind from a cool lake
should behave as shown in Figure 128, with the for-
mation of an unstable boundary layer that deepens
with distance from the shore. When this unstable
layer intersects plumes aloft, contaminants will mix
downward to the surface in high concentrations.

Circumstances in this case suggest that SO. from
the South Chicago-Northwest Indiana industrial com-
plex may have been brought to the surface in this way
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and subsequently blown about the city by shifting
surface winds.

Frequencies of Occurrence

Each of the three cases examined involved high SO,
readings at several stations. Thus we know that the
weather phenomena involved can produce high pollu-
tion levels. Therefore, they deserve more attention.
One important aspect to consider is how often they
occur. Table 61 shows frequencies of occurrence for
the three weather processes examined in this paper,
namely heat island circulations, winds off the lake in
response to the regional pressure gradient, and lake
breezes,

The frequency of 1-2 per month for heat-island cir-
culations is a preliminary figure based on a search of
two years of data in the Argonne air pollution data
file. The frequencies for offlake winds were deter-
mined from a search of Chicago local climatological
data for 1965, 1966, and 1967,

An offlake wind day is defined as a day when the
prevailing direction was between 40 and 120 degrees.
To qualify as a “lake warmer” case, the lake tem-
perature had to be at least 3° F warmer than the max-
imum daily temperature at Midway; and vice versa
for the “land warmer” cases.

Table 61 shows that several potential pollution-
producing events normally occur each month through-
out the year. Beside the three pollution phenomena
dealt with here, there are others that add to the
monthly totals. The highest frequencies in Table 61
come during summer. Fortunately, SO, emissions are
lowest then. There is little residential heating, and
many Chicago industries find it cheaper to burn natu-
ral gas in summer.

SUMMARY AND CONCLUSIONS

Three high pollution cases involving different me-
teorological events were examined in detail using air
quality and weather data taken near the surface.

On a cold, nearly calm day in winter, when the
city was several degrees warmer than the surround-
ing rural land area, an internal “heat-island” circula-
tion apparently developed. Winds converged from
east and west near the north-south axis of the ecity.
Continuity indicated rising air over this axis and re-
turn flow to the east and west aloft. Measured SOa
concentrations of 0.2 ppm in air arriving at shoreline
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stations from over the lake strongly suggoests that this
eirculation was recirculating air through the city. This
may account for the very high concentrations of SO.
ob=erved that day.

Two cases of winds off Lake Michigan were also
examined. In one case, the lake was warmer than the
land; in the other the land was warmer. Observed
pollution patterns generally agree with those expected
theoretically. However, more cases must be studied
before we can draw firm conclusions.

Two other possible metcorological pollution phe-
nomena, namely nocturnal inversion trapping and
morning inversion breakup fumigation may also have
occurred in one of the cases, This shows that the me-
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TFra. 128 —Schematie diagram of stability regimes for on-
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TABLE 61. FREQUENCIES OF OCCURRENCE OF SOME WEATHER
PHENOMENA IMPORTANT To CHICAGO AIR POLLUTION

Fvent Frequency Reference

Heat-island cir-
culation |
Offfuke winds

Lake warmer

1-2 per month during fall and| This study
and winter (preliminary)
1 per month, September This study
through April
8 per month, March through | This study
September
2 per month, October through| This study
February
| 3 per month reach Midway, | Murray
May through September and Tret-
' tel,
Tne,@®

Land warmer*

Luke breeze

* Some of these may be lake breezes.

teorologieal cause for any given pollution episode may
be highly complex and involve several different physi-
cal processes.

More study of these and other phenomena are
needed. Extensive observations in four dimensions
would he desirable, of course, but these case studies
offer hope that important information can come from
data on hand now.

We thank Mr. Ivan Brunk for information on Lake
Michigan ice conditions on 19 January 1966, and Mr.
Harry Moses for helpful discussions of the case.
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This paper provides a review of the use of mathe-
matical models for urban air pollution problems. Dis-
cussed are the major contributions in this field be-
ginning with the carly work of Frenkiel to those of

* Summary of a paper presented at the 67th Annual Meet-
ing of the Air Pollution Control Association, New York. June
26-29, 1969.

modern day operational models. To allow an assess-
ment of work in this area, five tables are presented
ineluding the locations of the studies, types of tracers,
sizes of the monitoring and meteorological networks,
amounts of data collected, and the mathematical
equations used.

The urban air pollution model is considered as
having four components. These are (1) the source in-
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ventory, including point as well as area sources; (2)
the network of meteorological stations; (3) the net-
work of pollutant monitoring stations; and (4) the
mathematical algorithm which deseribes the processes
which transform the concentrations at the source to
those observed at the receptor. Also, a substantial
amount of attention is devoted to verification proce-
dures.

Two general categories of mathematical models are
discussed. The first is the source-oriented model char-
acterized by the work of Turner. In this model, the
concentration at a particular point is determined by
the superposition of the contributions from each of the
sources upwind. The second is the receptor-oriented
model of which there are three types: the first is that
described by Clarke, in which the pollutant concen-
trations at a particular monitoring station are analyzed
in a manner similar to that of the source-oriented
model. Second, there is the regression model, in which

regression equations are developed relating observed
concentrations at a receptor with meteorological var-
iables; and third, the tabulation prediction scheme in
which combinations of meteorological variables are
arranged in an ordered sequence. For each combina-
tion, the probability distribution of pollutant concen-
tration is given along with other statistical pa-
rameters, such as the interquartile range, the mean,
and the standard deviation of the distributions. With
the tabulation prediction scheme, one may look up the
meteorological conditions just as one looks up a name
in a telephone book or a word in a dictionary and read
off the probability distribution of concentrations.

A summary of verification techniques is given with
examples of how other workers in the field have veri-
fied their models. These include scatter diagrams, cor-
relation coefficients, and isopleth comparisons. The
weaknesses and strengths of validation techniques
are discussed.

THE USE OF PYRHELIOMETERS FOR CONTINUOUS MEASUREMENTS

OF AN EFFECTIVE AIR POLLUTION MIXING DEPTH

Harry Moses and D. N. Eggenberger*

Information on the magnitude of the mixing depth is im-
portant for forecasting levels of pollutant concentrations over
a given area. To date, mixing depth information has been ob-
tained by means of sensors mounted in an aircraft or carried
aloft by balloons. At best, the information provided has been
sporadic.

This paper describes techniques using combinations of
either pyrheliometers or pyranometers to provide continuous
recordings of the mixing depth. Various techniques are de-
seribed for obtaining these measurements. The most attractive
of these consists of two pairs of pyrheliometers on equatorial
mounts; one pair is located on a tall building and another
pair near the ground. One instrument of each pair has a 4000-
4500 A filter and the other. a 55006000 A filter. By considering
ratios of the solar radiation recorded by combinations of these
pyrheliometers, it is possible to determine the depth of the
aerosol mixing layer under the assumption that the aerosol
concentration is approximately uniformly mixed within the
mixing laver and drops to a very small value above it. Varia-
tions from this aerosol distribution can be handled when three
or four pairs of Instruments are used at various heights with
the greatest height approaching 1000 ft. .

The correlation technique involving the crossing of two
pyranometer fields of view is also discussed. In this method,
one pyranometer has a conical field of view of about 14 de-
gree directed upward. The second pyranometer, also with a
narrow field of view, is located about 1000 to 2000 ft away.
The fields of view of the two pyranometers are made to in-
tersect. The second pyranometer is designed to scan by chang-
ing its elevation angle so that the height of a common vol-
ume of the two intersecting fields of view varies from a level

* Electronies Division.

near the ground to several thousand feet. The covariance be-
tween the signals recorded by the two instruments would
change as the common volume passed from air with a high
concentration of aerosol to clean air. By noting the height at
which the changes oceur, it should be possible to determine
both the height of the aerosol mixing layer and also the
presence of aerosol layers above the primary ground base
layers.

INTRODUCTION

When one approaches an industrialized urban area
either by aircraft or by automobile, a pall of pollution is
readily discernible. The emission of pollutants into the
urban atmosphere eoupled with meteorologieal processes
such as diffusion, transport, or convection controls the
height of this pollution or atmospheric mixing layer.
One may consider the mixing layer in different ways:
(a) the vertical distribution of pollutants, (b) the verti-
cal distribution of temperature, or (¢) the vertical wind
profile. During steady state conditions, one expects
agreement among these three types of measurements.
During dawn or dusk—transitional periods—apprecia-
ble differences may be observed because of different
adjustment rates or system time constants.

If the mixing depth is small; levels of pollutant con-
centrations are high since the pollutants are mixed with
air confined to a narrow layer; with a large mixing




depth, pollutants are diluted by mixing with air over a
thicker layer resulting in lower ground concentrations.

When one examines vertical temperature soundings
taken over land in the early morning during clear skies
and winds less than about 10 mph, a ground based in-
version is normally found. As this inversion begins to
dissipate shortly after sunrise, the vertical temperature
gradient approaches or exceeds the adiabatic lapse rate
over an increasingly thicker layer. As a result, the lower-
most layer is unstable but is capped by an inversion.
Pollutants in this unstable layer from the ground up-
ward are uniformly mixed. Equation (1) deseribes the
concentration of pollutants within such a layer resulting
from a continuous point source located below the inver-

sion lid
Q { v\
X = —=——epy— 5 (1)

\/211' uo,H P 2‘7'u“f
x = concentration gr/m?®
@ = emission rate of pollutants gr/sec
u = wind speed downwind of source meters/sec
H = mixing depth in meters :
y = crosswind distance in meters

q
1~
|

= the perpendicular distance in meters from
centerline of the plume in the horizontal diree-
tion to the point where the concentration falls
to 0.61 times the centerline value

As the ground based inversion is dissipated and the
lower unstable layer increases to the level at which a
particularly strong source is located (the chimney top)
the material is brought to the ground in high concen-
trations and a condition known as fumigation results.
Equation (1) may be used under fumigation conditions.

Thus, the mixing depth must undergo diurnal varia-
tions. Information on the behavior of the mixing depth
is useful in forecasting air pollution levels or devising
strategies for incident control. Continuous measure-
ments of the mixing depth over rural as well as urban
areas or during pronounced convection would assist in
gaining a fundamental insight into those meteorological
processes of importance to the air pollution problems.

The normal constituents of the atmosphere, oxygen,
nitrogen, water vapor, ozone, carbon dioxide, and aero-
sols attenuate solar radiation. Attenuation is caused to
some extent by absorption but to a larger extent by
scattering.

Measurements of the attenuation of solar radiation
within a given layer may be determined by comparing
the radiation readings at the top and bottom of the
layer. Three or four pyrheliometers at different levels
would provide information on the variation of attenua-
tion with height, which in turn would be related to the
vertical distribution of aerosol.

If we assume that in the lower layers above ground

€ e Yol K it a2
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the pollutant is approximately uniformly mixed or
changes slowly with height up to the top of the mixing
layer, but then falls sharply, we can determine the ef-
fective height of the mixing layer from the readings of
pyrheliometers at two or three levels. Several techniques
for doing this are deseribed below.

THE CASE OF UNIFORM MIXING OR CONSTANT DENSITY
OF POLLUTANTS

Technique for Obtaining Mixing Depths with Two
Pyrheliometers and Two Solar Zenith Distances

In this method, one pyrheliometer is located at the
ground and the other on the rooftop of a building a feet
tall. (See Figure 129.) Readings are taken about one
hour apart; it is assumed that the mixing depth has
changed little during this period. This assumption, of
course, is not valid during transitional periods; it may
be tolerable during the middle of the day.

The intensity of the solar beam passing from the top
of the atmosphere to the top of the building on which
the upper pyrheliometer is mounted may be given by

[+(80) = Io(61) exp {—uL(61)}, (2)

where :

I7(6:) = intensity of all band solar radiation at top
of building with the sun’s zenith distance
th

6 = solar zenith distance in radians at initial
time

14(61) = intensity of normal incidence solar radia-
tion at top of atmosphere with the sun’s
zenith distance 6,

T' = subscript representing instrument on roof-
top of building serving as a platform

x = attenuation coefficient in meters=1. This co-
efficient is the sum of the absorption and
scattering coefficients.

L{6)) = length of solar beam from top of mixing
layer to uppermost pyrheliometer with solar
zenith distance, 6,

For a solar zenith angle of 4, , the equation becomes

I+(8:) = Io(8:) exp {—uL(6:). 3)

Similar equations for pyrheliometers at ground level are

Tu(@1) = Lo(81) exp {—u[L(6) + La(61)]} (4)
14(02) = 1o(6:) exp {—pu[L(6:) + La(62)]} (5)
where
B = subscript which refers to the bottom of the
building

La(61) and La(62) = length of solar beam from top to
bottom of building

i
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Fre. 129.—Measurement of mixing depth with two pyrheliometers and two solar zenith distances. Unfiltered solar radiation used.

L.(6:) = a sec 6,
Lo(6:) = asec 6, .
Dividing Equation (2) by Equation (4) we have

I:(60)  ILo(&h)

T8 Io(oy ¥ {wa sec 6y (6
or
_ In [I5(61) /1(8:)] (7)
K a sec 4, )

Dividing Equation (4) by Equation (5) we have
_ Io(6y)

£y(6:) (8)
rexp {—u[L(6) + La(6:) — L(6:) — La(8:)]}.

Since Iy(61) = Io(f2) and L(6r) + L.(61) and L(6,) +
La(03) are H sec 6, and H sec 8, respectively, we have

nﬁéz:; = —pH(sec 6, — sec 6,), (9)

where H is the effective height of the mixing depth.
Combining Equations (7) and (9) and solving for H
we have

Ta(61)/15(65)

asche Inlg(6) — In ()
= - 1
" sec B — sec Oy 1n Ir(6) — In 15(6) (10)

Technique for Obtaining Mixing Depth with Pairs of
Pyrheliometers at Each of Two Levels Using Two
Wave Bands

Through the use of filters, it is possible to measure the

received solar radiation in a preseribed band. With two
pyrheliometers at each of two levels, one operating at
400--450 nanometers and the other at 550~-600 nanome-
ters, it is possible to determine the height of the mixing
depth at a single zenith distance of the sun. (See Figure
130.) In other words, nearly instantaneous measure-
ments of the mixing depth are obtained. In selecting
the two bands, it is desired that attenuation in one band
be as large as possible and in the other as small as possi-
ble so that the difference u(A\) — p(N\) is at a maximum.
Using an argument similar to that above we have

I\, 00) = Lo(\, 01) exp {—u(N) L(B)}.  (11)

Since we are dealing with a single zenith angle the
@’s will be omitted and we have

Ir(M) = Io(M) exp {—p(M)L}. (12)
The A refers to the first wave band used. See Figure 130.
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F16. 130.—Measurement of mixing depth with pairs of pyrhehometers at each of two levels. One pyrheliometer of each pair op-
erates in a 500 A band centered at A; A and the other in a 500 A band centered at A, A.

Equations corresponding to Equations (3), (4), and
(5) are

Ir(No) = Io(A2) exp { —u(A)L} (13)
Ie(\) = Lo(M) exp { —p(u)(L + La} (14)
Iz(hs) = Ie(\) exp { —u\)(L + Loy}, (15)

Dividing Equation (12) by Equation (14) and taking
the logarithm of both sides we have

lnfzg\\i; = p(M\) a sec 8 (16)
or
I:(\)
Iz(\) (17)
#u) = asec @
Similarly,
b = L0/ Ts(h) (13)

a sec 6

where ), represents the solar radiation in band 2.
Dividing Equation (14) by Equation (15) and taking
the logarithms of both sides, we have

In 7x(M)/Iu(Xe) = In To(M)/Lo(N2)

(19)
— [u(v) — wOW)IL + Lo)

or

In 7x(M)/1s(Xs) — In To(h)/To(Ny)

(20)
= [u(Az) — u(M)] H sec §

Solving for H and making use of Equations (17) and
(18) we have

_a(In Is(n)/Te(Ne) — In To(h)/To(Ns))
 In Ip () /Ts () — In T2 (M) /T2 ()

Thus H, the effective height is determined from known
or measured quantities. The ratio Iy(\)/Is(Ay) is, of
course, the ratio of the energy in the two selected wave
bands and is given in Physical Tables.

Figure 131 shows a schematie circuit diagram for pro-
viding a continuous reading of the mixing depth.

(21)

LINEAR VARIATION OF POLLUTANT WITH HEIGHT

The attenuation coefficient, u, varies directly with
the mass of pollutant traversed per unit cross section or
the concentration. If the concentration varies linearly
with height, then the attenuation coefficient will also
vary this way. Let us assume that
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#=k27

where % is a constant and z is measured in the vertical
direction with positive upward.

The basic differential equation then becomes (see
Figure 129)

dr

I
Integrating between the limits of the top of the build-
ing and the top of the mixing layer we have

= —pdl = —kadL = —kzsec8dz. (22)

T z
f a -ksecﬂf zdz
p I 0
Ir  —ksect ,
In — -3 ¢
or
I, = Ipexp {_Mzzl, (23)
2 7
where I, = intensity of solar radiation at top of the

mixing layer and z is measured from the top of the
layer.
If we express

In = Iue""

where Iy = the solar constant for all-band radiation,
and a is a constant, we have

Iﬂefaef(k/‘z) sec z2

IT =
(24)

e

= ], exp {—a — % (sec 6)zf

Three Pyrheliometers at One Wave Band and One
Zenith Distance

If we use three pyrheliometers, each at a different
level, it iy possible to determine an effective height of
the mixing layer instantaneously and without filters
under the assumption that the concentration decreases
linearly with height. If we are dealing with a tall build-
ing, we may place one pyrheliometer at the ground de-
noted by subseript B; one at an intermediate level (M);
and one at the top (T). (See Figure 132.)

We may then write

" or

= Iyexp {—a _k s;c 0 zz} (25)
Iy = Iy exp {-—a —g(cos 0)L2} (26)
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F1e. 132.—Three pyrheliometers at one wave band and one zenith distance to provide mixing depth information where pollu-
tant concentration is distributed linearly with height.

i oL/l =3 I/ 1w

I, = I)exp {—a — g (cos 0)(L + La)g} (27) H = (37)

All of the quantities are measurable.

I, = I,exp {—a — IEC (cos 8) (L + %)} (28)

Two Pairs of Pyrheliometers at Two Levels and Two

In fT_: = Feos )20 L + 12) = (29) Wave Bands
As previously, we shall assume that the wave bands
ol (s B o e D0 S i i
N (os )Ly + 1D = P (31) () = Io(\) exp {— o — M) 12 s 0} (33)
k ( : 2y _ k()\z) 2
5 (cos 8)(4L-L, + L;) = 40Q. (32) Ir(n) = Ii(\) exp {— L’ cos 9} (39)
Solving Equations (31) and (32) for k we have Is(\)
- %%3 (33) = Io(\) exp {— K0 (L 4 L) cos 0} (0
And solving for L we have Iz(\)
L= Laﬁ% (34) = I(n) exp {— o~ 202 (1 4 L) cos e}. 4
L =L, 441111’1[5 ;é i M—_Sllrlll II TTC /I Bv (35) From Equations (38) and (39)
But L = zsecf and L, = a sec 6 In (5:8:; 283) ) ; k) (cos )17 (42)
z = 44hlln Ij;;/liM—_SIE N IITT//IIBM (36) TFrom Equations (40) and (41)
H=zt+e=0a+ a441r11nIIT%£M——81§111TT//§BM o ﬁ&:; 28::)) o 2 L0 coso + L (43

or Dividing Equation (42) by Equation (43) we have
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F1a. 133.—Circuit diagram for providing a continuous reading of the mixing depth in the case of linear variation of pollutan
with height. Three pyrheliometers at one wave band and one zenith distance are used.

In (IT()-I)'IU()\‘Z))
Lr(ha) Lo(M)/ S =
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Therefore,
L ol -
I+ L= S (45)

and
L.S"

L= 1= Sqz* (46)

One must exercise care to see that the square root is
taken of positive numbers only.

1/2

sho =l —at g
‘@ — aSY? + aSl,g . 47)

= 1 _ Sl/2 = 1 = S1/2
IB(Al) IO(A2))]1/2
l .
H= ¢ [ " ([B()\Q) Ii(A) |
IB()\I) Io()\g) 1/2 "

[lﬂ (IB(}\E) -Io(?\l))] (48)

Lr(v) Lo\
- [h‘ (T '1301))]

Thus, H, the mixing layer depth is determined from
measured quantities for the case when the extinetion
coefficient varies linearly with height.

Figure 133 gives a circuit diagram for providing a
continuous reading of the mixing depth.

CONCLUDING REMARKS

Vertical Distribution of Pollutants

The preeeding development is based on an atmos-
phere in which the pollutants are distributed in height
either uniformly or linearly. Under these conditions, it
is possible to use pyrheliometers to determine the thick-
ness of the mixing layer. In every case, it was assumed
that the instruments measuring solar radiation were on
an equatorial mount and, therefore, pointing at the
sun. All of the equipment discussed, including the
equatorial mounts, is available commercially off the
shelf,

Work of other investigators has indicated that at
times the vertical distribution of pollutants may be ex-
ponential.® A development similar to that above for
the exponential distribution has been carried out by J.
Gilroy and D. N. Eggenberger.®

The question arises on how to determine the distribu-
tion of pollutant concentration with height in order to



know which formula to apply. Solar radiation measure-
ments will be made at four levels above ground up to
about 1000 feet or greater. These will provide the dis-
tribution within the laver of measurement. Extrapola-
tion techniques for determining the mixing depth may
be devcloped by w series of comparison measurements
using helicopter and balloon data and the pyrheliome-
ter measurements. These measurements will consist of
vertical profiles of temperature and particulates in addi-
tion to those of other atmospherie constituents such us
SO, or water vapor. A cheek on the svstem is, of course,
essential before operational reliability can be estab-
lished.

Aerosols may occur in layers varving from 10’s to
100’s of feet in thickness above the primary mixing
layer near the ground.® Should this condition prevail,
then the method as deseribed here will be ineffective in
determining the true mixing depth. However, work is
currently in progress which will allow a determination
of the position and thickness of such layers. This in-
volves o passtve system using two pyranometers sepa-
rated by a baseline of about 2000 feet. The covariance
of the solar radiation flux observed by the two instru-
ments involving a common volume arising from two in-
tersecting cones of view is computed continuously. The
height and extent of acrosol layers may be determined
from the covariance measurements as the common vol-
ume i3 allowed to change its elevation above ground.
The pyranometer system also requires validation by
independent means such as by aireraft or balloons.

Advantages of the Pyrheliometer System for Measwring
Mixing Depth

The technique described here is essentially a passive
remote probe, but it would work best during cloudless
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daytime conditions. During cloudy conditions or during
the night, it may be necessary to develop an active sys-
tem in whieh a source of clectromagnetic energy is used.

When conditions of severe pollution exist, an exten-
sive anticyelone is generally present. With extensive
high pressure areas, atmospheric subsidence 1s likely,
with the result that little cloudiness 1s present. One may,
therefore, expeet to find that this system works well
when needed during high pollution situations.

As indicated in the sehematie dingrams, Figures 131
and 133, the information obtained from the pyrheliome-
ters mav be passed through an electronic eircuit in
which the output represents the height of the mixing
depth. This output may be transmitted to a central
control point, such as an air pollution control office,
where a recording meter provides continuous readings
of the height of the mixing depth.

The pyrheliometer technique represents distinet ad-
vantages over the systems currently available for meas-
uring the mixing depth, such as those with helicopters,
fixed winged aireraft, or balloons. At best under current
systems, only o few measurements per day can be ob-
tained. With a system such as deseribed in this paper,
continuous measurements are provided. These, of
course, would be invaluable for not only providing a
better insight into meteorological processes, but.as a
valuable tool for incident control.
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THE TABULATION TECHNIQUE FOR FORECASTING CONCENTRATIONS

OF URBAN AIR POLLUTANTS
Harry Moses, J. B. Anderson, and D. F. Gatz

An urban air pollution model can be of considerable use to
a municipality for incident control, for the siting of new
plants, and for assessing the effectiveness of abatement pro-
cedures. Two types of urban air pollution models are avail-
able: 1) the source-oriented model, and 2) the receptor-ori-
ented model.

In the tabulation prediction technique. combinations of
meteorological variables are arranged in an ordered sequence
in tabular form. For each combination of meteorological var-
1ables, a cumulative percentile distribution of the concentra-
tions of u selected pollutant, c.g. SO. 18 presented. Also
included are relevant statistical parameters such as the inter-
quartile range, the mean. or the number of cases.

The development of n tabulation prediction technique re-
quires a number of preliminary analyvses. These include test-

ing meteorological vuriables for their relative importance in
mnfluencing the pollutant concentrations, selecting optimum
class intervals of the weather elements, and deciding the most
effective arrangement of the independent variables in the
tabulation.

These are examined in a discussion of the construction of
this technique. The paper also discusses the continual upgrad-
ing of the tabulation prediction technique and its use in
source surveillance. An example is given of the tabulation
prediction technique as applied to the city of Chicago.

When material is injected into the atmosphere,
whether it be from a distributed arca source or a point
source, the meteorological conditions determine the
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TABLE 62. TasuratioNn PREDICTION TECHNIQUE

SEASON: MARCH.APRIL,MAY . _ ___ PRECIPITATION: NO STATION: TAM & PERIOD OF DATA: JAN 1,1966 ~ DEC 31,1967 =
MIND DIR{ CFILING )WINO SP|_ TE 1 __HOur_ | PERCENTILE VALUES OF SD2(PPM} CONCENTRATIONS ) MEAN | ST DEV |FREQ
DEGREFS | FEET | kT | nec F 1 CST | MIN 25 50 s 90 9% 98 99  WAX 78-2%5 98-7% [ T T

i 1 | B | R U I R |
BAND 3 |7CCO-#»#%| 4= 7 | 80— 89 { RAND 1 | 0.C 0.0 0,0 0.0 0.0 0,0 0.0 0.0 0.0 0.0 0.0 0,0 | 0.0 1 0
BAND 3 |7¢O0-#%xs| 4- 7 | 80~ 99 | BAND 2 | 0,03 0.03 0.03 0.03 0.03% 0.03 0.03 0,03 0.03 0.0 0,0 | 0.031{ 0.0 [
BANG 3 17000-%*%e| 4- 7 | 80- 89 | BAN ] 0 )Y 0.0 | { 0.0 10
BANDG 3 |'7000-*#s=| A-12 | 10- 19 | BAND 1 | 0.14 0.16 N.17 H.17 0.17 0.0 0 3
BAND 3 |TOOC-#%#%{ 3-12 | 10- 19 | BAND 2 | 0.15 0,20 0.24 0.34 0,38 0.39 0.40 0.40 0,40 0,13 0.05 | 0,27 | 0,0736 | 9
BAKD 3 I7€0C-s#%#| 8-12 | 10- 19 1 BAND 3 | 0.0 _ 0.0 0.0 0,0 0.0 0s0 0,0 0,0 0.0 0,0 0,0 | 0.0 { 0.0 (]
BANC 3 |7COC-##s®| 8-12 | 20- 29 | BAND L | 0.1l 0.14 0.26 0432 Oeél 0.42 042 0.42 0,42 0,18 0.10 | 0.24 | 0,027 | 9
BAND 2 |70ON-sess| a 12 | 20- 29 | BAND 2 | 0417 0.21 0.29 0.39 0.43 0.44 o.hs 0.45 0.45 0.18 0,05 | 0.31 | 0,0974 | 9
BAND 2 | TCOQuswsn] 3 9 0,26 31 o. 0.31_ 0.31 0.10 0.0% | 0.21 | 0.0%49 | 16
BAND 3 | T00C-%wus| s-'z | 30- 39 | BAND L | 0,11 0.12 0.14 0.22 0.22 0.22 0.22 0.22 0.22 0,10 0.00 S
BAND 1 |7C00-%%a%| 8-12 | 30- 39 | BAND 2 | 0.13 0,21 0.28 0.36 0,39 0.57 0.59 0.59 0,59 0.15 0.21 | 0.29 1 0.1191 ) 13
BAND 3 |7CO0-+#«%| 65-12 | 30- 39 | BAND 3 | 0Qal2_ Q.18 ' _0,27_0.08 0,01 { Q.21 | 0,0487 | 9
SAND 3 |7CO0-%%e%x| 8-1> | 40~ 49 | RAND 1 | 0.02 0.02 0.05 0.07 0.09 0.09 0.10 0,10 0,10 0.0%5 0,02 | 0.0%5 § 0.0294 | 14
AAND 3 | 7(30-%sss| 8-12 | 40- 49 | BAND 2 | 0,03 D,15 D0.19 0.26 0.29 0.46 0.46 0.46 0.46 0.09 0.22 | 0,20 § 0.0922 1 1%
BAND 2 |70CO-s#x#{ @8- -_& 1] 0.08 0.0652 | 13
BAND 3 |TCCO-%%#e| 8-12 | 50~ 59 | BAND 1 | 0.02 0.02 0.05 0.10 O.11 0.1l 0.11 O0.11 0.11 0,07 0,01 | 0.06 | 0,0383 | 4
BAND 3 {70CCO-%%#¢| 8-12 | 50- 59 | BAND 2 | 0.07 0,10 0.13 0.18 0.27 0.28 0,28 0.28 0.28 0.09 0,10 | 0.15 | 0.0642 1 11
BANC 3 {7cCC-+##%| g-12 | 50- 52 | BAND 3 | 0.05 0. T_0.17 0,06 0,03 | 0.12 | 0,0441 | 10
BANC 3 |7CNO-*%%%]| 8-12 | 60- 69 | BAND 1 | 0.07 0,08 O0.11 0O.14 0.16 0.16 0416 0.16 0.16 0.06 0,02 | 0,11 | 60,0344 | S
BANC 3 |7CT0-%#%%{ 8-12 | 60- 69 | BAND 2 | 0,02 0.06 0,10 0,13 0,18 0.26 026 0.26 0.26 0.07 0,13 | 0.11 | 0.N604 | 14
BANC 2 | 7CCO-*¥ea] ._M,MJ&MLMQMLhMLLMM___W 0.0098 | 5
BAND 3 [700N-s&%&| @=12 | 70- 79 | BAND 1 | 0.0 0.0 040 0+0 0.0 0.0 0,0 0.0 0.0 0.0 06,0 0.0 0.0 ]
BANA 3 |700N-%#*&{ B8-12 | T0- 79 | BAND 2 | 0,04 0.0%5 0.07 0.09 0.10 0.12 0.12 0.12 0.12 0,04 0,03 | 0,07 | 0.0207 | 13
BAND 2 |7CCC-*sxs| 8-12 | 70~ 79 | BAND 3_] 0,05 0,07 Q.10 0,12 0,14 0,14 0O 15 0.15 0.06 0,02 | 0.10 | 0,039% | &
BAND 3 |7CCO-##%#| 19-12 | BO- A9 | BAND L | 0.0 040 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0,0 6.0 | 0.0 (]
BANC 2 |TCQN—*#¥%| 8-12 | 80~ 69 | BAND 2 | 0.0 0.0 0. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1§ 6.0 | 0,0 [
BAND 2. | 7CCO-%wrs 0 0.0 1
BAND 3 |70CO-+#%*%| 13-18 | 30- 39 | BAND 1 { 0,0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 [}
BAND 3 |70CO-#%s%| 13-18 | 3C= 39 | BAND 2 | 0,15 0415 0el5 0.25 0.25 0.25 0425 0425 0,25 0,10 0,0 | 0.20 | 0.0%00 | 2
BAND 3 |7CCO-*#%%| 13~18 | 30- 79 | BAND 3 | 0eC 040 Qa0 0.0 0,0 040 Q20 0e® 0,0 0.0 0,0 | 0,0 | 0.0 1o
BAND 3 {7C0G-wss%{ 13-18 | 40- 49 | BAND 1 | G.07 0.07 0.07 0.08 0.08 0.08 0.08 0.08 0.08 0.01 0.0 1§ 0.07 | 0.0047 | 3
BANC 3 |T7COC-*###| 13-18 | 40- 49 { BAND 2 | 0,10 0.10 0.10 0.12 0.14 O.14 0.14 0.14 0.l 0.02 0.02 | 6,12 | 0.0200 | 2
BAND 3 17¢CO-%%es| 13-18 - 49 0,79_ 0,08 06,08 0,08 0,08 0.08 0.08 0.08 0,0 0.0 | 0,08 } 0.0 1
BAND 3 |7¢CO-#%#»] 13-18 | S0- 59 | BAND 1 | 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.0 0.0 | 0.08 | 0.0 1
BAND 3 |7COC-%as#] 13-18 | 50~ 59 | BAND 2 | 0.0 040 040 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 | 0.0 | 0.0 1 0
BAND 3 17(0C-#»%%} 13-19 | 50- 59 6_0,0 0,15 | 0.0141 | 3
BAND 3 17CGOC-%wse{| 13-18 | 60~ 69 | BAND 1 | 0.0 040 0«0 0.0 0.0 0.0 0.0 o.o 0.0 0.0 0.0 | 0.0 | 0.0 (L]
BANG 3 [7CCQ-###x| 13-19 | 60- 69 | BAND 2 | 040 040 0.0 0.0 0.0 0.0 0.0 .0 0.0 0.0 0,0 0.0 | 0.0 1 0
—BANC 1_1_;997.... 8 { 60- 69 AND 3 0,05 0,07 0,08 0,08 0.08 o.oo 0.08 0,02 0,01 | 0,06 ( 0.,0122 | 4
BAND 3 17000-%#sw{ 13-18 | 70- 79 | BAND 1 | 0.0 Q.0 0.0 0.0 0.0 0.0 0.0 0.0 0,0 0.0 0.0 | 0.0 { 0.0 [
BARD 3 |7CO0-%ex%| 13-18 | 70- 79 | BAND 2 | 0.04 .0.04 ©0.04 0.07 0.09 0.09 0.09 0.09 0.09 0,03 0,02 { 0.06 | 0.0223 | §
BAND 3 ]70QC-#%%| 13-18 | 70- 79 ] BAND 3 ] 0.0%5 0¢05 0+05 0+05 0.0% 0,05 0.05 0.0%5 0.05 0.0 0.0 | 0,05 | 0,0 {1
BAKD 3 |7C00-%%ss}{ 13-18 | BO- 89 | BAND 1 | 0.¢ 0.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0,0 0.0 | 0.0 [ ]
BAND 3 |7000-%#ss| 13-128 | 80- A9 | BAND 2 | 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0,0 0.0 | 0.08 | 0.0 t 4
_.BAAD 2 {7CQO-%%ex| [3-1€ | A0- 89 | BAND 3 | Q.09 0,09 0,09 0,09 Q.09 0,09 0.09 0,09 0,09 0.0 0,0 | 0.09 { 0.0 11
BAND 3 17000-%#%#| 19-24 | 40- 49 | BAND 1 | 0.0 0,0 0.0 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 [ 0.0 o
BAND 3 |7000~%#%&| 19-74 | 40- 49 | BAND 2 | 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.16 O0.16 0.0 0.0 | 0.16 | 0,0 [
BAND 3 17000-##%e{ 19-24 | 40- 49 | BAND.3 | 040 Q.2 0.0 0.0 0,0 0.0 0,9 0.0 0.0 0.0 0.6 | 0.0 }o0,0 | 0
BAND 3 j7000-%%*e| 19-24 | S0- 59 | BAND L | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 | 0.0 | 0.0 [
BAND 3 {7GQ0-#s##| 19-24 | 50- 59 | BAND 2 | Qo0 Q40 0.0 0.0 0.0 0.0 0.0 0,0 0,0 0,0 0,0 (| 0.0 | 0.0 {0
EL1l}] - - [} s13 ) 0,0 1
BAND 3 |7000-®#84| 19-24 | 70- 79 | BAND L | 040 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0,0 0,0 0,0 | 6.0 10.0 170
BAND 3 {7000-#sws| 19-24 | 70~ 79 | BAND 2 { 0.03 0.03 0.03 0.03 0.0} 0.03 0.03 0.0% 0.0% 0.0 0.0 | 0.0% | 0,0 [
rates of dispersion and, consequently, the concentra- Also presented are the interquartile ranges, i.e., the

tions observed downwind. The relations between the
meteorological variables and pollutant concentrations
are complex. Various techniques have been used for
depicting these relationships, such as multiple regres-
sion analysis or diffusion equations such as the Sutton
or Gaussian forms.

DESCRIPTION OF THE TABULATION PREDICTION TECHNIQUE

One way of demonstrating the relation between me-
teorological variables and pollutants is by arranging
combinations of relevant meteorological variables in
an ordered sequence and presenting the associated
probability distribution for each entry as shown in
Table 62. This procedure is referred to as the “Tabu-
lation Prediction Technique” or the “Look-up Tech-
nique” and is based on hourly readings. For each com-
bination of meteorological variables the minimum
value, the 10, 25, 50, 75, 90, 95, 98, 99 percentiles, and
maximum value of SO. concentrations are shown

difference in SO, concentration between the 75th and
25th percentiles, and that of the 95th and 75th per-
centiles. The number of cases observed for each com-
bination of meteorological variables is shown in the
last column. To arrange combinations of meteorologi-
cal variables into an ordered sequence, each of the
selected variables must first be divided into appropri-
ate bands. For example, wind direction is grouped into
three class intervals, time of day also into three, wind
speed into five, and so forth. A number is assigned to
each class interval of each variable. Thus any com-
bination of, let us say, five meteorological variables
corresponds to a five-digit number. If letters are as-
signed to each class of each variable, then any com-
bination would correspond to a five letter word. Since
the combinations of meteorological variables are or-
dered, it is possible to look up any combination just
as one would look up a name in a telephone book or a
word in a dictionary to obtain the probability distri-



bution of SO. concentrations for this combination of
meteorological variables.

To develop the Tabulation Prediction Technique,
values of SO, conecentrations, wind speed, and wind
direction were obtained from the appropriate Teleme-
tered Automatic Monitoring (TAM) Station operated
by the City of Chicago; values of other meteor-
ological variables were obtained either from the Chi-
cago Midway Airport or from the Argonne Meteor-
ology Laboratory.

THE INFLUENCE OF METEOROLOGICAL VARIABLES ON AIR
POLLUTANT CONCENTRATIONS ’

Since the Tabulation Prediction Scheme depends on
the relations between observed SO, concentrations at
a receptor and the ambient meteorological variables,
it is necessary to understand the principles underlying
the meteorological processes. Each of the meteorolog-
ical variables, wind speed, wind direction, tempera-
ture, relative humidity, stability, net solar-terrestrial
radiation flux, mixing depth, ceiling, or visibility, may
play an important role. The relationships may be sub-
stantially nonlinear.

The role played by meteorological variables in
processes which affect SO: concentration levels is
briefly discussed.

Wind Speed

The wind speed determines the urban ventilation
rate. Further, the efluent from a point or distributed
source is mixed with a large volume of air per unit
time if the winds are strong and with a relatively
small volume if the winds are light. Therefore, near
the source, the low wind condition gives rise to high

concentrations. In general, concentration levels vary

inversely with the wind speed.

The situation, however, is not as simple as it ap-
pears. During clear nights with strong inversions, there
1s a decoupling of the air motions in the lower layers,
i.e., several hundred feet above the ground. Under
these conditions, the surface winds are very light and
the effluent from a stack 200 or 300 feet high will re-
main aloft. Therefore, such stacks contribute little to
the concentrations observed near the ground even
though the wind speed is low. Effluents from low
stacks (a few feet to tens of feet above the building)
are caught in the turbulent wake of the building; high
ground-level pollution concentrations result. With
clear skies during the daytime and light winds, loop-
ing may occur, bringing high concentrations to the
ground. Therefore, with light winds, the observed SO,
concentrations would be very high or low, depending
on the meteorological conditions.

The concentration at the ground is affected both by
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plume rise and eddy mixing. There exists a critical
wind speed which results in a maximum concentra-
tion near the ground. Thus, there are a number of
considerations one has to take into account in evalu-
ating the effect of wind speed on resulting levels of
pollutant concentration.

Wind Direction

The effeet of wind direction on a given receptor is
obvious. If the wind blows directly from a strong
source to the receptor, the concentrations will be high
and viee versa. It should be pointed out, however,
that even if the sources were uniformly distributed
with respect to direction, there might still be a pro-

nounced direction effect due to variations in ground
roughness.

Temperature

The primary importance of temperature is its ef-
fect on the amount of fuel used, especially for space
heating. There are secondary effects which one would
have to take into account for long trajectories, i.e.,
exceeding three or four hours. Since SO, undergoes
chemical reaction, especially oxidation, and since re-
action rates double for every 10° C rise in tempera-
ture, the removal rate is a function of temperature.
With a 4-hr residence time for SO» (probably at about
50° F) this effect has to be considered.

Although at first sight it may appear that the
SO. concentrations and temperature or degree-hours
are linearly related, this appears not to be the case as
indicated by Roberts,’¥ who points out that for tem-
peratures above 32° F, the slope of the SOs vs. tem-
perature curves differs from that below 32° F.

Another point worthy of note is the wind chill fac-
tor. With low temperatures and brisk winds cooling
is enhanced, resulting in greater use of fuel with higher
S0O. concentrations.

Relative Humidity

Ordinarily, one might expect that relative humidity
is not an important variable in the diffusion process.
However, there are factors of which one must be
aware; with high humidity, i.e., exceeding 90%, con-
densation of water droplets or ice crystals may occur
which may scavenge SO.. Oxidation rates are in-
fluenced by the ambient relative humidity since the
oxidation rates of SO, in aqueous solution differ from
those in the gaseous state. The oxidation of SO, yields
803, which reacts with water to form sulfuric aecid.
Further, chemical and physical action in the pres-
ence of metals or salts leads to the formation of sul-
fate particles.

Not only is relative humidity of importance in de-
termining levels of concentration, but high values

Y .
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of relative humidity for particular values of SO, con-
centration may have an important physiological ef-
feet on people as well as plants and animals. One
must, therefore, always be aware of relative humidity
levels in assessing the severity of an air pollution inei-
dent.

Mixing Depth

From a physical standpoint, the height of the mix-
ing depth is important since it determines the volume
in which the contaminants will be mixed.

The Vertical Temperature Gradient

The vertical temperature gradient represents a di-
rect measure of the stability of the atmosphere. These
measurements should be made in the urban area.
Measurements several miles outside of the city in
a rural area may be relevant, especially during ex-
treme conditions when strong inversions are present.
However, for optimum results, stability measurements
should be made in the same area that predictions of
pollution levels are made.

Net Radiation Flux

This measurcment represents the difference between
the sum of incoming solar and sky radiation and the
outgoing terrestrial radiation. It provides information
on characteristic weather regimes relevant to the dif-
fusive capacity of the atmosphere. For example, dur-
ing clear sunny conditions, there is a surplus of in-
coming radiation. As a result, the ground surface
warms, and convection increases resulting in pro-
nounced vertical mixing. The readings are strongly
positive. During a clear night with strong outgoing
radiation, the readings are invariably negative. This
indicates a strong inversion, which results in a marked
suppresston of vertical motions. These data may also
be used to indicate the degree of cloudiness.

Visibility

Visibility is directly related to the amount of
particulate matter located in the lower layers of the
atmosphere. Particle size is also an important factor
in determining visibility. Not counting fog or other
hydrometeors, low visibility denotes high concentra-
tions of pollutants. At times, the pollutants are
brought in from an external source such as the com-
bustion products emanating from a forest fire even
hundreds of miles away. More often, the particu-
lates originate within the eity and accumulate in the
air because of poor diffusion conditions. Thus, visi-
bility may be an indicator of pollutant concentration.
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The Previous Hourly Reading of SO. (oncentra-

tion

The meteorological variables selected for the Tabu-
lation Prediction Technique are those which are most
influential in controlling the levels of SO, concentra-
tion. It is conceivable that at times there are condi-
tions which are not accounted for by the selected
variables resulting in coneentration values different
from those expected. Examples are pronounced shear
in the lower layers or lack of information on the height
of the mixing depth. If it is assumed that persistence
of concentration levels is appreciable from one hour
to the next, the SO, concentration level would serve
as a useful parameter.

There are conditions, of course, when abrupt
changes do occur in the weather conditions, such as
when a front is passing over the station and the usual
pronounced wind direction change occurs. Further,
during some parts of the day and under some weather
regimes, both rapid meteorological and source strength
changes are likely.

Ceing Height

With relatively low ceilings, those formed essen-
tially by stratus clouds, the base of the clouds is
related to the height of the mixing layer and thus pro-
vides a useful measure of pollution levels to be ex-
peeted. Intermediate or high cloudiness, for example
cloudiness over 7000 feet, also influences SO, con-
centration levels. These clouds affect the intensity
of solar radiation and consequently the magnitude of”
convection in the lower layer which strongly influences
the atmospherie diffusion rates. The ceiling height is,
therefore, a related variable,

Time of Day

The time of day is important for several reasons.
First, a maximum occurs in the early morning
hours, primarily because the source strengths are in-
creased during these hours. When people arise in the
morning, they turn their thermostats up or put sev-
eral shovels of coal into the furnace. A secondary
maximum occurs shortly before sunset, due to in-
creased use of sulfur-bearing fuel and to a decrease
in the diffusive capacity of the atmosphere. Since
there are substantial differences in concentration be-
tween the maximum and minimum values during a
given day, the time of day must be seriously con-
sidered.

SELECTION OF VARIABLES

The relationships between SO, concentration and
the meteorological variables are not linear, and some




are monotonic while others are not. Wind direction
and time of day are non-monotonic. In order to treat
these two variables, plots are made of SO, coneen-
tration ve, wind direction and SO. concentration vs,
time of day. Examples of these charts are shown in
Figures 134-137. In cach of these figures, the 50th,
90th, and 95th percentile values az well as the max-
imum are presented. These charts and a tabulation of
the data on which the charts are based were used to
select time bands and wind direction bands in which
the wvariation of S0. concentration was relatively
small. The Tabulation Prediction Scheme was de-
veloped for the TAM Stations. The bands for time
of day and wind direction selected for each of the
TAM stations are presented in Table 63.

Many interesting features are brought out by these
charts which may be useful in practice to forecast
80. concentrations. The relative positions of clean
areas or pollution sources with respect to the TAM
stations are indicated. In Figure 137, showing the
time of day vs. SO. concentration for TAM 6, the
usual peaks of the early morning hours as well as
those of the late afternoon or early evening hours are
shown in the 90th and 95th percentile curves. Note
that the morning peak shows up in the 90th and
95th percentile curves, but is barely perceptible in
that of the 50th percentile. This suggests that the peak
is due to relatively infrequent events that can pro-
duce unusually high concentrations in the morning,
possibly inversion breakup fumigations.

There 1s more evidence here pertinent to fumiga-
tions. In Figures 136 and 137, the highest values ob-
served (i.e., the highest values of cach MAX curve)
occur at 0600, 0700, or 0800 at six of the eight TAM
stations. These are the hours during which fumiga-
tions may be expected. The wind direction associated
with the SO. peaks are those associated with the high-
est peaks of the MAX curves in Figures 136 and 137.

TAM 7 is a good example. The highest SO, value
occurred at 0700 with a wind from 195 degrees. The
joint oceurrence of a very high SO, value at a morn-
ing hour from the direction of known high stack sources
in the industrial corridor is consistent with the inver-
sion breakup fumigation process. This example gives
just a hint about how SO. percentile plots can be used
to investigate meteorological events.

Also of interest is the early afternoon peak in the
TAM 6 maximum value. An examination of Figure
135, showing wind direction vs, SO» concentration for
TAM 6, shows that the peak occurred with an east
wind off the lake. (Figure 135 shows an actual case of
high SO, concentration at TAM 6 during a lake
breeze.) Strong SO. sources are located between
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TAM 6 and the Lake Michigan shore. The joint oc-
currence of time and direction make it very likely that
a lake breeze eauses this high S0, value. Additional
interesting relationships may be observed from an
examination of the other charts,

The interquartile range is a measure of the disper-
sion of the measurements for each combination of
metecorological measurements. The amount of noise or
uncertainty in the prediction is shown by the magni-
tude of the interquartile range. Similarly, the differ-
ence between the 95th and 75th percentile values
represents the amount of skewness present. Since the
distributions approximate the log normal function, one
would expect appreciable skewness.

Before a final choice is made of the meteorological
variables used in the Tabulation Prediction Scheme,
each must be examined. This may be done in a num-
ber of ways, one of which is to plot the percentile val-
ues of SO, concentration vs. each meteorological varia-
ble and cxamine the relationships. The 50, 90, and
95 percentile and maximum curves could be plotted
for this purpose in the same format as shown in Fig-
ures 134 and 135.

Where a network of stations is available, such as
exists in New York City, Los Angeles, Washington,
or Chicago, the receptor-oriented techniques may be
applied to each of the stations to obtain isopleths of
concentrations similar to that obtained in the source-
oriented model.

CONSTRUCTION OF THE TABLES

Meteorological variables recommended for the con-
struction of a Tabulation Prediction Scheme are
(1) wind direction, (2) ceiling height, (3) wind speed,
(4) temperature, and (5) hour of the day. The rele-
vance of cach of these variables has been given above,

The importance of atmospheric stability has been
noted, but such data are usually unavailable. A sub-
stitute is provided by the choice of the variables:
ceiling height, hour of the day, and wind speed. Com-
binations of these are closely related to stability. For
example, during high winds, e.g., near 15 knots, the
stability is usually neutral. This is true during the
day or night. During unlimited ceilings with light
winds, an inversion is highly likely at night, but un-
stable conditions are to be expected during the
day.

Class intervals for the variables, ceiling height, wind
speed and temperature are shown in Table 64. As a
first step the data are stratified by season and by the
presence or absence of precipitation. An interme-
diate tabulation is prepared in which wind direction
and hour of day are listed as Band I, Band II, and
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Frc. 134.-—Selected percentile curves relating SO, concentrations to wind direction at TAM Stations 1-4
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s0 on as shown in Table 63. The final form of the
tabulation should substitute actual values of wind di-
rection and hour in numerical order as shown in
Table 65. For example, for TAM station 1, the wind

360 0 45 90 135 180 225 270 35 360
WIND DIRECTION, deg
directions 5-15, 55-105, 205-355 are under cate-

gory I. The percentile distribution corresponding to
category I in eombination with the appropriate varia-
bles will be presented for wind direction in each
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Fia. 135.—Selected percentile curves relating SO; concentrations to wind direction at TAM Stations 5-8

of these ranges. Thus, if the wind directions are listed
for every ten degrees, the percentile values will be
repeated as often as necessary.

The order of the variables in the columns should
be arranged so that the last column represents the
variable which influences the SO, concentrations the
least and the first column the most. Further, wind
speed and temperature should be presented in de-

scending order since lowest values of each correspond
to highest SO. concentration. (Table 62 is a sam-
ple of an intermediate provisional table where the tem-
perature is shown in increasing order. In the final
tables temperatures will appear in decreasing order.)
Ideally, the tabular arrangement should show a
steady increase in values of SO, concentration as one
reads down from the top of the table.
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F1G. 136.—Selected percentile curves relating SO, concentration with time at TAM Stations 1-4
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Fic. 137.—Selected percentile curves relating SO. concentration with time at TAM Stations 5-8
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TABLE 63. SrratiFicatioNn TaBuLatioN PrepicTioNn TECH-
NIQUE BanDps FOR Wixp DirectioN aNp Hour oF Day

TAM Wind direction, degrees Hour (CST)
station |
number | 1 I 1 | o | m
1 55-105 | 115-195 | 25-45 1-2 6-17 | 3-5
205~355 18-24 |
5-15
2 15-135 | 145-265 . 0-14 | 1-8
275-355 5 15-24 |
3 355 205-345 | {220 1
5-195 21-24
| |
4 5-135 | 145-265 | 275-325 | 14 5-16 | 17-24
335-355
5 165-205 | 4595 545 1-3 4
245-255 | 135-155 | 105-125 | 5-6 7-8
215-235 9-10 11
265-355 12-24
6 15-55 5 65-135 | 1-7 | 1422 | 8-13
145-285 | 295-325 | 23-24
335-345 355
7 5-65 | 225-265 | 75-215 “ 2-4 1 10-16
275-325 | 335-345 59 | 19-22
355 17-18
‘ 23-24
8 45-65 5-35 1-6 7-10
135-305 | 75-125 | 11-15 16
315-355 17-24

APPLICATION OF TABULATION PREDUCTION SCHEME TO
DAILY OPERATIONS

Since the variables used in the Tabulation Pre-
diction Scheme are wind direction, wind speed,
temperature, ceiling heights, and hour of day,
these are the variables (except of course the hour of
day) for which forecasts are required. The forecasts
should be made for each hour and the range of the
group interval, e.g., a wind speed forecast over the
range of 4~7 miles per hour, should correspond to
the ranges in the Tabulation Prediction Scheme.

The forecast for the day should preferably be made
between 0700 and 0800 so that the severity of the
early morning pollution peak will be covered. Fore-
casts for 12 to 24 hours are reasonably routine. These
forecasts may be issued every 6, 12, or 24 hours, de-
pending on the local needs. Of course, during po-
tential or actual severe pollution conditions, constant
surveillance is necessary.

A format for recording the forecasts and the com-
puted and observed pollution concentrations is shown

in Figure 138. This form has been in use in test opera-
tions with Murray and Trettel, Inc. providing the
hourly forecasts and the Argonne National Labora-
tory and the City of Chicago Department of Air Pol-
lution Control adapting the forecasts for operational
use.

More variables are indicated than were actually
used because of the developmental nature of this
work; but a municipality may use this form as a guide
in tailoring one to its own needs. The symbol Prb
stands for the probability estimate of the forecast
verification.

After the forecast values are received, a clerk
may use the 50 percentile entry of the Tabulation
Preduction Scheme Tables to enter the predicted
S0. concentration or those of another pollutant of
interest and present these to the meteorologist.

Ordinarily, munieipal air pollution control agencies
will find it uneconomical to employ a complete fore-
casting staff. Hourly forecasts will, therefore, be ob-
tained from an organization like the U. S. Weather
Bureau or a private meteorological firm. The services
of one or two meteorologists employed by the air pollu-
tion control agency would be used to interpret the
forecasts of both the weather and pollutant concen-
tration for action by appropriate officials.

The municipal meteorologist would determine
whether an air pollution incident was probable
within the forecast period. His access to the latest
upper air and surface weather charts enables him to
judge whether (1) a land-sea breeze will develop,
(2) a thunderstorm is likely, (3) precipitation or fog
will appear, (4) a frontal system will pass, or (5)

TABLE 64. Un~its aND GROUP INTERVALS FOR VARIABLES
UseEp IN THE TABULATION PREDICTION SCHEME

1. Wind speed
Unit: miles per hour
Group interval: 0—3, 4—7, 8—12, 13—18, 19—24, >24
2. Wind direction
Unit: degrees
Group interval: 10-degree grouping: 5—14, 15—24, 25—35,
etc., or according to band widths of
Table 63.

3. Temperature
Unit: °F
Group interval: —20— —11, —10— —1, 0—9, 10—19,
20--29, 30—39, 40—49, 50—59, B0—69,
70—79, 80—89, 90—99
4, Ceiling height
Unit: feet
Group interval : 0—999, 1000—2499, 2500—G999, > 7000
5. Hour of day
Unit: one hour
Group interval: one hour intervals centered on the hour;
or according to band width of Table 63.
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TABLE 5. TasvLarroNy PrepictioN TECHNIQUE
d;::zggn’ ; OI;:IZZ; E S‘;é;ﬁ{ ;Teg:rr):ym_l ?éaf;i(;g}'v 1 ‘Percentile values of SO, concentrations, ppm Ofl\i:ées
degrees’ | (CST) | mph ; T / "l} Min | 10 | 25 | 50 Dzs | oo | 95 | 98 | 99 | Max.
300-350 ; 08-11 ; 4-7 } 20-29 jw >2 f 0.05 ‘E’ 0.1210.15;0.20 | 0.30  0.35 | 0.40 | 0.50 | 0.70 92
300-350 | 0s-11 " 71 20029, 1.9-0.0 | 0.050.08,0.10]0.11[0.12(0.15(0.15]0.20 | 0.25 ) 0.35 81
| |

’ 10-16

10-19

0.10

300-350
1 0.08 '

300-350 |

08-11
08-11

=1

>2

|
|
r1.9-0.0

4- 0.
4-7 0.

ALl

12 ’ 0.15 * 0.20 1 0.35]0.50 | 0.85|1.00 | 1.20 | 1.50 85
10 1 0.13 | 0.15 | 0.30 | 0.40 | 0.70 0.90 ] 1.10 { 1.20 90

Season: December, January, February. (Data taken in 1966 and 1967.)

Precipitation: No.
TAM Station No, 4,

a lowering of the mixing depth is probable because of
pronounced subsidence. Any one of the above or sim-
lar phenomena markedly affects the pollution po-
tential. The municipal meteorologist may issue fore-
casts such as a 24-hour air pollution index for the
entire urban complex or the maximum levels for se-
lected areas where special forecasts are warranted.
With the availability of on-line computer facili-
ties, some functions may be facilitated. For example,
the hourly forecast may be entered into the computer
and a printout received in proper format of the 50 per-
centile values based on the Tabulation Prediction
Scheme Tables stored on a dise or tape memory. It is
possible for the computer to print out maps of the area
with plotted values of pollutants and weather varia-
bles. This is being done at the Argonne National Lab-
oratory. The printout of maps with machine-drawn
isopleths of variables has been accomplished by other
meteorological organizations, Although the use of auto-
matic machine-drawn maps appears to be a sophisti-
cated operation, the availability of the computers and
necessary software makes such maps quite feasible.
The Tabulation Prediction Scheme is a new de-
velopment in air pollution forecasting. There are a
number of areas in which improvement is possible,
but the improvements must be based on the individ-
ual needs. For example, the municipal meteorologist
should conduct investigations to determine the con-
ditions under which high values of pollutant concen-
trations occur, e.g., such as are found in the 90 to 100
percentile range. Case studies, especially of high pollu-
tion episodes, should be made. The results of these may
well be applied to optimize the use of the Tabulation
Prediction Scheme. Further, an investigation involving
the persistence of high pollution levels should be

made in each city desiring a high caliber pollution
warning capability. The percentile value of the SO,
concentration at the beginning of the forecast period
may be a good indicator of the probability of the con-
centration values exceeding the 50 percentile value.

ADVANTAGES AND DISADVANTAGES OF THE TABULATION
PREDICTION SCHEME
Some of the advantages are
1. It is easy to use and does not require on-line,
real-time access to a computer.

It provides for rapid prediction of pollution con-

centration.

. It provides the entire percentile distribution of
pollutant concentrations to allow a forecaster to
“fine tune” his predictions on the basis of syn-
optic situations.

. It takes into account nonlinearities in the rela-

tionship between meteorological variables and

pollution concentrations.

It is an effective method for analyzing and dis-

playing air quality and relevant meteorological

data.

Disadvantages of the method are

1. It is necessary to use a large digital computer to

construct the tables.

At least several years of historical data are

necessary.

Changes in the emission sources degrade the

tables, which must, therefore, be updated every

one or two years.

2.

2.

3.

GENERAL APPLICABILITY OF THE TABULATION PREDICTION
TECHNIQUE

For general application, it appears that there is less

work in applying the Tabulation Prediction Scheme
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F1a. 138.—Format for recording the computed and observed pollution concentrations and the forecast weather elements influenc-

ing these.
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than in developing a source-oriented model. In a
source-oriented model, it is necessary to calibrate
the urban terrain by determining the variation of o,
and o, with distance for a number of direction bands.
Surface roughness affects these relationships. In
addition, it is essential to make a detailed source in-
ventory. With a receptor-oriented model, based on a
Tabulation Prediction Scheme, a detailed source in-
ventory is not necessary. However, one must know
whether or not changes are occurring.

It appears possible to develop a Tabulation Pre-
diction Scheme which would have the advantages
of both the source-oriented and receptor-oriented mod-
els. By maintaining surveillance over the addition or
subtraction of sources within the urban area, a mod-
ification to the tabulation may be made just as the
new sources come on line, In addition, by applying
significance tests to these tabulations on a monthly
basis, it appears likely that the addition or subtrac-
tion of new sources in the area could be detected and
the tables updated accordingly. In fact by triangu-
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lation techniques (using two or more stations) the
tabulation technique can be used to delineate the area
which shows a change in source strength. Thus, a
skillful use of the Tabulation Prediction Technique
may be used to monitor the distribution of sources.

The Tabulation Prediction Scheme is a technique
which cannot be constructed blindly; it must be a dy-
namic system in which changes are continuously
made. Similarly, a source-oriented model must be a
dynamic system sensitive to the addition or subtrac-
tion of sources. By applying the diffusion algorithms
of the source-oriented type, the receptor-oriented
tabulation prediction may be updated frequently.
Of course, each station of the network would have
to be updated. Such a hybrid technique may provide
a superior system for forecasting air pollution levels
based on meteorological variables.
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RADIATION PHYSICS

FURTHER STUDIES ON FLUORESCENCE POLARIZATION

W. R. Anderson and I. B. Berlman

Polarization studies of several compounds in solution have
been made and the results are reported. For 1,3,6,8-tetra-
phenyl pyrene, the polarization values start to become nega-
tive at about 3100 A in agreement with other findings that
the transition moment for absorption in this region is in a
rdifferent direction from that of fluorescence. In the case of
substituted binaphthyls, an absorption band associated with
a weak transition can be located at 3300 A.

INTRODUCTION

In a previous report® the reasons were given for
interest in these studies, the polarimeter used was de-
scribed, the theory involved was outlined, technical
difficulties were discussed, and information obtained
to that point was tabulated. The reasons for under-
taking the studies are, in summary, the following:

1. To obtain information on the electronic transi-
tions; more specifically, to look for hidden trans-
itions; and

2. To study the effect of intrinsic viscosity on the
degree of polarization.

The principle involved in the first of these is as
follows: In general, the absorption band associated
with a given electronic transition overlaps that of
others. Because of this, a weak and, therefore, seem-
ingly narrow band within the span of a strong band
may be obscured in an ordinary absorbance scan, but
may be disclosed if changes in the degree of polariza-
tion of the fluorescent emission are noted during the
scan, provided a 90° angular shift between absorbing
and emitting oscillators exists for one, but not both,
of the transitions. Suppose that for a particular mole-
cule the electronic transition representing the change
to the first excited level happens to be 4 — 1L, (3}
and that to the second excited level A - 1L,.
The states 'L, and *L; represent oscillators at 90° to
each other. Fluorescence takes place from the lower
of the two and is represented by 1L, —> 14; there-
fore, the molecules originally excited to the 1L state
undergo a 90° oscillator shift in dropping to the
17,, state through internal conversion before emission.

e e VY G o ARNR o R, JIRASY. S XY A PRI
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TABLE 66. PorLarizatioN IN HEAvy MINERAL O1L AT —4 & 1°C

Band edge, Upper line: A,mu
Compound my Lower line: polarization (P), %
3. p-Bis[2-(5-phenyloxazolyl)]benzene 395 375 360 340 320 321 300 290
(*POPOP”) +43 +43 +43 +42 +26 +11 +5
6. 4,4'-Di(undecyloxy®-1)-1,1’-binaph- 360 350 240 330 320 310 300 290
thyl +41 +38 +25 +33 +33 +32 +32»
7. 9,12-Di(n-octadecyloxy)benz[e]- 440 410 395 375 355 340 320 300 290
acephenanthrylene —+41 +32 +32 +28 —+24 +13 “+11 +17®)
8. Dipheny! stilbene 390 370 340 300
+45 +45 +43
9. Tetraphenyl ethylene 380 350 330 310 300 290
+41 +38 +35 +31 +20(»
10. 1,8-Diphenyl-1,3,5,7-octatetraene 430 400 378 360 345 330 300
—+41 +40 -+ 40 +41 +38 +26
11, Trans-1-(4-biphenylyl)-2-(1- 390 380 365 350 335 320 305
naphthyl)-ethylene +44 +45 +44 +44 —+43 +40
12. Trans-1-(4-biphenylyl)-2-phenyl- 365 350 335 325 305 290
ethylene +42 +43 +43 +42 439
13. 1,3,6,8-Tetraphenylpyrene 425 400 380 370 350 330 320 310 300
+42 +41 +40 +35 +28 +18 —-15 -19

®) or butyloxy or octyloxy.

®) at 290 my, absorption by the solvent is appreciable (4 = 0.3). Whether this affects the result is conjectural.

Theory shows that if no depolarization takes place
between absorption and emission, and if there is no
mixing of types, the degree of polarization P of emis-
sion is (a) +50% when absorbing and emitting os-
cillators are parallel, and (b) —331%4% when per-
pendicular to each other. If there is overlap, the result
will be somewhere between the two extremes. De-
polarization (the result of rotation during the life-
time of the excited state), of course, reduces the
(absolute) value of the polarization, but its effect is
easily distinguished from that being discussed. De-
polarization affects the whole absorption spectrum,
whereas the effect being discussed is a function of
wavelength. .

A principal difficulty encountered originally, es-
pecially as it affected the viscosity-effect study,
was temperature instability. Through modifications
of the apparatus, improved, though not completely
satisfactory, temperature control has been obtained.
A hollow jacket, thermally insulated on the out-
side, was added surrounding the cell chamber. The
jacket, filled with an antifreeze solution, has in it
also copper tubing coiled around the chamber. The
cold nitrogen gas, which originally was allowed to

flow directly into the chamber, now flows first through
the copper tubing in the jacket before entering the
chamber, thus tending to bring the surroundings of
the chamber into temperature equilibrium with the
gas in the chamber. Rapid temperature fluctua-
tions in the chamber have been eliminated, but the
aim of holding the temperature invariant has not
been realized. It was thought that creation of slush
in the jacket would assure constancy; however, it was
found that even then there is a temperature gradient
in the jacket. The possibility of using more effective
insulation is being investigated.

A distinct improvement has been made in connec-
tion with the solvent used. A heavier mineral oil
has been obtained (Fisher Paraffin Oil #0-120),
of Saybolt 335/350, and an unexpected bonus has been
its transparency. Because of the improvement in the
latter, the range in which meaningful results can be
obtained has been extended downwards to about
290 mp. The absorbance of this oil in the 1-cm cell
does not reach 1.0 until 285 mp. The increased vis-
cosity has lessened the depolarization so that higher
values of polarization are now realized. The limita-
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ABSORBANCE (RELATIVE)

POLARIZATION
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1

| 1 { 0
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Frc. 139.—Absorbance of 1,3,6,8-tetraphenyl pyrene and corresponding polarization of emission

tion at the long-wavelength end of the range is that
of the grating, 410 mp.

SEARCH FOR HIDDEN LEVELS

Several additional compounds have been studied;
also, some of those studied previously have been re-
studied for more complete information. As pointed
out previously,’? in general it has been found not
worth while to study a compound in a liquid medium

unless the compound has a very short fluorescence
decay time of the order of one nanosecond) because
otherwise depolarization reduces the values to the
point where trends are obscured. Table 66 gives the
additional results to date. The long-wavelength edge
of the first absorption band is given to provide orien-
tation for the reader. Also, to aid in the visualization
of the results, curves are given in Figure 139 of ab-
sorption and corresponding polarization of emission
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for one of the compounds. Compounds 3, 6, and 7
were studied previously, but have been restudied in
order to obtain more complete and accurate data.
The numbers used to designate these correspond with
those used in the previous report. Numbers 8 through
13 are additional compounds. Except as indicated
below, the wavelengths which could be studied are in
" the first absorption band of the compound.

Some experimental detaills are as follows: To
achieve maximum spectral purity, monochromator
slits were kept very narrow, 0.9 and 0.5 mm,
respectively, for entrance and exit slits; this cor-
responds to a half-intensity band width of only 1.6
my. In all cases signals were sufficiently large to per-
mit use of such narrow slits. No set rule was followed
concerning the number of times a measurement was
to be repeated; however, enough repetition was car-
ried out to make a result convincing, especially where
it seemed crucial. In general, because of the great var-
iations in absorbance of a solution at the different
wavelengths, more than one concentration of solution
was needed in covering each spectrum.

In the first report, mention was made that (for the
particular geometry of our apparatus) calculations
showed that maximum signal would result when the
absorbance is 0.9. However, it was found that solu-
tions somewhat more dilute than this gave stronger
signals. In the cell chamber is a reflector (inadvert-
antly omitted from the polarimeter diagram of the
first report) which sends the incident beam back
through the cell. Evidently this is more effective
than was assumed.

A test was performed to learn something of the
magnitude of the signal, produced by incident light
scattered in the cell, reaching the photomultiplier
after attenuation by the appropriate fluorescent-beam
filter. The polarimeter was operated with the solvent
alone in the cell (fluorescent solute missing) and sig-
nals recorded for each filter used at each incident-
light wavelength used. Because of xenon-source in-
stability, mentioned in the first report, readings taken
at different times have been found to vary consider-
ably; however, if the values obtained in this test
were to be used as signal corrections, the effect on P
(expressed as percent) would be to change it (nega-
tively) by only 0.1 in 70% of the instances and by no
more than 1 in any instance. Considering this and
other possibilities for error, the total uncertainty in
P is perhaps no greater than 2 [that is, P = 41%
means P = (41 = 2) %, ete].

Certain features of the results in Table 66 are of
particular interest. First, in every instance, the polar-
ization drops as one moves from the long- toward the

short-wavelength end of the first absorption band.
Two possible explanations suggest themselves, either
or both of which could be involved in a given in-
stanee. (a) Broadly speaking, the shorter the wave-
length absorbed, the higher the vibrational state to
which the molecule is raised and the greater the ex-
citation energy involved in the instantaneous (10~%
second) vibrational-relaxation process which follows.
If the molecules having had the greater excitation
energy now end up with greater rotational energy,
which they retain during the period preceding emis-
sion, then greater depolarization would be observed
for them. (b) There may be a region of overlap be-
tween the first and second absorption bands, and if
the second band is of the opposite type (as regards
90° shift or no shift) the two opposite polarizations
will tend to cancel each other. For compound 13 (see
also Figure 139), it was possible to extend the meas-
urements into the second absorption band, and ex-
planation (b) seems to be confirmed, although (a)
may be involved as well. Second, hidden transitions
seem likely or possible in two of the compounds—
in compound 6 at about 330 mu and in compound 7 at
about 320 mg.

It might be added at this point that both positive
and negative polarizations were observed, that the
most positive and most negative values (+45 and
—19%, respectively) were reasonably close to the
theorctical limits (450 and —3314%, respectively),
and that, therefore, the observations attest to the
reliability of the apparatus.

INTRINSIC VISCOSITY STUDIES

Tests in which depolarizations of the three binaph-
thyl derivatives™) are compared are continuing, but
as yet, because of our inability to secure sufficiently
precise and reproducible results, no conclusion has
been reached as to whether there are or are not dif-
ferences among them. Tentatively, one might con-
clude that if there are effects, they are of small mag-
nitude. Temperature control is no longer a major
problem; other factors appear to interfere and need
to be investigated. A slight change in the position of
the cell or in the level of the liquid in it may affect
the results enough to obscure the effect. Also, certain
observations have suggested that the compounds used
may undergo a photochemical reaction when exposed
to the UV radiation.
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ON THE FLUORESCENCE CHARACTERISTICS OF THE p-OLIGOPHENYLENES

AND THEIR SUBSTITUTED ANALOGS
1. B. Berlman and 0. J. Steingraber

The p-oligophenylenes have very desirable fluorescence
characteristics, such as high quantum yields and short
decay times, that make them very useful as scintillators. A
systematic investigation has been made of the fluorescence
characteristics of variously substituted and bridged compounds
with the hope of understanding better the relationship be-
tween molecular structure and these characteristics. When
large alkyl chains are employed as substituents to enhance
the solubility of a compound, it is important that these
substituents be positioned in the proper place. When alkyl
substituents are placed on the para or meta positions of ter-
minal rings, the effect on the fluorescence characteristics is
minimal; but if the substituents are placed on other posi-
tions, the characteristics are adversely affected by steric
crowding. Moreover, an alkyloxy group substituted on the
para position will enhance the dipole moment of the ground
and first excited state, as well as the molar extinction coeffi-
cient.

INTRODUCTION

In a previous publication it was shown that the
p-oligophenylenes (see Table 67) are a most useful
set of compounds possessing very fast fluorescence de-
cay times. It was reported that as the number of
phenyl rings in the basic chromophor was increased,
the molar extinction coefficient ¢ was increased, the
natural fluorescence lifetime decreased, and both the
absorption and fluorescence spectra shifted toward
longer wavelengths. An experimental problem that
arises when the molecular length is increased is that
the solubility of these compounds in aromatic sol-
vents is drastically decreased. Wirth, et al.’®) have
demonstrated that by adding large alkyl chains to
the p-oligophenylenes, their solubility is dramatically
enhanced. For example, the solubility of p-quater-
phenyl in toluene at room temperature is about 0.1
g/l, whereas that of tetramethyl-p-quaterphenyl
(VII) is over 500 g/l. Substituents not only change
the solubility of a compound, but they may also inter-
fere with the planarity of the chromophor or affect its
dipole moment in either the ground state or first ex-
cited state or both. The effect of various types of
substituents, their number, and positions on the chro-
mophor on the fluorescence characteristies have been
systematically investigated; the data are tabulated in
Table 67 and some of the spectra are shown in Fig-
ures 140-158.

The procedures employed in measuring the ab-
sorption and fluorescence spectra, the fluorescence
decay time, natural lifetime, and quantum yield,
Stokes loss, and the full width at reciprocal epsilon

(FWRE) of the maximum value of the spectra have
been explained elsewhere.® ¥ Compound IV (Table
67) was kindly sent to us by Prof. Dr. W. Ried* and
the remaining compounds except for I and V were
generously given to us by Dr. H. O. Wirth.}

RESULTS

Unsubstituted p-oligophenylenes such as p-ter-
phenyl (I) and p-quaterphenyl (V)@ and some of
the substituted compounds such as 3,3”-dimethyl-p-
terphenyl (II) display band strueture in their fluores-
cence spectra but not in their absorption spectra as
shown in Figure 140. Tt is believed that the absorption
curve is structureless because a planar configuration
in the ground state is impeded by steric crowding. In
the excited state the essential bonds, those bonds join-
ing adjacent phenyl rings, acquire some double bond
character, thus becoming stronger and more effective in
forcing the phenyl rings into a more planar configura-
tion. Supporting evidence for the above contentions
may be found in the observation that the values of the
FWRE of the fluorescence spectra are much less than
those of the absorption spectra (Table 67). As dis-
cussed below, analogous compounds with substituents
that interfere with the planarity of the chromophor
do not have fluorescence spectra with structure.

It has been known for some time® that the maxi-
mum value of the molar extinction coefficient epay
of the p-oligophenylenes increases monotonically with
the number of phenyl rings. Since the value of the
natural fluorescence lifetime =, can be approxi-
mated¥ by integrating over the long wavelength ab-
sorption bands as follows

1 = Avp [ edv

To o
where vy is the wave number of the line of mirror
symmetry between the absorption and fluorescence
spectra and ¢ is the molar extinction coefficient (liter
mole~tem—1!), it is apparent that the longer the
chain of rings the shorter is the computed lifetime. Tt
has already been pointed out® that the p-oligo-
phenylenes have the added advantage of having their
emission spectra at relatively short wavelengths
(large vy values) as compared to other conjugated

* Goethe University, Frankfurt, Germany.
t Present address: Deutsche Advance Produktion GMBH,
6140 Marienberg, Post Bensheim, Germany.
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TABLE 67. ErrFECT oF SUBSTITUENTS ON FLUORESCENCE CHARACTERISTICS OF VARIious COMPOUNDS

FWRE
Stokes €max )tvg
Compound To,nsec | r,nsec | QY. loss, ’ 1 mole™? (FD),
cm! (1), | (Abs), cm! A
cm™! | cm™t
1. p-terpheny! 1.45 1.05 | 0.93 | 2,960 | 4,400 | 6,600 | 32,000 | 3,420
I1. 3,3"-dimethyl-p-terphenyl 1.61 1.0 | 09 2,980 | 4,400 | 6,900 | 30,600 | 3,455
1II. 2-methyl-p-terphenyl 1.72 1.0 0.67 3,470 | 4,500 | 7,200 | 27,400 3,380
@ @ @ IV. sexiphenyl benzene 1.4 0.01 4,100 | 4,150 3,430
OROSC (©) V. p-quaterphenyl 1.40 0.85 | 0.89 | 2,900 | 4,400 | 6,400 3,656
(0)~0) @ (O) V1. dimethyl-p-quaterphenyl 1.39 0.85 | 1.0 3,000 | 4,350 | 6,650 | 44,000 | 3,700
@ @ @ @ VII. tetramethyl-p-quaterphenyl 1.36 0.9 0.73 4,100 | 5,000 | 7,200 | 43,300 3,545
@ @ @ @ @ VIII. di(3-ethylheptyl)-p-quinquephenyl 1.05 0.80 1.0 2,900 |} 4,150 | 6,350 } 63,200 3,838
@ @ @ @ @ IX. diethyl-p-quinquephenyl 1.04 0.8 | 0.92 | 3,200 | 4,500 6,700} 57,700 | 3,720
@ @ (©)—0) @ @ X. tetramethyl-p-sexiphenyl 0.95 0.76 | 0.04 | 3,350 | 4,500 7,100 | 62,500 | 3,775
@ @ @ @ @ @ XI. tetramethyl-p-octaphenyl 0.84 0.65 3,000 | 4,300 76, 300 3,960
2
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@ @.@ XII. 2,2 -methylenc-p-terphenyl

Q @.@ XIII. 2,2’ -ethylene-p-terphenyl

@.@.Q XIV. 2,2'-methylene, 5',6”-methylene-p-terpheny!

@ @‘@ @ XV. 3,3 -dimethyl-2’, 2" -methylene-p-quaterphenyl
@ @'@ @ XVI. 8,3"-dimethyl-2’,2”-ethylene-p-quaterphenyl

RO XVII. 4-(3,3-dimethylbutoxy)-p-terphenyl

RO @ @ @ @ XVIII 4-(5-ethylhexoxy)-p-quaterpheny!
RO OR XIX. 4,4”-dihexahydrofarnesoxy-p-terphenyl
RO ~0)~0)>~0)~0)-0R

XX. 4,4"-di(2-butyloctoxy)-p-quaterphenyl

(1.4)

(1.58)

(1.1)

(1.30)

1.61

1.43

1.48

1.1

1.4

2.3

1.05

1.08

1.05

0.85

0.95

0.9

0.91

0.84

0.9

1.0

0.75

0.89

0.97

0.93

2, 500

1,480

2,300

2,700

2,860

2,900

2,780

2,800

4,100

4,200

4,500

4,200

4,100

4,200

7,100

7,000

6,400

8,200

6,700

6,505

6,650

6,600

30, 500

31,700

55,700

47,000

44,000

34,000

46,100

41,000

54, 200

3,430

3,515

3,515

3,690

3,790

3,550

3,765

3,600

3,800

) Values for these compounds are for benzene solutions.
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141.—Compound III, 2-methyl-p-terphenyl
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143.—Compound VI, dimethyl-p-quaterphenyl
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145.—Compound VIII, di(3-ethylheptyl)-p-quinquephenyl
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146.—Compound IX, diethyl-p-quinquephenyl
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147 —Compound X, tetramethyl-p-sexiphenyl
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149 —Compound X1I, 2, 2’-methylene-p-terphenyl
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153.—Compound XVI, 3,3'’’-dimethyl, 2’,2”-ethylene-p-quaterphenyl
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154.—Compound XVTI, 4-(3, 3-dimethylbutoxy)-p-terphenyl, solvent cyclohexane
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155.—Compound XVII, 4-(3, 3-dimethylbutoxy)-p-terphenyl, solvent benzene
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156 —Compound XVII, 4-(3, 3-dimethylbutoxy)-p-terphenyl, solvent ethanol
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157 —Compound XIX, 4, 4”-dihexahydrofarnesoxy-p-terphenyl, solvent cyeclohexane
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158.—Compound XIX, 4,4”-dihexahydrofarnesoxy-p-terphenyl, solvent benzene

systems of the similar size. Among the compounds
tested, XI is the longest molecule and, as expected,
has the shortest computed lifetime, 0.8 nsec.

It has been postulated by Suzuki‘® that the larger
the p-oligophenylene, the more planar is the chro-
mophor in the ground state. In support of this as-
sumption, the FWRE values of the absorption spectra
become smaller as the chromophor becomes larger as
shown in Table 67 for compounds II, VI, and VIII.

Alkyl chains substituted in the pare and meta posi-
tions of terminal rings are effective in inereasing the
solubility of the compound and yet do not affect the
planarity of the chromophor or the strength of the
transition. For these reasons, these substituted com-
pounds possess characteristics very similar to those
of the unsubstituted compounds. On the other hand,
if these same substituents are positioned on the ortho
position of the end rings or on meta or ortho positions
of phenylene rings, the planarity of the basic chro-
mophor is disturbed, and its fluorescence characteris-
tics are affected in the following manner: The long
wavelength absorption bond is shifted toward shorter
wavelengths, the value of emax is reduced, the value
of FWRE of the absorption curve is increased, the
fluorescence spectrum becomes less structured, the
value of Stokes loss is increased, and the quantum
yield is reduced. These effects of steric hindrance are

readily noted in comparing the data for II with III,
VI with VII, and VII with IX, as shown in Table 67
and Figures 140, 141, and 143-146. If it were not for
steric crowding by the substituents with the hydrogen
atoms on the basic chromophor in VII, X (Figure
147) and XI (Figure 148), the natural fluorescence
lifetimes would be even shorter than those tabulated.
IV (Figure 142) can be considered as tetraphenyl-p-
terphenyl and is an illustration of an extreme case of
steric hindrance. For this latter compound the quan-
tum yield is very small, the intense transition that is
the hallmark of the p-oligophenylenes is shifted to-
ward shorter wavelengths, and Stokes loss is very
large. Surprisingly FWRE (Fl) is abnormally small.
This result may be explained by the fact that the six
phenyl rings make large angles with the central ben-
zene rings so that there is no effective conjugation
between the rings and the fluorescence characteristics
correspond to a 'L, — A transition of the basic
chromophor, the central benzene ring.

The angle between successive phenyl rings can be
held fixed by means of a bridging group as in XII,
XIII, XIV, XV, and XVI, Figures 149-153, respec-
tively. This added planarity is responsible for the
structure in both the absorption and fluorescence
spectra, and their shift toward longer wavelengths, for
the increase in the value of emax, and for the de-
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crease in the values of Stokes loss and FWRE (Fi).
These effects of bridging can be noted in comparison
of the data and figures of bridged and unbridged com-
pounds, 1e. XV and XVI versus V. Compounds XII
and XIII also possess the characteristics of planar
compounds. In comparing effects on the fluorescence
characteristics by a methylene group versus an eth-
ylene group, it is noted that the quantum yield is
smaller and the values of Stokes loss and FWRE (F1)
are larger when an ethylene group is employed. Since
XII and XIII can he called 2-pheny!-fluorene and 2-
phenyl-9,10-dihydrophenanthrene, respectively, it is
apparent that information as to the structure of these
compounds can be obtained from studies on fluorene
and 9,10-dihydrophenanthrene. From x-ray data on
these latter compounds in the crystalline state, it is
concluded that fluorene is planar(™, whereas in the
case of 9,10-dihydrophenanthrene the planes contain-
ing the phenyl rings are estimated to be at an angle
of about 20° with respect to each other.® On com-
paring the spectroscopic data on these latter com-
pounds, it is found that the fluorescence quantum
yield of fluorene is larger and the values of Stokes loss
and FWRE (F!) are smaller than those of 9,10-di-
hydrophenanthrene.® From these results on com-
paring bridging by a methylene chain vis-a-vis an
ethylene chain, it is concluded that phenyl rings are
held in a more planocar conformation when bridged by
a methylene chain, and the fluorescence characteris-
tics are optimized better.

It is apparent from looking at the absorption spec-
tra of the bridged oligophenylenes that the long wave-
length absorption bands are produced by two separate
transitions. In the case of the most planar compound
tested, XIV, the absorption spectrum is very struc-
tured and the bands due to the two transitions are
well separated. Since 7o for each of the compounds
in Table 67 is computed by integrating over the whole
ghsorption curve and since a meaningful value of =,
is obtained only when the integration is performed
over the bands corresponding to the transition leading
to fluorescence, the =, values for the bridged com-
pounds are questionable. Therefore, these values are
bracketed. The absorption spectra of all the other
compounds may possibly contain, also, bands lying at
shorter wavelengths than the main band, but in these
cases the secondary bands are not readily apparent.
Buch a masked band in an absorption spectrum would
contribute to the very large measured values of
FWRE, yet the transition responsible for this band
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would not interfere with the measured fluorescence
characteristics.

An alkyloxy substituent when in the para position
as in XVII (Figure 154) and XVIII is effective in in-
creasing the value of ense and the static dipole mo-
ment of the ground and first excited singlet state. As
noted in Figures 154-156, the fluorescence spectra be-
come more diffuse and are shifted toward the red in
polar solvents such as ethanol. Even in benzene most
of the structure in the fluorescence spectrum is lost.
This spectral shift and the loss of structure are inter-
preted by Eisinger and Navon® as being produced
by an interaction between the dipole moment of the
solute and that of the solvent. On the other hand,
when two alkyloxy substituents are positioned at op-
posite para positions of the chromophor as in XIX
and XX, the dipole moment becomes negligibly small
but ewax becomes larger, almost as large as that pro-
duced by an additional phenyl group. These effects
are also shown in Table 67 and Figures 157 and 158.
Benzene has little effect on this compound. Since XIX
is practically insoluble in ethanol, no figure is avail-
able for this solution. It is believed that the alkyloxy
substituent is particularly effective in affecting the
value of emaxr and the dipole moment when substi-
tuted on the para position because the transition mo-
ment is along the long axis of the molecule.

In conclusion, efficiency and speed are two useful
features of a good scintillator and both of these char-
acteristics depend on large values of the molar ex-
tinction coefficient. Not only are a large number of
rings desirable, but they should be in a linear and
planar conformation. When substituents and bridging
groups are employed, they should be so positioned so
as to enhance, not interfere, with this arrangement.
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TOTAL CROSS SECTIONS FOR INELASTIC SCATTERING OF CHARGED PARTICLES BY
ATOMS AND MOLECULES. Ill. ACCURATE BETHE CROSS SECTION

FOR IONIZATION OF HELIUM*

Mitio Inokuti and YV.-K. Kim

The Bethe cross section o; for ionization of He by fast
charged particles is accurately evaluated by a subtrac-
tlon ¢; = owt — gex , Where gy is the total inelastic-
seattering cross section and .. the sum of all discrete-
excitution cross sections. Our earlier work has given a
highly precise value of ot , and recent results on dis-

crete excitations enable one to determine oe.. The

* Abstract of a paper published in Phys. Rev. 186, 100
(1969).

resulting “counting” ionization cross section for a
particle of charge ze and veloecity v = 8c is

Oy g ..
g, = m 10.489 [ln (m -— B + z).x)26 y

where m is the electron mass, a, the Bohr radius, and B
the Rydberg energy. Among numerous measurcments,
the electron-impact data by Smith are most consistent
with our result and suggest o gradual attainment of the
Bethe asymptotic behavior near 1keV incident elec-
tron energy.

ELECTRO-OPTICAL TECHNIQUES FOR ULTRASENSITIVE

RADIOPHOTOLUMINESCENT DOSIMETRY*

Jacob Kastner, R. K. Langs, B. A. Cameron, Michael Paesler and George Anderson

The factor which has limited the sensitivity of pho-
tolumineseent dosimetry has been the “pre-dose” or
matrix fluoresence background which is stimulated
during readout by the usual continuous ultraviolet ex-
posure. The signal-to-noise ratio has only been par-
tially optimized by selective choice of filters and op-
tical geometry.

A microdosimetric system was conceived and in-
vestigated which is potentially capable of sensing ex-
tremely low radiation dosages (in the order of micro-

* Abstract of a paper given at the Second Int. Conf. on
Luminescence Dosimetry, Gatlenburg, Tenn., September 23-26,
1968, and published in U. 8. Atomic Energy Commission Re-
port CONTF-680920,

rads). This system depends on the little-known fact
that the decay time for the visible luminescence,
which is a measure of the absorbed dose, is at least
ten times longer than the decay of the indistinguish-
able visible fluorescence (to UV) which is an inherent
characteristic of unexposed silver phosphate glasses.

The principle was confirmed some time ago using
an ultraviolet laser and was reported elsewhere. In
the hope of simplifying the reader, experiments have
been carried out using an electro-optical Pockels shut-
ter and much cheaper and less complex UV sources.
To date we have been sucessful in obtaining a 2-to-1
signal-to-noise ratio from a Toshiba fluorod exposed
to 10 mR.

SPECTRAL ANALYSIS OF THERMOLUMINESCENT GLOW CURVES*

B. G. Oltman, Jacob Kastner and C. M. Paden

An effort has been made to correlate the spectrum
of the light from thermoluminescent materials, in-

* Abstract of a paper presented at the Second Int. Conf. on
Luminescence Dosimetry, Gatlenburg, Tenn., September 23-
26, 1968 and published in CONF-680920.

cluding the far UV, with various kinds of ionizing
radiations. An apparatus is described which has been
designed and constructed to provide well-controlled
heating ramps and monochromator scanning capabil-
ity. Results are given for such analysis for various
inorganic thermoluminescent materials.
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ENVIRONMENTAL NEUTRON MEASUREMENTS WITH

SOLID STATE TRACK RECORDERS -

J. H. Roberts,* R. A. Parler,* F. J. Congel, Jacoh Kastner, and B. G. Oltman

The suitability of using B and °LiF in contact with cellu-
lose acetate butyrate (CAB) for the measurement of slow
neutron densities has been investigated. The upper energy
" threshold of clear Diacel cellulose nitrate (CN) and of the
CAB have also been measured. The CAB in good contact
with thick ™B or "LiF sources offers good promise for the de-
tection of slow neutrons. For the actual CAB samples used,
the CAB-"B combination had an efficiency of 1.3 X 107 tracks
per thermal neutron incident in a 2 solid angle. The cor-
responding number for the CAB-"Li combination is 5.6 X 10
tracks per thermal neutron,

INTRODUCTION

The measurement of low level slow neutron den-
sities with highly efficient and stable detection sys-
tems with low background is important for neutron
dosimetry in a variety of environmental conditions.
The suitability of cellulose nitrate (clear Diacel CN)
and cellulose acetate butyrate (CAB) for registration
of alpha and L1 particles from °B(n,«) and of
alpha particles from ®Li(n,«) has been studied. These
studies have included a measurement of the upper en-
ergy threshold of thesc materials for alpha track reg-
istration. :

The motivation for the present studies is an appli-
cation to the measurement of slow neutron levels over
land and water due to cosmic radiation. These stud-
ies are now being undertaken.

ETCHING PROCEDURES

A 625 N NaOH solution was used to etch both
types of plastic. This is nearly that suggested by
Fleischer et al for CN.® For the clear Diacel CN a
room temperature etch of 2 hr gave excellent track
quality. However, by increasing the temperature to
40° C the etching time could be reduced to 19 min
without any significant increase in etch damage. Fol-
lowing a suggestion of G. R. Ringo™® it was found
that good track quality in the CAB was obtained by
etching for 2.5 hr at 62° C.

Typical alpha tracks in the CAB are shown in Fig-
ures 159 and 160. The etched damage in the CAB
resulting from alpha particle bombardment was more
like circular pits than tracks. These etch pits are dis-
tinctive and readily distinguished from surface dam-
age produced by the etchant in the unirradiated sur-
face. When the surface was irradiated with alpha
particles from a thick source, very short tracks in the

* Northwestern University.

Diacel CN were hard to distinguish from surface im-
perfections. Thus the CAB was found to be much
more promising for this application,

THRESHOLD STUDIES

Measurements of the upper energy threshold for
alpha particles were carried out with a thin *Am
source, Two methods, one involving keeping the
source-recorder distance fixed and varying the air
pressure (Diacel CN), and the other, involving vary-
ing the source-recorder distance in air at constant
pressure (CAB) were used.

For the Diacel CN the source-recorder distance was
5.65 em. The angle of incidence of the alpha particles
on the plastic was ~45°. The source-recorder combina-
tion was placed inside a chamber so that the air pres-
sure could be regulated as desired. The main group of
alpha particles from **'Am have an energy of 548
MeV. The source used had an activity of 2 X 10° dis-
integrations,/min. Strips of CN were exposed for 90
min at 26° C and pressures of 30.5, 33.0, 35.6, 38.1,
40.6, 43.2, and 45.7 cm of Hg. These correspond to in-
cident alpha particle energies at the CN surface of 3.0,
2.8,25,22, 1.9, 1.5, and 1.1 MeV respectively. ¥ Good
tracks were obtained up to an alpha energy of 1.9
MeV, and no tracks were visible at all above 2.5 MeV.

For the CAB, similar measurements indicated that
the diameter of the etch pits decreased with increasing
particle energy and were no longer visible for alpha
particles above ~1.6 MeV. It is planned to refine
these measurements on both the Diacel CN and the
CAB.

SLOW NEUTRON DETECTION EFFICIENCY OF CELLULOSE
ACETATE BUTYRATE IN CONTACT WITH THICK !B
AXD SLIF SOURCES

Source-recorder combinations were irradiated with
slow neutrons in the standard sigma pile at the
Argonne National Laboratory. Calibrations were
made by sandwiching a disk of CAB between a gold
foil and a SLiF or "B source. These sources had a
smooth flat surface so that good contact was possible.
The SLif crystals were square, 2 em on a side and 2
mm thick. The B was in the form of circular disks,
8 mm in diameter and 2 mm thick. Both sources were
“plack” to slow neutrons, and were infinitely thick

+ Based on the range-energy curve given by M. 8. Living-
ston and H. A. Bethe.®



Fra. 159.—Etch pits produced in CAB by alpha particles. The focal plane of the microscope objective is slightly ¢ the plastic
surface,




FrG. 160.—The same etch pits in CAB as in Figure 159 except that the focal plane of the microscope is now slightly below the
plastic surface. Slight changes in focus are an aid in distinguishing eteh pits from imperfections.




relative to the range of all charged particles produced
by slow neutron capture in ®°Li or *B. The recorder-
source combinations were placed in aluminum holders
under pressure supplied by a thin laver of sponge
rubber to insure good surface contact. In some expo-
sures the packages were placed in Cd boxes so that a
correction for epithermal neutrons could be made.

The unperturbed thermal neutron flux in the
standard pile at the position where the packages were
pliced was assumed® to be 4100 = 200 neutrons/cm?
sec. The ratio of the Au activity for a given exposure
time with and without the ¢LiF was 0.42 = 0.02. The
corresponding ratio for the 9B was 0.50 = 0.01. The
lack of flux depression in the case of the B is due to
its small mass, Thus, the thermal neutron flux at the
SLiF surface was 1720 = 100 neutrons/cm? sec, and
the corresponding flux at the B was 2050 += 100
neutrons/cm? sec.

The track recording rate for the SLiF was 9.65 ==
0.23 tracks/em® sec in the neutron flux of 1720 neu-
trons/em? sec. The detection efficiency is thus (5.6 =
0.3) x 10—2 tracks per thermal neutron. The corre-
sponding numbers for the 9B are (26.7 == 1.1)
tracks/cm?-sec in the thermal neutron flux of 2050, or
(1.30 = 0.08) X 10—2 tracks/thermal neutron,

The above caleculated efficiencies are for thermal
neutrons incident over a 2 = solid angle. For thermal
neutrons incident isotropically, the above values
should be divided by two, since all neutrons incident

* Based on a measurcment carried out by Harvey Casson
in 1961 with gold foils, The flux is being redetermined with
gold foils and natural uranium-mica combinations.®
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on the back side of the SLiF and 1°B sources are ab-
sorbed without producing tracks.

CONCLUSIONS

The full energy of the alpha particles from
SLitn,«) induced by slow neutrons is 2.0 MeV. Most
of the alpha particles from B (n,«) will have a maxi-
mum cnergy of 1.5 MeV. For thick °B and °*LiF
sources most of the alpha particles entering the CAB
surface will be below its threshold ~1.6 MeV. For
the "B sources the "Li recoil nuclei will also produce
tracks. Thus, the B is especially well suited for
thermal neutron detection when used with the CAB
plastic.

Whereas the research reported here indicates that
the CADB B or “Li combinations offer great promise
for slow neutron detection, further studics are needed
to put the results on a completely quantitative hasis.
Anyone planning to use the CAB should carry out his
own calibrations. The threshold, detection efficiency,
ete., depend upon the manufacturing process of the
actual material used and may even vary from batch
to batch from the same manufacturer.

The authors are indebted to Iarvey Casson for
helpful discussions on the thermal neutron flux meas-
urements.
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PERMANENT DAMAGE OF ’LiF THERMOLUMINESCENT

DOSIMETERS BY FAST NEUTRONS

Jacob Kastner, Keith Eckerman,* B. G. Oliman, and Pele Tedeschi

It has been postulated that lattice heating may be the
mechanism for the effects of fast neutrons on the gamma-ray
response of TLD-700. In the experiment to be described,
LiF was exposed to neutron energies of 6-14 MeV. The ob-
served decrease in thermoluminescent response was estab-
lished to be due in part to permanent damage of the dosimeter
and definitely not attributable to lattice heating.

INTRODUCTION

That there was an effect of fast neutron exposure
on the "LiF thermoluminescent response to gamma
rays was reported earlier.(?? The decrease in thermo-
luminescent response observed seemed to be independ-
ent of the total neutron exposure and neutron energies

* Civil Enpgineering Department, Environmental Health
Division, Northwestern University, Evanston, Illinois.

below 1 MeV. Furthermore, as no permanent damage
was observed, 1t was postulated that neutrons of less
than 1.0 MeV may be introducing lattice vibrations
giving effects similar to the thermal effects of a TLD
heater.

In order to verify this hypothesis, it was decided to
investigate this phenomenon at neutron energies of 6
to 14 MeV. The following is an aceount of this study
and its results,

EXPERIMENTAL PROCEDURE

The gamma-ray responses of TLD 700 dosimeterst
were determined with radium gamma rays using a

t Extruded rods, 14 X 14 X 6 mm, Harshaw Chemical
Co.. Cleveland, Ohio.



modified reader of the research type described else-
where.® The glow curves were recorded on a strip
chart, and the area under the glow curve peak was
obtained with a mechanical integrator. Each dosime-
ter was weighed after readout and the weight recorded
to the nearest 0.1 mg. The responses of the dosimeters
were expressed as area/mg/Rad (precalibration).
The dosimeters were then annealed at 400° C for 1 hr
and 85° C for 18 hr.

Two sets of these dosimeters were used. One set,
referred to as the predosed dosimeters, were exposed
to radium gamma rays before the fast neutron irra-
diation, and a second set, referred to as postdosed
dosimeters, were exposed to radium gamma rays after
the fast neutron irradiation. Both sets were exposed
to 4 R of radium gamma rays.

The dosimeters were packaged in eadmium holders,
which consisted of two square cadmium plates 6 mm
square and 1 mm thick. Each holder contained 4 pre-
dosed dosimeters, 4 postdosed dosimeters, and 3 back-
ground dosimeters.

The exposure to fast neutrons was obtained by
using the "Li (p,n) SBe reaction from an 18-MeV
tandem accelerator. At these energies there is the pos-
sibility that the residual nueleus, "Be, could be left in
an excited state as well as the ground state.® Conse-
quently, the resulting neutrons would not necessarily
be monoenergetic. However, the cross section for this
event proved negligible.

Exposures were made by placing the dosimeters at
20° with respect to the beam and 20 cm from the
target. A 238U fission counter was placed .symmetri-
cally with respect to the dosimeters and the beam.
Exposures were made over several hours for a fluence
of approximately 10® neutrons/cm? as determined by
the fission counter. After exposure and readout (ob-
served area per mg), all dosimeters were annealed at
400° C for 1 hr and 85° C for 18 hr. The responses to

radium gamma rays were redetermined (postealibra-
tion area/mg/Rad).

The gamma background exposure during neutron
irradiation was determined from the background do-
simeters. The expected response was caleulated using
the calibration values. The damage factor was com-
puted as the ratio of the observed response to the ex-
pected response.

Since the background dosimeters also suffered a de-
crease in thermoluminescent response, the background
gamma exposure had to be corrected. The initially
determined factor was used to correct the background
data and the results applied in an iterative manner
until there was less than a 20% change in the back-
ground correction.

RESULTS AND DISCUSSION

Tables 68 and 69 give the results obtained for the
predose and postdose dosimeters respectively.

A comparison of the precalibration (Col. 5) and the
postealibration areas (Col. 6) showed that the dosim-
eters suffered a decrease in gamma sensitivity. The
glow curves, however, exhibited no marked changes.
Furthermore, this damage was established to be per-
manent, because there was no recovery of gamma sen-
sitivity with further annealing in the manner de-
scribed above.

The ratio of the precalibration to postcalibration,
i.e., the irreversible or permanent damage factor (Col.
7), failed to account fully for the observed decrease in
thermoluminescence. This can be seen by comparing
the total damage factor (Col. 4) with the irreversible
damage factor. There is a residual temporary loss of
response or a reversible damage.

In speculating about the mechanism which would
account for this reversible damage, one has to rule out
lattice heating owing to the presence of this factor in
both the predosed and postdosed dosimeters. It ap-

TABLE 68. Fast NeurroN ErrecT ON PrEDpOsED TLD-700

Neutron energy Total damage Irreversible damage Reversible
o) 2) 6] “@ Q) 6 Q) @
13/ ((6)/(5)] (4 /Ml
MeV Calc. area/ Obs. area/ Precalib. area/ [Postcalib. area/
mg mg mg X Rad mg X Rad
6.2 224.8 126.9 0.570 34.0 28.1 0.83 0.68
7.2 170.9 47.8 0.30 14.4 11.5 0.7 0.40
8.2 312.6 216.7 0.65 26.1 21.1 0.84 0.78
9.2 263.3 148.0 0.54 19.8 15.4 0.76 0.71
10.1 346.1 136.2 0.38 16.3 13.3 0.77 0.52
11.1 328.2 123.4 0.40 16.6 12.4 0.70 0.58
12.1 152.2 91.5 0.60 8.6 8.2 0.96 0.63
14.1 391.2 196.8 0.49 16.0 10.6 0.70 0.73
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TABLE 69. Fast NEUTRON EFFECT ON Postposep TLD-700

Neutron energy Total damage Irreversible damage ’ Reversible
! I 1
(€)) 2) 3) ) © ON
' (3)/(2)] (6)/(0)1 4/
| |
MeV Calc. area/ Obs. area/ Precalib. area/ {Postcalib. area/ *
- mg X Rad mg X Rad
| |
6.2 59.4 ’ 33.5 .57 9.0 8.0 0.89 0.64
7.2 114.5 ' 42.5 .38 10.4 8.0 ‘ 0.78 0.48
8.2 185.4 98.6 49 15.5 ’ 12.4 0.78 0.62
9.2 139.7 ’ 64 4 A7 10.5 ! 7.1 0.69 0.68
10.1 228 .4 .37 10.8 ‘ 7.7 0.73 0.52
11.1 211.9 80.9 .38 10.7 7.8 0.73 0.5¢4
12.1 199.1 89.9 .45 11.3 ‘ 7.1 ’ 0.63 0.71
14.1 244.0 111.2 .46 10.0 ‘ 8.3 | 0.84 0.54

pears necessary to attribute the irreversible and re-
versible damage to the same mechanism, the differ-
ences in these factors being due only to the annealing
process. At the neutron energies present in this ex-
periment, 6 to 14 MeV, the deformation of the crystal
by collision processes appears to be the mechanism
for the damage,

CONCLUSIONS

The effect of fast neutrons on the gamma ray re-
sponse of “LiF has been investigated. The dosimeters
were found to suffer a marked damage, part of which
is reversible with the annealing procedure employed.
The results from this experiment indicate that "LiF

should not be used in the presence of fast neutrons to
monitor gamma, radiation.

We wish to thank Prof. Herman Cember, Civil En-
gineering Department, Northwestern University, for
his encouragement and cooperation.

One of us (K.E.) carried out this work under a
fellowship from the U.S. Public Health Services.
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. ULTRASONIC EXCITATION OF THERMOLUMINESCENT LITHIUM FLUORIDE*
Jacob Kastner, R. H. Selner, C. M. Paden, and B. G. Oltman

Ultrasonie excitation of luminescence has been pro-
posed to eliminate the black-body radiation back-
ground noise inevitably associated with thermolumi-
nescent dosimeter readout.

Studies have been carried out with single LiF ecrys-
tals bonded directly to piezoelectric-transducers. The
transducers were driven with a continuous radiofre-
quency generator over a range of frequencies from 4
to 10 megacycles/sec (MHz).

* Abstract of paper published in Health Phys. 16, 803 (1969).

Glow peaks were observed at 10 MHz. After ob-
serving a rise in the transducer-LiF temperature, we
duplicated the temperature ramp with our normal
thermoluminescent readout apparatus. The recorded
glow peaks were identical with the luminescence pro-
duced by the ultrasonic excitation, verifying the lat-
ter’s essentially thermal character and thus eliminat-
ing the hope that ultrasonics might provide real
advantages as a readout technique.
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NEUTRON EXPOSURE TO LUNAR ASTRONAUTS

Jacob Kastner, B. G. Oltman, Yehuda Feige,* and Raymond Goldt

The flux and energy distribution of neutrons generated by
cosmic rays in lunar material has been inferred from a knowl-
edge of the situation at the earth’s surface. It is suggested that
lunar astronauts may suffer significant exposure to thermal
neutrons so that their tissue sodium could well be activated
to sodium-24. It would be very informative for the future
assessment of risks to personnel on the moon to subject
lunar astronauts to whole-body counting.

The flux and energy distribution of neutrons gen-
erated by cosmic rays in lunar material can be in-
ferred from knowledge of neutrons generated by
cosmic rays in the earth’s atmosphere and at the air-
ground interface. (:-4)

A number of factors will enhance the neutron flux
at the moon’s surface. The total flux will be greater
because of the vastly higher cosmic-ray intensity re-
sulting from the lack of a shielding atmosphere and
magnetic field. Also, the higher average atomic mass
of lunar materials will result in a greater neutron
yield and lower slowing down so more of the neutrons
can leak out into space.

The number of thermal or slow neutrons will be rela-
tively even greater because of the lack of nitrogen to
act as a sink (for the production of *C®?). Further-
more, the moon’s gravity will trap most thermal neu-
trons (especially on the night side, where the moon’s
escape velocity of 2.4 km/sec is certainly greater than
the mean neutron speed). Finally, the neutron decay
(r = 13 min) will restrict the slow neutrons to within
about one or two moon radii of the lunar surface.

We have derived the theoretical distributions at an
air-S10; interface for various energy groups of neu-
trons using a modification of an Argonne reactor code.
Figures 161 and 162 are a presentation of the situa-
tion for two widely different energy groups. At the
moon’s surface, (vacuum-matter interface) the flux
would, of course, be considerably less than half of the
maximum intensity within the lunar crust. This factor

~could be as much as 10, thus reducing the derived
fluxes by a factor of 5.

From flights at 20,000 ft over Florida, we have con-
firmed the mean free path for cosmic ray protons in
our atmosphere to be 145 g/ecm® Thus, our atmos-
phere (1 kg/cm?®) reduces the incident cosmic-ray
proton flux by a factor of exp (—1000/145) or about

* Present address: Health Physics Division, Israel Atomic
Energy Commission, Soreq, Israel.
t Reactor Physics Division.

10—3, One would, therefore, expect the thermal neu-
tron flux at the moon’s surface to be greater than on
the earth by the factors, 1000 (lack of atmosphere) X
2 (lack of magnetism) X 2 (atomic mass yield) x 2
(gravity turn around), i.e., greater by a factor of
8000. If the hydrogen content of the lunar surface is
significant, the leakage of thermal neutrons will be
even greater.()

The thermal neutron flux at an air-land interface
(Argonne) has been measured by its “N(n,p)*C
reaction to be 3.7 X 1072 n/cm?*/sec.’® Thus, at the
moon’s surface we estimate between 20 and 30 n/cm?/
sec for thermal neutrons.

Our measurement of the fast neutron flux between
1 and 10 MeV gives a numerically similar value of
4 X 1073 n/ecm?/sec at the land-air interface. The
gravity and decay effect are, of course, irrelevant;
thus the flux will be relatively constant at 10-15 n/
cm?/sec to a distance of about 2-3 moon radii before
geometry begins to play a part.

As far as we can tell, none of the neutron leakage
due to galactic protons striking the lunar surface is
severe enough to produce significant dosage problems,
at least as compared with the risk of solar flares.
However, the thermal neutron cross section (varying
as 1/v) will be very great at or near the altitude of
low-flying astronauts, e.g., 100-mile-high orbits. On
the cold night side, for example, the astronaut tissue
sodium could well be activated to 2¢Na. It would be
very informative for the future assessment of risk to
personnel on the moon to count lunar astronauts in a
whole-body counter. Resonant {foils should accom-
pany the expeditions; or at the very least, gold plat-
ing on electronic components can serve as thermal
neutron detectors.

For future lunar projects, however, thermal neu-
trons are so easily shielded by a few millimeters of
fLiF or °B that we see no reason at all to expose
personnel to slow neutrons.
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INELASTIC-SCATTERING CROSS SECTIONS OF
FAST CHARGED PARTICLES BY Li+*

Y.-K. Kim and Mitio Inokutr
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The cross sections for some important discrete excitations
and for the total inelastic scattering of fast charged particles
by Li* are evaluated directly from correlated wave functions
and other data in the literature according to the Bethe pro-
cedure and related sum rules. Cross sections for other dis-
crete excitations are determined by extrapolating their de-
pendence on the effective quantum numbers. The ionization
cross section is then obiained by subtracting the sum of all
discrete excitation cross sections from the total inelastic
scattering cross section, thus avoiding the direct use of any
continuum wave functions. The resulting ionization cross
section is reliable, and agrees very well with the experiment
by Peart and Dolder.

The total inelastic-scattering cross section o for
sufficiently fast charged particles of charge ze and

. : . (1, 2}
velocity v is given by

Otot = 87“;;2 {ﬂfcot[ (T—ﬁ;—ag) - 52] + Ctot} y (1)

where a, is the Bohr radius, m the electron mass, R the
Rydberg energy, and 8 = v/c, ¢ being the speed of light.
The constants M2, and Cus can be evaluated from the
ground-state wave function and the optical (dipole)
oscillator strength distribution of the target system.”
The ground-state wave function of Li™ computed by
Weiss® leads to Mi,, = 0.2860, in complete agreement
with a more accurate result of Pekeris."” The value
I, — I, = 0.6280 (in the notation of Reference 2) ob-
tained from the Weiss wave function should, therefore,
be very reliable. Furthermore, a value of L(-—1)
0.526 4+ 0.015 [see Reference 2 for the definition of
L(—1)] was adopted on the basis of the oscillator-
strength distribution in the literature.”"” The value of
Cot = —2L(—1) + I — I, + M, In (2mc*/R) is
given in Table 70.

The Bethe cross sections for discrete exeitations are
also given by ™

Sragz

o o (£5) ] e
mv’/Ri " 1 — g *

for an (optically) allowed transition, and

On =

2 o
8ragz
mvt/ R

for a forbidden transition. The constants M%,C,, and b,

b (3)

Op =

* Principal results of this work presented at the VIth Inter-
national Conference on the Physics of Electronic and Atomic
Collisions (VI ICPEAC), Cambridge, Massachusetts, July
28-Aug. 2, 1969.

TABLE 70. PARAMETERS FoR THE BeTHE
Cross SECTIONS OF Lit

M2 C
Total 0.2860 2.T8T
Diserete excitation 0.1414 1.224
Tonization 0. 1446 1.503

can be calculated from wave functions direetly (sce
Sec. 5 of Reference S).

Weiss® calculated for Li™ very accurate wave func-
tions not only for the ground state but also for the 2'3,
2'P, 3'S, 3'P and 3'D states, and Perkins® computed
correlated wave functions for the 4'S, 58, 6'S and 7'8
states with similar accuracy. From these wave func-
tions one can evaluate accurate Bethe cross sections for
the excitations to the above-mentioned discrete states
and eventually to higher discrete states by extrapola-
tion.

The values of 73, €, and b, are listed in Table 71.
The sum of all diserete (single) excitation cross sections
Texe CAN be expressed in the form similar to Eq. (1) with
two constants Ml and Cexe . These constants are
defined as

M, = Z (discrete) M7, (4)
and

Coxe = 2 (discrete) [C, + b,], (5)

respectively. The results thus obtained are given in
Table 70.

Once the values of 17% and € are known for oy, and
Gexe , ONE can evaluate the “counting” ionization cross
section ¢i,n, by subtraction:

Tion == Otot — Oexc

Ty 3 9 ‘ (6)
8 (21/;-3 {lexon[ (1—‘152) - 6 ] + Cion} .

This method leads to an accurate ionization cross sec-
tion without calculating the continuum wave functions
directly. The same method was applied successfully to
He as explained elsewhere in this report."® The values
of Mion and Cion are listed in Table 70.

The uncertainty in e is about the same as that in
owt .-T When appropriate values of the constants are
substituted, one gets

t The generalized oscillator strengths of Li* computed from

the Weiss and Perkins wave functions in the length and velocity
formulas agree with each other within 19, or better.

Pt NPT S S
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> :
o = 5 {0.536 [m (1 8 BZ) - 52]
+ 522 + 0.03} X 107%
2 - g 2
Cexe = F {0.260 [In (f’i“m) - B:l

4+ 229 4 0.03} x 107

PP AP R SRRy R

v otk Bt sa i

and
2 2
(73) Tion = ‘%2 {0271 [In (]—:-—B—B‘i,) - 62]

. .

cm’, : (7e)
+ 293 + 0.0G} X 107 em®.

(7b) These cross sections—actually og’/z*—are plotted
em’ against In [8°/(1 — g°)] — & in Figure 163, along with

the Bethe cross section for the 2P excitation.

TABLE 71. PaArRAMETERs FOR THE BETHE CRoss SEcTions FoR DiscReTE ExcirarioN or Lit
Allowed transition (n!P) Forbidden transition®
n
M2 Cn b(n'S) b(n'D)
2 0.0998 0.835 0.022
3 0.0216 0.183 0.005 0.002
4 0.0082 0.069 0.002 0.001
5> 50 0.461 1.09 395 n 8.04 0.105 n 0.148 0.0752 _ 0.135
(n*)3 (n*)“ ('n*):‘ (n*)5 (n*)'"’ (n*)5 (n*)’ (n*)s
b 0.0118 0.100 0.003 0.002
ag:" 0.1414 1.187 0.032 ‘ 0.005

@) The sum of b(n'F') and higher excitations is estimated at ~1% of 3 b(nD), and is neglected in evaluating Ceso.
® n* = 5+ §, whered = —0.074, 0.0136 and —0.001 for the 1§, 1P and 1D states, respectively.

INCIDENT ELECTRON ENERGY (keV)
| 5

T T T 7

FiG. 163.—The Bethe cross sections of Li+. The ordinate is the cross section X (8/z)%, where 8 = v/c is the velocity in units of
the speed of light and ze is the charge of the incident particle. The squares are the experimental data by Lineberger, Hooper, and
McDaniel, @ the circles are those by Peart and Dolder,# and the triangles are more recent data also by Peart and Dolder.™
Only representative error limits are shown for the experimental data. The error limits for the theoretical cross sections given at

In [g2/(1 - gY)] — 8 =

—3 are independent of incident energy, contrary to the tendeney in experiment.



There are four sets of experimental ionization cross
sections of Li", all measured by crossed beam
methods. ™™ These experiments measure the absolute
cross section for single ionization only, but the double
ionization cross section is negligible.* Figure 163 shows
that the theory and experiment agree very well in the
asymptotic region (incident electron energy 25 keV).

A more detailed account of this work is being pre-
pared for publication elsewhere.

The authors would like to express their gratitude to
Dr. A. W. Weiss of the National Bureau of Standards
and to Dr. J. F. Perkins of the Redstone Arsenal for
providing the wave functions. The authors are also
indebted to Dr. K. Dolder of the University of New-
castle upon Tyne for communicating prior to publica-
tion the experimental data quoted in References 14
and 15.

* The cross section for double ionization is at least two
orders of magnitude smaller than the single ionization cross
section for the incident electron energy of 2500 eV, 49
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Atomic form factors and incoherent scattering functions
are necessary in evaluating the cross sections for the coherent
and incoherent scattering of photons as well as those for the
elastic and inelastic seattering of charged particles by atoms
and molecules. Accurate atomic form factors, incoherent
scattering functions, and the Born elastic electron scattering
factors for the ground states of H-, He, and Li* have been
computed from correlated wave functions. The data presented
are in good agreement with those evaluated from less accur-
ate wave functions, and confirm the expectation that the
electron correlation affects the values of incoherent scatter-
ing functions more than those of atomic form factors. Val-
ues of some integrals which are used in the sum rule for the
Bethe cross sections are also tabulated.

. . . . 9
This report is an extension of earlier ones™ ® on the

atomiec form factors F(K) and incoherent-scattering
functions Sin.(K) of H™ and He. Similar data on Li™
are also presented.

The functions F(K) and Si..(K) for an atom or ion
with N electrons are defined as

F(K) = ; (exp (K-1,)), (1)

and

Sine(K) = N7 {Z_ (exp [iK-(r; — 1:)])
' \ @)

TABLE 72. Torar ENERGIES AND EXPECTATION VALUES
OF 17 AND r3; COMPUTED FROM THE WEISS AND
PexErIs Wave FuncrionNs IN AToMic UNITs

Atom
Property
H- He Li+
Total energy

Weiss @ —0.5277475 | —2.903724 | —7.279913
ngeris(-"‘” —0.5277510 | —2.903724 | —7.279913
(ry) '

Weiss 11.928 1.19348 0.446279
Pekeris 11.914 1.19348 0.446279
(ria)

Weiss 25.239 2.51643 0.927065
Pekeris 25.202 2.51644 0.927065

respectively, where { ) denotes an expectation value in
the ground state, K# the momentum transfer, and r;
the coordinate vector of the jth electron from the
nucleus. Furthermore, in the Born approximation, the
elastic electron scattering factor fo(K), which is
defined by

Ja(K) = [Z — F(K))/(Ka)’, (3)

where a, is the Bohr radius, is closely related to the
differential cross section deoe; for the elastie scattering
of electrons by an atom of nuclear charge Ze. [See

R
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Reference 1, Eqgs. (3)-(6) for various cross sections
related to the functions defined above.] In addition,
knowledge of Sin.(K) enables one to evaluate integrals
I, and 7. defined by Eqs. (18) and (19) of Reference 3.
These integrals are required in the evaluation of the
total inelastic-scattering cross section.” For the evalu-
ation of F(K) and Sin{K), aceurate ground-state
wave functions for H-, He, and Li" computed by
Weiss have been used. The Weiss wave functions

compare very favorably with more elaborate ones cal-

TABLE 73.

ATtomic FOrM FAcTOR, INCOHERENT SCATTERING
Fuxcrion, anp ELasTic ELECTRON SCATTERING FACTOR OF
-, CompuTED FrROM THE 39-TERM

WEeIss Wave Foxcerron(®

(Kao)? FR)® 2Sine(K) ’;[1 — F(K))/ (Kao)?
0.01 1.96127D 00 | 7.18320D.02 | —9.61272D 01
0.02 1.92450D 00 1.37988D-01 | —4.62251D 01
0.03 | 1.88951D 00 1.99110D-01 | —2.96504D 01
0.04 1.856160 00 2.55751D-01 | —2.14040D 01
0.05 1.82432D 00 | 3.08390D-01 | —1.64864D 01
0.06 1.79388D 00 3.a744613-01 —1.32314D 01
0.07 | 1.76472D 00 1.03279D-01 | —1.09246D 0L
0.08 1.73677D 00 4.46207D-01 | —9.20965D 00
0.09 1.70993D 00 4.86508D-01 | —7.88813D 00
0.10 1.68413D 00 5.24426D-01 | —6.84132D 00
0.20 1.47071D 00 | 8.10130D-01 | —2.3535G1) 00
0.30 1.31270D 00 | 9.95080D-01 | —1.04234D 00
0.40 1.18901D 00 1.12837D 00 | —4.725291)-01
0.50 1.08852D 00 1.23125D 00 | —1.770441>-01
0.60 1.004651D) 00 1.314341) 00 —7.753001>-03
0.70 | 9.33213D-01 1.38352D 00 9.541031>-02
0.80 8.71396D-01 1.442340 00 1.607551)-01
0.90 8.17216D-01 1.49312D 00 2.03004D-01
1.00 7.69230D-01 1.53743D 00 2.30770D-01
2.00 4.76417D-01 1.78725D 00 2.617921)-01
3.00 | 3.34143D-01 1.885641) 00 2.21952D-01
4,00 2.501391-01 1.93209D 00 1.87465D-01
5.00 1.95288D-01 1.95662D 00 1.60942D-01
6.00 1.57109D-01 1.97067D 00 1.40482D-01
7.00 1.29306D-01 1.97922D 00 1.24385D-01
8.00 1.08359D-01 1.98469D 00 1.11455D-01
9.00 | 9.21484D-02 1.98833D 00 1.00872D-01

10.00 7.93263D-02 1.99083D 00 9.206741)-02

20.00 | 2.64176D-02 1.99754D 00 4.86791D-02

30.00 1.25867D-02 1.99830D 00 3.29138D-02

40.00 | 7.00331D-03 1.99848D 00 2, 48249D-02

50.00 | 4.20556D-03 1.99855D 00 1.99159D-02

60.00 | 2.60660D-03 1.998581) 00 1.66232D-02

70.00 1.60776D-03 1.99859T) 00 1.42627D-02

80.00 | 9.42350D-04 1.99860D 00 1.24882D)-02

90.00 4.76910D-04 1.99861D 00 1.11058D-02

100.00 1.38660D -04 1.99861D 00 9.998611-03

() See Eqs. (1)-(3) of text for definitions.
) FORTRAN notation is used, i.e.,
1.38660 X 1074,

1.386601>-04 =

TABLE 74. Aromic ForM FacTor, INCOHERENT SCATTERING
Funcrion, aND ErasTic ELECTRON SCATTERING FACTOR
ofF He, CoMpUTED FROM THE 53-TERM
Werss Wave Funerron®

(Kag)* | F(R)®™ 28ine(K) \‘[2 — F(K)l/(Kao)*
0.0 2.0 0.0 3.97826D-01
0.01 1.99603D 00 7.50431D-03 | 3.97161D-01
0.02 1.99207D 00 1.49676D-02 | 3.96503D-01
0.03 1.98812D 00 2,23900D-02 3.95847D-01
0.04 1.98419D 00 2.97721D-02 3.95193D-01
0.05 1.98027D 00 3.71139D-02 3.94540D-01
0.06 1.97637D 00 4.44158D 02 3.93889D-01
0.07 1.97247D 00 | 5.16780D-02 3.93240D-01
0.08 1.96859D 00 | 5.80010D>-02 3.92594D-01
0.09 1.96472D 00 6.608491>-02 | 3.91949D-01
0.10 1.96087D 00 . 7.32300D-02 3.91306D-01
0.20 1.92300D 00 | 1.42608D-01 3.849861D-01
0.30 1.88634D 00 2.083961>-01 3.78857D-01
0.40 1.85084D 00 2.70835D-01 3.72909D-01
0.50 1.81643D 00 3.30146DD-01 3.67136D-01
0.60 1.78308D 00 3.865634D-01 3.61530D-01
0.70 1.75074D 00 4.40184D-01 3.56084D-01
0.80 1.71937D 00 4.91272D-01 3.50792D-01
0.90 1.068892D 00 5.399551>-01 3.45647D-01
1.0 1.65936D 00 5.86383D-01 3.40643D-01
2.0 1.40544D 00 9.52267D-01 2.97278D-01
3.0 1.20998D 00 1.19565D 00 2.63340D-01
4.0 1.05559D 00 1.36569D 00 2.36103D-01
5.0 9.31046D-01 1.48910D 00 2.13791D-01
6.0 8.28811D-01 1.58143D 00 1.95198D-01
7.0 7.43639D-01 1.656222D 00 1.794801-01
5.0 6.717771D-01 1.707601> 00 1.660281)-01
9.0 6.10480D-01 1.75165D 00 1.54301D-01

10.0 5.57690D-01 1.78721D 00 1.44231D-01

20.0 | 2.74195D-01 1.93738D 00 8.62902D-02

30.0 1.65370D-01 1.97403D 00 6.11543D-02

40.0 1.11224D-01 1.986961> 00 4.72194D-02

50.0 8.01375D-02 1.99258D 00 3.83973D-02

60.0 6.05662D-02 1.99539D 00 3.23239D-02

70.0 4.74192D-02 1.996931 00 -| 2.78940D-02

80.0 3.81503D-02 1.997851 00 2.45231D-02

90.0 3.13653D-02 1.99843D 00 2.18737D>-02

100.0 2.62469D-02 1.99882D 00 1.97375D-02

=) See Eqs. (1)-(3) of text for definitions.
® FORTRAN notation is used, i.e.,
2.62469 X 1072

2.62460D-02 =

culated by Pekeris®™ in terms of the total energies, as
well as some other expectation values (Table 72).

In Tables 73, 74, and 75, we present F(K), Sin(K),
and fa(K) computed from the Weiss wave functions
for H™, He, and Li*, respectively. Numerical data in
Tables 73-75 are given to six significant figures to allow
for reliable interpolation. The values of the integrals I;
and I, are given in Table 76.
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TABLE 75.

Fuxcerion, anp Lrastic ELEcTRON SCATTERING FACTOR OF
Li*, CompurTed rrRoM THE 33-TERM
Weiss Wave Frxerioxn®

Aromic Fory FacTor, INCOHERENT SCATTERING

(Kay)? F(E)™ 2Siue(K) (3 — FP(K)}/(Kaw)®
0.01 1.99851D 00 2.357381>-03 1.00149D 02
0.02 1.99703D 00 ‘ 5.70916D-03 ‘J 5.01486D 01
0.03 1.995551) 00 ' 8.555381)-03 3.34818D 01
0.04 | 1.99406D 00 1.13960D-02 2.51484D 01
0.05 1.99258D 00 1.42311D-02 2.01483D 01
0.06 1.99111D 00 1.706071)>-02 1.681491) 01
0.07 1.989631> 00 1.988481)-02 1.44339D 01
0.08 1.98816D 00 2.27034D-02 1.26481D 01
0.09 1.98668D 00 2.55164D-02 1.12591D 01

|
0.10 1.98521D 00 2.83240D-02 1.01479D 01
0.20 1.97060D 00 5.61020D-02 5.14701D 00
0.30 1.956G15D 00 8.334661)-02 3.47949D 00
0.40 1.94188D 00 1.10071D-01 2.64530D 00
0.50 1.92777D 00 1.36288D-01 2.14446D 00
0.60 1.91382D 00 1.62010D-01 1.810300D 00
0.70 1.90003D 00 1.87248D-01 | 1.57138D 00
0.50 1.88640D 00 2.12014D-01 | 1.39199D 00
0.90 1.87263D 00 2.36319D-01 | 1.25230D 00
1.00 1.85961D 00 2.60174D-01 1.14039D 00
2.00 1.73430D 00 4.7615613-01 6.32852D-01
3.00 | 1.62191D 00 6.570741-01 4.59363D-01
4.00 1.520691) 00 8.09871D-01 3.69829D-01
5.00 1.42914D 00 9.39891D-01 3.14171D-01
6.00 1.34605D 00 1.05129D 00 | 2.75658-01
7.00 1.27037D 00 1.14735D> 00 1 2.47090D-01
8.00 1.20122D 00 1.23065D 00 2.24848D-01
9.00 1.13784D 00 1.30329D 00 2.06907D-01

10.00 1.07959D 00 1.366951> 00 1.92041D-01

20.00 6.86344D-01 1.72002D 00 1.156831>-01

30.00 4.78842D-01 1.852531> 00 8.403860)-02

40.00 3.54802D-01 1.91336D> 00 6.61299D-02

50.00 2.742561-01 1.94508D) 00 5.45149D-02

60.00 2.18770D-01 1.96316D 00 4.635381>-02

70.00 1.78812D-01 1.97417D 00 4.03027D-02

80.00 1.49023D-01 1.981241 00 3.56372D-02

90.00 1.26190D-01 | 1.98597D 00 3.19312D-02

100.00 1.08283D-01 { 1.98925D 00 I 2.80172D-02

) See Eqgs. (1)-(3) of text for definitions,

® FORTRAN notation
1.08283 X 1071

H

is used, i.e.,

1.082831>-01
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ture in fo(K) of H™ is the node near ( Ka,)® = 0.6. In
the Born approximation, this tvpe of node should be
present in fo(K) of all negative ions, and the node
results in o zero-minimum in do,; . For H™, however,
the minimum oceurs in the forward direction where the
Born approximation may not be applicuble because of
the large polarization effeet when the incident electron
energy is moderate. The present values of I, and I,
confirm the extrapolated value of I, — I, used in Refer-
ence 2. The present result also agrees verv well with
slightly more accurate values of the integrals computed
by Rotenberg and Stein.” The new result reduces the
uncertainty of the total inelastic-scattering cross sce-
tion in Reference 2 by about one third.

He

As can be seen from the expectation values of He in
Table 72, the 53-term Weiss wave function for He is,
for all practical purposes, as good as the 1078-term
Pekeris wave funetion.'®

The data in Table 74 agree very well (~0.1% or
better) with those (see Tables I-IIT of Reference 1)
computed from the 20-term Hylleraas wave function by
Hart and Herzberg.”” The reliability of the data in
Table 74 is expected to be of the order of 0.1%. The
integrals (Table 76) from the Weiss wave function are
only slightly different from the values used in
Reference 3.

Li*

The Li™ ion is more hydrogenic than H™ and He,
and one expects F(K) and Si(K) of Li* to be less
sensitive to the choice of wave functions. The 53-term
Weiss wave function for Li7 is, as can be seen from
Table 72, almost as precise as the 444-term wave func-
tion by Pekeris,'” and the data in Table 75 are expected
to be correspondingly accurate. The values of F(K)

TABLE 76. VaLuss ofF I; axp I.® CoMPUTED
FROM VaRrIoUs WaveE FuncTions

The 39-term Weiss wave function for H™ is somewhat
less accurate than the 444-term Pekeris wave fune-
tion'”, judging from the expectation values (Table 72),
and the reliability of the data in Table 73 is expected
to be of the order of 1 %.

The data in Table 73 agree well (~1% or better)
with those presented in Appendix I of Reference 2,
which were computed from the 20-term Hylleraas wave
function by Hart and Herzberg.® An interesting fea-

H- He Lit
I,
Present work 1.787 | 1.0811 | 0.6549
From 20-term Hylleraas® 8 1.788 | 1.0811
I,
Present work 12.386 | 0.1850 | 0.0269
From 20-term Hylleraas 11.153 | 0.1849
I -1,
Present work —10.598 | 0.8961 | 0.6280
From 20-term Hylleraas —9.365 | 0.8962
Extrapolation( —10.5 0.8962
Rotenberg and Stein¢® —10.665

(» Defined by Eqs. (18) and (19) of Reference 3.
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F1G. 165.—Incoherent scattering functions of H-, He, and Li* [see Eq. (2) of the text] versus the square of momentum transfer

in atomic units.

computed from a 3-term Hylleraas wave function by
Hurst"” are in good agreement with those in Table 75,
confirming the expectation that the electron correlation
is less important in the evaluation of F(K)."” The
values of Sine(K) for Li* caleulated by Freeman™ are
larger than those in Table 75 by ~5% in the region
5 < (Kap)® £ 50, but agree reasonably well for
(Kap)* < 5. In He, we found that a larger deviation is
found toward smaller K. Freeman™ used a simple
self-consistent-field wave function by Fock and Petra-

shen."” The integrals for Li* in Table 76 have been used
in the determination of total inelastic-seattering cross
section reported elsewhere.™

The functions F(K) and Si.(K) are plotted in
Figures 164 and 165, respectively. As is clear from
Figure 165, Siyo(K) for H™ is large, resulting in a large
inelastic scattering cross section [see Eq. (6) of Refer-
ence 1], and vise versa for Li*. The figures show that
H™ has a “soft” and Li* a “hard” electronic structure
compared to that of He.

N \\
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THE NUMBER OF BOUND STATES IN ION-ATOM SYSTEMS

Smio Tani* and Mitio Inokuti

The knowledge of the number of bound states and density
of states of a molecular ion is very useful in the analysis of
molecular spectra and also in the study of ion-atom scattering
at low incident energy. The WKB approximation in quantum
mechanics has been used to estimate the total number of bound
states and the density of states for the lon-atom complex repre-
sented by a simple parameter.

The purpose of this work is to provide, in a quick esti-
mate, parameters concerning bound states of an ion with
a neutral atom. Accordingly, we assume that the polari-
zation (#*) potential plays the most essential role," and
extend it to a distance which is a sum of effective radii
of the ion and the atom. Inside we assume an infinitely
high repulsive potential (hard core) for the sake of
mathematical simplicity. The parameters we deal with
are (1) the number of bound states for each rotational
quantum number, (2) the density of bound states per
unit energy interval, and (3) the radius of the largest
classical orbit. In the above-mentioned simplified model,
the polarizability a of the neutral atom,” the reduced
mass u of the system, and the ionic and the atomic
radii® @ion and Gneuer. Will appear only in a combination
of the form

2 = all.//(aion + aneutr.);

where all quantities will be expressed in atomic units.
Therefore, a handy tabulation of the results 1s possible
by using values of z as indices.

The zero-energy resonances in this model can be
determined from the zeros of a Bessel function.® We
consider the rotational quantum number (J) as a con-
tinuously varying parameter.f When the parameter z

* Visiting Scientist for the period of July-August, 1969; per-
manent address: Physics Department, Marquette University,
Milwaukee, Wisconsin, 53233.

F A resonance considered as a function of angular momentum
is called 2 Regge pole and is well studied in scattering theory.
(See, for example, Reference 5.)

introduced above is known, the upper limit of J will
be determined for each vibrational quantum number
(v). The results will be presented in the form of an ex-
tensive table, and we can estimate the possible number
of bound states straightforwardly. Besides being of
direct help in the spectroscopy of molecular ions, the
location of such resonances for variable J (Regge poles)
is greatly relevant to the study of ion-atom scattering
at very low energies. This is so because, as energy is
raised above zero, these resonances continue to exist
with a complex value of angular momenta, and some
of them may be significant as a cause of a rainbow or a
glory *

Both quantum numbers, J and », can take large
values. Then, the situation is semiclassical. Namely, an
estimate based on classical mechanies is quite close to
the rigorous result, and the WKB approximation is
valid, Therefore, we shall use this method in the evalu-
ation of the density of the states. Since the problem is
characterized by a single parameter z in the case of
J = 0, we shall investigate this case in detail. It turns
out that only a small correction is necessary for a non-
vanishing value of J/, unless J is very large. The orbital
radius for a high lying level is large. If other atoms or
ions are encountered along such a large orbit, the spec-
tral line of a high lying level will be shifted. The density
effect of the same kind in which an electron is orbiting
instead- of an ion was first discussed by Fermi.® It is
planned to derive an effective value of the largest or-
bital radius, which will serve as a critical parameter in
the shift of speetral lines of high lying levels.

* The quantal effect of the Li*-He scattering was studied by
Weber and Bernstein;® in the case of H-H, in which the po-
tential behaves like 7 at a large distance, an extensive tabula-
tion and drawing of graphs was made by Waech and Bern-
stein; ™ although there is a difference between the nature of
their problem and ours, presentation of the final result has cer-
tain common aspects in these two cases.
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GENERALIZED OSCILLATOR STRENGTHS OF THE HELIUM ATOM.
Il. TRANSITIONS FROM THE GROUND STATE TO THE 3'D AND 4'P STATES*

Y.-K. Kim and Mitio Inokuti

The generalized oscillator strengths of He for the
1!S — 3D and 4!'P transitions have been calculated
with correlated wave functions, according to both the
length and velocity formulas. The agreement between

* Abstract of an article published in Phys. Rev. 184, 38-43
(August 5, 1969).

SPECIFIC PRIMARY IONIZATION
F. F. Rieke and William Prepejchal

the two alternative results is within 3% or less for
moderate values of the momentum transfer. The re-
sulting Born cross sections for charged-particle impact
are also given. Compared with our values, available
experimental data on the 3'D excitation are substan-
tially larger, while for the 4P excitation they agree
within 450 %.

Primary ionization cross sections have been measured for 16
additional gases. Present and previous results are summarized
in graphical form. New measurements show that high-energy
positrons and electrons have primary ionization cross sections
that are equal within one percent.

Primary ionization cross sections have been measured
for 16 new gases, supplementing work reported earlier®.
The results are given in the first 16 lines of Table 77.

Early in the investigation, measurements were made
on several gases with positrons as primaries; these meas-
urements were in the nature of absolute determinations.
The results indicated that the eross sections for posi-
trons might be slightly greater than for electrons, but
theexcess waswell within the uncertainty of the absolute
determinations. We have recently made some relative
measurements that afford a much more aceurate com-
parison. For these measurements, a source was prepared
to contain suitable activities of both Co?%® for positrons
and Ce*-Pr'* for electrons. With such a mixed source,
it was possible by simply reversing the current in the
magnetic analyzer to measure counter efficiencies for
positrons and for electrons alternately while maintain-
ing exactly constant counting conditions. To aveid un-
certainties in analyzer calibration with field reversed,

the field strength was monitored throughout with a
gaussmeter. Comparisons were made with argon at
primary energies where the positrons and electrons gave
comparable counting rates. The results are given in
Table 78; they indicate that at high energies the ioniza-
tion cross sections for positrons and for electrons differ
by less than a pereent. It seems unprofitable to carry
the comparison further.

In Jine with our aim of determining cross sections as
accurately as is feasible, we have reviewed our older
results and made adjustments where they appeared to
be indicated.

The procedure for obtaining the eonstants M? and C
from the observed counter efficiencies by the method of
least squares has been simplified in that wall effects are
represented by one adjustable constant instead of two.
The solution now used amounts to assuming that the
observed efficiencies 4 can be expressed by the relation

—In (1 — 77) = .NJ;O‘(E)(P - PO) ’

where P, represents wall effects and is independent of
primary energy £; ¢(H) follows the Bethe formula. A
small systematic error has been eliminated by taking
into account scattering of the primary electrons by the



TABLE 77. M? anDp C FoR VARIOUS (GASES

Pressure range,
Gas torr g M2 1 C
1. 0.8 2-11 5.0 l 42.2
2. CF. 1.3-11 |  10.3 84.0
3. PH, 2-12 1.6 ' 45.9
4. CyH, 0-27 5.2 53.8
5. CH,0H ‘ 5-20 6.2 66.4
6. C,H;0H 4-12 9.9 97.7
7. (CHy),0 3-14 10.2 105.2
8. (CH;),CO 3-10 | 119 118.0
9. cyeloCyHg § 312 | 106 106.2
10. (CH,)CH 2.3-9 14.2 141.9
11. nCsHy, 1.0-8 18.4 184.8
12, (CH;).C 1.1-8 19.6 182.9
13. CsHo, 1.0-4 L1785 162.4
14. cyeloCeHjs 1.5-9 22.0 213.2
15. nColls 1.9-6 23.0 293.4
16. ’nC'le 1.0-6 25.1 256.2
17. Xe 2.4-14 8.0 72.4
18. C:H, 2.4-18 6.8 68.8
19. H,0 | 4-12 3.2 32.3
olem?) = 1.874 X 1072 (M2r, + Cz,)
1 82 1
I = Ezln—]._——[;"_l,n:—{;z

B = (velocity of primary electron)/(velocity of light).

entrance window of a gas-filled counter. Calculations
showed that at 0.1 MeV the average path of primaries
between entrance and exit windows is 114 % greater
than the distance between the windows; the difference
becomes negilgible for cnergies above 0.5 MeV. Previ-
ously reported results can be corrected for this effect
by increasing M* by 4% and decreasing C by 34 %; the
correction has been applied to all values quoted in this
report.

The results for CO, reported previously were obtained
by Geiger Mueller counting. When we learned that pro-
portional counting could be used with this gas, a new
set of measurements with this mode of counting were
carried out to provide a cross check. The results orig-
inally reported, corrcceted for scattering, are

M = 6.14 04, C =357 = 0.6.
The same data, reevaluated and reduced according to
our current criteria and method, yield the values
MP =575 +010, C =559 x04
The new data, with proportional counting, give the result
M= 575+ 007, C =579 +03

The uncertainties indicated are the standard deviations
as given by the least squares solutions, each involving
about forty data points, and indicate the degree of
internal consistency of the data. We believe the last
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results quoted above to be the most reliable, but the
uncertainty in the absolute values is not indicated.
Limits of error will be discussed in the following section
of this report.

Our previous measurements on Xe and C.H, were less
self-consistent than we would like, so new sets of data
for them were obtained and analyzed. The data for HyO
are reanalyzed. The results, given in the last three lines
of Table 77, supplant the results reported earlier.

LIMITS OF ERROR

Errors may best be discussed in relation to the Bethe
formula, which has been used as the basis for smoothing
and averaging our observations. On theoretical grounds,
the formula should be expected to deseribe aceurately
the energy dependence of cross sections throughout and
well beyond the range of our measurements; within their
limits, the measurements conform to this expectation.
The formula may be written

o = (1.874 X 107° em®)CU(M* /Oy + ).

Its form is illustrated in Figure 166, where ¢/C is plotted
against log £ for the values of M*/C = 0.08, 0.10, and
0.12. Among our results, values of C range from 7 to 250,

TABLE 78. ComparisoN oF [onNizaTioN CRoss SECTIONS OF
ELECTRONS AND POSITRONS ON ARGON

E, MeV ot /e
0.77 0.9960 + 0.0057@
1.10 1.0075 £ 0.0059

Average 1.0015 £ 0.0041

() Relative standard deviation, based on counted numbers.

200
( T l T 20
150 —1s
100 — 10
o 80 PRESENT N Y
3 EXPERIMENTS
blu
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Q
40 4
30 3
20 i | i | 2
108 108 107 108 10?
eV

F1c. 166 —Bethe formula o/C as a function of primary en-
ergy. E, with M*/C as a parameter.,
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while M?/C is confined to the limits 0.086-0.123. C may
be regarded as the scale factor and M*/C as the shape
parameter for the curve. Generally speaking, C' repre-
sents an average over all data points, and its value is
rather insensitive to errors in individual points. On the
other hand, M?/C is determined by the ratio (cross
section at high energy)/(cross section at low energy).
Taking cross sections at the two limits of our energy
range, the ratio is 0.453 for M*/C = 0.092 and 0.502
for M?/C = 0.123. From these numbers it is evident
that M?/C is very sensitive to errors toward either end
of the energy range and can be determined only with a
much lower relative precision than can C. Conversely,
given an accurate value of C, cross sections can be com-
puted quite accurately and extrapolated over a wide
energy range in spite of a relatively large uncertainty
in M*/C.

For each gas studied, values of M* and C are derived
from a collection of thirty or more data points. A quan-
titative estimate of the limits of errors is necessarily
rather complicated and tedious; the method will be
sketeched only briefly.

The quantities involved are connected by the relation

y = QLM ti(p) + Cxs(p)I(P — Py), (1)
where
y~ —In (1 — 7).

y is the average number of ionization acts per transit
of a primary electron

@ is a known numerical constant

L is the path length of the primary electron

p 1s the momentum of the primary electron (in units

1:0 + o ¥ oi
+ + + +
5_ —4
+ + + +
Pol- b + o + ot
+ + + +
e+ + + -
o °
+ +
0.5 '
) 5 10
P/Pmin

Fi1g. 167 —Distribution of data points: +, experiments; O,
calculation of errors.

of me) and is directly proportional to the mag-
netic field strength in the analyzer
P is the pressure of gas in the gas-filled counter.
It is convenient to write Eq. (1) in the form

x1=(1+%)lnp2-—-1, gcz=1+}E
p P

P
Pmin (2)
+ (0.1 + 2] Ps,

where the term in £, is approximated by the last term.
The approximation is permissible because the term is
always small and M*/C is never very different from 0.1;
¢ represents the probability that the counting mech-
anism fails to register a valid ionization act.

Suppose that the true values of M* and C are M;
and Co and that during the measurements the actual
values of p and P differ from those given by the meter
readings and calibrations by Ap and AP, and that e is
not zero, though small. When the observed values are
put into a least squares solution for M* and C, values
differing from the true ones by AM® and AC are ob-
tained. We wish to find how AC/C, and A(M?/C) are
related to the ¢, Ap/p and AP/P.

M?
y/(1— )= [‘CT 7+ %z] QLCoP i

SYSTEMATIC ERRORS

Systematic errors are those that result from errors of
calibration for L, p, and P and from nonideal counting
conditions for e.

The case of L is trivial; the uncertainty in the path
length is not greater than 14 %; it contributes 0.005 to
AC/C and zero to A(M*/C).

The systematic errors in p may be different for differ-
ent values of p, but do not vary from data point to
data point taken at the same p. We estimate the maxi-
mum magnitude of Ap/p to be 0.01. Similarly for P, we
estimate the error in calibration of the W & T gauge to
be not greater than 0.05 torr. Counting conditions vary
from gag to gas and from pressure to pressure for the
same gas. Conditions are tested for each combination of
gas and pressure by observing y at successively higher
counter voltages with p near the value for minimum
ionization. Conditions are considered satisfactory when
the variation with voltage does not exceed the statistical
uncertainty in y; counting is continued until the stand-
ard deviation in y, based on counted numbers, is 0.01
(absolute, not relative, deviation). We conclude that e
must lie between zero and 0.02 except perhaps in a few
difficult cases.

The data points from an actual experiment are dis-
tributed generally as indicated by the crosses in Fig-
ure 167. The effects of systematic errors must depend
upon the area from which the points come, so one can

25



TABLE 79. LimiTs oF

Ernor SYSTEMATIC

AC/C AQM2/C)
Pmin
Max Min Max Min
1 torr 0.04 —0.06 0.016 —0.020
10 torr or more 0.02 —0.04 0.011 —0.015

the eight points indicated by
sents an area; the points at t

middle half of the field.
puted for any combination of
find out how the LS solution

" tion of p, ¢, and P. Because

related with P, it also carries

C= ZA Y

tion in gy
seconds of computing time.)
carried out for M¢/C,
with QLCoP i, so chosen as t
the y;; . (The range tends to

5

C/n 3

By partial differentiation of Eq.

the individual points. As shown below,

make the calculations tractable by basing them upon

circles. Each point repre-
he intermediate value of

p are given double weight because they represent the

(2), dy can be com-
dp/p, de/e, and dP/P for
one can then
relates, through the dy’s,

the values of dC/C and d(M*/C) to any small varia-

of the correlations of the

errors, it is convenient to label the y’s with indices 7, j
to represent momentum 7, pressure 7. Because ¢ is cor-

the index .

The least squares method (LS) expresses M* and C
as linear functions of the vy, :

M* = 3 Biyi;,
where A;; and B;; are independent of the y.; .
Ay jr and By j can be evaluated by comparing two LS

solutions that are exactly the same except for a varia-
. (A set of nine such solutions required 18

Thus

The numerical work was

0.105, a median value, and

o yield a typical range of
be much the same for all
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experiments.) One can arrange to work with relative
values, so the calculation need be carried out only once.

From the expression
y.-je] (3)

1260[’.

7 i
one can compute the error AC/C that results from any
combination of the errors Api/p1, Aps/p2 - -+ &, & ; the
limit of error is found by choosing the combination of
signs that maximizes the magnitude of AC/C. A relation
analogous to (3) for dM? can be written, and from

2 dC
1 (e = 30 %)

A(M?/C) can be evaluated. The results of the calcula-
tion are given in Table 79.

Y dP;
’9P; P;

0y; dps
dp; pi

d(M*/C) =

RANDOM ERRORS

The term random errors is generally applied to errors
that arise from truly capricious aspects of an experi-
ment such as noise, statistical errors in counting, and
chanece errors in reading instruments. According to the
theory of the method of least squares, the uncertainty
in our values for M? and C should be given by multiply-
ing the root mean square deviation of the individual
y’s by certain coefficients that come out of the least
squares solution. The uncertainty due to random errors
should then be added to that due to systematic errors.
Such a procedure in our case, however, is not completely
valid, inasmuch as some of the errors we have treated as
systematic can also contribute to the RMS deviation of
the data points.

Our standard practice has been to accumulate counts
until ¥ has been determined with a statistical accuracy

IR [ ] I [ T I ]
cyC3He PCalo ncghie "Cetia
CH Cerla ++ cyCgH +
Ha s+ nCaHg  iCallio  peacghe YeeFiz nCyH4
+ —
e (H,)  CeMe CoHg (CH3)20 +
+ + 4+ ¢ “f:” CeHeg
He
NH3+ CH30H  nCaH (CH3)2CO
Ha0 +
L NO
i y
co CeN2
¥ 1+PH Teo,
Hz o2 3
— + Ar Y crj' I
Ne Kr+
Xe+
| | I | 1 | 1
2 10 18 26 36 42 54 58
n = TOTAL NUMBER OF ELECTRONS
Fic. 168.—Experimental results for ¢
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He (Hz) yp, + CeHsOH (cy,),c0 + +
CHa PH5 CoN2
— CaH — -
010 —He w0t wo, T+ Tycate iCathp T "Cste <1
+-H- Cele Cop 4 nCrHig
CoHp CzHae +(CH3)2O
nCyHg
+ 2
0.09 — CH3OH c/M% - 1inci =1n(2/7a) o
H
1+ 1 ! L L L1
2 10 18 26 36 42 48 54 58

n = TOTAL NUMBER OF ELECTRONS

Fia. 169.—Experimental results for M2/C

of 0.01. Points of that or better accuracy are given unit
weight in the LS solution; points of less accuracy are
given appropriately smaller weight, In some cases, the
RMS deviation turns out to be very nearly 0.01; in
others, as much as 215 times as great. The difference
cannot be attributed to genuinely random effeets; we
attribute it to variations in ¢, which have been treated
as systematic error. We conclude that the true random
error 1n our experiments can be estimated reasonably
well by multiplying the cocfficients from the LS solution
by 0.01. It is the random error so obtained that should
be added to the systematic errors indicated in Table 79.
The coeflicients vary from experiment to experiment,
since thev depend upon the number and distribution of

the data points. They lead to magnitudes of AC/C
ranging from 0.002 to 0.012. For A(M2/(), the magni-
tudes range from 0.0015 to 0.004.

SUMMARY

All the results obtained to date are summarized
graphically in Figures 168 and 169. With the aid of
values taken from these plots and Figure 166, cross
sections at any energy where the Bethe formula is
applicable can be obtained by simple multiplication.

REFERENCE

1. Rieke, F. F. and Prepejchae, William. Argonne National
Laboratory Radiological Physies Division Annual Report,
July 1967-June 1968. ANL-7489, p. 99.

TABLES OF ABSORPTION CROSS SECTIONS, PHOTOIONIZATION YIELDS,
AND PHOTOIONIZATION CROSS SECTIONS FOR SEVERAL GASES

J. C. Person and P. P. Nicole

Tables of absorption .cross sections, photoionization yields,
and photoionization cross sections are presented for acetylene,
propyne, propene, methanol, ethanol, and methyl bromide, and
also for the perdeuterated analogues of these gases. For each
gas. the data are reported for energies ranging from a value
below the ionization potential up to 11.78 ¢V.

This report gives the data in tabular form for results
that will be presented and discussed elsewhere. The
data were collected using an experimental apparatus
and procedure that were essentially the same as previ-
ously deseribed.®:» The data for acetylene, propyne,

propene, methanol, ethanol, and methyl bromide are
labelled with o subseript H; while the data for the per-
deuterated analogues of these gases are labelled with a
subscript D. Each table gives the wavelength and the
energy, E, of the monochromatic (=21 A bandwidth)
exciting light, The absorption cross sections, o, were
determined from measurements using n gas pressures;
and the deviations from a weighted least squares fit of
the data to Beer’s law were used to estimate the 90 %
confidence limits as (¢ — d¢) to (¢ + 6¢). In addition
to this statistical error, the systematic error in the «



measurements is estimated to be 4 % or less for 10.85 <
E <11.0eVand E > 11.4 eV, and 2% or less for other
E values. The photoionization yield, #, is the probabil-
ity that photon absorption produces ionization. For
some gases the measured n values were pressure de-
pendent in the energy region just below the ionization
potential,® -  and in these cases footnotes indicate the
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pressures used. They valuesfora given E have a relative
uncertainty of approximately (2% of the 5 value) +
0.002, but the absolute #(E) values are more uncertain
because of the uncertainties in the »(E) values for ace-
tone,® which was used as a secondary standard. The
photoionization cross sections, ¢:(c; = 70), are also
given in the tables.

TABLE 80. AssorpTiON CROss SECTioNs, PHOTOIONIZATION YIELDS, AND PHOTOIONIZATION
Cross SECTIONS FOR ACETYLENE AND ACETYLENE-d;

leﬁ‘;‘;ﬁf'A E eV |on,Mb® | sog,Mb| ng | oo,Mb | dop,Mb | o - D sim,Mb | o, Mb
1052.4 | 11.78 | 27.56 1.31 10 27.15 0.68 10 0.864 0.893 23.80 24.24
1055.6 | 11.75 | 27.13 0.67 10 27.21 0.52 10 0.859 0.906 23.29 24.66
1058.6 | 11.71 | 27.70 0.62 9 27.98 0.46 10 0.870 0.880 24.10 24.61
1061.7 | 11.68 | 28.17 0.56 10 27.60 0.35 10 0.873 0.873 24.59 24.10
1065.2 | 11.64 | 29.08 0.50 10 29.09 0.54 10 0.836 0.868 24.32 25.25
1069.9 | 11.50 | 25.47 0.54 10 27.74 0.43 10 0.710 0.706 18.07 19.59
1072.8 | 11.56 | 27.10 0.36 10 26.20 0.37 10 0.676 0.721 18.33 18.90
1076.8 | 11.51 | 28.32 0.43 10 28.05 0.21 10 0.641 0.668 18.16 18.75
079.7 | 11.48 | 27.86 0.38 10 25.78 0.42 10 0.652 0.660 18.17 17.03
1081.6 | 11.46 | 28.30 0.51 10 26.78 0.26 10 0.621 0.702 17.56 18.81
1084.5 | 11.43 | 22.58 0.40 12 28.51 0.34 10 0.667 0.650 15.06 18.52
1088.7 | 11.39 | 35.20 0.26 10 27.31 0.97 10 0.154 | 0.121® | 5410 | 3. 20
1090.0 | 11.37 | 20.76 0.31 12 35.45 0.50 10 0.040% | 0.020 |  0.82 | 1.04w
1092.4 | 11.35 | 31.02 0.49 10 18.13 0.36 12 0.012 0.038 0.39 0.69
1004.7 | 11.33 | 20.60 0.29 12 20.67 0.26 12 0.018 0.011 0.38 0.23
1098.1 | 11.29 | 22.71 0.40 12 54.80 1.19 7 0.002 0.002 0.05 0.09
1099.5 | 11.28 | 13.52 0.58 14 17.66 0.92 13 0.001 0.005 0.02 0.08
1102.0 | 11.25 | 44.42 0.48 10| 1183 0.40 | 12 0.000 0.004 0.02 0.05

@) 1 Mb = 10718 ¢m?.
(®) Pressure ~0.2 torr,
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TABLI 81. AssorrTion Cross SECTIONS, PHOTOIONIZATION YIELDS, AND PHOTOIONIZATION
Cross SECTIONS FOR PROPYNE AND PROPYNE-d,
Wave- | Eev Mb® | dow , Mb Mb | sop, Mb .. Mb | @ip, Mb
length, A y OH , TH , o "y op, 1 oD , np 7H 7 aig , i giD,
1052.4 11.78 56.37 3.11 3 57.82 1.28 5 : 0.674 0.697 37.99 40.31
1055.6 11.75 57.80 1.09 5 57.48 1.37 5 | 0.672 0.694 38.806 39.88
1058.6 11.71 57.065 1.17 5 57.98 0.74 5 0.677 0.699 39.03 40.50
1061.7 11.68 56.93 2.41 5 57.73 3.27 5 0.682 0.701 38.83 40.49
1065.2 11.64 57.43 1.57 b 58.35 2.07 5 0.687 0.704 39.43 41.07
1069.9 11.59 57.67 2.12 5 58.30 3.16 5 0.694 0.711 40.00 41.45
1072.8 11.56 57.59 2.58 5 58.69 1.75 5 0.696 0.713 40.11 41.86
1076.8 11.51 57.99 1.45 5 58.81 2.17 5 0.710 0.729 41.18 42,86
1079.7 11.48 57.86 1.27 5 58.70 2.22 5 0.712 0.730 41.22 42.84
1081.6 11.46 57.72 1.37 5 58.32 2.08 5 0.713 0.731 41.16 42.64
1084.5 11.43 58.14 1.12 5 59.86 1.21 5 0.714 0.732 41.53 43.79
1088.7 11.39 59.18 1.25 5 60.06 2.16 5 0.723 0.740 42.78 +4.47
1090.0 11.37 59.33 1.02 5 60.63 1.70 5 0.722 0.738 42.86 44.77
1092.4 11.35 59.56 1.83 5 59.86 1.17 5 0.717 0.732 42.73 43.80
1094.7 11.33 59.51 L 1.87 5 60.25 1.40 5 | 0.721 0.737 42.94 44.40
1098.1 11.29 60.04 , 2.28 5 60.85 1.04 5 . 0.729 0.741 43.75 45.11
1099.4 11.28 59.96 1 1.73 5 61.29 2.7¢ 5 I 0.728 0.741 43.68 45.43
1102.0 11.25 61.31 1.21 5 62.47 2.07 5 0.730 0.743 44.76 46.39
1104 .4 11.23 61.54 1.44 5 62.86 1.98 5 0.728 0.740 44 82 16.50
1107.2 11.20 60.94 1.20 9 62.86 1.85 9 0.720 0.731 43.89 15.97
1110.3 11.17 61.48 1.49 9 63.29 1.95 9 0.720 0.730 44 .26 16.22
1115.0 11.12 62.19 0.95 5 63.98 0.90 5 0.718 0.727 44.66 46.49
1119.1 11.08 62.07 1.40 5 62.88 2.36 5 0.707 0.720 43.86 45.29
1121.2 11.06 62.86 1.23 5 63.44 1.97 5 0.705 0.717 44.30 45.52
1123.9 11.03 62.87 2.11 5 63.44 2.81 5 0.696 0.713 43.77 145.25
1127.3 11.00 62.99 2.35 5 63.83 4.42 5 0.700 0.715 44.09 15.66
1132.9 10.94 63.17 2.88 5 63.16 4.81 5 0.689 0.715 43.51 15.19
1135.3 10.92 64.37 2.22 5 63.62 5.20 5 0.676 0.700 43.53 44.55
1137.4 10.90 64. 57 2.70 5 63.59 4.08 5 0.685 0.700 44.23 144.51
1144 .4 10.83 63.81 1.99 5 62.80 2.7¢ 5 (.652 0.683 41.64 42.88
1145.9 10.82 64.44 1.74 5 62.35 2.83 5 0.649 0.684 41.84 42.63
1148.5 10.79 64.44 1.95 5 61.65 2.87 5 0.633 0.683 40.82 42.14
1150.9 10.77 63.88 1.65 5 61.79 2.60 5 0.630 0.674 40.24 41.67
1159.9 10.69 64.01 2.48 5 60.83 2.83 5 0.599 0.645 38.34 39.25
1161.3 10.68 65.93 2.46 5 60.92 3.16 5 0.585 0.634 38.55 38.63
1163.8 10.65 63.19 1.96 5 59.30 3.07 5 0.595 0.626 37.61 37.15
1166.1 10.63 63.84 1.72 5 59.77 2.98 5 0.572 0.614 36.53 36.69
1172.2 10.58 60.42 } 1.77 5 57.27 2.28 5 0.471 0.512 28.44 29.31
1174.5 10.56 66.35 | 2.12 5 58.74 2.72 5 0.419 0.479 27.82 28.14
1175.9 10.54 64.54 | 1.93 5 60.08 3.04 5 0.416 0.461 26.84 27.68
1178.3 10.52 62.49 J 1.06 9 62.38 2.02 9 0.411 0.435 25.70 27.13
1180.4 10.50 58.48 1.13 9 58.49 1.86 9 0.439 0.436 25.67 25.51
1182.7 10.48 57.95 1.64 5 55.68 1.49 5 0.410 0.429 23.78 23.91
1188.0 10.44 67.05 1.67 5 62.11 1.26 5 0.311 0.333 20.83 20.70
1189.4 10.42 69.03 1.59 5 63.85 1.09 5 0.304 0.300 21.00 19.16
1191.7 10.40 61.53 1.49 5 57.09 1.47 5 0.321 0.322 19.78 18.38
1193.3 10.39 63.84 1.42 5 65.37 1.74 5 0.307 0.259 19.62 16.95
1198.0 10.35 49.85 1.33 5 49.20 1.31 5 0.062 0.036 3.09 1.77
1201.8 10.32 63.77 1.68 5 63.62 1.82 5 0.011( 0.010¢k 0.71® 0.64®
1205.1 10.29 68.76 1.94 5 72.80 2.13 5 0.004(» 0.004® 0.29® 0.32M)
1206.6 10.27 64.78 ‘ 1.98 5 55.43 2.60 4 0.003 0.004 0.20 0.24
1209.1 10.25 46.22  1.29 5 47.18 1.86 5 0.003 0.004 0.15 0.17
1211.4 10.23 50.71 2.55 4 63.56 2.23 5 0.002 0.002 0.11 0.15

() 1 Mb = 10~ ¢m?.
(b) Pressure ~0.1 torr.
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TABLE 82. Assorerrion Cross SEctions, PHoTOrONIZATION YIELDS
Cross SECTIONS FOR PROPENE AND PROPENE-d,

» AND PHoTO1ONIZATION

, | | ' \.
levlzgat‘lri.ﬁ ‘ E,eV  |om, Mb® | dgg, Mb nu op, Mb | éep, Mb 0] :4 7D !J oin . Mb ; ain, Mb
1052. 4 11.78 57.74 3.21 ’ 6 55.28 1.97 6 0.245 0.258 14.15 ! 14.27
1055.6 11.75 57.09 2.37 | [ 54.07 2.26 6 0.240 0.251 13.70 ‘ 13.59
1058.6 11.71 55.85 1.4 ‘ 6 54.12 1.28 6 0.236 0.248 13.21 \‘ 13.42
1061.7 11.68 56.03 2,35 | 6 54.46 0.39 6 0.236 0.247 13.21 13.43
1065.2 11.64 56.04 2.13 6 54.93 1.07 6 0.234 0.245 13.00 13.47
1069.9 11.59 55.52 1.87 ’ 6 54.73 1.24 6 0.234 0.244 13.01 13.38
1072.8 11.56 55.34 1.80 | 6 54.01 0.91 6 0.235 0.246 13.01 ) 13.29
1076.8 ) 11.51 54.61 1.70 ‘ 6 53.50 0.86 6 0.237 0.248 12.92 13.29
1079.7 11.48 53.74 1.81 6 52.64 0.97 6 0.239 0.251 12.83 13.21
1081.6 11.46 53.66 1.60 6 52.51 1.22 6 0.239 0.252 12.84 13.25
1084.5 i 11.43 53.08 1.88 6 52.24 1.43 6 0.239 0,252 12.66 13.18
1088.7 11.39 52.45 1.59 6 51.68 1.11 6 0.242 0.255 12.71 13.18
1090.0 11.37 52.28 1.25 I 6 51.53 0.80 6 0.244 0.259 12.78 13.35
1092.4 11.35 51.92 1.09 | ] 50.96 0.98 6 0.243 0.257 12.59 13.09
1094.7 11.33 51,33 1.48 ’ 6 50.21 0.54 6 0.243 0.261 12. 46 13.12
1099 .4 11.28 50.88 1.24 6 49.93 0.96 6 0.248 0.266 12.64 13.30
1102.0 11.25 50.80 1.11 6 49.59 0.50 6 0.247 0,267 12.57 13.22
1104 .4 11.23 50.94 1.32 6 49.85 1.00 6 0.250 0.268 12.75 13.38
1107.2 11.20 50.41 0.82 6 49.57 0.81 6 0.252 0.270 12.70 13.37
1110.3 11.17 50.02 1.20 # 6 49.24 0.94 6 0.253 0.271 12.63 13.34
1115.0 11.12 49.70 0.69 6 49.37 0.40 6 0.255 0.274 12.66 13.53
1119.1 11.08 49. 10 1.01 J 6 48.56 0.83 6 0.257 0.274 12.60 13.30
1121.2 11.06 48.87 0.79 6 48.36 0.48 6 0.256 0.273 12.51 13.20
1123.9 11.03 48.73 1.14 6 47.97 0.66 ] 0.256 0.274 12,45 13.13
1127.3 11.00 47.57 1.17 G 47.00 0.79 6 0.256 0.271 12.16 12.75
1132.9 10.94 47.05 1.22 6 46.30 1.15 6 0.258 0.271 12.15 12.56
1135.3 10.92 47.06 1.40 6 45.06 0.76 6 0.257 0.272 12.09 12.43
1137.4 10.90 46.89 1.54 6 45.94 0.99 6 0.257 0.273 12.06 12.54
1144 .4 10.83 47.11 1.40 6 45.95 1.09 6 0.258 0.275 12.17 12.63
1145.9 10.82 46.71 1.13 6 45.55 1.16 6 0.258 0.276 12.07 12.57
1148.5 10.79 46.22 0.67 11 44,29 1.03 12 0.261 0.277 12.07 12.27
1150.9 10.77 45.85 0.7 11 43.58 0.99 12 0.262 0.278 12.00 12.14
1159.9 10.69 43.55 0.58 6 40.73 0.80 7 0.269 0.287 11.70 11.7i
1163.8 10.65 42.16 0.42 6 39.11 0.72 7 0.272 0.291 11.49 11.39
1166.1 10.63 41.67 0.41 6 38.57 0.75 7 0.274 0.294 11.44 11.34
1172.2 10.58 40.03 0.36 6 37.28 0.84 7 0.281 0.299 11.26 11.16
1174.5 10. 56 39.54 0.28 6 36.82 0.80 7 0.281 0.300 11.11 11.05
1178.3 10.52 38.87 0.61 6 36.17 1.06 7 0.285 0.302 11.09 10.92
1180. 4 10.50 38.28 0.26 6 36.11 1.00 7 0.286 0.303 10.96 10.94
1182.7 10.48 37.99 0.7 6 36.08 0.87 7 0.289 0.303 10.98 10.94
1188.0 10.44 37.7. 0.59 6 36.07 0.83 7 0.290 0.301 10.94 10. 86
1191.7 10.40 37.21 0.42 6 36.00 0.93 7 0.290 0.299 10.78 10.77
1193.3 10.39 37.39 1.03 6 36.17 0.98 7 0.290 0.298 10.83 10.78
1198.0 10.35 37.27 0.55 6 36.49 0.59 7 0.286 0.293 10.67 10.68
1201.8 10.32 37.51 0.81 6 36.52 0.94 7 0.284 0.289 10.67 10.54
1205.1 10.29 38.20 0.36 6 37.42 0.41 7 0.277 . 0.283 10.60 10.57
1209.1 10.25 38.03 1.23 6 37.07 1.09 7 0.271 0.274 10.31 10.16
1211.4 10.23 38.02 1.09 6 7.13 1.09 7 0.266 0.269 10.10 10.00
1217.4 10.18 38.66 0.41 6 37.67 0.67 7 0.253 0.258 9.80 9.72
1219.0 10.17 38.71 0.48 6 37.63 0.66 7 0.251 0.254 9.70 9.58
1221.2 10.15 38.91 0.45 6 38.22 0.95 7 0.246 0.250 9.59 9.57
1223.5 10.13 38.95 0.39 6 37.78 0.84 7 0.242 0.244 9.41 9.24
1228.3 10.09 39.00 0.42 6 37.79 0.88 7 0.226 0.226 8.81 8.53
1230.0 10.08 39.01 0.50 6 37.67 0.94 7 0.218 0.219 8.50 8.25
1232.0 10.06 38.82 0.53 6 37.39 1.17 7 0.208 0.212 8.09 7.92
1234.1 10.05 38.59 0.50 6 36.96 1.33 7 0.201 0.204 7.74 7.53
1238.0 10.01 38.62 0.33 6 37.12 0.87 7 0.189 0.190 7.31 7.07
1241.4 9.99 38.13 0.68 6 36.64 1.17 7 0.180 0.179 6.88 6.57
1243.5 9.97 38.23 0.39 6 36.63 1.28 7 0.174 0.171 6.67 6.25
1247.5 ! 9.94 ‘ 37.69 0.40 6 36.62 1.22 7 0.161 0.148 6.07 5.44
221
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TABLE 82—Continued

le‘g,;t‘i'fk E, eV |ou, Mb® | dog, Mb nu op, Mb | éop, Mb np 78 ” au, Mb | oip, Mb
1251.6 9.91 37.64 0.33 6 36.88 0.87 7 0.132 0.116 4.96 4.28
1253.6 9.89 37.45 0.52 6 37.09 1.04 7 0.114 0.107 4.28 3.97
1257.0 9.86 37.59 0.51 6 36.90 0.96 7 0.095 0.094 3.59 3.47
1261.8 9.83 37.39 0.51 6 37.45 1.17 7 0.082 0.076 3.08 2.85
1264.0 9.81 36.98 0.90 6 37.10 1.40 7 0.078 0.071 2.87 2.65
1265.8 9.7 37.41 0.78 6 36.80 1.57 7 0.070 0.064 2.63 2.35
1269.0 9.77 37.33 0.66 6 38.12 1.20 7 0.062 0.051 2.31 1.93
1271.3 9.75 37.81 0.57 6 37.68 1.19 7 0.054 0.029 2.06 1.09
1276.7 9.71 38.65 0. 56 6 38.59 1.24 7 0.008 0.004 0.30 0.17
1279.3 9.69 38.80 0.52 6 37.87 1.22 7 0.003 0.002 0.12 0.09
1281.0 9.68 39.04 0.56 6 37.91 0.99 7 0.002 0.002 0.07 0.07
1283.2 9.66 38.78 0.53 6 38.33 1.05 7 0.001 0.001 0.05 0.05
1286.7 9.64 39.11 0.78 6 37.89 1.33 7 0.001 0.001 0.03 0.03
() 1 Mb = 108 cm?2.
TABLE 83. AssorprioN Cross SECTIONS, PHOTOTONIZATION YIELDS, AND PHOTOIONIZATION
Cross SECTIONS FOR METHANOL AND METHANOL-d4
Wave-, | E, eV Mb@® | gogr, Mb Mb | dop, Mb | s, Mb | o, Mb
length, A ’ H, ° 7H , nH oD, oD, ] | #p 7H 7D o, #in, )

1052.4 11.78 35.28 0.31 6 35.79 1.25 | 6 0.310 0.332 10.94 11.89
1055.6 11.75 34.90 0.50 6 35.35 0.88 6 0.309 0.332 10.77 11.75
1058.6 11.71 33.84 0.74 6 34.11 0.43 6 0.309 0.336 10.47 11.45
1061.7 11.68 33.47 0.66 6 33.46 0.42 6 0.313 0.339 10.48 11.34
1065.2 11.64 32.88 0.40 6 32.62 0.32 6 0.315 0.342 10.36 11.16
1069.9 11.59 31.57 0.34 6 31.29 0.31 6 0.319 0.348 10.06 10.89
1072.8 11.56 30.86 0.58 6 30.34 0.27 6 0.322 0.352 9.04 10.69
1076.8 11.51 30.08 .62 6 28.65 0.62 6 0.326 0.358 9.81 10.27
1079.7 11.48 29.31 0.76 6 27.92 0.93 6 0.329 0.363 9.64 10.13
1081.6 11.46 28.46 1.25 6 27.21 1.42 6 0.332 0.367 9.44 9.98
1084.5 11.43 27.63 1.04 6 26.53 0.90 6 0.336 0.369 9.28 9.78
1088.7 11.39 26.75 0.39 5 25.27 0.46 7 0.332 0.366 8.87 9.26
1090.0 T 11.37 26.32 0.28 6 24.92 0.37 7 0.332 0.366 8.75 9.13
1092.4 11.35 25.55 0.33 7 24.18 0.34 7 0.331 0.365 8.46 8.82
1094.7 11.33 24.91 0.31 7 23.71 0.44 7 0.334 0.366 8.32 8.68
1098.1 11.29 24.18 0.33 7 22.99 0.30 7 0.335 0.365 8.09 8.39
1099 .4 11.28 23.89 0.31 7 22.70 0.32 7 0.334 0.364 7.98 8.27
1102.0 11.25 23.39 0.18 7 22.21 0.26 7 0.329 0.359 7.70 7.98
1104.4 11.23 22.79 0.20 7 21.7 0.23 | 8 0.325 (.355 7.41 7.70
1107.2 11.20 22.30 0.12 7 21.19 0.19 8 0.320 0.347 7.14 7.36
1110.3 11.17 21.79 0.12 8 20.66 0.17 8 0.313 0.335 6.83 6.91
1115.0 11.12 21.38 0.25 8 19,84 0.17 8 0.291 0.315 6.23 6.24
1119.1 11.08 20.46 0.05 8 19.04 0.11 9 0.275 0.285 5.62 5.43
1121.2 11.06 20.30 0.13 8 18.74 0.17 9 0.261 0.268 5.30 5.02
1123.9 11.03 19.77 0.09 9 18.29 0.12 9 0.247 0.249 4.89 4.56
1127.3 11.00 19.18 0.14 9 17.61 0.19 9 (}.223 0.218 4.28 3.84
1132.9 10.94 18.26 0.10 9 16.77 0.14 10 0.162 0.140 2.96 2.34
1135.3 10.92 7.89 0.17 9 16.51 0.22 10 0.136 0.115 2.43 1.90
1137.4 10.90 17.65 0.19 9 16.22 0.20 10 0.120 0.100 2.12 1.63
1139.8 10.88 17.40 0.14 9 15.93 0.20 10 0.108 0.074 1.88 1.18
1141.8 10. 86 17.24 0.47 10 15.70 0.32 10 0.093 0.043 1.61 0.68
1144 .4 10.83 16.93 0.07 10 15.56 0.11 10 0.051 0.015 0.86 0.24
1145.9 10.82 16.64 0.04 10 15.60 0.08 10 0.029 (.008 0.48 0.12
1148.5 10.79 16,51 0.08 15 15.17 0.09 15 0.009 0.004 0.15 0.06
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TABLE 83—Continued
Wave- o ! ] !
length, i E, eV or , Mb® | jag , Mb #g | ap, Mb | dop, Mb #D nH 7 o, Mb oip, Mb
1150.9 10.77 16.13 0.06 15 14.98 0.09 15 0.003 0.003 0.05 : 0.04
1153.7 10.75 16.38 0.11 15 14.88 0.17 15 0.002 0.002 0.03 0.04
1157.2 | 10,71 15.67 0.13 15 14.60 0.14 15 0.001 0.002 0.02 0.02
1159.9 | 10.69 15.91 0.13 6 14.74 0.23 6 0.001 0.001 0.01 0.01
1161.3 10.68 15.72 0.10 6 14.50 0.19 6 0 0.001 0.01 0.01
1163.8 10.65 15.39 0.19 6 14.45 0.38 6 0 0.001 0.01 0.01
1166.1 10.63 15.59 0.18 6 14,24 0.19 6 0 0.001 0 0.01
1168.8 10.61 14.72 0.56 6 14 .68 0.43 6 0 0.001 0 0.01
1170.5 10.59 15.14 0.48 6 14.39 0.40 6 0 0.001 0.01 0.01
1172.2 10.58 15.58 0.23 6 13.68 0.21 i 0 0.001 0 0.01
1174.5 10.56 15.08 0.15 6 14.10 0.16 6 0 4] 0 0.01
1175.9 10.54 15.03 0.14 6 13.70 0.21 6 0 0.001 0 0.01
1178.3 10.52 14.39 0.20 6 13.39 0.28 6 0 0 0 0.01
1180. 4 10.50 13.83 0.18 6 13.96 0.23 6 0 0 0 0
1182.7 10.48 14.48 0.31 6 13.42 0.27 6 0 0 0 .01
1188.0 10.44 14.15 0.23 6 13.42 0.15 6 0 0 0 0
1189.4 10.42 14.64 0.20 6 13.96 0.19 6 0 0 0 0
1191.7 10.40 14.56 0.23 6 13.32 0.28 6 0 0 0 0
1193.3 10.39 14.33 0.25 6 13.68 .32 6 0 0 0 0
1198.0 10.35 13.10 0.22 6 13.33 ‘ 0.35 6 0 0 0 0
1201.8 10.32 13.96 0.28 6 13.87 | 0.50 6 0 0 0 0
1205.1 10.29 14.03 0.19 6 13.87 l 0.20 6 0 0 0 0
1206.6 10.27 13.94 0.18 6 13.95 0.24 6 0 0 0 0
1209.1 10.25 14.64 0.37 6 14.35 | 0.34 6 0 0 0 0
1211.4 10.23 13.86 0.36 6 14.14 0.47 6 0 0 0 0
1217 .4 10.18 13.00 0.14 6 13.97 0.18 6 0 0 0 0
1219.0 10.17 13.45 0.22 6 15.00 0.21 6 0 0 0 0
1221.2 10.15 14.46 0.33 6 15.38 0.36 6 0 0 0 0
1223.5 10.13 14.76 0.14 6 15.06 0.38 6 0 0 0 0
1228.3 10.09 14.66 | 0.20 6 14.85 0.27 6 0 0 0 0
1230.0 10.08 14.23 0.06 6 15.06 0.13 6 0 0 0 0
1232.0 10.06 15.22 0.20 6 15,34 0.32 6 0 0 0 0
1234.1 10.05 14.81 0.36 6 15,42 0.34 6 0 0 0 0
1235.6 10.03 14.53 0.30 6 ’ 15.78 0.38 6 0 0 0 0
1238.0 10.01 15.03 0.22 6 16.15 0.31 6 0 0 0 0
1241.4 9.99 16.28 0.24 6 | 15.26 0.35 6 0 0 0 0
1243.5 9.97 15.40 0.26 6 ' 14.59 I\ .43 5 0 0 0 0
1 Mb = 107 em?.
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TABLE 84. ApsorpTioN CROSs SECTIONS, PHOTOIONIZATION YIELDS, AND PHOTOIONIZATION
Cross SecTIONS FOR ETHANOL AND ETHANOL-dg
Wave- | 4
length, A E, eV |om, Mb® | §ou, Mb ng op, Mb' | sop, Mb ' #np 7 7 oim, Mb | oip, Mb

1052.4 11.78 47.32 2.01 9 46.49 3.29 10 0.247 0.251 11.71 11.66
1055.6 11.75 47.53 1.04 9 ! 45.97 1.42 10 0.239 0.243 11.38 11.15
1058.6 11.71 47.29 0.94 9 45.79 1.69 10 0.234 0.236 11.07 10.83
1061.7 11.68 47.32 1.00 9 46.22 1.76 10 0.227 0.230 10.73 10.64
1065.2- 11.64 47.43 0.54 9 46.04 0.96 10 0.221 0.225 10.47 10.34
1069.9 11.59 47.30 0.80 9 45.95 1.23 10 0.215 0.221 10.19 10.14
1072.8 11.56 47.29 0.79 9 46.18 1.18 10 0.212 0.216 10.01 9.98
1076.8 11.51 47.15 0.77 9 45.92 1.12 10 0.210 0.216 9.89% 9.91
1079.7 11.48 47.01 1.06 9 45.81 1.28 10 0.208 0.215 9.80 9.83
1081.6 11.46 47.37 0.58 9 45.88 1.04 10 0.207 0.214 9.79 9.81
1084.5 11.43 47.06 0.80 9 46.39 1.23 10 0.205 0.212 9.65 9.83
1088.7 11.39 46.44 0.7 9 45.18 1.60 10 0.201 0.212 9.36 9.60
1090.0 11.37 46.45 0.59 9 45.18 1.13 10 0.202 0.213 9.38 9.61
1092.4 11.35 46.23 0.90 9 44 .62 2.33 10 0.199 0.212 9.20 9.45
1094.7 11.33 45.80 0.63 9 44.10 1.59 10 0.199 0.212 9.12 9.35
1099 .4 11.28 45.17 0.96 9 43.34 1.52 10 0.200 0.214 9.04 9.27
1102.0 11.25 44.80 0.66 9 42 .98 0.93 10 0.200 0.213 8.96 9.17
1104.4 11.23 44 .41 0.54 9 42.64 0.85 10 0.200 0.213 8.87 9.07
1107.2 11.20 43.91 0.56 9 42.09 0.90 10 0.199 0.213 8.75 8.96
1110.3 11.17 43.31 0.70 9 41.31 1.02 10 0.198 0.212 8.58 8.77
1115.0 11.12 42.49 0.38 9 40.64 0.59 10 0.197 0.211 8.39 8.56
1119.1 11.08 41.50 0.60 9 39.64 0.73 10 0.195 0.207 8.08 8.21
1121.2 11.06 41.14 0.42 9 39.44 0.68 10 0.193 0.205 7.93 8.08
1123.9 11.03 40.74 0.62 9 38.92 0.86 10 0.190 0.202 - 7.72 7.85
1127.3 11.00 39.92 0.69 9 38.09 0.79 10 0.186 0.199 7.43 7.57
1132.9 10.94 38.93 0.60 9 37.73 1.10 10 0.181 0.191 7.05 7.20
1135.3 10.92 38.92 0.97 9 37.57 1.18 10 0.177 0.185 6.88 6.96
1137 .4 10.90 38.79 1.13 9 37.77 0.87 10 0.174 0.180 6.73 6.81
1144 .4 10.83 38.40 0.56 9 37.59 0.90 10 0.157 0.162 6.03 6.11
1145.9 10.82 38.25 0.42 9 37.28 0.76 10 0.153 0.158 5.86 5.89
1148.5 10.79 37.98 0.34 13 37.42 0.62 14 0.147 0.150 5.59 5.63
1150.9 10.77 37.76 0.23 13 37.19 0.63 14 0.141 0.143 5.32 5.31
1159.9 10.69 36.83 0.17 5 36.42 0.32 5 0.110 0.106 4.06 3.86
1163.8 10.65 36.42 0.23 5 35.90 0.35 5 0.095 0.088 3.46 3.17
1166.1 10.63 36.09 0.22 5 35.56 0.27 5 0.086 0.078 3.10 2.77
1172.2 10.58 35.20 0.38 5 34.46 0.49 5 0.059 0.048 2.07 1.66
1174.5 10.56 34.97 0.14 5 34.16 0.18 5 0.048 0.038 1.68 1.31
1178.3 10.52 34.34 0.17 5 33.30 0.38 5 0.035 0.026 1.19 0.86
1180.4 10.50 33.90 0.15 5 32.88 0.16 5 0.027 0.019 0.93 0.62
1182.7 10.48 33.63 0.38 5 32.30 0.15 4 0.022 0.013 0.73 0.42
1188.0 10.44 32.44 0.22 5 30.83 0.26 4 0.008 0.004 0.27 0.14
1191.7 10.40 31.45 0.35 5 29.99 0.18 5 0.003 0.002 0.11 0.06
1193.3 10.39 31.02 0.24 5 29.56 0.45 5 0.002 0.002 0.08 0.05
1198.0 10.35 29.81 0.15 5 28.69 0.57 5 0.001 0.001 0.02 0.02
1201.8 10.32 20.24 0.41 5 27.98 0.41 { 5 0 0 0.01 0.01

1 Mb = 1077 em3.



TABLE 85. AsBsorprTioN Cross SECTIONS, PHOTOIONIZATION YIELDS, AND PHOTO1ONIZATION
Cross SecTrons FOR METHYL BROMIDE aND METHYL BROMIDE-d,

le‘r?;i‘lf-ﬁ E,eV |om, Mb® ! gz, Mb ny op, Mb | éop, Mb 7D " m
1052.4 11.78 65.75 5.29 6 66.21 3.48 ’ 6 0.700 0.700
1055.6 11.75 64.29 4.13 6 65.20 4.02 6 0.698 0.693
1058.6 11.71 63.06 2.52 6 63.99 1.59 | 6 0.695 0.687
1061.7 11.68 63.14 1.66 6 63.66 1.94 6 0.692 0.684
1065.2 11.64 62.83 1.67 6 62.97 1.69 ' 6 0.687 0.679
1069.9 11.59 61.49 1.99 6 62.36 1.45 6 0.685 0.677
1072.8 11.56 61.57 1.12 6 62.24 1.58 6 0.683 0.677
1076.8 11.51 61.05 0.74 6 61.83 1.46 6 0.683 0.678
1079.7 11.48 60. 66 1.81 6 61.52 0.89 6 0.685 0.680
1081.6 11.46 61.06 2.39 6 61.73 1.06 6 0.686 0.683
1084.5 11.43 61.24 0.92 6 61.59 1.23 6 0.687 0.685
1088.7 11.39 60.99 0.81 6 61.64 0.72 6 0.683 0.685
1090.0 11.37 61.46 0.90 6 61.39 0.55 6 0.684 0.689
1092.4 11.35 61.72 2.20 6 61.95 0.53 6 0.680 0.685
1094.7 11.33 61.99 1.24 6 61.59 0.84 6 0.686 0.695
1098.1 11.29 62.11 1.09 6 61.66 0.54 6 0.692 0.705
1099 .4 11.28 62.84 1.07 6 61.49 0.72 6 0.693 0.707
1102.0 11.25 62.41 0.87 6 61.74 0.75 6 0.693 0.708
1104.4 11.23 63.02 0.52 6 62.31 0.55 6 0.692 0.714
1107.2 11.20 63.13 0.40 6 62.39 0.86 6 0.691 0.715
1110.3 11.17 63.60 1.04 6 62.7. 0.89 6 0.692 0.720
1115.0 11.12 64.69 0.65 6 62.88 0.69 6 0.694 0.728
1119.1 11.08 64.58 0.51 6 62.42 0.88 6 0.693 0.729
1121.2 11.06 64.66 0.49 6 62.31 0.78 6 0.688 0.728
1123.9 11.03 64.96 0.61 6 62.87 0.64 6 0.688 0.728
1127.3 11.00 65.01 0.64 6 62.48 0.86. 6 0.671 0.725
1132.9 10.94 64.52 0.81 6 62.24 0.83 6 0.668 0.702
1135.3 10.92 64.94 1.65 6 61.69 0.35 6 0.641 0.692
1137.4 10.90 64.45 2.17 6 60.93 0.67 6 0.620 0.689
1139.8 10.88 65.62 3.11 4 61.11 0.85 4 0.615 0.625
1141.8 10.86 65.17 5.30 4 60.40 0.73 4 0.597 0. 546
1144 .4 10.83 63.27 0.48 8 65.11 0.87 8 0.463 0.534
1145.9 10.82 63.39 0.57 8 59.58 0.78 8 0.460 0.531
1148.5 10.79 65.48 0.52 9 64.01 0.67 9 0.436 0.508
1150.9 10.77 61.95 0.44 9 65.83 0.61 9 0.451 0.469
1153.7 10.75 65.96 1.10 7 66.04 1.15 7 0.434 0.471
1157.2 10.71 60.10 2.11 7 77.48 0.48 7 0.412 0.437
1159.9 10.69 70.72 0.54 6 49,14 0.35 7 0.372 0.500
1161.3 10.68 57.40 0.53 6 65.40 0.62 6 0.364 0.472
1163.8 10.65 63.34 0.64 6 51.39 0.71 7 0.395 0.406
1166.1 10.63 66.35 0.69 6 54 .47 0.45 7 0.299 0.383
1168.8 10.61 53.34 1.17 4 77.82 1.15 4 0.358 0.364
1170.5 10.59 54.58 1.79 4 60.84 1.33 4 0.382 0.336
1172.2 10.58 79.26 0.67 6 46.97 0.63 8 0.310 0.345
1174.5 10. 56 57.67 0.44 6 53.48 0.25 7 0.304 0.339
1175.9 10.54 58.07 0.33 6 51.50 0.49 7 0.296 0.310¢»
1178.3 10.52 55.14 0.64 6 55.17 0.67 6 0.067(w 0.032®
1180.4 10.50 55.40 .60 6 83.13 0.70 6 0.012(» 0.006()
1182.7 10.48 69.44 1.11 6 52.76 0.80 7 0.005 0.007
1188.0 10.44 43.10 0.22 8 80.87 0.81 6 0.002 0.002
1189.4 10.42 45.76 0.28 8 48.14 0.47 8 0.002 0.002
1191.7 10.40 72.81 1.19 6 40.11 0.34 8 0.002 0.001
1193.3 10.39 42.72 0.12 8 53.01 0.52 7 0.002 0.001
1198.0 10.35 43.97 0.23 8 47.58 0.44 8 0.002 0.001
1201.8 10.32 58.10 0.60 6 74.39 0.78 6 0.002 0.001
1205.1 10.29 95.46 0.71 6 45.40 0.44 8 0.001 0.001
1206.6 10.28 48.85 0.13 7 76.37 0.63 6 0.001 0.001
1209.1 10.25 93.81 1.41 6 35.37 0.43 9 0.002 0.001
1211.4 10.24 36.28 0.35 8 33.66 0.22 9 0.001 0.001
1217 .4 10.18 53.02 0.21 7 48.48 0.34 8 0.001 0.001

og, Mb

46.05
44.85
43.81
43.66
43.14
42.13
42.06
41.67
41.56
41.86
42.09
41.64
42.06
41.99
42.51
43.00
43.54
43.25
43.63
43.62
44.01
44.91
44.78
44.47
44.70
43.59
43.08
41.61
39.96
40.34
38.91
29.30
29.16
28.53
27.93
28.65
24.77
26.34
20.89
25.00
19.86
19.07
20.84
24.61
17.55
17.18
3.68(»
0.64®
0.35
0.10
0.10
0.14
0.08
0.08
0.10
0.11
0.06
0.17
0.05
0.05

ain, Mb

46.34
45.20
43.94
43.56
42.78
42.23
42.11
41.94
41.86
42.16
42.21
42.20
42.27
42.41
42.81
43.49
43.45
43.73
44.46
44.59
45.18
45.81
45.53
45.38
45.80
45.30
43.70
42.69
42.00
38.18
32.97
34.76
31.61
32.51
30.89
31.09
33.87
24.55
30.86
20.88
20.86
28.30
20.47
16.21
18.15
15.98(0)
1.75M
0.49™

B
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TABLE 85—('ontinued
! | ; 1
Jave- , |
18}]\;&: 1 ; E, eV ou, Mb® | day , Mb ! | oD, Mb \ dap, Mb nm . 7H m ‘ oim , Mb agin . Mb
t
| | |
1219.0 ‘ 10.17 58.32 1 0.23 ‘ 6 |587.23 0.65 ‘l 6 0.002 0.000 i 0.09 0.02
1221.2 0 10.15 146.06 | 1.71 ‘ 4 | 73.58 1.81 “ 6 0.002 0.001 '} 0.25 0.05
12235 | 1013 | .47 | 037 T | 52,50 037 i 7 0.002 0.001 | 0.08 0.04
1228.3 10.09 46.35 1 0.38 | 8 I 51.59 ! 0.55 7 0.001 0.001 0.05 0.04
1230.0 - 10.08 40,12 | 0.12 | 7 LoaT.38 b 037 1 8 0.002 0.001 0.08 0.02
i i :
&) 1 Mb = 10718 em?2,
(&) Pressure ~0.1 torr.
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ISOTOPE EFFECTS IN THE PHOTOIONIZATION YIELDS AND THE
ABSORPTION CROSS SECTIONS FOR ETHYLENE AND n-BUTANE*

J. C. Person and PP. P. Nicole

The absorption cross section, a, and the photoioniza-
tion yield, 5 (the probability that photon absorption
produces ionization), are reported for CyH, and CuDy at
44 photon cnergics between 1044 and 11,78 eV, and
they are reported for n-butane and n-butane-di, at 37
photon encrgies between 1056 and 11.7S8eV. For

* Abstract of paper published in J. Chem. Phys. 49, 5421
(1968).

ethylene, the nature of the isotope effects on g, ¢, and
the photoionization cross sections, o;(o; 9o ), indi-
cates that the inerease in ¢ upon deuteration is not the
result of a simple competition between preionization
processes and atomic rearrangement processes in the
superexcited states. The isotope effeets for n-butane and
the implications of the results for radiation chemistry
are also discussed.

A METHOD FOR ESTIMATING THE RELATIVE IMPORTANCE OF THE
PLATZMAN COMPETITIVE IONIZATION PROCESS FROM ISOTOPE

EFFECTS IN MOLECULAR PHOTOIONIZATION
J. C. Person

A graphical method is presented for estimating the minimum
contribution to the total ionization of the Platzman competitive
ionization process from data on the ionization vield. ». for
deuterated (9n) and protonated (su) molecules. The method
assumes that one may use the simple kinetie model proposed by
Platzman in which the lonization occurs either by direct ioniza-
tion or by the preionization of superexcited states in competi-
tion with atomic rearrangement processes leading to neutral
products. It is also assumed that deuteration does not change
the part of the ionization vield that results from direct ioniza-
tion. The results are given in a figzure which shows the curves -
(for the different values of #n) giving the maximum fraction
of the ionization due fo direct ionization as functions of a vari-
able determined by the ratio of the observed gn/7u ratio to

the maximum possible #p/nu ratio. Another figure plots the
maximum »p/nu ratio for each value of 7u .

This paper presents a graphical method of analvzing
data on the changes in ionization resulting from deu-
teration. The purpose is to estimate a lower limit of the
contribution to the total ionization from the preioniza-
tion of superexeited states that are in competition with
atomic rearrangement processes leading to neutral
products (e.g., dissociation). The method is based on the
simple kinetic model proposed by Platzman.®=% In this
model the ionization vield, 9(¥) (the probability that



excitation with an energy, E, leads to ionization), is
given by@. ®

7=08 4+ (1 — & + k™)K, (1)

where § is the fraction of excitations leading to direct
ionization, k; is the rate constant for the preionization
of the superexcited states, k.u ™ is the rate constant for
the atomic rearrangement processes leading to neutral
produets, and g is the reduced mass for the motion lead-
ing to a point in coordinate space subsequent to which
preionization is impossible. Platzman assumes that ki is
approximately independent of the isotopic composition
of the molecule; and we shall make the further assump-
tion that § is also independent of isotopic composition.
One can then write

§ 4+ (1 — &)1 + k/(kwtD]™ (2)

o
and
mr = 8 + (1 — [ + ko/(kuwfHT  (3)

where the subscripts D and H refer to the deuterated
and the protonated molecules, respectively. The maxi-
mum value of the np/ng ratio will then occur when
& = 0. Elimination of k;/k, from equations (2) and (3)
with 6 = 0 gives

(). :
ma/o mm + (1 — 1m) (ua/up)?
= (#D/uﬂ)m
1+ ﬂn[(ﬂn/ﬂ-ﬂ)m —-1]°

where the subscript zero indicates that the ratio is for
6 = 0. The (np/nn)o values will be largest for the largest
values of (up/ux)"” and the largest up/uy ratios are for
motions involving one hydrogen atom moving against
the rest of the molecule. The maximum (pp/ug)’”
value depends on the molecule, but a typical value is
about 1.4 (for example, it is. 1.38 and 1.39 for light
molecules like HyO and C;Hs, and it would be 1.414 for
a molecule of infinite mass). Figure 170 shows a plot of
(no/m8)0 vS. ng for (up/ux)" = 1.40.

The experimental observation of an #p/nyg ratio
smaller than the (7p/nu)e value at the experimental
value of 7y could mean that direct ionization is
making a contribution (8 # 0), or it could mean that
the effective value of (up/wmy)"* is less than 1.4, How-
ever, it is possible to estimate an upper limit to the rela-
tive contribution of direct ionization by comparing the
observed #p/7y ratio with np/n4 ratios caleulated
assuming (up /;zﬁ)”2 = 1.4 and § # 0. The calculation
is done by eliminating k;/kl from equations (2) and
(3), dividing by 75, and rearranging to give

1D _ 8(1 — nm) + (un/pe)(qx — 8) (5)
e nul(up/pE)? (e —8) + 1 — gg]

(4)

3
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F1c. 170.—The ratio of the ionization yield for the deuterated
molecule (7o) to the ionization yield for the protonated mole-
cule () when there is no direct ionization (6 = 0) as a funec-
tion of nx . The square root of the ratio of the reduced masses
(#n/un)"* is taken as 1.40.

The results are presented more compactly by defining a
term, I, by

_ ("ID/"?H) -1
= Trofma)s —1° (6)

where the 55 /74 ratio in the numerator is from equation
(5). The R values are functions of (up/ug)"% 8, and
ng . Figure 171 is a plot of 8/, vs. R, giving nine curves
for the values of 5y from 0.1 to 0.9, all ealculated for
(up/u)"? = 1.4. Actually, the curves for (§/9n) vs. R
are not very sensitive to the choice of (up/ux)"?, pro-
vided that the same value of (up/uz)"* is used in equa-
tion (4) as in equation (3). Thus, for (up/ug)"” = 1.36,
the 6/7y value at a given value of R would be slightly
smaller ( <0.01 smaller) than the value in Figure 171,
and for (up/ux)"® = 1.08, the §/74 value would be
smaller ( <0.05 smaller) than the value in Figure 171.

To illustrate the use of the method consider an ex-
ample where np/9y = 1.07 and ng = 0.25. From Figure
170 we find that (gp/7g)e = 1.273, so that R =
0.07/0.273 = 0.256. From Iigure 171 we find that
8/m1a = 0.81. This would indicate that at least 19 % of
the ionization in this example was from the Platzman
competitive ionization process.

One should use this method with care, however, as
there are some difficulties. One difficulty is the problem
of how to handle energy level shifts,” which may be
real shifts caused by differences in the zero-point ener-
gies or may be apparent shifts caused by unfavorable
Franck-Condon factors. One method of handling these
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F16. 171 —The maximum fraction of the ionization produced
by direct ionization for the protonated molecule (¢/78) as a
function of R. See equation (8) for the definition of E. The
nine separate curves are each labelled with the nu value for
that curve.

THE EFFECT OF PRESSURE UPON IONIZATION
N P URE RARE GASES

H. A. Schultz

cases would be to compare np with 7y at a somewhat
different value of the excitation energy, but in other
cases, it may be more plausible that 6, # 8y . Of course,
whenever 8, # 8y , Figure 17 is not applicable, and the
(np/7m)0 values in Figure 170 are not necessarily the
maximum np/7y ratios. Another difficulty arises when
the absorption cross sections, o, are different for the two
isotopes (eg # ap). Then it is not clear whether one
should use #p/7y ratios or ratios of the photoionization
cross sections, o;(¢; = 50), and one should compare the
results calculated using both the np/ny ratio and the
o.p/om Tatio. If multiple ionization occurs, then the
simple Platzman mechanism may be inappropriate.
Furthermore, there are alternative explanations® ® of
isotope effects in ionization that do not use the kineties
proposed by Platzman.
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Components of the ion chambers designed to measure the
effect of pressure upon the ionziation of pure rare gases were
cleaned, assembled, and checked for satisfactory operation.
Several portions of the apparatus were modified because they
were unsatisfactory in their original form.

A fast particle traversing a medium produces ioni-
zation and excitation within the material. If the me-
dium is a pure rare gas, the value of W, the average
energy lost by the particle per ion pair produced,
can be expected to vary with gas pressure; this is be-
cause rare gas atoms that are excited to certain high
energy levels can release their excess energy through
two competing processes: photon emission and asso-
ciative ionization. The latter is a collision process in
which an excited atom combines with an atom in the
ground state to yield a diatomic positive ion and a
free electron. This reaction is often called the Horn-
beck-Molnar effect. At sufficiently high pressures the
collision process will be more probable than the emis-
sion process, and at lower pressures the reverse will

be true; this implies that W must decrease with in-
creasing pressure.

The previous report(?} described briefly an appara-
tus designed to utilize two ionization chambers of
similar geometry but different dimensions to measure
the effect of pessure upon W for neon and argon. Af-
ter the stainless steel chambers had been fabricated
in the shops, they were disassembled in the laboratory,
cleaned carefully with solvents to remove foreign
materials that had been picked up on the surfaces,
then reassembled.

It is possible that trace quantities of gaseous im-
purities desorbed by surfaces inside the chambers
will produce relatively few spurious ions, or a rela-
tively great number; it will depend upon the ioniza-
tion potential of the impurity and, to a very great
extent, upon the decay scheme associated with the
photon emission processes of the rare gas atoms.

The effect of small traces of impurities can be small
if all the excitation energy of a rare gas atom is lost in



a single emission step, or if there are successive steps
that involve only states of ordinary lifetimes (i.e., of
the order of 10— 8sec). On the other hand, the effect
of the same concentration of impurity can be much
greater if the emission scheme involves a metastable
state, or a state with a long effective lifetime because
of radiation trapping, and if the ionization potential
of the impurity is less than the energy of excitation
of this state. Then the Jesse effect will be in com-
petition with the associative ionization process; each
process will yield an ion, and the two kinds of ions
will be indistinguishable to an ionization chamber.
Until it is proved otherwise, it is reasonable to assume
that both types of radiative decay, the fast and the
slow, will oceur for the states involved in the associa-
tive ionization of the rare gases.

After the various parts of the ionization chamber
had been cleaned, a great deal of filing and polishing
was required before they could be reassembled, be-
cause clean stainless steel surfaces in intimate con-
tact tend to “gall” or “cold weld.” The design of the
shutter in front of the alpha source of the large cham-
ber was modified for the same reason. It had operated
satisfactorily until after the chamber had been com-
pletely assembled for use with the alpha source in
place.

Most of the gas leaks that were found by checking
the entire apparatus were of types that can be re-
paired easily and permanently, e.g. by resoldering
a pinhole or retightening a flange. In general, leaks
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that occur in components that are to be stressed from

- time to time, or that may possibly be stressed, are

much more serious. Modifications were made in the
apparatus to reduce the probability of having recur-
ring leaks in the shutter manipulator of the large
chamber, in the flexible connection between the small
chamber and the gas supply and evacuation system,
and in the connection between the precision pressure
gage and the gas system.

Carbon films of 50 pg/cm® and 6.60 mm diameter
were found to be too fragile for the intended use as
a filter for atomic or aggregate particles ejected from
the alpha source in the large chamber. A search re-
vealed that films of nickel and of alumina with stop-
ping power similar to that of the carbon could be ob-
tained readily at the Laboratory. Either type of film
appeared to have much better mechanical strength
than the carbon type. A nickel film of 0.10 . thickness
was chosen because the filter forms part of the wall of
the ionization chamber, and, therefore, high electrical
conductivity is desirable.

At this writing, all components of the equipment
have been checked, everything is ready for the final
assembly and the measurement of ion currents early
in the new fiscal year.

REFERENCE

1. Schultz, Harvey A. Argonne National Laboratory Radio-
logical Physies Division Annual Report, July 1967-June
1968. ANL-7489, pp. 100-101.

BIO-ENVIRONMENTAL STUDIES

BEHAVIOR OF FALLOUT »7Cs IN AQUATIC AND TERRESTRIAL ENVIRONMENTS
P. F. Gustafson, S. 8. Brar, D. M. Nelson, and S. E. Muniak

Fallout *Cs in terrestrial systems was found to be highly
dependent upon fallout rate, where total deposition seems
more important in the aquatic case. In both situations a general
downward trend has been evident since 1964-1965,

The biological importance of 1¥37Cs was first noted
in 1955 by Miller and Marinelli,® who detected this
radionueclide in human subjects serving as controls for
the whole-body counting portion of the Argonne
Radium Toxicity Program. The metabolic activity of
cesium stems from its chemical similarity to potas-
sium, a necessary nutrient element. Like potassium,

cesium goes to soft tissue in man, primarily muscle,
and, therefore, has a relatively short biological half-
time (~100 days in adults).

Over the years since 1955, 37Cs has been examined
in a wide variety of media: air, precipitation, soil,
plants, animals, and man. Empirical relationships
between atmospheric inventory, deposition, and up-
take by man have led to the construction of mathe-
matical fallout models for both 37Cs and %°Sr,
These models have shown a reasonable capability for
predicting the radiological consequences of nuclear
debris globally dispersed from a stratospheric source,
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Properly modified, such models may also be useful in
assessing the dosimetric aspects of other modes of
environmental release of 37Cs and ?°8r, and by ex-
tension may be applied to other contaminants.

Fairly extensive measurements of 37Cs in air, soil,
food, and man have been made routinely at Ar-
gonne for a number of years. These data allow the
observation of temporal trends and indicate something
of the transport through the environment of this
particular substance. Indeed, it is the transport and
environmental persistence of ¥37Cs which justifies
continuation of these studies.

The pulse of 37Cs generated by the large scale
nuclear weapons testing in 1961-1962 serves as an il-
lustration. The duration of this pulse is indicated in
Figure 172, where the deposition rate is shown to reach
a maximum in 1963 and has a half-width of ~4 years.
The fine structure of annual deposition is character-
ized by maximal deposition rates in the spring and
early summer due to the higher levels of airborne
activity coinciding with high precipitation. From
1963 through 1967 the deposition rate decreased with
a half-time of about 12 months, which is in accord
with the observed half-residence time for fallout
137Cs in the stratosphere.

Figure 172 also shows that the concentration of
137Cs in the diet closely parallels the course of fall-
out rate, but is delayed essentially onc year in reach-
ing its maximum level. This delay is due to the lag
between the growth and actual marketing of many
food items. Throughout the time interval considered,
the accumulated deposition of 137Cs is either increas-
ing or remaining at a nearly constant maximum level.
The primary dependence of the !37Cs in the diet upon
fallout rate rather than accumulated radioactivity is
clearly evident, and reflects the fact that foliar and
stem uptake far outweighs root uptake in the case
of ¥7Cs under most circumstances. It should be
pointed out, however, that recent work in Florida(®
has shown fairly constant dietary levels of *¥7Cs, pre-
sumably due to root uptake caused by local soil char-
acteristics.

The effective half-time for 1*7Cs in the Chicago diet
shown in Figure 172 is about 18 months, and the half-
time in man is closely the same, as illustrated by the
internal dose curve. The slight increases in deposition
rate, diet 37Cs, and resultant dose in the last two
vears is attributed to the input of new nuclear debris
from Chinese and French testing.

Most of the foodstuffs in the diet considered are
terrestrially produced; hence we may presume that the
relatively rapid decrease in 37Cs concentration ob-
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served is generally true for the terrestrial case (though
bearing in mind the anomalous Florida situation).
The behavior of 37Cs in the aquatic case is some-
what different as illustrated by data from Red Lakes,
Minnesota, shown in Figure 173. Again, the deposition
rate and total accumulation are indicated along with
annual (June-September) levels of ¥7Cs in perch,
northern pike, and walleye. These were all adult fish
caught commercially, The effective half-time for
187Cs in these fish is appreciably longer than that ex-
hibited by the fallout rate, and for the average of the
three species amounts to about a six-year half-time.
The persistence of ¥7Cs under aquatic conditions
may be due to recycling or to the continuing biological
availability of this radionuclide in a water environ-
ment. In any event, this behavior suggests further
study of the fate of radiocesium released in water.

In summary, a comparison between the total inter-
nal dose from 137Cs experienced by a typical Chicago
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adult and a member of the Red Lakes band of Chip-
pewa Indians eating Red Lakes fish might be of inter-
est. In 1965, on the basis of examining the ¥7Cs/K
ratio in urine specimens, it was determined that the
fish-consuming Red Lakes people had three times the
body burden of 137Cs that prevailed in Chicago.®
Using the observed decrecase in 37Cs content of fish
shown in Figure 173 and summing the internal doses
given in Figure 172 for the interval 1965-1968, it ap-
pears that while a Chicago resident received ~3.6
mRads, the Red Lakes individual accumulated ~19
mRads.
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