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TOXICITY OF l?ADIOELEMEtWS

APPLICATION OF CELLULOSE NITRATE FILMS FOR ALPHA
AUTORADIOGRAPHY OF BONE

Alan Cole,* D. J. Simmons, Helen Cummins, F. J. Conget, and Jacob Kastner

Cellulose nitrate can be used to record the tracks of alpha
particlesfrom bone and may have some advantagesover 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.(1) 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. (1-3) 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.(3} 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.

1

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 239Pu (0.1
pCi). (4J 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 p. 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. (4J

We prepared a stock solution of nitrocellulose ac-
cording to Benton’s [Z) 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 p) 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, (2J
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-

i’ Hercules Powder Co.. Wilmington, Delaware: nitrocel-
lulose RS 11.S-122% N,, 5- to 6-see viscosity, 30% isopropyl
alcohol by weight.
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FIG. 1.—A comparison between (A) cellulose nitrate and (B) Kodak AR-10 stripping film autoradiographs of longitudinal sec-
tions from the tibia of a mouse injected with 0.1pCi ionic 230Pu.Both sectionsshow alphatracks over the endostealsurfaces of the
bone. The tracksregisteredin the cellulosenitratedetector filmaftertwo Z-hrperiods amwell definedat low (100X) magnification.
Higher magnifications (250X ) were required to demonstratethe alpha tracks in the AR-10 emulsion.

aged sites was greater than the rate at which they
attacked the bulk material (1 p/hr’~, tracks were de-
veloped along the ionization paths of the alpha par-
ticles. The etching process has been described(z) as a
solid-liquid interface reaction which proceeds in two
steps—the diffusion of ions from the oxidizing agent
to the interface and the interfacereaction. 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. (1-s)
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.(l) Since the detector films are mechanically
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 1.4 shows a typical cellulose nitrate auto-
radiograph of bone from a mouse injected with ionic
‘3:)Pu. The etched tracks, which have a conical
shape and a 1 p 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
lB shows an AR-10 stripping film autoradiograph of
an adj scent bone section exposed for an equivalent

\.’.,,4
.



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
t}]osc particles which penetrate the top surface of the
film (away from the bone). Since the films were 3 p
thick and the etching process removed 1–2 y, 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 ciarkroom 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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FIG.2,—A serially etched cellulose nitrate autoradiograph
of trabecular bone from mouse, injected with O.l~Ci ionic
‘Pu, whichshowssurfacealpha tracks.100X.

THE CONCENTRATION OF RADIUM, THORIUM, AND URANIUM
BY TROPICAL ALGAE

D. N. Edginglon, il. A. Gordon,* M. M. Thommes, and L. R. A lmodovarf

Samplesof twenty species of marine algae collected between
1961and 1968in 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 uraniumby these organismsmay 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 l?hodoph~ceae and the highly cal-
cified Chloroph~ceae it is the former, and for the Phaeo-
ph~cea the latter. Concentration of uranium occurs by the
first mechanism.This difference in behavior is consistentwith
the chemical forms of the ions of these elements in seawater.

* Biological and Medical ResarchDivision.
? Department of Marine Biology, University of Puerto

Rico.
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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 o.f water for
cooling purposes. Hence, aquatic organisms are
among the first most likely to be affected by radionu-
ciide release. Alsol data on their natural levels of ra-
dioactivity would be useful as reference indices.

While some information is available on the concen-
tration of various elements and radionuclides 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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FIG. 3.—Sampling locations for the collection of algae. (1) Guajataca: rocks and surf; (2) Fajardo, Bahia Yeguas; (3) Humacao,
Cayo Santiago: rocks; (4) Guardarraya: rocks; (5) Aguirre: rocks, reef in front of Central Aguirre; (6) Cayo Cardona (12km S.TV.
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 .4quila (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 macle in 1967 and 1968, have

been analyzed for (1) the naturally-occurring alpha

particle emitters, radium (2’oRa), thorium (232Th)

and uranium (Z3W) ; (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,
iridium, gallium, iron, and arsenic; and (4) the
gamma radioactivity from both naturally-occurring
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 calcium carbonate.

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 Faj ardo
(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. (4J 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
variecl between 0.2 and 2 pCi (approximately 1-10
cpm ‘2’Rn).

Thorium and Uranium

Thorium, uranium, and other trace elements were
determined bv the neutron activation methods of
Edgington and Lucas. (51‘) One-gram samples
algal powder were ashed by low temperature

of the
oxida-



TABLE 1. IDENTIFICATIONOFSAMPLESANDSUMMARYOFRESULTSOFANALYSES

Organic,
g/g

0.260
0.060
0.080
0.430
0.050
0.070
0.060
0.100
0.080

9
0.132
0.043

0.310
0.260
0.340
0.180
0.140
0.190

Uranium,
Pglg

Collection
Calcium,

g/g

0.300
0.320
0.330
0.250
0.360
0.320
0.310
0.306
0.291

9
0.310
0.010

0.275
0.236
0.202
0.231
0.285
0.275

Radium,
pCi/g

Thorium
W/i3

Sample
No.

Soluble
fraction

1.000
0,996
0.984
0.989
0.941
0.973
0.978
0.973
0.956

Nitrogen,
rndg

5.460
2.200
2.560
2.560
2.580
2.460
3.300
3,300
3.400

9
3.091
0.329

Dhision andspecies
Date Site

CHLOROPHYTA

Halimeda opuntia 0.020
0.060
0.050
0.020
0.030
0.030
0.070
0.040
0.110

9
0.048
0.010

1.240
1.850
1.770
0.680
1.280
1.750
1.620
1.470
1.460

3
21
39
44
49
54
75
80
85

1961
1961
1961
1961
1961
1961
1968
1968
1968

8
10
6
5

12
14
9

10
12

0,100
0.220

0.090

0.070

8

N
3!
Cx

0.907
0.968
0.990
0.970
0.928
0.852

4
0.120
0.034

0.120
0.075
0.110

0.080
0.070

9
1.458
0.121

9
10
14
9
9

12

I

Penicillus capitatus 10 1961
20 1961
57 1961
74 1968
79 1968
84 1968

5.900
10.400
11.400
8.700
5.900
5.900

0.080
0.030
0.020
0.030
0.060
0.080

6
0.050
0.011

1.650
1.580
1.600
1.700
1.690
1.650

6
0.237
0.032

0.140
0.090
0.130
0.150
0.150

6
8.033
1.017

6
0.251
0.013

5
0.091
0.010

0.270
0.280
0.390
0.160

4
0.275
0.047

0.050

0.060

0.130

0.080
0.160
0.150

3
0.130
0.025

6
1.645
0.019

1.000
0.970
1.590
0.280
1.380

A urainvillea rawsoni 61
65
67
69
72

1961
1961
1961
1967
1967

14 0.756
11 0,808
10 0.975
4 0.487
3 0.840

13.500
4.000
6.400
6.500
7.500

0.110
0.027
0.200
0.150
0.243

0.110
0.120
0.050
0.200
0.140

?-

ir
[-

5
0.132
0.011

0.490
0.400

0.240
0.210

0.460

0.490

5
7.580
1.588

5
0.146
0.037

5
0.124
0.024

5
1.044
0.224

Ulva latuca

Cympolia barbata

Caulerpa racemosa

Codium isthmocladium

14
37
40

16
30

11

29

5
17
33
45
59
63

1961
1961
1961

1961
1961

1961

1961

1961
1961
1961
1961
1961
1961

n
s
o
i
1

t

10
6
4

11
1

7

13

12
11
1
5

14
14

0.917
0,945
0.947

0.996
0.937

0.981

0.945

0.853
0,876
0,919
0.801
0.944
0.990

8.300
12.900
25.200

7.200
7.900

16.000

9.700

0.003

0.204
0.393

0.084

0.002

0,120
0.190
0.060
0.110
0.110
0.070

0.010
0.020
0.010

0.010
0.030

0.050

0.040

0.060
0.060
0.020
0.040
0.150
0.050

0.100
0.210

1.270
1.460

0.370

0.130

0.450
0.240
0.300
0.660
0.510
0.300

6
0.410
0.080

RHODOPHYTA

Laurencia papillosa
.
3
}

0.360
0.430
0.480
0.300
0.400
0.430

6
0.400
0.030

8.200
7.900

11.460
7.390

11.640
15.160

(i
10.292
0.&57

6
0.110
0.026

6
0.063
0.019

‘,



TABLE 1.—Continued

Collection
Soluble
fraction

Site
Divisonandspecies Sample

No.
Nitrogen

mgfg

6.840
9.180

13.580
10.760

4
10.090
2.026

11.460
12.000
8.120

10.200

4
10.445
0.864

.17.300
15.900
20.600

3
17.933
3.275

5.900
11.500
6.500

3
7.967
5.422

7.500
14.120
6.000

10.200

8.280
7.940
3.800
5.400
7.400

5
6.564
1.141

5.700
3.500
6.500
8.800
5.200
5.500

6
5.867
0.757

Calcium,
.gIg

0.040
0.030
0.010
0.010

4
0.023
0.015

0,150
0.140
0.100
0.070

4
0.115
0.033

0.003
0.009
0.009

Radium,
pcl/g

Thorium
Mlg

0.090

Uraniun
Pglg

Date

1961
1961
1961
1961

——

. —
13 0.986
l’3 0.954
13 0.997
1 0.997

Gracillaria cornea 26
n
28
34

0.030
0.010
0.010
0.010

4
0.015
0.011

0,060
0.090
0.030
0.190

4
0.092
0.031

0.250
0,210
0.180
0.100

4
0.185
0.039

0.470
0.630
0.610
0.720

4
0.607
0.152

0.240
0.300

0.560
0.570
0.270
0.520

4
0.480
0.071

0.430
0.230
0.170
0.270

4
0.275
0.090

0,430
0.450
0.430

3
0.437
0.069

1
0.090

Acanthophera specijera I 6 I 1961 ) 7 I 0.951
42 1961 5 I 0.768
56 1961 14 0.919
70 1967 3 0.984

N
x
-X

0.620

1
0.620

Hypnea musciformis
I

0.928

I:
:~: :: (l:g

N
z

Vx

Digenia simplex 22 1961 10 I 0.900
31 1961 1 0.776
73 1967 ) 11 0.882

0.110
0.020
0.020

0.020

3
0.007
0.026

3
0,050
0.063

0.050
0.030
0.140

1
0.020
0.000

2
o.no
0.000

0.410
0.340
0.480

3
0.410
0.030

0.450
0.590
0.200

0.290
0.110
0.220
0.270
0.230

5
0.224
0.030

0.140
0.158
0.173

3
0.157
0.061

0.167
0.020
0.256
0.087

0.130
0.110
0,330
0.160
0.120

0, (MO
0.620
0.400

0.300

N
x
Ux

3
0.073
0.030

0.040
0.030
0,020
0.040

0.070
0.080
0.100
0.120
0.090

5
0.092
0.021

1
0.300

3
0.550
0.043

23 1961
7 1961

24 1961
41 1961

2 1961
43 1961
55 1961
68 1961
71 1967

Bryothamnion triquehwm
Ceramium nitens
Galaxaura cylindrical
Spyridia jilimentosa

PHAEOPHYTA

Dictyota divaricata

13
7

13
5

9
5

14
4
2

0.854
0.957
0.962
0.872

0.984
0.703
0.959
0.643
0.928

N
x
Cx

0.070
0.190
0.850

0.070

1.140
2.140
1.940
0.200
0.910

5
1.266
0.265

0.160
0.130

2
0.145

0.155
0.085
0.120
0.240

0.340

5
0.188
0.034

5
0.170
0.047

1961
1961
1961
1961
1968
1968

Padina gymnospora 9
18
35
60
81
86

9 0.907
10 0.919
6 0.877

14 0.905
10 0.938
12 0.836

‘v
x
Cx

0.300
0.200
0.300
0.380
0.330
0.340

6
0.308
0.026

0.151
0.23-!
0,130
0.098
0.153
0.192

0.080
0.040
0.050
0.100
0.070
0.060

6
0.067
0.014

0.780
1,150
1.030
0.650
0.640
0.700

6
0.825
0.139

6
0.160
0.020
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in Tables 1 and 2 are, for almost all the different algal
samples, averages of replicate determinations on the
same large (2o 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 Y 10Yo.

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 fouI

to be soluble in hydrofluoric acid and were, therefor

in all probability hydrated silicates. This residue w:

filtered off and weighed. AH analytical results ha~

been normalized to the soluble weight, and the fra

tion of each sample which dissolved is shown sho~~

in Table 1. The insoluble residue generally accountf

for less than 10% of the gross weight; for most of t}

TABLE 2. ANALYSIS OF W,iTER, SAND, .kNDTHREE SPECIESOF ALGAE COLLECTEDFROMTHREE DIFFERENTLOC~TIOXS

Location Material Soluble
fraction

1.00
0.984
0.978
0.970

—

1.00
0.780
0.973
0.928
0.938

1.00
0.554
0.956
0.852
0.836

Ca,
d!ix

R?,
pcllg U/CaRa/Ca

Cajo Margarita (9) Water
Sand
Halimeda opuntia
Penicillus capitatus
Padina gymnospora

Water
Srmd
Halimeda opuntia
Penicillus capitalus
Padina gymnospora

Water
Sand
Halimeda opunlia
Penicillus capitatus
Padina gymnospora

3.9 x 10-’
0.30
0.31
0.23
—

4.4 x 10-4
0.32
0.31
0.28
0.15

3.5 x 10-4
0.25
0.29
0.28
0.19

7.2 X 10-5
0.039
0.073
0.034

.

1.3 x 10+
0.072
0.045
0.060
0.067

4.1 x 10-5
0.086
0.08
0.080
0.060

3 x 10–3(.)

1.68
1.62
1.70
—

3 X 10–3(a)

1.08
1.48
1.69
0.64

3 x 10-3(.)

0.59
1.46
1.65
0.70

0.18
0.13
0.24
0.15
—

0.29
0.22
0.15
0.21
0.44

0.12
0.34
0.37
0.29
0.31

7.6
5.3
5.2
7.4
——

6.8
3.4
4.8
5,9
4.2

8.7
2.4
5.0
6.0
3.6

Cabo Rojo (10)

Punta Arenas (12)

(.) From Ref. 15.

TABLE 3. RESULTSOF REGRESSIONANALYSIS

Correlation

Organic with
Nitrogen(a)
Calcium(a)
Radium(a)
Thorium(a)
Uranium@J

Nitrogen with
Radium(s)
Radium(b)
Thorium(s)
Uraniumf6~

Calcium with
Nitrogen(a)
Nitrogen@)
Radium(a)
Radium(b)
Thorium(a)
Lrraniumfa)
Uranium(b)

(a)All data taken.

—

All algae Cldorophyta Rhodophyta Phazofhyta

P f

23
23
23
8

22

24
19

22

24
19
24
19

22
18

f P

—

0.05
—
—

0.001

—
—

—

0.001
0.01

—

0.001

0.01
0.05

R f

0.57 64
–0.66 63
–0.23 64
–0.12 33
–0.77 62

–0.09 69
–0.14 56
–0.09 33
–0.54 I 62

–0.69 67
–0.69 55
–0.10 67
–0.02 54
–0.22 32

0.76 61
0.77 50

R P R

0.15
–0,42
–o. 17
–0.67
–0.73

–0.06
–0.19

–0.34

–0.65
–0.60

0.19
0.51

0.56
0.62

R f

15
15
15
9

14

18
15

14

18
15
18
15

14
12

P

0.001
0.001

—
—

0.001

—
—
—

0.001

0.001
0.001

—
—

0.001
0.001

0.60
–0.57
–0.40
–0.15
–0.69

–0.19
–0.18

–0.46

–0.56
–0.67
–0.17
–0.08

0.77
0.83

26
25
26
16
26

27
22

26

25
21
25
21

25
21

0.001
0.005
0.05

—

0.001

—

—

0.005
0,001

—

0.001
0.001

0.65
–0,51
–0.09
–0.60
–0.73

0.43
0.69

0.29

0.80
0.82

–0.40
–0.81

0.50
0.31

0.01
0.05

—
—

0.005

0.10
0.005

—

0.001
0.001

—

0.001

0.10
—

(b) Selected data. Individual data point dropped if ~ — 3L7< x > X + 3Ufor each SPeCieS

$., ,\””
.. ‘.
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samples it was less than 5%. Silicification appears to
be associated particularly with the yellow-green
algae, the Chvsophytatl”). Thus the residue might
derive, in part, from epiphytic diatoms.(n) 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 rawsoni 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 Dictyota 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 6096 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 calcium 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. {12) 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 calcium, 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-

0
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FIG.4.—The variation in the concentration of radium with the degree of calcification of the algae
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ties 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. Caj o
Margarita (9) and Cabo Roj o (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-

0

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 I

understand the apparently complex relationship]

which govern the concentration of radium, thoriul

and uranium by these algae. To this end regressio

analysis of the analytical data has been made an

correlation coefficients calculated. The values of tl

correlation coefficients R, the number of degrees c
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 d[
crease. Regression analysis of the analytical data con
firms this proposition (Table 3); the correlation
coefficients of —0.66 (j = 63) for total organic ma
terial and –0.69 (f = 67) for protein nitrogen wit]
calcium are both highly significant when considering
all algal samples. Analysis of the data according t!

I

O CHLOROPHYCEAE

❑ RHODOPHYCEAE

A PHAEOPHYCEAE

o

0

A

•1
o

A
A o

❑ •1
A o ‘A o 0

❑
c1 •1 6

00
0

c) 00

on I I I
o 0.10 0.20 0.30 1

CALCIUM (gm/gm)

o

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

15



s of
; no
ac-
the

and

mo-
de-

!on-
tion
na-
vith

,

i

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 forj = 64). However, if
the regression analysis is carried out according tO
phyta, the correlation for Chloroph@a and Phfieo-
phyta is highly significant while there is no correla-
tion for the Rhodophyta.

In all of the species of algae analyzed in this study
calcium 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. (13) 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
(Ra+ + or UOP) could act as a tracer for calcium

11

and that their concentration in the organism would be
directly proportional to its calcium content. Although
there is no biological evidence of this in a calcium
carbonate system, there are many instances of radium
localization at sites where calcification occurs in the
bones of animals. Inferences have been made concern-
ing calcium metabolism on the basis of this localiza-
tion.( 1~) 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 calcium.

The relationships between radium, thorium, and
uranium with calcium 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

o
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FIG. 6.—The variation in the concentration of uranium with the degree of calcification of the algae
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FIG. 7.—The variation in the concentration {Jfradi~[mwith 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 clirect 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
calcium and protein nitrogen.

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

it ap-
phyta
foullcl.

Regression analysis of all of the data for each
three phyta did not lead to calculated values

of thl
of tll.-

correlation coefficient which were significantly greate
than zero (P > 0,1). However, if all of the result-
which are not included within the limits x A 3,
(where .Y and o refer to any analytical parameter fo
each separate species) are rejected, then highly sig
nificant correlation coefficients (P < 0.001) are foun(
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

phycecte are shown in Figures 7, and 8, respectively

The clata points which are hatched are those whici

were rejected in the second regression analysis. Thi-

tinalysis clearly demonstrates differences according tc

phyt a for the concentration of radium with increasin~

calcification. The concentration of radium, on the on[

hand, increases with increasing degree of calcification

in the I?hodophyceae (R = ().51), is completely vari -
tiblc in the C“hlorophyceae, and on the other hand dc-
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FIG. 8.—The variation in the concentration of radium with the degree of calcification for the Phaeophyceae

creases with increasing degree of calcification in the
Phaeophyceae (1? = 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 (1? < 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.

.~s the thorium data were not sufficiently numerous,
further regression analysis was not applied. However,
~plitting of the data into subsets according to phyta
(lid not alter the conclusion that the concentration of

ur~nium 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 (Halirneda opuntia and Penicillus capitatus).
The deposition of radium in these two species is prob-
ably entirely due to coprecipitation with calcium car-
bonate, as the concentration of organic material, par-
ticularly in the former species, is very low. If this is
the case, then the ~a]/[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
‘257. less than in Halimeda opuntia, and the concen-
tration of total organic material or protein nitrogen
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TABLE 4. AVERAGEV.WUESFORTHEANALYSISOFTwo MEMBERSOFTHEDIVISIONChlorophyta

Species I Total organic,g/g I Proteinnitrogen,rig/g I Calcium,g/g [Ra]/[Ca],pCi/g

Halimeda opuntia 0.07 * 0.01 2.73 + 0.19 0.324 + 0.018
(n = 6)

Penicillus capitatus 0.24 + 0.05 8.46 + 1.13 0.244 + 0.014
(n = 5)

id.
to., (j = 9)

0,145 + 0.022

0.188 + 0.043

2.02
2.26

is approximately 300% greater, there is no significant
difference in the value of the ~a]/[Ca] ratio in these
two species on the basis of Student’s t test.

The variations in the ~]/[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 (0.05 rig/ml) and uranium (3 rig/ml) .(lS
These ratios are: @a]/[Ca] = 0.20 pCi/g; [Th]/[Ca
= 0.18 pg/g; [U]/[Ca] = 7.5 pg/g.

Concentration of radium relative to calcium fron-
seawater occurs in all but the most highly calcifief
species, Halimeda opuntia (Figure 10) ; when the algaf
contain less than 50$Z0calcium 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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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 calcium from sea-

water are most frequently less than 1.0 (Figure 12),

but clo increase slowly to a maximum of 10.0 when the

algae contain less than 10~0 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

calcium carbonate matrix, and (2) some form of com-

plex formation with either the protein nitrogen or

some other component of the organic fraction.

The concentration of radium and thorium appears

to be related more to the latter than the former since

in general the [IM]/[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 examplej 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
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(10-7 ~g/If’5J ), there is”no question of the volubility
product being exceeded for RaCOs, 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
(Th4+ ) exists at the pH of seawater,(l’j 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, pCOz and EH of seawater, uranium is
most likely to occur as the anionic species
[UOZ (COS) 3]4-.(’7} Therefore, while radium is avail-
able for either completing by the organic fraction 01
coprecipitation in the inorganic fraction, the uranyl
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 studiecl
are of considerable interest, particularly as the trend
to a greater concentration of radium in the least cal-

i’”
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FIQ. 12.—The variation in the ~]/[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.fls) It would be particularly desirable to
extend this study to include the other Group 11 ele-
ments, magnesium, strontium, and barium in order to
ascertain whether the behavior found in the case of
radium is peculiar to that element. Generally, those
organisms which have a high [Sr]/[Ca] ratio also
have high [Ra]/[Ca] ratios. (Ig) In addition it would be
interesting to include in this more extended study
samples of the family Cryptoncmiale.s, the coralline
red algae, which even though they are tropical orga-
nisms, deposit calcium carbonate as the stable rhom-
bohedral calcite.tzo) In the argonitic Hatimeda
optwztia t& concentration of strontium carbonate is
1.370,(21) while in the calcitic red algae its concen-
tration is only 0.35~0.(22) The reverse situation is true
for the concentration of magnesium. This behavior
k 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. l?dgington, .1[. .11. T}IoInmc.s,mId L. I. Hon’ison*

The suitability of sc~-eral metal ferrocysnidcs for ion ex-
change separation of cesium and rubidium has been studied.
Both cesium and rubidium me satisfactorily absorbed on zinc
ferrocyanidcs and could be recovered in separate fractions by
elution with solutions of nitrnte ion. Zirconium fcrrocyanide
absorbs cesiurn strongly md is -well suited to. concentrate ce-
sium when subsequent clution is not required, e.g., to separate
fallout ‘WCS from sea water. CopPer ferrocyanide absorbs both
cesium and rubidium strongly, but is of little ralue in analysis
because of difficulties in elution of tidsorbcd species.

Extensive measurements of the concentration of
radioactive lsic,s in t~le 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
discriminated against with increasing trophic level,
Gustafson has shown that the ratio of la’Cs to potas-
sium increases in the aquatic cmyironment. (l) Folsom
has measured the concentration of this radionuclide
and stable cesium in salt water fish(n) and sea
water. (3) Recently, Edgington and Lucas have shown
that there is also an increahe in rubidium concentra-
tion with increasing trophic level in freshwater fish.141
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 ccsium
in water and biota, its separation by ion exchange
and solvent extraction has been extensively stud-
ied.(5) 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-
measurcmcmt of 137CS from fallout, and the separa
tion of radioactive cesium and rubidium from mix
tures of nuclides produced by neutron activation o
hiologicnl or other samples.

For these purposes it is desirable to use a catio
(:xchanger which will not only concentrate trac
amounts of cesium and rubidium, but will also al
low thcm to be eluted as well with a high percentag
of recovery. The organic ion exchangers, DOWC
50\V-112, sociium form,(G) and Amberlite IR-1OO,f7
have Ixwn used, but they require large columns an
arc time consuming in operation. Many highly in
soluble inorganic compounds have also been investi
gatcd. The compounds of zirconium,(s) the heteropoly
acids $’:’-ll) ammonium phosphomolybdate, ~l”-ls) an,

Is, and ferrocyanides (hexvarious co ba1ticyanides(14
,acyanofcrrat. es)(14,16-19) have been shown to ha~l
exchan:e properties for cesium and rubidium. Th
ferrocyanidcs have a high specificity in particular fo
cesium, but have to be destroyed using the concen
tratcd sulfuric acid to get the cesium back into SOIU
tion. Therefore, the present study is being conductc’(
in order to obtain a greater understanding of the iol
exchange lwhavior of the zinc, copper, and zirconiun
ferrocyanidcs, and to evaluate their usefulness a.
exchangers for ion exchange chromatography of the.1
two elements.

AfE~HODS.IXDlIATERIALS

.inalytical grade reagents were used in the follo\~-
ing preparations.

Preparation of Heavy Metal Ferrocyanides

Zinc ferrocyanide was prepared as described b~
Kourim. Rais and Million, but on a larger scale
Eight hundred milliliters of 0,1 M potassium ferro -



.78,

=’roc.

>58).

}eol.

Jogy
)55) .

mis,
wa-
nix-
I of

~.
.lon
“ace
al-

‘age
wex
),(7)

and
in-
sti-
)ly-
md
ex-
*ve
rhe
for
en-
1Iu-
ted
ion
urn
as

ese

w-

by
Je,
?o-

cyanide were added dropwise to 2500 ml of 0.1 ill zinc
nitrate while stirring. The resulting fine precipitate
of the ferrocyanide was allowed to digest for onc tc)
two hours in a boiling water bath, and after cooling tcl
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 M potassium
ferrocyanide and 500 ml of 0.1 M copper or nickel
nitrate.

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

Solutions oj Radioactive Nuclides

Cesium-137 was obtained from an IAEA standard
ce~ium solution containing 25.79 pCi/ml. The con-

centration of cesium was approximately 7.3 X
10–6 M.

Rubidium-86 was prepared by irradiating 10 mg of
spectrographic grade rubidium chloride* in the Jug-
gernaut reactor. .4fter irradiation, the material was
dissolved in 7 ml of water so that the rubidium con-
centration was 1.2 X 10–2 M.

Determination of Distribution Coejkients (K.o)

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-Pi aliquot of the radioactive

nuclide (137CS or 86Rb). 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 phaseswere then allowed to separate,
and the supernatant aqueous phase was filtered

through 0.45- or 0.8-fi 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 JohnsonMatthey Company.
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counted using a 3“ z- 2“ NaI (Tl) 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

K. =
counts/g of exchanger

counts/ml of aqueous phase “

Kinetics of Attainment oj 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 zinc 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 zinc. The
techniques used were as described in the Perkin-
Elmer 303 atomic absorption spectrophotometer man-
ual for these two elements.

Column Experiments

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 cm diameter, with about 3 cm of the
slurry under gravity. Ten milliliters of water were
spiked with a known concentration of cesium, rubid-
ium, 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.

RESULTSANDDISCUSSION

The ion exchange properties of the ferrocyanides of
zinc, 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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FIG.13.—Rate of attainment of equilibrium in the ~artition
of cesiumbetween 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 cesium between zinc ferrocyanide and 4 M
nitric acid was determined. The results are shown in
Figure 13. The value of the distribution coefficient
(K~) 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 zinc 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

zinc and iron found in the solute after equilibrati[
for 16 hr.

Table 5 shows the concentration of zinc and ir(
found in solution after 1 g of zinc 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. HOT
ever, the concentration of dissolved zinc in the nitr
acid solutions was ten times the concentration of tl
iron, while for ammonium nitrate solutions, the co)
centration was four times as great. Assuming that t]
molecular formula of the precipitated zinc ferrocy.
nide is Zn2Fe (CN) e, then the concentration of zil
should be twice that of the iron. The zinc ferrocy.
nide was originally precipitated using a 50y0 excess
zinc in order to aid complete precipitation of the fe
rocyanide. It is highly probable that the precipitate
material would accumulate excess zinc ions by al
sorption or occlusion and that it is these ions that a.
being preferentially dissolved. The even greater coI
centration of zinc in solution under acid conditiol
may be due also to a competitive reaction betwet
zinc and hydrogen ions.

TABLE 5 CONCENTRATIONS OF IEON ,IND ZINC IN VARIOI
SOLUTIONS AFTER 1 G OF ZINC FERROCYANIDEHAS BEE:

EQUILIBRATEDWTH 1 ML OF THE APPROPRIATE
AQUEOIX PHASE

Molarity I HN03, g/ml I NTLNO,, g/ml

n.-. .-,-..,:.- -r .;-..

1
2

3
4

5

6
7

‘8
9

Average
Molarity

1
2
3
5
6
7
8
9

Average
Molarity

1.75 x 10-’
1.95 x 10-’
2.1 x 10-’

2.2 x 10-2
1.75 x 10-’
1.69 X 10-2
1.72 x 10-’

1.88 X 10-’
1.44 x 10-’ M

Concentration of iron

8.9 X 10-3
8.9 X 10-3
8.3 X 10-3
9.9 x 10-’
8.3 X 10–3
9.1 x 10-’
8.8 x 10-’
8.6 x 10-3
8.6 X 10-’

8.9 X 10-3
6,8 x 1O-’IW

2.9 X 10-8

1.7 x 10–’

3.1 x 10–’
1.7 x 10-’
2.1 x 10-’

2.3 X 10-3
4.1 x 10-’ .W

9.5 x 10-’
2.1 x 10-’
4.2 X 10-3

2.9 X 10-’
7.4 x lb’
1.8 X 10-’
1.7 x 10-’

2.0 x 10-3
3.6 X 10-2Ilf
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Distribution Coeficients.-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 zinc
ferrocyanide are in agreement with those previously
reported by Gorenc and Kosta. (Is)

Using nitric acid, the distribution coefficients for
~e~ium 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-
cients for the two elements are widely separated at
all ammonium nitrate concentrations.

The Separatwn o! Rubidium and Cesium Using
Columns oj Zinc Ferrocyanide.-Ion exchange col-
umns of zinc 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 137Cs or ‘eRb through the column. The
eluant was checked for residual activity, and in all
cases greater than 99y0 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 amnlo-
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 ill nitric

acid with little or no contamination due to cesium.

While 91z of the cesium was eluted using 9 fi nitric

acid, only 6890 was removed using 9 M ammonium

nitrate.

Copper Ferrocyanide

Distribution Coeficients.-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
~alue of 0.14 with 9 M acid. The value of the distribu-
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FIG.14.—Distribution coefficients for tbe partition of cesium
and rubidium between zinc 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 KD which are extremely high, decreas-

ing from 38,100 to 116 with 9 l!.

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 KD 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.

Separatwn oj Cesiu?n and Rubidium Using Copper
Ferrocyanide.—From these values of the distribution
coefficient it may be predicted that a good separation
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FIGS. 15 AND 16.—Separation of rubidium and cesium using columns of zinc ferrocyanide

of rubidium from cesium may be obtained using either likely to be poor. However, under acid conditions, this
nitric acid or ammonium nitrate as an eluant, but exchanger tends to coalesce and not allow the passage
because the values of K~ for cesium remain large, of the eluent through the column, so elution curves
even at the highest concentration of the eluents were obtained using only ammonium nitrate (Figure
tested, the recovery of cesium from the column is 18). Rubidium is eluted with 6 M ammonium nitrate,
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but there appears to be a little contamination with
Cesiunl.

Zirconium Ferrocyanide

L)istributwn Coeficients,-The distribution coeE-
cicnts 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 nitric 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
NHANOS 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.

Separatwn of Cesium and Rubidium jrom Columns
of Zirconium Ferrocyanide .—The short ion exchange

h
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FrQ.17.—Distribution coefficients for partition of cesium
and rubidium between copper ferrocyanide and nitric acid or
ammoniumnitrate.
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FIG. 18.—Separation of rubidium and cesium using copper ferrocyanide
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l?IG. 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 ce~ium, 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
eluenbs studied. Zinc ferrocyanicle 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 K~
for the three ferrocyanides, the separation of rubid-
ium from cesium is feasible in each case, but the re-

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

These predictions were confirmed by the columl] (
periments. Zinc fcrrocyanide was found to be the I)(
exchange medium for the separation and recovery
cesium aIId rubidium. Using 2 M ammonium nitr:

or 3 .11 nitric acid, the adsorbed rubidium COU1(l

completely recovered from a zinc ferrocyanidc rl

umn. Cesium could then be eluted from the coitu

with either 9.11 nitric acid or 9 M ammonium nitra

Zirconium ferrocyanide was an excellent cxcll:ll

material for the concentration of cesium since tol

adsorption occurred and the cesium could not

eluted effectively. Rubidium, however, was poorly :1

sorbed by the material and could be readily elut~

Likewise, copper ferrocyanide adsorbed cesit

strongly, and it could be eluted only with great dii

culty. Rubidium was effectively adsorbed and ~cp

rated from cesium on copper ferrocyanicie colum
using ammonium nitrate as eluent.

Zirconium ferrocyanide, because of the high ~-olu
of its distribution coefficient ~{D and values of t.
distribution coefficients for cesium under all condit.iol
is ideally suited to concentrate fallout 13iCs from s
water. The 13iCs adsorbed on columns of zirconi~;
ferrocyanide can be counted directly and the conce
tration of the radionuclide determined. Other radi
nuclicies will not interfere since the ferrocyanide
specific for the alkali metals and because the acti~-i
of other Iong-lirecl nuclides such as ‘°K is known
be equal to or less than that of cesium. Similar]
copper ferrocyanirle concentrates cesium and rubi
ium but is of little value in analysis because of t]
difficulties encountered in elution of adsorbed specit

Cesium Ond rubidium, on the other hand, can ~
quantitatively recovered from as well as concentrate(
by zinc ferrocyanide. Zinc ferrocyanide is, thcrcfol
an ideal material for the preconcentration of rubi{
ium and cesium before analysis. Trace amounts I
cesium and rubidium may be concentrated on colurn)
of this exchanger from large ~olumes of naturol w:
ters and then cletermined after removal from the co
umn by neutron activation with a minimum (
contamination from nuclides other than those of zil
or iron. Zinc ferrocyanide can also be used to sep:
rate these alkali metals from mixtures of other cl~
ments in biological samples.
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FIG. 21.—The sensitivity to radiation-induced cleavage de-
lay as a function of the time during the first cell cycle the
A&cti 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 sensiti~ity curve st

gested its use in determining the time of action of t

agents. If the chemically-induced mitotic delay tal.

place {luring the time of treatment, then it would

expected that the radiation sensiti~-ity 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 al

then exposed to racliation. ‘he changes in shape m

position of the sensitivity curves indicated that di

ferent agents acted at different times. It was al:

founcl that treatment with several agents modified t]
subseqtlent response of the system to radiation. Th
effect will be called modification and should be di
tinguished from protection which implies that t]
agent is present at the time of irradiation. A study t
this type should git’e some insight into the types o
reactions and cellular activities that are responsible
for the variation of radiation response during the ce
cycle.

lLiTERI.llJS.k~’11~(ETHODS

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

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

+ Supplied by Pacific Biomarine Supply Co.. Venice, Cali-
fornia.
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Occan~) continuously through a calcareous filtrant
spread over the bottom of the tank.

Gametes are procured by injection of 0.5 M KC1 or
by electrical stimulation of the animals with an al-
ternating potential of about 8 volts. The fertilized
eggs develop in either Instant Ocean or natural sea
water at room temperature. The radiation doses are
delivered by a lSTCSgamma source at a dose rate of
about 1200 R/rein.

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
uc good to about &2 min.

RI,:suLTs

Previous publications (3-6) have described the ef-
fects of prolonging the control cell division cycle by
temporary exposure of fertilized eggs to nitrogen,
D~O, soclium azide, Colcemid, 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
rafliation-induced cleavage delay. Recovery is, there-
fore, said to have occurred during the time the cycle

is Prolonged. No significant reduction in the radia-

1Suppliedby AquariumSystems,Inc., Wiclcliffe,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, EDT.\ 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
cell 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.(s)

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 EFFECTOFV~RIOUSAGENTSONCELL
DIVISION CYCLE

Agent inducing
prolongation of
division cycle

o to 15.5” c

N,

D,O

Puromycin (+ N,)

NaNS

Colcemid

Ribonuclease

EDTA

Bet a mercapto-
ethanol

Effecton
radiation-
induced
cleavage

delay

D’~D

D’<D

D’<D

D’<D

D’<D

D’<D

D’<D

D(<D

D’<D

Interpretation

No recovery when division
period prolonged by reduced
temperature.

Aerobic metabolism not re-
quired for recovery.

Rigidification of mitotic ap-
paratus does not interfere
with recovery.

Recovery not wholly depend-
ent on protein synthesis.

Aerobic metabolism not re-
quired for recovery.

Interference with spindle for-
mation does not interfere
with recovery process.

Surface effect? Does not inter-
fere with recovery.

Completing of divalent ca-
tions? Does not interfere
with recovery.

Interference with aster and
spindle development does
not block recovery process.

D = Radiation-induced cleavage delay.
D’ = Radiation-induced cleavage delay after treatment

with agent inducing recovery period.

.,,i; ? ,,
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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 10–4M ribonuclease
after fertilization. The solid curve depicts the re-
sponse of control zygotes to irradiation with 5000 R
at the times indicated on the abcissa. 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,
a 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
~,ith 2.5 x IO–S M sodiunl azide. Again, the reactions

responsible for the shape of the response curve ap~
to be delayed principally during the time of tr{
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 tr(
ment with 0.1 M beta mercaptoethanol. There is
possibility, however, that even though in each c
the fertilized egg suspension was rinsed, enough ch(
ical remained to protect some critical structures fr
the action of the radiation.

As shown in Figure 27, treatment with EDTA
mg/ml) of Ar%acia 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 I

cle-after the chemical was apparently removed

dilution. A similar, but less dramatic, result was t

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 10V

concentration was protective. The super-imposition

the control curves in the two experiments, howe~

illustrates the precision of the measurements. Hc

ever, again the complete removal of the chemic

from sensitive structures by the rinsing process v

not assured or tested, and, therefore, the reduction
radiation effect observed might be the result of pI
tection of relevant entities by the chemical pres(
during and after the treatment period.

It is felt that the action of nitrogen is immedia
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appear !i,(.,it enters and leaves the cell in strict conformity
, +,,P9+-~to its concentration in the medium at any time.. -----
diation I Therefore, the effect of nitrogen on the response curve

: treat-
1

n:[.~ tested. The results are shown in Figure 29. The

r treat- rcduction in radiation response after the bubbling of
is the f ni,rogen through the cell suspension has ceased and

h case \air has been readmitted can only mean then that the

chem-
1

system has been modified in its response to radiation.

:s from It can be envisioned that some reactions, sensitive to

1
radiation, have proceeded and perhaps have been

1A (10 completed during the anaerobic period. Therefore,
,Ct the ~they may no longer be as vulnerable to exposure to

his ir- radiation. These reactions, however, do not seem to

ivision bc those that determine the shape of the response

he cy- curve. Only the magnitude, therefore, and not the
shape of the radiation response curve is altered by

as ob- thc absence of oxygen.
Figures 30 and 31 show the results of similar ex-lwn in

le ga-

1

pcriments involving prolongations of the cell cycle
Lhtwo time by temporary reductions of temperature. .4 low-

lower cring of the normal (x22” C) development tempera-
,ion of ture, even by less than 10° C, postponed the processes

wever, I determining the characteristic shape of the radiation

How-
1

response curve but did not modify the magnitude of
the response. Since the difference in control egg divi-nicals
sion times was appreciably less than the treatments was
time, however, these reactions appear to have pro-ion in

f pro- cccc!ed more rapidly than normal once the system was

resent returned to control temperatures. Again, therefore,
certain activity must have been possible during the

diate, period of reduced temperature which permitted the
more rapid rate of completion of the cell cycle once
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FIG. 24.—The sensitivity to radiation-induced cleavage de-
lay as a function of the postfertilization time Arbaciu zygotes
are irradiated. The dashed curve shows the effect of immer-
sion in 99+ ‘ZO deuterated sea water for 20 tin right after
fertilization.
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are irmdiated. The dashed curve shows the effect of treatment
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normal temperatures were restored. The reactions

sponsible for the shape of the radiation curves, th

fore, are inhibited by reduced temperature, intel

ence with oxidative metabolism, treatment \

ribonuclease, D20, and beta mercaptoethanol. T

do not appear responsive, however, to the actiol

lZDT.\ orcolchicine, EDTAtreatment, and to a le

degree colchicine treatment, nevertheless, slow d!

later reactions, protect while present and alter SU1

quent responses to radiation. Hopefully, similar

perimcnts with other agents will help to shed n

light on the mechanisms associated with the rat

tion response of developing sea urchin egg systems.

DISCrSSIOh”AXD SUMMARY

Recovery from radiation-induced division delay
sea urchin eggs has been shown to occur when
normal cell division time is -extended by temper
treatment with a number of agents, except the 10V
ing of temperature. The recovery mechanism, th[
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. 1
bonuclease is reported to bind to the cell surface a
perhaps inhibit cleavage nonenzymatically by int
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mcnts on the same control gametes in the morning and after-
noon, respectively. The solid curve is drawn through these

symbols. The dashed curve shows the effect of treatment with
7..5 x 10-’M colchicine for 30 min right after fertilization,
Irllile the dotted curve shows the effect of 1,25 X 10-4M
((]l(hicine 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. .4s discussed in last year’s
rtport,(~) comparisons of recovery rates under the ac-
tion of these various agents tends to implicate some
rnctabolic activity in the recovery process. one indi-
c:ltion is that more recovery generally occurs during
extensions of the cell division period induced by phys-
ifo-chernical agents like D@, colchicine, and EDTA

tllan during comparable time periods induced by met-

filmlic inhibitors.

From analysis of the variations in radiation re-

$ponse curves as a function of the time during the

c~ll cycle that fertilized eggs are exposed, a “modifi-
cation” effect of certain of the agents has been un-

~ovcred. Thus, the radiation response of zygotes that

}]:~~e been treated with sodium azide, beta mercapto-
( f Ilnnol, nitrogen, and EDTA is less than their un-

~r~’ntcd counter-parts. Since this reduced response is

{~1).+crvedat times when the agent is not present dur-
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FIG. 29.—The sensitivity to radiation-induced cleavage de-
lay as a function of the postfertilization time Arbaciu zygotes

are irradiated. The dashed curve shows the effect of treatment
with nitrogen for 30 min right after fertilization.
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MINUTES AFTER FERTILIZATION

FIG. 30.—The sensitivity to radiation-induced cleavage de-
lay as a function of the post fertilization time Arbacia zygotes
are irradiated. The dashed curve shows the effect of incubw
tion at 6.5° C for 30 min right after fertilization.

ing exposure, it cannot be the usual type of protec-

tion afforded, for example, by hypoxia. Therefore, the

phenomenon has been termed modification. In a sim-

ilar experiment, puromycin treatment, on the other
hand, has been shown by Rustad and Burchill{s) to

sensitize fertilized Arbaciu eggs to subsequent radia-



u MINUTES AFTER FERTILIZATION

FIG. 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.

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, ~g} 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 syrL-
thesis, ,S. For cells not irradiated in S, the principal

THE RETENTION OF ‘“Ba IN BEAGLES

J. E. Farnham and R. E. Rowla~[d

Barium, like the other alkaline earths, is a bone-seeking
element. These studies, which started some ten years ago, were
designed to examine the whole-body retention and the plasma
clearance of Ba “s in beagles of various ages, with the aim of
comparing these parameters with the values found for calcium,
strontium, ond radium. This is the final report of this study.

lXTRODUCTIOh’

The retention of barium in the skeleton and in the
blood, like that of the other alkaline earths, is of inter-
est because it is closely related to the calcium metabo-
lism of bone. t1-~) Knowledge of the differences and
similarities in the metabolism of barium and calcium

portion of the division delay after moderate doses
expressed as a block in G~. Jlore detailed comparis
will not be made here. It appears evident, howe~-
that work on the naturally syl]chronized cell syst~
of dividing sea urchin eggs is pertinent to the prc
Iem of division delfiy in irradiated mammalian cells.

The assistance of Regina Rigoni in carrying [
these studies is gratefully acknowleclged.

REFERENCES

1. Henshaw, P. S. Further Studies on the Action of Roenr:
Rays of the (~ametes of A rbucia punctulata. .4m.
Itoentgerwl. 43, 899-993 (1940).

2. Henshaw, P. S. Studies of the Effect of Roentgen Rays
the Time of First Cleavage in Some Marine Invertebr
Eggs. I. Recovery from Roentgen-Itay Effects in Arbu
Eggs. :1 w. J. Roen[genol. 27, 890-898 (1932).

3. Failla, P. Recovery from I{adiation-Induced Delay
Cleav+ge in Gametes of .1 rbacia punctrdata, Science 1
1341-1342 (1962) .

4. Failla, P. Recovery from Division Delay in Irradia
(1 ametes of A ~bacia punctula[u. Radiat. Res. 25, 331-
(IW2)

5. Failla, P. Division Delay in Irradiated Gametes of
[urchins, ,b-gonne N ationai Laboratory Radiologi
Physics l~ivisiou .knn~lal Report, July 1966 through J
1967. ANL-7360, p. ?8.

6. Failla, P. Division l~elay and Recovery in Irradiated ~
Urchin Grrrnetes. Argonne National Laboratory Ra,
logical Physics Division Annual Report, July 1967 thrw
June 1968. ANL-7489, p. 13.

7. Corrnack, I). H. Site of .4ction of Ribonuclease during
Inhibition of Egg Cleavage. .Vatore 209, 1364-1365 (19(

S. Rustad, R. C. and Burchi]l, B. R. Radiation-Indu
Ltitotic I)elay in Sea I’rchin Eggs Treated with Purom]
rmd .4ctinomycin D. Radiat. Re.!. 29, 203–210 (1966).

9. Sinclair, W. K. Cyclic X-Ray Responses in Mammal
Cells in J’i(ro, Radiat. Res. 33, 620-643 (1968).

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

In June of 1959 we began a long-term study to me:
ure the whole-body retention of ~33Ba in two befi
dogs over a period of several years. Progress data b:
been given in three earlier reports. (S’7’ ‘) Subsequen-
ce hare injected three additional beagle dogs w
the lasBa isotope to measure the short-term upt:
and retention of barium, and to measure the rad
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chtmical distribution of the 133Ba in various bones
an{] types of bones (cortical vs. trabecular) throughout
t]lc dog skeleton.

This barium isotope was chosen because 1) it has a
long half-life of 7.2 years and is excellently suited for
loil~-term retention studies, 2) the radiation dose from
it i, minimal (133Ba decays by electron capture and
no beta particles are emitted), and 3) quantitative
mmsurements are easily made by means of scintilla-
tion counters, that is, gamma counters for whole-body
rctmtion data, and liquid scintillation counters for
blood, fecal, and chemically ashed samples.

MATERIALSAND METHODS

Each animal was given an intravenous injection of
l~3Ba in the form of BaC12 in 0.075 N HC1, with a

TABLE 7. INJECTION OF DOGS WITH lJtBa

123Ba Sacrifice

Dog Age at Weight at time, daysinjected,injection injection, kg from~Ci injection

8m
=4 yr

6.5yr
9.25yr
9.5 yr

7.2kg 6.1 3113
10.1 kg 10.0 1508

=7.2 kg 10.5 7
10.0 kg 300 7
12,5 kg 314 7

Days
after

injcctior

TABLE 8. RETENTIONOFBARIU~TRACER

Fractional retention

576

1

0.491
0.46~
0.’427
0.42(
D.41[
0.371
D.33:

o.3fX
2.25;

).224
3.21:

3.173

1.153

1.157
).12,5

A22B

1

0.667
0.647
0. 58S
0.588
0.61C
o. 50s
O.46G
0.401
0.361
0,352
0.319
0.280
0.291
0.303
0.264
0.206

A22(

1
0.89
0.74
0.63
0.51
0.46
0.40
0.35

—

A221

1
0.7(
0.6[
0.51
0.44
0.3(
0.3:
0.2!

—

% injected dose/g calcium

576 A22

0.667 0.9!

0.327 O.G
0.309 0.61
0.285 o.5f
0.280 0.5(
0.279 0.5:
0.247 0.4[
0.221 0.43
0.205 0.3:
0.168 0.34
0.149 0.32
0.142 0.33
0.115 o.2t
0.102 0.27
0.105 0.28
0.085 0.25

0.19

A22C .422D

1.03
0.978 0.818
0.816 0.703
0.695 0.531
0.566 0.458
0.503 0.382
0.447 0.334
0,387 0,305
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TABLE 9. B~RIUM: BLOODSPEclmc ACTIVITY

Percent injected dose/mg calcium
Time,
days

576 I A22B I A22C I A22D

0.021 -1 3.26 X 10-1 2.58 X 10-1
0.042 2.83 x I&l 2.73 x 10-1 2,65 x 10-1 2.12 x 10-1
0.098 — — 2.03 x 10-’ 1.70 x 10-1
0.167 1.35 x 10-1 1.19 x 10-1
0.25 1.17 x 10-1 6.31 X 10-! 1.17 x 10-1 9.57 x 10-~
0.313 ~ —
I

9.5 x 10-2 8.43 x 10-2
5,15 x 10-21.76 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 10-1 1.82 X 10-’J

3 1.18 X 10-2 !3.59 X 10-8 1.39 x 10-~ 1.04 x 10-2
4 9.26 X 10-3 7.23 X 10-3
5 6.37 X 10-$ 4.40 x 10-’
6 — 5.06 X 10-3 2.39 X 10-3
7 3.80 X 10-’ 1.66 x 1o--, 4,02 x 10-3 1.75 x 10-3
14 1.10 x 10-3 6.28 X 10-4
1002-1091 — 8.60 X 10-6
1100-1195 7,40 x 10-6 —
145&1550 4.65 X 10-’ —
1765-1865 — 3.50 x 10-6

stable batium 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 133Bainjected,
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-
lolvs :

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 (Tl)
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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FIG. 32.-The 13sBa plxsma specific activitv and the whole-body retention of this isotope in folm bc:igies plotted as :1 flln(
of time after intravenolls injection.

are both shown in graphical form in Figure 32. The

3113 -day ’33Ba retention point for Dog.A22B wasob-

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: (9J 150 g calcium

for Dog 576 and 105 g calcium for Dog .~22B. The

total skeletal calcium in Dogs A22C and .+22D was

measured. The values of the total skeletal calcium in

these two dogs were 91.5 g for Dog A22C and 96.7 g

for Dog A22D. These stable calcium determinations on

both plasma and the complete skeletons were made on

a Perkin-Elmer atomic absorption spectrophotometer

by the method described in their handbook. ~1°)

Seven days before sacrifice (3106 days after the
laaBa injection) Do~ .M22B, at age 9.2 Years, was in-

jected with 2081 pCi of high specific actiyity 45Ca as

part of a kinetic study.fll) At about the same time, its

two Iittermates were also inj ectecl intra~enously with

tracers: Dog A22C received 300 pCi 133Ba and Dog

A22D received both 423 pCi of 45Ca and 315 pCi of
lsaBa. The dogs were maintained in separate aCti~i@

cages for one week, during which time perioclic blood

samples and daily fecal and urine samples were col-

lected. Data from the analysis of these specimens per-

mitted us to compare q~ca and laaBa retention

blood curves of Dog A22B at 8 months of age vs.
years of age. All four of the above mentioned Cui

are plotted on log-log scale in Figure 33.

Plasma Clearance

Three-milliliter samples of heparinized (0.02

0.05 ml of hepariu] whole blood from Dogs .122B

576 v-m-e sealed in glass vials ond counted in a ATal (

well counter, The 133Ba standard vial was countcf

the same manner. The concentration determinant i

of 133Ba for the last four observations were macle il

poolecf samples of plasma. The plasma was collec

over periods of about three months by taking apprf

mately 150 ml of whole bloocl from the appropriate [

every two weeks, separating the plasma, and sto]

it until a sufficient quantity had been obtain(d
gamma-ray analysis, The final collected volumes w
wet ashed with 2 A’ HC1 and concentrated down
3-ml volumes, which were sealrcl in glass vials
comparison with earlier samples. At sacrifice a terl
nal blood sample of 300 ml was taken from Dog 5
The observed values are listed in Table 9 as pert,
of injected dose per milligram of calcium and plot’
in Figure 32 as percent injected dose per gram calcil:

The ls;iBa content in the blood plasma from D(
.$22C and .122D was measured using liquid scintil
tion Techni{lues, Aliqllots of plasma separated fr

:jil~ ‘1 i.
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RESVLTS 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
NaI (Tl) crystal, remained unchanged throughout the

TABLE 10. EXCRETIONDAT.I

Sample

Feces

Urine

Feces/
urine

Day

1
2

3
4

5

6

7

1

2

3
4

5
6

7

1
2

3
4

5

6,

7
—

Percent injected dose
133Ba

576

—
—

3.17
1.28
1,16
—
—

—
—

2.78
0.85
1.05
—
—

—

1.14
1.51
1.10
—
—

A22B

—

0.439
0.298
0.118

.

0.270
0,377
0.162

—

1.62
).79
).72
—

A22C

0.386
8.599
7.191
8.708
2.495
2.560
2,666

8.406
3.7a5
2.742
1.389
1.540
0.806
1.030

0.046
2.27
2.62
6,27
1.62
3.18
2.59

A22D

0.541
2.289
5.315

10.599
3.552
3.429
1.158

16.374
4.130
4.466
1.842
2.302
2.026
0.876

0.03
0.55
1.19
5,75
1.54
1.69
1.32

Percent injected
dose ‘5Ca

A22D

0.883
2.868
6.065

14.174
5.430

11.891
2.969

0.816
0.045
0.377
—

1.781
0.285
0.327

1.08
~3.73
L6.09

3.05
41.7
9.08

A22B

0.609
10,060
12.672
12.930
10.067
4.027
2.020

1.110
1.461
0.657
0.624
0.555
0.619
0.284

0.55
6.89

19.29
20.72
18.14
6.51
7.11

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 dept
within the bone as it was when the isotope was s

the blood. Thus, in this case, the technique of reco
an original burden measurement immediately aft{
jection and before any excretion has taken PI:.
valid as the 100~0 point, and the spectrum thu
tained may be compared directly to any later spt
even though the location of the isotope within th
is not the same at later times.

Figure 32 indicates that the retention of 1331
these animals is not exactly described by a I
function. (Iz) It is clear that the plot of retentio

time does not yield a straight line on log-log co

nates; this is particularly true for the older dogs.

It should be noted that the plasma concentratit
13sBa shown in Figure 32 has been expressed ir.

same units as the retention. This type of plot s;

the relationship between the specific activity oi

plasma and that of the skeleton.

A straight line can be drawn through the plasma

centration points from day 2 to day 7 or day 14 o]

data from three of the animals. Dog A22D, how

indicates a definite departure from a straight line

ing this time interval. The values for the interva.

tween 1000 and 1900 days (See Dogs A22B and

indicate that the plasma concentration did not

tinue to fall as rapidly during the entire exposure

riod. The significant point, is that by 1000 days :

the isotope administration the plasma specific acti

is a factor of fifty below that of the skeleton. The S1

of these blood curves on the log-log plot is typic:

TABLE 11. ‘J3BaCONCENTRATIONSIN V.iRIOUSBONES (PEFICENTINJECTEDDOSE PER GR.iM ASH)

Femur
Proximal epiphysis
Proximal metaphysis
Proximal epiphysis plus

proximal metaphysis
Mid-shaft
Distal metaphysis
Distal epiphysis
Distal metaphysicsplus

distal epiphysis
Tibia
Humerus
Radius
Ulna
Lumbar vertebra
Total femur

576
(1508days from

m]ection)

0.040
0.025
0.035

0.018
0.026
0.046
0.039

0.032
0.030
0.031
0.035
0.033
0.035

156
(7 days from

injection)

0.089
0.043
0.070

0.042
0.039
0.095
0.075

0.047
0.072
0.042
0.044
0.095
0.068

A22D
(7 days from

injection)

0.1.54
0,155
0.155

0.057

0.153
0.146
0.149

0,070
0.126

0.057
0.069

0.094

0.133

A22C
(7 days from

injection)

0.201
0.150
0,166

0.065
0.134
0.212
0.181

0.086
0.152
0.081

0,116
0.152

A22B
(3113days fro

injection)

.
0.103

0.075

—

0.079

0.086
0.086
0,106
0.091
0.052
0.083
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TABLE 17. ZIOPb,z’”Po AND ‘“Ra CONCENTRATIONSIN WHITE 0.4K H

Age of ring,
years

1-7
1–7
1-7

13-17
22-29
33-38
43-48
52-55
53-58
53-58
59-63
70-74
79-82
9(P93

100
99-103
99-103

Mean age,
years

4.0
4.0
4.0

15.0
25.5
35.5
45.5
53.5
55.5
55.5
61.0
72.0
80.5
91.5

(101)
101
101

210pb,
pCi/g dry

0.059 + 0.007
0.052 + 0.006
0.058 + 0.006
0.032 + 0.004
0.037 + 0.004
0.030+ 0.004
0.026 * 0.004
0.022 * 0.003
0.037 + 0.005
0.025 + 0.004
0.022 * 0.003
0.030 + 0.004
0.027 + 0.003
0.025 + 0.003
0.024 + 0.004
0.026 + 0.003
0,020 + 0.003

zlopo,
pCi/gdry

0.090 * 0.039
0.027 + 0.034
0.030 + 0.037
0.030 + 0.023

0.0067 + 0.023
0.039 + 0.025
0.041 & 0.023
0.036 + 0.020

0.006 + 0.022
0.020 + 0.020
0.018 + 0,022
0.017 + 0.020
0.002 + 0.020
0.013 + 0.021
0.006 + 0.021
0.043 * 0.021

Mem

Ratio
210po/~10pb

1.53 + 0.69
0,51 + 0.66
0,52 + 0.64
0.95 * 0.74
0.20 + 0.69
1.32 + 0.85
1,55 + 0.90
1.63 + 0.94

0.25 + 0.87
0.94 ● 0.92
0.60 + 0.75
0.63 + 0.76
0.11 * 0.79
0.52 + 0.88
0.21 + 0.73
2.10 + 1.11

0.85 + 0.61 (SD.)

The fractional errors of the ‘l”Pb data range from

at)out 5 to 20?4 and of the 210Po from 10 to 20% in the

hirkory and 50% and upwards in the oaks. These large

t’lrors in the oak data were caused by the low activities

il~ these trees and by the long (1 year) interval be-

tween acquisition of the specimens and analysis.

.Ilthough Students’ t-test shows the mean ratio of

1.11 = 0.34 (S.D.) in the ‘l”Po to ‘l”Pb concentrations

ill hickory to be significantly greater than 1.00 (P <

().()25), it is still very close to unity. For the white oaks

tl](’.~cmeans of 1.18 ~ 0.70 and 0.85 * 0.61 for I and

II, smpectively, because of greater experimental varia-

tions, are not significantly different than unity, indicat-

il1: that the ‘I”po follows the 210Pb in the tree.

The results of the 210Pb analyses versus age of the

wood are shown on semi] ogarithmic plots in Figures 34

to 37. The ~lOPb concentrations in hickory (Figure 34)

arr constant in the 20 outer rings or even increase,

presumably because the ZIOPb circulates. After this

time the concentration drops off with a 21-year half-

Ii I’(, as shown by the close correspondence of the data

]~tlints with the line representing the half-life of the

‘‘ “l’b. That the concentrations are fairly constant

\Vitbin a ring can be seen from the agreement among
tIle circ]es representing values within a ring (or set of

ril~gs) along one radius of the tree, and the squares and

triangles representing values along other radii. The

I):trlcj despite exposure to dust and weather, shows no

Ili:her concentration of zlOPb than does the adjacent
\\I,(](].

‘1’he curves for the three oak trees are less spectacu-
i,!r :ind less uniform. The black oak data shown in
[’i~llrc 35 do not fit the 21-year half-life nearly as well

226Ra,
pCi/g dry

0.0116 & 0.0025

0.0154 + 0.0023

O sOUTH

❑ NORTHEAST

A SOUTHEAST

I EARK

0,02; z; & Go & 1
100 120

AGE (YRS)

FIG. 34.—Variation of ‘OPb specific activity with age
in hickory.

f wood

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 tenciency to level off with age indi-

cates either that 10 to 3070 of the ‘l”Pb circulates in

these trees, that the early uptake of this nuclide was

greater than the more recent, or that a “background” of
Zlopb is continuously being produced by parent nu-

clides, 226Ra or 222Rn, present in the wood. Thus, if

values of 0.010 and 0.015 pCi/g are subtracted 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 226Ra concentration in

a few samples from each of the trees as given in Tables

e
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FIG. 35.—Variation of ‘OPb specific activity with age of wood
in black oak.
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1A to 17 support the values of “background” concen-

tra[ ions chosen in these calculations. Measurements

art, in progress to estimate further the 226Ra content

~r~[i :llso to assess the emanation rate of the 222Rn

d:~ughtcr from the wood, which determines the fraction

of the 226Ra forming ‘I”pb in the wood.
~incc these results indicate that the circulation of

]c:t,] iu heartwood is small after a certain time, if any
~lX1lificant portion of the lead was derived either from

direct atmospheric uptake or from increased concen-

tr:ltion in the soil from atmospheric fallout, the wood

n]i@t show the effects of changes in exposure over the
y(’:il’s. Some measurements of the stable Pb concentra-

tion in these trees made by Dr. Ter Haar are shown in
Figure 38. [12) Although environmental lead may be in-

crmsing, the few points available indicate a lower con-

u]ltration 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 t = O),

ivhich because of metabolic activity may be unrepre-

sentative of the remainder of the wood. Also, as the

trw :rigesand roots become deeper, the availability to

tllr trees of stable lead may decrease relative to that of

““PI). Thus, increased lead in the atmosphere and soil

over the years may not be available to the wood, and

w tho effects are not seen in this type of measurement.

Both the 226Ra and stable lead data are consistent

with those of the ‘l”Pb (ZIOPO) in that the concentra-

tionsin the hickory are much higher than in the other
wwodsljy factors of 2 to IO. The reasons for these vari-
~tions are unknown, but they could be caused by basic
net:abolic differences, the higher ash content of the
lickory, or to differing environmental levels to which
>ur particular specimens were exposed. The latter case
.eems unlikely since one would not expect all three
ll:ltcrials to increase simultaneously.

In summary, the decrease of the ‘l”Pb concentration
,vi(b a 21.4-year half-life shows there is little circula-
tion of lead in hickory heartwood more than 20 years
)1(1,while in oak there is little circulation even in wood
($Wthan 5 years old (but with less certainty). The
Uncertainties in these conclusions are caused by the

rHE CONCENTRATION OF LEAD IN HUMAN BONE

R. B. Holkman, H. F. Lucas, Jr., and F. H. Ilcewicz
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low concentration of 210Pb and the presence of 228Ra
in the oaks. The ‘l”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.
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Personal com-

Tll~ concentration of lead in bone from humans whose ages of the daily intake. The biological half-life of lead implied
:Lnrcd from newborn to 85 years was found to increase with from the data from this study ranges from 70 to 90 years and
U, :Lt a rate of ().6 Kg (g ash)-l yr-l and to be 8.7 pg (g ash)-l is longer than previously reported. The concentrations of lead
(1 IIrth. T]]ese results corroborate previous reports of increases in the group over 30 apparently consisted of two normally-
‘1] )o age 30, and they show a continuing and similar increase distributed populations, which may reflect differences in the
n TlJe Eroup over 35 vears af age. This rate represents an in- cigarette smoking habits of the subjects. Further studies are
“ lW in skeletal content of about 4 ~g/day, which is about 1’% required to more accurately evahmte the effects of smoking
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RE.+L’LrrS.ixD Discussion

~11~,concentrations of lead in the various specimens

in I]l]its of pg/g bone ash, along with the age of the...
Stl])j(,ctm presented in Table 18. The wcinlens are
t:lt)ul:ited bY bone type, i.e., rib, vertebra and cortical
~((l]lur and tibia), and by sex from subjects without
k,l~)fyllljolledisease (“normal’’b one). Inaddition,d ata
frou] a lmeviously published paper are included for un-
ill~.ol~cd cortical bone (femur or tibia) from subjects
~vith osteogenic sarcomas (“sarcoma” bone) .(15)

The concentration is plotted as a function of age of

t]1~,~ul)jc’ct in Figure 39. The linear least squares line

is shin-n for each group. For the “normal” CaSeS the
{,{llt:ition is

Y = (.3.6 * 4.3) + (0.60 ~ 0.09) t

:11111for the ‘fsarcoma” cases

Y = (8.6 ~ 2.7) + (0.37 ~ 0.08) ~,

wht’rc Y is the lead concentration (pg/g ash) and t is
IIi(’ age in years.

TI)C variation of the lead content of different bones

~vit11age was evaluated and the coefficients of the linear

lt:wt squares fits to the data are summarized in Table

I!). Tllc linear fit was chosen as the simplest to describe

t 11(, (Iata; no significant improvement of the variance

~v:ls given by a second order function (P > 0.05] ,(16)

(x[)c’pt in “normal” female vertebra (P < 0.05).

The zero intercepts, A, (concentration at birth)

r:LI~gcd from —2 to 13 pg/g ash with large standard

tle~iations. .At the 5% levels of significance or better,

only 2 groupsj sarcoma “all” and sarcoma ‘[ female,”

IM(I intercepts significantly greater than ze~o (P <

().()1 ), However, a mean value of 8.7 ~g/g ash was ob-

t:ii]~etl for bone from three stillbirths and a 6-month-old

clliltl. l’his is Consistent with the data of Horiuchi et

a 1.1‘) who found the lead concentration of fetal bone to

i]lcrease with age from 0.5 pg/g (3 pg,/g ash if the wet-

to-:ash ratio in fetal bone is 6) in a 5-month fetus to

1.3 pg/g (9 pg/g ash) at 10 months. Schroeder and

‘1’i[)ton (their Table ,5) (i) founcl less than 4 pg/g ash in

l~otie in their ()-to-l-year old subjects (apparently the

~l{,(cctio]l limits of their measurements). The appar-

VII(Iy llcgatil,e intercept in the normal cortical bone is

(fltlsistcnt with that of Horiuchi et al. ‘E) for femur

IJOIIP,

‘Nle s10pe5of the regression curves of the various

ci:~t~groups are significantly greater than zero (P <

Ool ), except for female rib (P x 0.07). The slopes of

{ II{ lines for the different groups are not significantly
(1I:(,rent from that of the total ‘(normal” of 0.60 ~g

( J :I>h)–1 yr–1, except those of the female rib and

“’:ircoma” subjects which are significantly lower (P <
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TABLE 18. CONCENTR.~TIONOF I,E.\DIN BONE ASH .M

.I FL-NCTION OF AGE OF SLTnJECT

Rib(.)

Age,
yr

Male
o
3
8

27
30
32
36
37
37
37
38
38
41
42
44
48
59
68
74

Female
8

18
25
32
32
34
35
37

~oncen-
tration,
%a::/g

16.9
<1.0

3.6
23.2
11.0
15.4
13,2
19.5
25,5
39,4
19,7
7.7

59.4
57.2
50.8
25.8
49.6
48.1
21.7

7.2
9.7

15.0
16.6
25.7
13.2
8.4

13.5
38 21.6
40 ; 17.9
41 22.5
42 24.1
’43 13.0
46 56.9
49 16.5
65 13.4
68 2.5.6

Vertebra(a)

Age,
yr

0.5
28 ‘
28
44
53
57
59
71

0
0
9

34
46
55
65
65
85
85

Concen-
tration,
qyg!

8.5
24.7
35.5
19.4
61.2
47.9
41.9
41.6

6.0
3.5

12.2
28.8
44.3
67.2
65.2
82.5
60.5
18.3

Cortical(’)

Age,
yr

8
13
14
19
20
42
48
49
53
56
59
61
65
66
72
85

13
61
72

concen-
tration
ga::/g

3.9
3.3

12.6
2.8
4.0

38,9
37.2
24,0
34,5
43.5
79.3
31.5
96.5
30,8
43.3
40,5

6.2
22.2
33.8

Cortical(b)

Age,
yr

9
12
13
13
16
17
17
23
27
32
44
47
58
59
63
64
67
68

?
11
12
12
M
15
15
15
23
30
46
47
50
62

~oncen-
ration
ga::/g

7.0
3.5
7.3
7.5
7.6

30.5
13.0
17.7
13.7
16.3
17.3
31.8
50.0
38.6
19.0
33.9
28.2
33.4

22.5
3.6

14.7
18.1
14.7
24.7
16.9
16.4
24.0
19.6
25.9
10.1
22.0
40.0

(al Subiects having no known bone disease.
(b) Sllbjects having osteogenic Srbnmrna.

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, A, 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. LITSEARREGRESSIONP.\R.\M~TERSFORI’LRIOUS D.iT.i GROUPINGSOF l,IZII) (’[JXiT:NTR.~TIONIN Bom

1 Linear regression coefficients

Type (No. of samples)

.411samples (105)
IWmmrd

All (73)
Cortical, hf + F (19)
Trabecular, M + F (54)
Vertebra, M + F (18)
Rib, M (19)
Rib, F (17)

Osteogenic sarcoma (cortical)
All (32)
Male (32)
Female (14)

Other data
Horiuchi et al.(a)
Schroeder and Tipton{bj

Rib, 0-49 yr
Rib, O-69 yr

(.) Reference 8.
(b) Reference 7, Table ~.
(cJForced zero intercept.

I
Intercept

A + S.D., Pg Pb
(g ash)-’

4.9 + 2.9

3.63 + 4.13
–1.70 + 9.48

5.53 + 4.63
11.04 + 7.73
7.06 + 7.98
8.25 & 7.67

8.62 + 2.67
4.47 + 3.96

13.15 * 3.56

Slope

B & S.D.,
~gPb yr–] (g ash)–

0.552 A 0.065

0.605 ~ 0.089
0.709 & 0.183
0.,562+ 0.103
O.(ioo + 0.151
0..536* 0.194
0.V6 + O.187

0.371 & 0.078
0.’456+ 0.094
0.248 + 0.115

–0.65 10.61

(o.00) (’) I 1.03* 0.10
9.3 A 9.8 I 0.59 + 0,26

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 A 0.17) pg Pb

g–l W-l, and for the “sarcoma” cases, b = (0.5(1 ~
0.21) pg Pb g–l yr–1.

The rate of increase of concentration estimated in
“normal” bone of about 0.6 pg g–l yr–l bone ash, is
equivalent to the 0.37 ~g g– 1yr– 1 in wet bone (femur)
found by Horiuchi et al.(~) if one assumes that femur
has about 60$Z ash content. (14) Schroeder and Tipton’s
data in their Table 6 give estimated rates by weighted
least squares analysis of 1.03 ~g g-’ yr-’ in the O-49
year group and 0.59 g-1 yr– I in the O-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 pg g– l., The yearly increases observed by Hori-
uchi, et al.(s) and in this study amount to an accumula-
tion in “normal” subjects of about 1.9 mg of lead per
year 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 {q) and a little less favorably with the 110

Correlation
coefficient,

r

Maximum
probability,

~=()

0.70

0.62
0.71
0.64
0.67
0.45
0.33

0.69
0.77
0.50

—

—
—

0.0005

0.0005
0.0005
0.0005
0.005

=0,025
0.10

0.0025
0.005
0.05

—
—

TABLE 20. CONCENTR.~TIONOF LE.\D IX TEET.

No.

1
2
3
4
5
6
7
8

Mean
age,@)yr

4
6

24
26
43
44
62
64

—

No. of teeth Pb,
in pool ~g/g ash

2 9.6
3 2.9
4 21.4
4 17.2
4 40,5
4 22.7
4 21.9
4 14.2

Mean (ages 4-6) 6.3
Mean (ages 24-64) 23,0 +9.2 (S.11

(s) 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 pg/g ash, which is equivalent to
reached in bone at about age 27. The constant ant
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

,,
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t]lc,sigl]ificant but low concentrations observed in bone
from fetuses and young children.

The validity of the confidence limits depends on the

~tatis[ic~l distribution of the data- The total data and
t!l~,subgrouping given in Table 19 were normally dis-

(rilj~mxl as shown by a cumulative probability test,
1[{)!vcv[r, since the concentration increases with age,
(11(,distribution could be biased by the sample age
({i~tYibution, that is, by the number of samples from
ymmgcr subjects relative to those from older ones.
‘rjlis age effect was removed by testing the distribution
Of the residuals (the deviations of the data points from
tb( Icast squares line). A histogram for all 105 samples
is ~ivcn in Figure 40. A best-fit gaussian curve for these
(Iata is shown by the solid line. The distribution of the
timiation from the least-squares line appears to be
~k~wwl and a 2-gaussian-fit reduces the variance (P <
().10’I. This skewness is attributed, at least in part, to
thc additional lead intake by smokers. (5JThe effect of
,sllloking on lead content of bone would be most ap-

II:lrf’llt in subjects over 30 years of age. The histogram
for these 41 trabecular “normal” cases is given in Fig-
llY(, 41. The solid lines represent two normal curves.
‘1’IIcscItwo curves give a significant variance reduction
(1’ < 0.05) over a single normal curve. The smaller
cllrve, centered on + 11.2 pg/g ash represents 29% of
tllfLtotal area. This value, while lower than the 44%
of the smokers in the adult population (above 17 years
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FIG. 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.f17)

If one assumes the exponential model of mineral me-
tabolism given in the ICRP Report, (11) 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
years. 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. However, 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 singie exponential model
leads to the equation

C = C~(l – e-”), (1)

where Cm is the skeletal concentration of lead at long
times, A is the decay constant (0.693/half-life), and t
is the time in years. An iterative procedure to estimate
the parameters of the above equation (Davidon’s var-
iable metric minimization) {la] gives a half-life of 71 A
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 ‘l”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. f10)

The increase in stable lead with age is also consistent
with previously published data on ‘l”Pb in 128 samples
from about 100 subjects from an unexposed mid-western
U. S. population. 112)A linear regression of the variation
of specific activities in pCi 21’)Pb,ig bone ash with age t

was

Y = (0.068 * 0.024) + (0.0015 + 0.004) t. (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. (zo) For the radioactive lead this decrease in slope is
probably caused by the radioactive decay half-life of
21.4 years, which limits the effecti~e (observed) half-
Iife 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. .4 particularly large increase may occur in the
late teens, because of an increased exposure to cigarette
smoke and auto exhaust. Smoking alone may increase
the intakes of stable Ieacl by 30~ (S) and of ‘l”Pb by
100?O.[21)

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 28.4~0 in the over 65-year
group. For women, an even greater reduction in the
percent smoking is observed.(1~) This means that per-
sons reaching the older ages WOUIC1be 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-S)

CONCLUSION

The data presented here on both stable lead a

zlopb are consistent with those of Horiuchi M

and of Schroeder ancl Tipt on (~) and demonstrate

crease in the skeletal concentration of lead with :

about 0.6 ~g (g ash) –1 yr–1. This increase with a

quires that 1y. of the daily intake be permal

bound by bone, and indicates that the body is ]

equilibrium with environmental lead. The soft

concentrations of lead were constant with age in

U.S. subjects. t7, ‘) 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 intx,

lead. Since the percentage of the human populati

exposed is lowest in the very young and the ver!

smoking will affect the correlation between ag{

the concentration of lead in the bone. Further st

of this nature combined with extensive, well-cent;

metabolic balance studies are indicated. In parti(

the lead concentrations in bone from smokers and

smokers need further investigation.

REFERENCES

1. Patterson, C. C. Contaminated and N“attlral Le:i(
vironments in Man. .lrch. Environ. Health 11, %
(1965)

2. Hardy, H. L. What is the Status of Knowledge of the
Effect of Lead cm Identifiable Groups in the Popul:,
Clin. Pharmacol. Ther-ap. ‘7, 713-722 (1966).

3, The Working Group on Lead Contamination. Surl
Lead in the Atmosphere of Three Urban Commuj,
Public Health Service Publication No. 9W-AP-12.

4. Kehoe, R. A, The Metabolism of Lead in Man in H
and Disease. (The Harben Lectures, 1960). J. Ray.
Public Health Hyg. 24, 81-121, 12%143, 177-203 (1!)(

5. Nllsbaum, R. E., Butt, E. M., (;ilmour, T. C., an(i
DiDio. Relation of Air Pollllt ants to Trace Yfet:,
Bone. Arch. Environ. Heallh 10, 2.2-232 (1965).

6, Schroeder, H. A. and Balassa, J, J. Abnormal Trace ILl
in Man: Lead. J. Chranic Diseases 14, 408–425 (1!

7. Schroeder, H. A. and Tipton, I. H. The H[lman 1
Burden of Lead. .4rch. Environ. Health 17, 965-978 (1

8. Horiuchi, K., Horiguchi, S., and Suekane, M. Studif
the Industrial Lead Poisoning. 1. Absorption, T]
portation, Deposition and Excretion of Lead. 6.
Lead Contents in Organ-Tissues of the Normal Jap:u
(lsaka City J[ed. Journal 5, (1), 41-70 (.1959).

9. Holtzman, R. B, Critiql[e on the Half-Lives of Lead
RaD in the Human Body. Argonne .National Laboru
Radiological Physics I>ivision Semiannual I{el
July through December 1960. AN-L-6297, pp. 67-80.

10. Tipton, 1, H., Steiner, I-t. L., Foland, W. J),, Cook, 31
Bowman, D. K,, McDaniel, K. K., Fentressj S. D.,



fl and c
et al. (

te an i]
:h age [
h age r(
lanentl
s not i
ft tiss~
in nor
Tipto

tal an
s, whil
y act a
,(22) th

ltal ex
take o
~tion S(
!ry old
ge am
studie
trolle[
,icular
d non.

Id En.
144-3GC

!Toxic
ation?

‘Vt?yOj
!rdies.

lealth
Ins~.

)61) .
S. L.

als in

[et als
Ml).
Body
968) .
w on
rans-
The

nese.

and
tory
mrt,

J.,
and

I,*
k

Foland, J. M. U. S. Atomic Energy Commission Reports,
ORNL-CF-56-MO (1956), ORNL-CF-57-2-3 (1957), ORNL-
CF-57-2-4 (1957), ORNL-CF-57-11-33 (1957),

II. international commission on Radiological Protection,
Committee II on PermissibleDose for Internal Radia-
tion (1959) (ICRP). Health Phys. 3, 1 (1960).

1~, f [(dtzmann, R. B. Measurement of the Natural Contents
of RaD (Pbzlo) and RaF (Po21o)in Human Bone-Es-
timates of Whole-Body Burdens. Health Phys. 9, 385
(1963) .

1:{. llcc~ic~, F. H., Holtzman, R, B., and Lucas, H, F., Jr.
Rapid Spectrophotometrie Method for the Determina-
i ion of Lead in Bone Ash. Anal. Chem. 36, 1132-1135
(1964) .

II. 1Ioltzm~, R. B. Desirability of Expressing Concentra-
tions of Mineral-Seeking Constituents of Bone as a
Flmctimr of Ash Weight, Health Phys. 8, 315-319 (1962).

]5. I,(Icas, H. F., Jr., Holtzman, R. B., and Dahlen, l). C.
Radium-226, Rachum-228, Lead-210, and Fluorine in
Persons with O&eogenic Sarcoma. Scienre 144, 1573-
1575 (1964) .

Iti. +ncdecor, G. W. and W. G. Cochran. Statistical Methods.

17.

18.

19.
20.

21.

22.

49

The Iowa State University Press, Ames, Iowa, 1967,
Sixth Ed., pp. 453ff,

National Center for Health Statistics. Cigarette Smoking
and Health Characteristics. United States July 1964-
June 1965. U. S. Department of Health, Education, and
Welfare, PLLbliC Health Service. Public Health Service
Publication No, 1000-Ser. 10, No. 34 (Ilfay, 1967), p. Z.

Davidon, W. C. Variable Metric Method for Minimiza-
tion. Argonne National Laboratory Report .4NL-5990
(Rev. 2) (1966); also ANL Computer Library Program
C-183.

Holtzman, R. B. and Lucas, H. F., Jr. Unpublished data.
Hunt, V. R., Radford, E. P., Jr,, and Segall, A. Comparison

of Concentrations of Alpha-Emitting Elements in Teeth
and Bones. Int. J. Radiat. Bio[. 7, D7–287 (1964).

Holtzman, R, B. and Hcewicz, F. H. Lead-210 and Polonium-
210 in Tissues of Cigarette Smokers. Science 153, 1259–
1260 (1966)

Harvey, S. C. Heavy Met als—Lead. The Pharmacological
Basis oj Therapeutics, Ed. L. S. C;oodman and A. Gilman.
The Macrnill an Company, New York, 1965, Third ed.,
pp 943–975.

NON-UNIFORMITY IN THE RETENTION OF THE ALKALINE EARTHS
lN ANIMALS AND MAN*

Elizabeth Lloyd

In order to summarize some of the experimental informa-
tion on which the modeI of bone turnover being developed for
the ICRP must be based, measurements of the uptake and
10M of Can, &W, and Ran” m clifferent bones and in dlff eren t
ports of bone of rabbits, dogs, and man are reviewed.

R17rEXTION IN TRABECULAR BONE AND CORTICAL BOSE W.

WHOLE SKELETON

“)Sr in Dif7erent Rabbit Bones

The alkaline earths are taken up in different concen-

tr:~tiom in different bones. In general, trabecular bone

appears to take Up more radioisotope than cortical bone

I)l]t releases it faster. Figure 42 shows the specific ac-
ti!”ity of gofjr in different bones in the adu]t rabbit rela-

tiic to the mean value for t,he whole skeleton at differ-

cl1t times after a sing]e intravenous injection. This

~ll(J\vsabout a fivefo]d difference in the specific activity

oi tbe lumbar vertebrae compared with the midportion

ot’ tl~e tibia at It) min after injection. This difference

(lroP~ to about a factor of two at 460 days when both
Portions of bone approacl~ the mean values for the

~~]10](:ske]eton.

——

““‘1’llisis a s-ynopsisof a contribution made as a member of
11“ lt~RP Committee on the Local Retention Function of
1]”1( -s((:king lsot,oPe~.

‘2eRa in Diflerent 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 ‘2GRa in different human bones. This
graph summarizes the data available from the MIT
studies on human radium.(l) 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. (z} from 90Sr fallout studies.

,,
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FIG. 42.—The specific activity of ‘Wr in different bones of the adldt rabbit relative to the total skeleton after a single
venous injection,
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FIG. 43.—Concentration of Z26Ra in different human bones relative to the total skeleton

EATIO OF THE SPECIFIC ACTIVITY IN THE DIFFUSE ever, much more difficult to quantitate. In Figure

COMPONENTTO THAT 01’ THE WHOLE BODY 42’ I ha\”e tried to document what is known abou

LOSSof Radioisotopes as Seen MicroscoptiallY

Two theories are currently considered to explain the
10ss of activity from bone, (1) resorption, i.e., 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-

10SSof 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 gr(
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 UI
on bone surfaces is ignored in these studies.
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FIG. 44.—I)ifferencein concentration of 226Rain persons exposed before and after age20
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Figure 45 shows the results obtained by Sears et
:11.(‘)) in the vertebrae of high-level radium dogs which
~vrre sacrificed serially at different times after injec-
tion. There would appear to be no significant difference
ill the rate of fall of the hotspots and the diffuse ac-
tivity. Likewisej two other studies in dogs with 226Ra[4)
:iud 4fiCa(5J failed to show any significant difference
t)rtween the 10SSfrom the hotspots and from the diffuse
1:11x1of the cortex of the tibia between one month and
~]~e year after injection. However, the 10SS in the
ivl~ole-body retention between these two times was less
!11211407..

Figure 46 shows a similar plot for 45Ca as observed

for hotspots and diffuse uptake for rabbits.(G) The
ra]ues shown here suggest a lower rate of loss of ac-
;i!’ity from the hotspots compared with the diffuse.
II(tween 3 days and 100 days the loss in activity was
~l)outa factor of 4 for the hotspots and a factor of 10
1()r the diffuse. Figure 47 gives the best values we have

)((t) able to obtain for the human data. Here the loss

11tIle hotspot activity over a period of 25 years is a
‘:lctor of 3.6, while that for the diffuse is a factor of 10
~f”f,rthe same period for the mid-cortex of the tibia.
~lIevalues plotted for the hotspots at short times after

llj cction were calculated from the injected dose assum-

11~ thatthe hotspots in the bone were formed at the
:!111~,concentration as the ~ZGRa/gCa in the blood. This gest that the diffuse level found in the vertebrae is
,~:t~iolmd to be true for dogs.(Al Recently, the diffuse about a factor of two
:ilj(l ~a~ shown to be 0.48 and 0.35 of the uniform label mid-shaft of the tibia

0,0, ~
10 100 1,000 10,(

DAYS

00

FIG.45.—Diminutionof *Ra in caninevertebrae

in two radium cases studied at 140 days and 400 days
after injection of radium,(7) compared to an average
value of 0.43 found for about 20 cases at 25 years after
injection. (S) This suggests that the diffuse level in the
tibial cortex 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 workf3, ‘, ‘) would sug-

higher than that found in the
at short times after injection.
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FIG. 46.—Dimin[ltion of ‘5C!a in rabbit vertebrae

At long times, however, the high level Ra dogs con- garding any difference

tinued to show the same difference, while the 45Ca rab-

bits showed a much higher loss of diffuse label from

the vertebra than from the tibia, in parallel with the

loss in activity from the individual bone, not from the

skeleton as a whole.

In the human radium cases, the quantitative auto-

radiographic data on bones other than the cortex of the

long bones, is insufficient to draw any conclusions re-

in either the diffuse or ho
activity between different bones or the pattern 01
with time. A study along these lines is in progrc
our laboratory. However, since the concentration i]
cortex of the tibia bears a much more constant rat
the average skeletal concentrations than any t
bone studied (Figure 42), the use of the diffuse
in this site as an index for total skeletal retention N
appear to be a good choice.

,,+ $;’:”’
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ARiATIONS IN THE SURFACE AREA AND VOLUME OF BONE IN CROSS SECTIONS
4KEN FROM A SINGLE HUMAN /?/6

Elizabeth Lloyd

The human rib is a convenient site for bone biopsy and is changes in surface-to-volume ratio w-hich one finds in a single
in used to obtain estimates of skeletal mineralization or

human rib.
lioisotope uptake. It is not generally appreciated how much

character of a rib varies along its length. An automatic Our interest in the surface area and volume of cross
u scanningsystem (CHLOE) is used to demonstrate the sections of bone was aroused by the fact that some

FIG. 48.—Microradiographs of cross sections of the sixth rib
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TABLE 21. PERIMETER.\ND ARE.+ OF CROSS ~E(XION,i s>F
BONE TAKEN FROM DIFFERENT POSITIONS ALONG TIi}

LENGTH OF .! HUM,iN RIB
—

Section Bonearea, Boneperimeter, P/.%,
number ~m2 cm cm/cm2

—.—

Sternal end

8
9

10
11
13

15

17
19
20

21
22

25
26

28

30
31

34
35
38
39

42
43
45
46

49
50
52
53

55
56
60
61

63
64
66
68
72

0.16
0.18
0,13
0.14
0.11
0.13
0.10
0.13
0.10
0.12
0.13

0,13
0.14
0.14
0.16
0.16

0.16
0.17
0.16
0.16

0.18
0.18
(),22

0.21

o,~o

0.20
0.23
0.21

0.24
0.24
0.36
0.36

0.34
0.33
0.27
0.27
0.25

28
29.3
25.1
24,9
19.4

16.5
15.2
14,8
15.2
14.0

17.3
14.9
15.1
12.8
13.1

14.7
14.5
15.1
14.7

14.8
13.3
17,1
16.7

16.4
16.8
20.0
19.7

19.8
19.6
15.5
14.8

12.9
12.9
14.8
18.1
21.0

——

176
163
193
178
176

165
117
148
127
108

135,5
106.2
107.8
80.6

92.0
85.0
94.4
92.1

82.0
73.8
77.7
79.4

82
84
87
94

82.5
81.5
43
41

38
39
55
67
84

bone-seeking isotopes such as 239Pu and 241Am deposit
specifically on bone surfaces. Calculations of the rela-

tive toxicity of these isotopes compared with those

which deposit throughout the whole volume of bone

(such as 22’Ra) must include a factor for the surface/

volume ratio. As part of this study, which was designed

to make representative sampling throughout the whole

skeleton, a single rib of a cadaver was studied at 40

different positions along its length. In view of the fact

that the rib has been used extensively as a repr

tn’f site for removal of l)iopsy material in the s

bone diseases, ~l-’) the variations noted along its

WOUI(l appear to be of cons, i(ierable interest.

The sixth rib was first cut into seven segment

its length, each segment being about 4.5 cm 10D

tions 100 ~ thick were cut from each end of the
ments. These were x-rayed using a high contrast
film so that the bone appeared clear on a black
ground. This type of microradiograph (as opp(

the more conventional type which shows d
shades of gray corresponding to different minerai
ties’) greatly facilitated the definition of bone s
for quantitation of bone area and surface lengtl
the automatic scanner. The scanning device~5J v
same as that used previously, (d,7, The bone ~
length and the bone area were determined fr(
number and length of line segments generated 01
bone which appeared as the clear portion on the
full description of the method is given ekewher

Figure 48 demonstrates the appearance of
radiographs of the cross sections of bone taken
junction of each of the 7 segments. It is interes~
note that close to the costal cartilage junction, tl
tex is very thin and this encloses a large num
very fine trabeculations. About 5 cm from the vel
end the cortex is very much thicker and the trak
tions are fewer and coarser. Values for the cro,
tional area, together with the surface length or p
ter of each of the bone sections studied, are gil
Table 21. Values of perimeter/area are ako
Values for the representative bone sections tal,
4.,5cm intervals are also shown in Figure 49. In
21 the numbers of the sections listed start with nl
1 taken from the sternal end of the rib and ral
number 72 taken from the vertebral end. The bon,
changes from O.1Ocmz to 0.36 cmz, while the peri
changes from 12.9 cm to 29 cm. The bone al
greatest about 5 cm from the vertebral end whel
cortex is thickest. The perimeter is small at this
giving a value of 43 cm/cm2 for perimeter/area ( ,
compared with a value about 5 times greater obt
for a section taken close to the sternal end.

CONCLUSION

The variation both in the thickness of the torte>
in the size and number of the trabeculations at cliff
positions along the length of a single rib underlin
need for caution in comparing biopsy material t
from different subjects. In particular, biopsy sar
taken at positions as close as 1 cm apart have
shown to vary by as much as lti70. This could
easily lead to an erroneous diagnosis of osteoporo,
a normal subject if extreme care is not taken to e]
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tl]:lL the biopsy sample is taken from the same site as J~ariati(,ns in the S]wcific S((rface of IIowship’s Lacurme
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Concentrate@/!j OF TRACE EiEMENTs /N GREAT LAKES FIStlES*

‘f. F. Lucas, Jr., D. N. Edgi~)g[on, a?~dP. J. ~’olb~y+

The concentration of up to 14 trace element: has
b(m determined in Ivhole fish and fish liver samples
ol)tnined from Lake Michigan, Lake Superior, and
I.:dIc Erie. The mean concentrations in 19 whole fish
~:illll)les from three species of fish were as follows:
11’’:[lliunl (3 ppb), thorium (6 ppb) , cobalt (28
]i)) cadmium (94 ppb), arsenic (16 ppb), chro-
I ~1~(1 ppm) and copper (1.3 ppm). The mean con-
( ( illration of 40 liver samples from 10 species Of
II.1I were as fOllOW”S: uranium (X2 ppb), thorium
~52 ppb), cobalt (40 ppb), copper (9 ppnd, zinc
~;~l)l)l)m), bromine (0.4 ppm), arsenic (30 ppb), and
(:~{lllllum (0.4 ppmj. In addition, the following ele-

.ibstract of paper presentedat the Twelfth Conferenceon
(, \tLakes Research,Ann .Arbor, .Michigan, Nlay 1969, and

]tted for publication.
‘. S. Bureau of Commercial Fisheries, P.O. Box 640, .\nn

., r. Michigan.

ments were obserred in most of the samples: antimony

(.5-100 ppbj, gold (2-5 ppbj, lanthanum (1-20 ppb),

rhenium (0.5–5 ppb), rubidium (0.064 ppm), and

selenium (0.1–2 ppb).

Trariations 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 clifferent lakes. The trace ele-

ments, copper, cobalt, zinc, and bromine, have a

nearly constant concentration in all samples stud-

ied. In contrast, the concentration of cadmium, ar-

senic, and chromium was intcrspecies and for some
Species interlake dependent, The neutron activation,

radiochemical group separation, and computer proc-
essing of complex gamma-ray spectra technique has
prove(l 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 ‘Vh concentration in rib bone from 38 humansranged
from <0.1 to 72rig/g asb. Values increasedwith age and were
fitted by the expression

Y = (0.16 & 0.02)7’,

where Y is the -WThconcentrationin rig/g bone ash and 2’ is
the age in years. Evaluation of retention of the ‘Ra produced
by decay of ‘Vh is not feasible becausedirect 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 224Ra daughter of 228Th is es-

sentially completely retained by bone.(l) If one as-

sumes that 22sRa produced by the decay of 2s2Th is

similarly retained, then the radiation dose to the bone

would be higher than that previously assumed. In

addition, the metabolism 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. ~21 The

purpose of this study was to determine the concen-

tration of thorium in samples of human bone taken

at surgery or autopsy.

EXPERIMENTALMETHOD

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 pg) 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. .411 samples were
irradiated in the isotope tray of the Argonne CP-5

* ~cspectrasil,~~Thermal American Fused Quartz CO., Mont-
ville, New Jersey.

reactor for 24 hr at a flux of about 2 X 101:
see, and then allowed to cool for about 7 days.

The samples and standards were washe
the quartz irradiation tubes with about 9 ml
HC1. Less than 1% of the ‘33Pa 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 d.7?0 T

average of 3.6~0. The reproducibilityy of the st:
was acceptable and indicates that the neutr,
was quite uniform.

The bone samples were dissolved in 10 ml
HC1 to which several drops of 30% hydrogen
ide and 0.1 g aluminum nitrate were added.
reagents reduce chromium to its trivalent sta
complex any fluoride ion present in the Sarnpli

solution was heated for several minutes in a
water bath to insure complete dissolution of th,
pie. The sample was then transferred to a COIL
Dowex l-X8 anion exchange resin (100 mesh),
in diameter by 35 cm long. The 233Pa activation
uct of 2s2Th is quantitatively retained on the c
under these conditions.

Cations and weakly bound anions are elutet
90 ml 9 M HCI. [3) The 2stPa was then elutec
four 10-ml portions of 4 M HCI 0.3 M HF,
were collected directly in counting tubes. Ap
mately 90~0 of the Z33Pa was obtained in the >
and third fractions. The amount of 233Pa in bot
samples and the standards was determined by c
ing with a 4“ x 2“ NaI (Tl) crystal, an ND-120
tichannel analyzer, and an iterative least sq
computational method. (4, ‘) This method has

found to be very sensitive and is not affected b;

small amounts of other radionuclides present il

sample. (s, ‘) The amount and concentration

determined from the ratio of decay-corrected cc

ing rates of 233Pa 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 232Th concentration in bone from 38 indi
uak is summarized in Table 22. The concentra
ranges from s 0.1 to 72 rig/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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u
M
M
M
F
F
M
F
M
F
M
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M
F
F
M
F
F
M

\Veight, g ash ‘2Th, rig/g ash

0,51 0.9 + 0.2
0.44 1,9 + 0.2
0.26 1 50.2
0.47
0.85
0.28
0.74
0.50
0.46
0.68
0.61
0,49
0.55
0.41
0.37
0.69
0.30
0.51
0.66

0.4 * 0.2
<0.1
12.2 + 1,9

9.9 * 0.5
1.9 * O.-i
5.8 + 0.2
1.7 + 0.2
2.1 * 0.2
1.7 + 0.3
1.1 + 0.2
9.9 ● 0.5
5.8 + 0.3
6.5 + 0.4
7.5 + 0.6
6.7 + 0.4
5.2 + 0.4

I
Age, years Sex

54
55
55
60
62
64
65
68
70
72
73
78
78
79
79
80
87
90
91

M
M
LM
M
M
M
F
F
M
F
nl
M
F
F
F
M
u
F
M

lu,t. This individual operated a commercial movie 50~
)roj (Lctor where the carbon electrodes contain thoria

intI ccria to improve the actinic quality of the light

wllrce.

The 232Th concentration in normal human bone

wh has been reported as 10 rig/g ash by Petrow and

3[rchlowfs) for a composite sample from individuals

~hose ages were ‘t]argely adult.” In addition, Picer and

Strohal (9) report ’23rig/g ash for a single sample for

~hich the age is not given. These values agree well

vit 11the range of concentration found in this study.

The variation of the 2s2Th concentration with age is

l]own in Figure i50. The simplest function to describe
he increasing concentration with age was assumed to
N linear, and the solid line is that obtained by the
(~:~stsquares analysis. The equation for this line is:

Y = (0.16 ~ 0.02)2’ (1)

vlitrc Y is the 2azTh concentration in rig/g bone ash
It}(1 ‘T is the age in years.

The distribution of the deviation from the least
({Il:ircs line was skewed like that found for lead,
UIlich was attributed to an increased level of exposure

)Y smokers compared to non-smokers. fl”) A careful

1~~1~(’ctionof Figure 50 will show that 14 results fall
~llllwalIy close to the dashed line, having a slope
,’

~ 0.05T. This slope is one-third that of the solid
il)~’.The cause of this grouping is not known and will
(>(!uire additional information such as dust inhala-
i()]\~,xposure and smoking histories.

‘~ll{! possibility of determining the retention of
“ I::~ produced bY the decay of ~a2Th in bone was
I“:(Illnted. The maximum zsZTh concentration of 72

Weight, g ash

0.72
0.64
0.64
0.41
0.44
0.69
0.53
0.59
0.46
0.48
0.75
0.68
0.33
0.24
0.36 .
0.50
0.-1o
0.46
0.91

I I I

‘2Th, rig/g ash

14,8 + 0.4

20.2 + 0.3

2.9 42 0,2

9.2 + 0.8

14.1 + 0.7

13.1 + 0.5
4.1 + 0.2

22.3 + 0.6

3.4 + 0.4

3.4 * 0.3

13.1 * 0.5
22.4 + 0.4
42.4 + 1.5

50.2

72.2 + 1.2

4.0 * 0.4
27.7 + 0.9
30.5 + 0.8
5.9 * 0.2

t

+=
■

t
10 — * +

1

■

o 10 20 30 40 50 60 70 80 9(
AGE (YEARS)

FIG. 50.—Variation of thorium concentration in human bone
ash with age. ., female; ■ male.

rig/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.(n) Unfortunately, the wells were sealed so
that samples could not be obtained. However, the
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‘QGRa content of water from similar deep wells in this

area ranges from 5 to 10 pCi/liter. ’12) The 226Ra

content of the bone from this high thorium case was

0.087 * 0.025 pGi/g ash which correlates well with

that expected for exposure to this level of radium. ~13)

The 22sRa concentration in these deep well waters is

similar to that of the 226Ra.f14) Thus, the 228Ra con-

centration in the bone of this patient will exceed that

of 232Th and the retention of 2’8Ra produced by 2y2Th

decay cannot be determined from this sample.

MI other 232Th results are less than 40 ng,/g ash—

or 4 fCi/g ash. By neglecting the increase of thorium

with age and assuming a quantitative retention of

22sRa produced by thorium decay, the maximum

‘2sRa concentration would be equal to that of 232Th

or 4 fCi/g ash. This level of 228Ra is equal to or less

than that obtained directly from food and water so

that retention of 22sRa produced by the decay of

232Th cannot be determined from these cases.tls)

The retention of 22sRa 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. (lb)
If possible, lung, liver, spleen, and bone samples
should be obtained.
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A MODEL FOR THE REMODELING AND EXCHANGE RATE DISTRIBUTIONS IN
ADULT HUMAN BONE. PRELIMINARY REPORT*

J. H. Marshall

The International Commission of Radiological Protection times of bone-seeking radioisotopes in different kinds c
(lCRP) has requested information concerning the turnover man bone tissue. Maximum permissible doses to bone

heretofore been calculated assuming a uniform distrib
* This analysis was performed in connection with the work ICRP would now like to calculate doses separately for C(

of the (ICRP) International Commission of Radiological Pro- and trabecular bone, for bone volumes, and for bone m:
tection Task Group on the Local Retention Functions of Bone The following model is being developed in order to or:
Seekers. wh~t experimental data are available and to provide SU,

f
x.
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1for[,l,lrion. It represents an extension of the power function
~()(i(,l and takes explicitly into account the microscopic mccha-

~n,.[lls Of tracer deposition and remova].

——

: lXI IUJL)UC’TION

‘ 111order to calculate the radiation dose to various
‘P:irts of bone tissue from internally deposited radio-

nllclides, one needs to know their pattern of uptake and
r(,t[mtion within the skeletal system. Appropriate data
ft~r man are scarce, so that existing estimates of the
dews within bone have been based either on the assump-
tio[l of a uniform distribution of the radionuclide or on
~[1observed ratio which relates the activity in newly-
f,,rmcd bone to the specific activity of the diet. It is
tilt’ purpose of this report to go more deeply into the
subjcct and to see whether our accumulating kno~vledge
of the mechanisms of skeletal metabolism and the
rctclltion of radionuclides can be put to use in the
construction of a quantitative bone model.

‘rh~ primary interest will be in the bone-volume-
seckcrs, the alkaline earth radioisotopes of calcium,
strontium, barium, and radium, because they are most
c](M’IY related to the metabolism of bone itself. The
p:! tt{rn of uptake of the bone-surface-seekers, the rare
c:~rtl~sand actinides, can probably be related to that
of the alkaline earths through the surface/volume
r:ltit)s of bone.(l)

t (llossary of terms appears at the end of this report.
All amdysis of the pertinent measurements in bone will
nl))war in a forthcoming publication.(z) .4 short descrip-
tiotl of metabolic mechanisms and their possible rela-
ti(,Ii to osteosarcoma induction are given in Reference 3.

.1Ls{ractof Model

Data bearing directly on the dose rate distribution

lVithin human bone as a function of time are scarce.
Tll(rcfore, our approach is to construct a model of bone
remodeling which is flexible enough to fit existing data
wld yet not so complicated that its parameters cannot
b( indcpendently compared with experiment. The model
i.~:~t]extension of the modified power function model
:ill(l t’t~compasses the microscopic mechanisms and the
(i(M: distribution within bone.

I:or the present, the model is limited to the descrip-
tif111of ~dult human bone. It comiders the skeleton to
b{ made UP of essentially two kinds of bone, cortical
bl,ll(, and trabecular bone. To each kind of bone it

a“iwls a turnover rate or apposition-resorption rate.
‘II Iis determines the amount of tracer activity in the
i!it{llse hotspots. The turnover rate of cortical bone

:~I’( ) ~letcrmines the time constant of the final exponen-

ti:1I in the overall retention function. Under the as-
s~lln])tion that this remodeling by apposition-resorption

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

wperiments 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
diftuse 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 ‘OSr in different parts of
bone as a result of fallout.

(b) Radioisotope kinetics in man using 4’Ca, ‘7Ca,
Sff$r,lssBa, zzsRa and ‘eRa.

(c) Quantitative autoradiography of ‘eRa and ‘5Ca.
(d) The concentration of ‘2eRa 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 ‘28Ra/22eRain normal human bone, corti-
cal and trabecular.

!’
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(m) lleasurements

tissue.

Data for .4nimals

of the tracer content of soft

(a) Radioisotope kinetics.

(b) Quantitative autoracliograplly.

(c) Ratios of uptake in different bones and parts

of bone.

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

(e) Whole body retention functions for dogs and

rabbits.

(f) Surface tovolume ratios for bone fromdogs.

.MODELOF THE SKELET.4LMETABOLIS31OF THE ALKALINE

EARTHS

1. Basic 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).

(c) There is no long-term discrimination 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 A 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) Calcium transfer between blood

and bone can be completely described 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 B41anger’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 calcium
in the skeleton, the kinetic .4-value or addition rate, ~

* An onset of osteoporosisof about 1%/year after age 50 is
characteristicof the general population, but this can be simply
superimposedon the predictions of the present model.

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

is equal to the sum of the apposition rate and tht

mentation rate. It is found experimentally that

microscopic volume of bone in which appositi

occurring, the apposition rate measured b~rtetrac.

labeling agrees with the value of As measured foj

bone volume by calcium kinetics. .45 refers to the

of A at 5 days after injection. Augmentation r

defined as the value of .4s for a volume of bo

which there is no apposition. (See Reference 2

complete development of these observations and c

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 augrnenl

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 (4Jcan be well represented }

expression

Augb = 30t-07 t > 0.2 year, $

where Augb is the kinetic A-value calculated .;

after tracer injection for bone in which the appt

rate is zero (no bone formation taking piace), gi~

percent per year, and t is the local bone age jn

For ages (t-values) between about 0.2 year and 1

Augs represents mainly secondary mineralization

t-values greater than 1 year, secondary minerali

is largely complete and .4 ugs represents main]
djffusion of calcium into fully calcified bone.
diffusion in is balanced by a corresponding r:
diminution or cliffusion out. This augmentatiomdi I
tion continues throughout the life of the bol
normal adult animals and normaI man it appe
represent the greater part of the calcium tramf
t~veenblood and bone.

(j) In a given region of adult human bone, s~
the cortex of a long bone, the spatjal distribut
resorption sites is assumed to be random. (One
this postulate to calculate the age dktribution 01
volumes, given the turnover rate k and the age
subject. ) This assumption of randomness CO(1

~ A complete list of terms and definitions will be fc
the end of this article.

,.
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some ex$,, body between the time of injection and infinite
sl,stem ~~tlnlt is equal to the area under the curve of speciiic

,o~clusive$a~ti~it~ of the blood plasma versus time.
~entation~ (h) This area is simply q/@, where q is the activity

at bone. (O
k

“nj(vt cd and ~k is the rate of excretmy plasma clearance

n the ,aSt, )1 lrcsscd as grams of calcium per day (liters per day

~entatioD@Illl(s the calcium content per liter).

,go ~here~ (c) This requirement of area together with the early
,ion rate~~ct et,tion curve determines the time constant of the final

$xxlwnential which is characteristic of age-invariant

~ystm~~s.If the system is age-invariant, then a tracer
~f{llI(}irlng a single injection must eventually reach tran-

1

si(’llt e(luilibriurn: a state in which the tracer concentra-
ti( }!]<differ in different compartments, but all decrease

@ t)r(lportion to the same exponential function of
ltir)] (’.(:’)

i“
~ f. -Vew Associations

(:1) (lbservat,ion and theory show that the removal

~of t racer activity from bone by diminution (cliff usion)’

C:LIi hc represented quite closely by the power function.

At Aort and intermediate times after tracer intake,

‘p(,iwr function retention in bone existing at the time of

‘jr) 1:tliP can result from diflusion of tracer in cylindrical

‘g(f)]lwtry around canaliculi. (8J In bone formed shortly

after intake and in existing bone at long times after

itlt :ike, power function retention can result from the

dcmcase of the coefficient of diffusion with local bone
ag(’.

(b) On the other hand, in an age-invariant system
tll(, removal of tracer activity by resorption of bone
cOIII(I nd produce power function or multi-exponential

ret [’l~tion unless there were an extremely wide distribu-

te{Hl ()[ the turnover times of bone in different parts of

tl~(’ ~kclcton. Bone turnover times that cliffered by four

or tivr orders of magnitude in ditTerent locations would
be r((luired to produce the sort of power function or
nllllti-exponential function that is observed for skeletal
rrt(11tion. me ratio between the fastest and the slowest
tllrlll)\’rr by apposition-resoWtion is probably not
@‘:1 t(r than four or s~. ~erefore, the effect of resorp-
titIII .hould be associated only with the final one or
P’ “’ihlv t~vo exponential terms. The earlier terms (or
t~l( ]t{,~t-rrfunction pafi of retention) should be associ-
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FIG. 51.—The distribution of generations within a region of
bone that has been remodeling at the rate x in locations
governed entirely by chance ( osteons) for a period of time 2’
since the original formation of the skeleton (assumed to oc-
cur at the age of adolescence). Figures from Table 2& 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 cortical turnover be A (in units of time–l). Then

let the rate of trabecular turnover be al. u probably is

of the order of 4 to 6. Let the fraction of the skeleton

that is trabecular be r, and the fraction that is cortical

be 1 – T (fraction by calcium content). r is probably

about 0.2.

(b) Then it is easy to show that when an in.iected

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

,f”,,
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the cortex which determines the time constant of the

final exponential of the system as a whole. (See sec-
tion on justification for equating the final exponential
rate constant A in the retention function with the rate
of apposition-resorption in cortical bone.)

(c) Sections 2(c), 3(b) and 4(b) can now be combined
to relate the final exponential of the modified power
function or multi-exponential model dhwctly with the
rate of appositiomresorption 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 k and a)t 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 activity 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 h and uh deter-

mine the distribution of bone ages within the cortex

and the trabeculae, respectively. Knowing these dis-

tributions one can 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 .4-values determine the tracer uptake;
they must agree with direct measurements of A-values
by kinetic studies.

(g) The relative uziake of tracer in cortical 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 a times that for cortex (and body). Therefore, with
a retention function of the type

Eb(t + c)–be–”xf (2)

the area requirement determines the relative uptake in

trabeculae as compared to cortex once u 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 uptri
equal that for the body as a whole with JV
calculation was started.

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

5. Results

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

(a) It shows that one can reconcile the Iov
bone turnover (a few percent/year) measured ~
cycline labeling with the high rate of long-term
uptake (15 %/year) measured by calcium kinet
difference bet~veen 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 “bol
over” from g%r uptake in fallout-labeled s]
are much lower than calcium kinetic measu
because the latter are calculated only about fi
after injection, whereas the fallout measul
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.

(c) The model demonstrates that it is pow
construct a system which is age-invariant in res
measurements of the ~vhole-body retention of
jetted tracer in spite of the fact that the ind
microscopic bone volumes are not age-invari:l
cause their local rates of augmentation and dim
decrease as bone ages. The rates of resorpti{
apposition in the adult human skeleton, howe~
just sufficient to keep creating enough new b
maintain the rates of augmentation and dim i
in the skeleton as a whole at constant levels throl
most of adult life (see Figure .52). The model is,
fore, microscopically steady state but microsco
non-steady state.

The osteoblasts and osteoclasts, through thei
tinuous production of new bone, produce a home
in the calcium metabolism of the skeletal systel
whole, in spite of the aging of the individual u)
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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I
1S of bon ~lc. .5Z.-The calculated value of the average augmentation
nger tha :,1, f.Il~~6)in a region of bone that has been subject to random

enlo(llling at the rate A for a period of time 2’ since the

~orle turn.%ri~il:,l formation of the skeleton (assumed to occur at the
skeleto%bg( (,I adolescence). Figures from Table 27.

%
suremen @ .,.

five day
III(1.c component as a low level, relatively uniform,

suremen~lxtrm uptake of activity in existing bone. In men
‘t1,, take in their activity at an advanced age the

eral year
~rent residistribution of bone ages within their skeleton is

! Obsemalrnuch wider than in 15- to 2.5-year-old men and in 1- to
~-~():mold dogs, which have provided most of our

Ossible $it (nwliographs. The volume of bone originally laid
idolirl during skeletal growth has been reduced byrespect

?of an in..rc~l}rptiorlto a small fraction of the skeleton, but it is

K

11ISbone with its low augmentation rate that we have
ndividu~

r(lh:lb]y associated with the diffuse component. In
~~i~~t~~~it(+ that have been remodeled since adolescence there

1

1S younger bone with higher augmentation rates. The
Ition an

mt)Stintense hotspots still correspond to sites of apposi-
‘ever’ an” ti~)llat the time of tracer intake, but there should now

1bone h be manv hotspots of intermediate intensity which are
~&~@)t :lsso~iated with current bone formation or secondary

1

mi 11(’mlization. These augmentational hotspots have
is, there

n{)t l]rcviously been identified, but the above calcula-
cOpicallY ti, ,tls Alolt that they should contain a third or a half

,“ 1

of t llc total activitY in a skeletal sYstern receiving its

lelr co? tr:lc[’r activitY at an advanced age, The specific ac-

‘eostasfi tivitim of some of these augmentational hotspots could
temas8”b ‘.

c :ts Ingh as ten times the specific activity of the diffuse
units o

ul)t:lkc in the remnant of adolescent bone. Figures .53
a1II 1 l:igure 54 show that this realization solves a long

ssible b .t, ,.
h I !)( )llg discrepancy in our approach. It is important

rm label

1

n’ “\- to locate thes~ augmentational hotspots experi-
f ‘f ‘~” nlt’ll[:llly by combined Abca and tetracycline labeling
uslon In ill ,jl(][Ir~rlimals and man.

!lize the.
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FIG. 53.—The calculated ratio of the diffuse suecific activkv
to the uniform label (average specific activity) for a region ~f
bone that has been remodeling randomly at the rate A for a
time 2’ 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 2’. 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 2’ that has been
formed by remodeling since adolescence.
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FIG. 54.—Calculated values of A, as a function of k and 2’.
The total activity represented by A, is the sum of the diffuse
activity in original bone (aged 2’), the activity in newly forming
hotspots (75% k), and the activity in augmentational hotspots.

Figures from Table 27.
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DET.41LED UPTAKE OF ,lCTIVIT1- IN FORMING HAVERSIAX

sYSTEMS

Continuous or Uultiple Ir~jection

Severul experiments have verified that the deposition
of alkaline earth activity in forming haversian systems
occurs at the specific mctivit~ of the blood plasm~ at the
time of that formation.

Therefore, a lmo]vledge of the average specific ac-
tivity of the plasma during the period of tracer intake
yields the specific activity of the new bone formed
during the same period. .tn observed ratio has been used
for this estimate heretofore, but the observed ratio
method does not take into account the dilution of the
blood plasma with unlabeled calcium 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 pow-erful 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,
qk. If you know the curve of plasma specific 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

where
Q=
~li =

Sc =

l?, =

s, = ((j/qk)(l – l?,), (3)

the rate of tracer introduction into the blood
the rate of excretory plasma clearance in
grams of calcium per day (equivalent)
the plasma specific activity at any time t
after the start of the continuous tracer intake
and the specific activit~’ of bone formed at this
time
the whole-body retention of the tracer at the
same time t 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 SCfor a given
~ depends only upon the rate of excretory plasma clcxar-

ance, qk, values of which are available for th~
earth elements in mwl and many animals.

Single Injection

Tetracycline labeling in dogs and cats(’-g) :,
labeling in a dog(”) have sho~vn 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 ,i
proximation this may be expressed

dr/dt= — (3)’,

where r is the radius of the canal as a function
and @is the fractional rate of closure in units of [
Marshall found & = 0.03 ~ 0.01 day–l in an MI
Lee found O values of 0.04, 0.03, and 0.026 ,
dogs of age 3 months, 1 year, and >1 year,
tively. Manson and Wraters in experiments ~
and cats found that the data on osteon grotv
well represented by

rl = IL?l,

where rl is the radius of the first label and TZis th
of the second label.

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

where tlz is the time interval between the la ~
follo~vs that

k = e-o’”.

31anson and Waters found ~ values of 0.044 an
day–l in cats of age 9 months and 2.3 years, respel
and @ values of 0.055 and 0.045 da~-–l in two adu~

These expressions imply that the individual
blast lays down bone more rapidly in the earl}
of osteon formation when the canal is large (
does in later stages as the canal closes. In at]

there is the fact that the canal surface and, th(
the number of osteoblasts decrease in direct prol
to canal radius so that the mass of bone being lai(
per unit of time decreases as the square of the
The amount of calcium being laid down in a f,
haversian system per unit length as a function t~
is then

d(.irea)

()

~ #g=p
dt ‘P-r dt ‘

where

9 = grams of calcium per day per cm length 01
~ = radius of canal :LSa function of time
~ = grams calcium per cm3 of new bone.
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~llrl:lce, D, where

t
D= Ap \“Vdt

“(l (21)

= (2 X 10-’ cm)(0,5 gc,/cm3)q/@,

1,], (1”(’ A = 2000A = 2 X 10-s cm = the measured

e(l,li]:ll~nt depth of the pool

p = 0.5 gca/cm3 = the calcium content per
unit volume of bone.

~]lc,rcfore, if we assume that the 2000 ~ figure measured
[C)l ‘“(’a in rabbits and dogs applies equally well to
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2. Then the amount of new bone formed in time clt

is A dt.

3. After a time t, e–At of this new bone will remain
unremodeled, so the fraction of the bone, dj, with age
between tand t+ dt is

clf = Xc-k’ dt. (25)
blll~ulti bone for the different alkaline earths, then

4. Then

D = ( 10-5 gca/cm’)g/qk (22)
j= 1“ ~e-” dt = –e-x’ l; = 1

is tIL(Imicrocurie-days per cmz of bone surface. This
nl:l)’ be compared to the average dose to bone as a is the total amount of bone in the region. ;. The
wi~()]t,calculated from the time integral of body specific malizat ion is correct.
~ctivity B, because the latter is also given by ~~ B dt = 5. If at adolescence all the bone is essentially
?/q/;:

AITr:@ dose to bone in i.@i-dam/gb... (09\(Lo)
= (0.25 @/’gbme)q/@.

[II ()1(kr to convert expression (22) to the average dose
to.x)f’ttissue within 40 P of the bone surface (applicable

to :L][)ha particles):

Soft tissue surface dose

10-5 gca/crn2(q/qk) (24)
= >~

40p (10-4 cm/p) (1 g/cm’) ‘

Ex(l]:mgeable surface dose to soft tissue
.Ivcrage bone dose to hard tissue

_ 0.0012.5 = 0005—
0.25 “ ‘

~vhich was obtained by dividing expression (24) by
?~ljrcssion (23) . Therefore, this initial surface dose due
;(J i he rapidly exchanging calcium on bone surfaces is

~(r~ small (().s y. for typical alpha particles) compared

X1 tI)(, lifetime doses from long-lived isotopes to the

$kc,lt,tonw a whole. This intense short-term uptake on

LX)I){J surfaces may be of importance, however, in the
::LS(:of 224Ra, which has a half-life of only 3.64 days
~1)(1hence Caxl never accumulate the long-term dose
L()tt](: s](eleton.

PIIE .\GE DIsTRIBUTION OF AUGMEXTATION RATES

1. .Issume that a region of bone has a random
‘(.1 ,1’])tion-appositionrate of A (time–l)

nor-

new
bone, and if the time since adolescence is T, then the
age distribution of bone as a function of T is

dj = Ae-A’ + [e-x’ with age T],
a (osts T)

(26)

where t is bone age from O to T.
6. Then

“ Normalization is again correct.. .
7. From the data given by Marshall(’) one can

express augmentation rates as a function of bone age:

Augs = at-o, (2s)

where a = 30
@ = 0.70

Aug5 is in %/year, and
t 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:

Augs
/

T

for whole region = ~
Augs(t) dj. (29)

/

T

9. Aug5 = ax t-oe-~t dt + aT-Pe-hT. (30)
o

10. From the calculations of the incomplete gamma
function by Rowland and Leuer,(14) one can pick out
values for the integral in step 9. Table 23 gives the
values for the integral ~$ t–o” 7e–kt dt and Table 24 the
values for T–o”7e–kT.
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TABLE 23. VALCESFOR ~tIE INTEGR.\Lf~t-07e-A’ dt

X,yr-’. . . . . . . .

rat e of 40-year-old bone would only be 2.2’

However, only 16?O of the region of bone a:

would have this low a rate. Very likely, it N(

considered as the cliffuse component. The rest

bone volume would contain a distribution of bol
and the augmentation rates of the younger m
of this distribution would far outweigh those
older members.

(c) We, therefore, have a successful quanl
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
jetted tracer, even though individual bone
elements are aging and their local augmentation
are decreasing with their increasing age.

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

(f) Therefore, about 70% ( 11/15) of the 10I1
tracer activity would be associated with augmel
and only 30 ?to (4.6/15) with apposition. Thi
mentational activity would not, however, be ob~
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 1
apparent in 40-year-old bone.

(g) The age distribution (step 5) insures that
AT <<1, as it is for young adult dogs, then there
a large area of bone with a relatively uniform I
component. However, for older dogs and ma
distribution of local augmentation rates is much
One expects blotchy autoradiographs as we foul
45Cain man, with what uniform diffuse activity t]
representing onl~r a small fraction of the overal

0.231 ~0.099 0.046 0.0200.693 0.0Q92

757

2.037
3.259
3.918
4.862
5.475
5.85L
5.983
5.987

3 15 35

T, yr

1.919
2.889

3.176

3.327
3.339

3.339
3.339
3.339

2.053
3.318
4.067
5.282
6.349
7.514
8.873
9.484

2.055
3.326
4.086
5.346
6.513
7.839
9.761

11.04

0.2
1
2
5

10
20
50

100

2.010
3.163
3.716
4.330
4.574
4.639
4.643
4.643

2.047

3.298
4.019

5.127
6.023

6.s15
7.412
7.518

TABLE 24. V.iLcES FOR T-0.7e–kT

& yr-’. . . . . . . 0.693 0.231 I 0.099 0.020 0.00920.046

15

0.955
0.561
0.258
0.126
0.0490
0.0065
0.0004(

35 75

0.980 0.991
0.591 0.604
0.293 0.310
0.163 0.182
0.0823 0.1022
0.0238 0.0408
0.0054 0.0159

Tljs, ye....... 1 3 7

T, yr

0.500 0.794 0,906
0.154 0.388 0.505
0.010 0.102 0,198
0.0002 0.0198 0.074

. 0.0012 0,0170
— o.0004(
. — —

1
2

5
10

20

50
100

I TABLE 25. k TINIEST~~LE 23 + T.}~LE 24

A,yr–’ . . . . . . . . . 0.693

T1/Z,ye . . . . . . . . . 1

T, yr

1 2.50
2 2.35
5 2.32

10 2.31
20 2.31
50 2.31

100 2.31

0.020 0.00920.231

3

0.099

7

1.23
0.893
0.679
0.616
0.596
0.593
0.593

0.046
. —

35 75
—

15

1,02

9.642
0.359

0.242
0.17’4

0.131

0.117

1.52
1.25
1.10
1.08
1.07
1.07
1.07

1.11
0.746
0.494
0.403
0.362
0.347
0.346

1.05
0.672
0.399
0.290
0.233
0.201
0.195

mentation rate.
11. Therefore, Aug5 for the region as a whole is

Improvement on Step 7given by a times Table 25. “
12. Conclusions (a) For reasonable remodeling rates

the average augmentation rate is almost independent
of the time since adolescence over the major portion
of the human life-span. For example, for a resorption-
apposition rate of A = 4.69i0/year the augmentation
rate w~ouId be within the limits 11.8 ~ 1.3 %/year
from T = 8 years to T = w, or from say age 25 on-

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

Because bone less than 0.2 year old (about thl
to form a human haversian system) is in the imml
neighborhood of bone formation, it would be
accurate 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 augmenl
but would be included in apposition. (See Table L

Then Figure 52 is a times Table 26.
The exclusion of bone less than 10 weeks of age 1
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Augs = 13 Y./year or A5 = 22 ‘%/year. Despite his low
ratio of diffuse/uniform label of 0.11, about 557. 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 (30 t–0’7%/year,
where t is bone agc in years) leads to a bone model
which answers a number of outstanding questions.

(1) For remodeling rates of about 4%/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 \vith bone age.

(2) The ratio diffuse~uniforrn 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

diffusetuniform label cm be as low as 0.1 in spite of

the fact that over half the value of As is due to aug-

mentation. The calculation that a significant fraction

of AS can be in augrnentational hotspots removes lvhat

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 As

that should be due to augmentational hotspots in

older animals. This experiment should involve both

45Ca and double tetracycline labeling of an older dog

or man.

THE GEh’ERATIOh-DISTRIBUTION OF RE31ODELINGBONE

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, A (years–l) 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 O is the original bone formed
during growth, generation 1 is once remodeled bone,
etc.

TABLE 28. FR.~CTrONOFTHEBONEVOLCWEOCCUPIEDBY
EACH GE NER.iTrOX OF BONE

Bone
generation

o
1
2

3
4

.5

6

112

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

0123456

which is identical to radioactive series decay. T
constant X is the same for each bone fraction,
so the Bateman equations break down.

For the case in radioactive series decay in ii
successive k’s are equal, Evans{ l’) shows I
first daughter ~vould peak at AT = 1. From I
it appears likely that the second daughter v-o
at XT = 2, etc. Furthermore, although the
calculation of Figure 51 is slightly in error, th(
of generation O bone should equal that of genf
at kT = 1 when I peaks, and generation 2 shol
generation 1 at AT = 2 ~vhen the amount of gr
2 peaks, etc. Table 2S has been adjusted to s])(
relations.

Xote that lf A = 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 a more likely situation would be x =
year observed at XT = 1 or 50 years after adc,
or age about 68 years. In this case, perhaps
generations w-ould be detectable, O-3, with t’
generation occupying 6 $Z 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 T
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 oldc
If true, this would be an important finding b
dosimetry and for an understanding of the ,
signal which calls for resorption at a particula~
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 t}le Respective Surjace-to-

Ratios?

This would be an attractive hypothesis fol
bone because it would imply that an osteoblasi
osteoclast does not know whether it is on a sur
cortical bone or of trabecular bone. The fra
apposition surface and resorption surface w-ould
same everywhere (provided there was no cha
stress which called for adaptive remodeling).

Jowsey’s observations of surface activity in di
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~ [,’l,),d(” has found the surface-to-volume ratios in

1
an~:l~lbone listed in Table 30.
‘1’1le right hand column show-s the respective turn-

~, I r:ltes based on the formation surface from Table 29
1!(I :L linear apposition rate of 0.8 y/day. Lee (9Jhas
tI~lll(lthat linear apposition rates are the same in
r:~bcculae as in the cortex of dogs of different age. For

F

(Illlt dogs they average 1 p/day. Villanueva et al. (1OJ
cl)l)rt a linear apposition rate of 0.S + 0.3 ~/day (S.D.)

/or :1series of adult human ribs.

j ‘lTl]picalCalculation
k’
~ [I’ ,Ke use the values for femur midshaft from Jowsey
P], i 1,loyd and the apposition rate of 0.8 p/day from
$’refit :
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TABLE 29. SUMMARY OF JOWSEY’S D.iT~ ON BONE SURFACE
r~ AD(-I.T H[m.m BONE

I
Percent of total bone surface

Formation I Resorption

Rib 2.6
Anterior iliac 3.3

crest
Femur midshaft 2.8

l—

Avg. I 2.9 * 0.4 (S. D.)

4.6
7,0

3.9

5.2 + 1.6 (S D.)

TABLE 30. TURNOVERRATESOF DIFFERENTBONESUSING
TAIILE 29 FORFORMATIONSURFACE

I
1

cortical bone
Mid-femur

l’rabecular bane
Femur head
Thoracic vertebra
Lumbar vertebra
Rib

30

75
90
90
90

Formation
surface, %

2.8

2.9<.)
2.9(01
2,9(.)

2.6

(.) .kverage vallle from Table 29.

Turnover
rate,

% /year

2.5

6.4
7.6
7.6
6.8

Turnover
ratios

1

2.6
3.0
3.0
2.7

?

~.s I; (:10cm/cm’) (0.8 w’day)(365 days/year) (10-4 cm/p) = 2.5 %/year (turnover rate of the femur midshaft). (31)

( ‘(jaclusion

‘1’lle ratios between these turnover rates in different

b(,] its are quite close to those observed in the 90Sr

Di:( .iwements in man. Apparently the ratio of the

s(i t [: l~e-to-vdume ratios gives a reasonable estimate of

t}lt I ratio of trabecular-to-cortical turnover. In addi-

th )t), Lloyd’s surface/volume ratios together with

J{,uscy’s formation surface and Frost’s mean &pposi-
tiollrate lead to acceptable absolute values of the

tilrilover rates. It would be most valuable, therefore,

t{, l]:Ive more measurements of the surface/volume

r:iti(Jin different bones both in dog and in man.

Y,)lQon Linear Resorption Rate

\ ote that if resorption proceeded at the same

O.~~/d:iY as does apposition, and if the iliac crest had
a s~lrf:~ce/volume ratio of 90 cm/cmZ, then Table 29
ill(ljc:ltes that the anterior iliac crest would lose bone
n}:is~ at the rate of 9.7 %/year. Over each 10-year
1X‘ri~d 6070 of the bone would be lost. However, .Jowsey
01)’frves no more than a 10’% loss of bone from the
1’-1 {rim iliac crest over a 40-year period. This sug-
~’ ‘1x that the high values for resorption surface in
T( hlv ~~ do not indicate an imbalance between the

volume rates of apposition and resorption. Perhaps the

effective linear resorption rate is only about 0.4 p/day.

MATHEMATICAL SUMMARY OF MACROSCOPIC MODEL

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

R = $(t + c)-’ Lsfu (32)

(33)

Case (b) A power function times an exponential

Case (c) A series of exponential.

2. In any case, the total area under the retention

curve is given by c/IJk (which follows from the model

of the skeletal metabolism of the alkaline earths,

postulates 1(b), 1(c), 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)

iIl step 1:
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Case (a) * = (1 – b) ’’’-* (c) b”)b”-b (35)
2

Case (b) , A =“[ 1r(2 – b)nkcb l’l-b

(1 – b)c “
I I

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 h ~ b/tV = 2.5 %/year

for Ca, Sr and Ra in man. (b) produces a common
A = 1.5 Y./year for approximately the same input
data.

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

5. The average specific activity of the body is then

B = ~ c~(t + ~)–~e–~t[case (b)]. (37)

6. We associate A in Step .5with the turnover rate of

cortical bone by apposition-resorption.

7. Then if the apposition-resorption rate of trabecu-

lar bone is u times that of the cortical bone, the specific

activity of trabecular bone is

VT = (u’-’) ~ ,’(t + c)-be-m~’, (38)

where the first bracket ( U’–*) normalizes the whole

expression for VT so that

J

.

J

m ,,m

Vy dt = Bolt=
~

S dt = q/ql:. (39)
o 0 0

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

9. YOW the ratio of trabecular specific activity to
body specific activity, V,/B, may be compared with

data for radium in man and ‘OSr in man:

1 I
VT l–be–k(v–l)<—.
B“

(40)

9. Expression (40) is exponential so that P“,j’B
can be plotted as a straight line vs. time since tracer
intake on semilogarithmic graph paper. (See Lloyd’s
report on radium in man. ’20)

10. The time at \}-hich lTT crosses and starts falling
below B is

r I
t =(l–b)log, a (v, = B,
~

A(u – 1)
(41)

I

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

(a) a’-’ = 2.9 (left hand intercept)
- t,= 23 years

For radium, b = 0.5, so a = 8.4
i = 0.63 %/,

An equally good fit would be
(b) If cr’-b = 2.0, then u = 4.0

h = 1.45 Y./year
t.= 23 years

(c) From the considerable spread in t]

one can only conclude that A is the {

1 Y./year.

12. For case (b) above, the pow-er function t

exponential, the effective rate constant for rc

at a time tafter radium intake is [( I/R) ( dR/d,

=

For t = 35 years
A = 1 YO/year heffective = 2.4 %/year
b = 0.5

This agrees with Keane and Evans’(zl) measu
of the average rate constant in 20 radium ~
some 30 to 40 years after intake.

13. If the fraction of the skeleton (by t
weight ) that is trabecular is designated by r, t1
ratio of the specific activity of cortical bone to
the body is given by

v. 1 – ml-be-i(u-l)~—.
B 1–T “

This expression insures that the sum of the (
and trabecular activity always equals the to
tained activity [compare (40) and (43)]. It fits 1
plot for human radium quite well.

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

JUSTIFICATION FOR EQU.4T1NG FINAL EXPO&-

RATE CONSTAXT A WITH cORTICAL APPO>

RESORPTION

From expression (42) it is clear that at vel

times after injection the power function (and c1

tion) can be neglected and X is the dominant t

1. Consider the behavior of the parallel mt

whleh a number of bone compartments excha I1;

cium directly with the blood plasma. A particula

compartment, i, has specific activity, Vi , calciu

and calcium transfer rate (due to appositiorl-;
tion), a~. The behavior of l~i is given by

dV,
‘ix’

–ai(V~ – S),
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r;. 56.—SummarY of the macroscopic mode]. Curves show the body specific activity 1?,the plasmaspecificactivity S, thespecific
Ity of cnrtical bone VC, and the specific activity of trabecular bone VT as given by the mode]. The parameter values are chosen
proximate the behavior of radium in normal adult man: b = 0.5, c = 0.18day, qk = 7 g calcium per day, u = 4 (the ratio of
irnover rates of trabecular and cortical bone), r = 0.2 (the fraction of trabecular bone in the skeleton), and c = 1000g calcium
rrdciurn).The given values of b, ~, and ~k lead to the prediction that the final exponential rate will be lye/year (assuming

lv:lriance and no long-term discrimination), and this rate has been taken as the turnover rate of cortical bone by apposition-
)tion, Note that the areas under all four curves from time zero to time infinity are equal to each other and equal to w’nk,~here
,(>activity injected (loo~o dose) and ~it is the excretorv plasma clearance in grams of calcium per day.

:>1Sis the specific activity of the plasma, the central
period, which is here taken as t = O, and x is the finall:~rtment.
exponential rate constant of the model as a whole.

~“c)~vwhen transient equilibrium follo~ving a single
3. Then

ion is finally reached,

dV,
Vi = Vi6e-~’ (45) z = –hVi’e-A’ = ‘vi (47)

s = &e-~’ (46) ‘0

“ I“ze and 8. are the compartment and plasma –cikVi = –az(V”i – AS)= –a;Vi + aO’3 (4S)
it’ activities at the beginning of the equilibrium

Uil’i — C~kJ’i = aiti (49)
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F,(I – k/1.,) = S (51)

ml (52)
where ~i = ~ = the rate of apposition-resorption for

Ci
compartment i.

4. Now if hi refers to trabecular bone, we can v-rite

or

T“. u

z=—--”u—l
(53)

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

s = see-” (54)

B = Be-i’ (55)

and the excretion postulate

where qR/c = B.
Then

(56)

q ~ = cdB/dt = –~cB = –TM? (57)

so

()s _ Ac
,Be– G”

(58)

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

6. Therefore,

(:).=(:)’($.=+:). (59)
For A = 1.5 Y./year

c = 1000 g~.

@ = 7 gc~/day (70 liters/day)
u . 4

for radium in man

()v.

Fe = 0.0078.

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

times that of the final rate constant ~, then at
equilibrium their specific activity would be
1 Y. that of the skeleton LLSa whole.
7. Cortical specific activity at transient ecj

must be

()T’”c
276

= 1.248,

assuming ~ = 0.2 (20 YOtrabecular, 80 ?ZOcortic
8. Substituting the above into (52) and u

and ( .55)

(9.=(W:)e=1248($1-’VA
where A, is the rate constant of cortical bone
tion-resorption).

9. For the parameters listed in step 6

(~ 248 (7 gc,/day) (365 days/year)
(1.5 ‘%/year) (1000 g~a) )

1.— .,

1
= 212.6

1 – A/A=

1 – A/Ac = 0.0047

m.
Radium in man k/A = 0.995

the ratio of the body’s final exponential k to
position-resorption rate in cortical bone.

10. Therefore, &,.X is within 1/2 9’, of x fi]
the two can be equated without significmt error

11. In general

lx
–=1–

(1 – T)
A. qk

()

a
G–TU–l

For calcium, with

qk = 0.3 gc,/day

h = 1.5 Y./year

c = 1000 g~a

~ = 0.2

g=4

A
– = 0.886
A=

(11 % difference,).

Even 11 % is still negligible in view of our uncel
about i.
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1 at transi {)~ ~E(~TIo~ WITH THE JfIcROSCOPIC MODEL

be less t 1. ‘I+hefinal exponential of the macroscopic mode],
~it, have associated with the apposition-resorption

j equilibri ~I~ in cortical bone.

I [{nowing the latter, we know the amount of

(’ 1ty in hotspots a few weeks after injection. The

,1:: :~ctivity involved in new bone formatiorl :Ln(i
. .

)(,,~ll~hlr~mlnerahzatlon in cortical bone i5
Irtical bone?

1 using (~ AH. = XC(1 – ,)1 (66)

IIltrr C( 1 – T) is the amount of cortical calcium
Ais the fraction being renewed per unit time

~c ‘ (

1

I is the time integral of pkasma specific activity
::. l’rom expression (19),

)ne (appo,?

[
l=~’Sdt =&-R). (67)

o

[
1, The asymptote of the integral at t = w is

! I- = q/qk.
(61

/

.-,. Therefore,

m.
A

()
;; (1 – T)nc=q—-

(6?.

0 th(

final

or.

(

:rtain

~ I. SimilarlV .7 the total activity involved in bone

‘fill Ill:ltion in trabecular bone is

A
()

Ac
liT=q-U7

qlc
(70)

l.-
J. From the section on osteon formation, one can

~:1Iclllate the average hotspot intensity and the distri-

%Illi[,u.
k

~. [inowing both the total activity and the hotspot

p{ [i\ity, one obtains the activity not connected with

bl)L1(formation. This calculation must then agree with

th( direct calculation of the overall augmentation rate

ill t lie section on osteon formation.

!). I;xpressions (69) and (70) give the fraction of the

i]ij t,rted activity Which deposits in hotspots due to

bf,lw formation. They do not give the fraction of the

nl [ incd activjty (the current body burden) in hot-

SII t~.If hotspot,s sho~\- little diminution for a month or
s~I. then the two figures can be quite different. The
dl1)11l~ution in hotspots at times shortly after injection
rt(IIIircs further experimental investigation. .41s0, the
ef’1’(,ctof soft tissue uptake has not yet been included.

~(J~(,l,~,slo~

‘1’lle preliminary model outlined above promises to
P!”’Vide a framework into which the data listed in
tl .Ilmmary of background information can be fitted.
;‘ I must nolv attempt to find the best parameters for

7.5

Il(mmal man, lcecping in mind that the macroscopic
w ~d microscopic models must be internally consistent.

List of Symbols

Cap it21 let t ers indicate functions of time since tracer

injection.

~lt~gb Augmentation rate, the kinetic A -value ca]cu-

kited 5 days after injection for bone in which

there is no apposition.

lJractional 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 calcium per unit length of osteon being
laid down per unit time.
Grams calcium per cm3 of bone.
Time for forming an osteon.
Number of forming osteons per unit area of
bone (not a function of time).
Number of osteons per unit area of bone which
start forming per unit time.
Activity per unit length of osteon.
The time integral of S from O to t.
Specific activity of some compartment in bone.
Microcurie-days per cm2 of bone surface.
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).
Used to express augmentation rate as a func-
tion of bone age.
Kinetic A-value calculated at time t.
Equilibration time for model in which a power
function is followed by an exponential [Case ( a)].
Specific activity of i’h compartment.
Calcium content of ith compartment.
Calcium transfer rate of i’h compartment.
Vi at beginning of period of transient equilib-
rium.
Sat beginning of period of transient equilibrium.
Activity in bone formation hotspots in cortical
bone.
Activity in bone formation hotspots in trabecu-
Iar bone.
Body specific activity (uCi/gca).
Trabecular specific activity.
Cortical specific activity.
Activity injected.
Body calcium.
Turnover time of initial pool (days).
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IW duplicated. There is considerably less variety in

,Jll(lice of materials employed. While rice, sugar, or

.ill~ilar granular materials are frequently used to simu-

]:,[(, the uncontaminated body, it is the almost uni-

1,Id custom to employ aqueous solutions when radio-

, 1ivity is to be incorporated therein. I’or intensive and
ri~,d use, a, phantom containing r~dioactive liquid

11::- .wveral practical disadvantages, namely the ever-

1,rtw~ntdanger of leakage, which may lead to contami-

11:1 t ion of expensively shielded detectors and enclosure,

:(II([ the inconvenience of cross contamination between
~lif’f~,rc[]tisot ~pes used within the phantom itself. The

]:!ttw counsels the use of short-lived materials, and the

:1(I(litioml labor that their use entails. These problems

I I lrrrase in importance with the complexity in detail
,,, [ lie phantom.

1.WS hazardous and tedious manipulation may be

~,I)t:iined by incorporating the desired radioelement

illt(l beads of suitable size. These may be poured from
,.t,,r:Lgecontainer to phantom many times with quan-

I it:~tive transfer. While they are still subject to acci-

([{,llt:ll spillage, recovery and sahmge are considerably
..i ]l~l)lified. We have recently investigated the prac -
11[:1lit~ of such a system, and present here a progress
1, 1, )rt on some of its advantages and problems.

1,1(1:1’.ilLkT[ON’ OF BEADS

1{:~dioactive microsphere of either ceramic or plastic

Ilult(’rial are available from the 3h1 Company in sizes

r:lI]ging from 10 to 150 micrometers.”) On special

()1,11(,r, they supplied us with much la,rger plastic spheres,

72.; + 70 Y in diameter. Specific activities normally
1,n)(luced range from ().1 to 30 Ci/g. These activitY levels

t( [lot compatible w-ith our intended use, but, again

I), special request, ~le obtained spheres loaded with

{{,.illnl.lsy and cobalt-60 at approximately 1.3 @i/g.

‘1’he spheres are much too small to handle individ-

1[:~Ily or to locate if accidentally spilled (about 5000/g);

tll(,rcfore, ~ve obtained nylon beads 5.5 mm diameter

\\ith :L 1-mm hole drilled to the approximate center of

(’:1(11. (The indentation will hold about 20 micro-
.l )lltrcs.) A fixed number of spheres were placed in
i cII cavity and sealed in place with a drop of 10W--

I I.I’osity epoxV cement. A vacuum pickup device,
:!({ji~st,edto ac~ept a fixed number of spheres, devised
l)! JIr. E. Fudala of the Radiological Physics Division
‘t:l If shop, greatly simplified the loading procedure.
I’iqilrc 37 illustrates beads held in a simple polyethylene
ji~ l~hile being loaded and sealed. Beads were loaded
\\itlleach isotopeat two specific activity levek, and

:1(.1)]Ot ~vas sprayed \Vithpaint of a distinctive color to

~‘~I r( I against accidental admixture and to facilitate
‘ Ii(wal 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 microsphere 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
microsphere, 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-cm diameter
by S.9-cm thick NaI 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

microsphere from the top of the container. The abso-

lute activity level was about 30’% greater than that

inferred from the assay supplied by the 31f 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
hence 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-
radioacti~’e 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/cm3. For accurate simulation of the larger organs,
where self-absorption may be appreciable, fine granules
could be added to increase the density to unity.
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FIG. 57.—LorIding radioactive beads

TABLE 31, ST.\TISTIrS OF CS’37MICROSrHERES

Sample I II ~1 I

Location

Top
Top
Top
Middle
Bottom

I n 1~, min
1

Counting SD, X2
No. of rate, cpm
beads I—.
100 58 10 11,930 + 180
20 10 13 11,850 * 179
10 9 6 12,070 + 218

100 10 10 12,690 + 140
100 11 I 10 12,450 + 240

——
1634
346
201
155
523

n = No. of samDIes counted.
i = mean counting time per sample.

About 25 radioelements are available from the 3M
Company in microsphere form. For short-lived isotopes,
it 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.

A.NALYSIS

The usefulness of a phantom is solely dependenl
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 NaI crystal
possibly collimated) must be placed identicall~
respect to the body and the phantom. If we :m
cerned with calculating 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 agx
race, and habitus. But these considerations are co]
to any calibration procedure.

As a preliminary to studying the statistical prol

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



I
.
b

~ent up
LpeOf t
correcl

? deteci
;al arrt
ally w-i

are cc
ndivid~
n norrr
cognizc
age, S(
comm(

n-operti
d of t]
,sition
miform
icy. T]

c

~~~~t]blemis illustrated in Figure 58. Consider
~?I,:ilwd element of an extended radioactive

~,,~g:ln, imbedded in the body. The length of

a linear

mass or

this ele-,.
IIlf!it is 21, its center is the point P. Let the detector be

!:’ :1 distance a from the center. The radioactive seg-
1 ,It lies at a depth t within absorbing, but nonradio-;1’.
t ;,( tlre tissue. The analysis assumes that the ongles

Illlltually subtended by the source and detector Lre

rd:itively small, so that variations in response with

d(’riations in path direction from the line joining their

rllidp~ints may be neglected. Iieep in mind that the

t:i.’k :~t hand is not to calculate the crystal response
~,~:~ctly, but to estimate how spatially uniform the

(Ii-tribution of spheres must be so as to simulate satis-
J ~tf~ri]y the response of an extended uniform source

i,i~,lltically placed.
\Ve assume the attenuation to be exponential. This

im~)liesthat the detector response should be restricted

t(I the “photopeak” region. & illustrated, the effects

(I( scattering within adj scent volume elements of the

[jr~:ln may be appreciable, and the absorption coefficient
t1,be used must be chosen accordingly.

‘1’lw relative reading, in arbitrary units, produced by a

I I:lt source at the center, P is

Rp = ‘Qoe-’(’+’) ,
a’

(1)

u Ii(w Q“ k the source strength and K a constant re-

l:~tit]g to detector efficiency, whereas that produced by

:i Ii]war source of equal strength and length 21 will be

R = KQoe-’’(t)’) ‘z
[

e“ dx
e

—2T
(2)

–z (1 — X/a)z”

s, !It,ion of the integral is given by Evans. ‘2) The

(1(’rl{)minator is expanded in a series, and integration

t{rm by term readily follows. For the case where pl

is appreciably less than unity, so that higher terms in

P1 may be discarded, a particularly simple expression

I DETECTOR
I

IRGAN

:.
:.

—B

I l!.. 58.—&ometH, of organ depth location in whole-body
“lllllin~,
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FIG. 59.—Efficiencyfactor F vs. I/a

results. The normalized response factor 1’, namely the
ratio of the response R. from an extended source to
R, , is given by

+pl(2/3f +4/5 f3+6/7f5+ . . ...).

(3)

where f = l/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 Q. . Note that ex-
ponential terms in thickness t disappear, being com-
mon to both numerator and denominator.

Equation (2) can also be integrated exactly within
the range of approximation where e’” = 1 + ~r, with
the following result

where in order for e“ to differ by less than 10 ‘Y., PX

is restricted to values less than about 0.5.

Values of the factor F as calculated from equation (3)
are plotted vs. the parameter f = Z/a in Figure 59.
The values assumed for PLin 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 ‘Y., the acceptable
range in values of pl and l/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-
fying assumptions avoided.* In Figure 60 the values of

* The resulting solution to 16 terms, including the parameters
of I.L1and l/a to the sixth power, is given by Evans.(z)
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FOR :

I/a = 0.25

~ = o. I (EO=450kev)

k (?0 = 104

Re = 3.361

Up -2.299

F
(1)

=1.462

RD - 3.026

F = I. Ill
12)

RP s 3.272

F = 1.027
(4)

FIG. 60.—Comparison of single, double, and q(ladrupole 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)—fi 7., and four
sources—2.7 YO.There is one big drawback. The point
source nearest the detector contributes 56 YO of the
total response for four sources, and the first two con-
tribute S2 ‘%0.They must, therefore, be located accu-
rately at the designtited 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 &tri-
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. (SJ

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 local
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 constitl
“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 w
along these lines is continuing.

In conclusion, an alternate system for the safe
ing of small amounts of radioactivity into phal
has been described. 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 d
bution assumed by multiple sources, and the res(l
detector response in realistic, three-dimensional (
dlnates is necessary in order to realize its full potcl
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TIME-OF-FLIGHT” GAMMA-RAY CAMERA OF LARGE DIMENSIONS

L, D. .Warinelli, G. I’. Clemente, I. K. .4bu-Shumays, * and O. J. Steingraber
—

‘IIIIP Ioctiization of low le~wlsof radioactivity by means of
[)1(-of-flight techniques is possible if resolutions of the order

,; cm are tolerated. A survey is given of the optical, elec-
~, 1(, and mathematical problems involved.

la economical instrument, capable of measuring in
w distributions of the order of 0.01 ~Ci of ~-ray ac-

vity, obviously would prove useful in monitoring in-
rIMl contamination in neutron radioactivation analy -
< it~ W“VO and peform, over large areas, some of the
.& performed by the several ~-ray cameras available
tI:ly.In the case of 1{40,with an instrumental eficiency
7(;, the expected average counting rate would be of

ure 61. A collimator grid whose cubic septa have hunina
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. @JThe time “jitters” At of these fast
measurements or, equivalently, the spatial resolution
W1/, of our system, depends on identical factors, except

r-1 SCINTILLATOR-.= I-1
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SUPPORk

enclosure,’ \

g the re.$
stitutes 8!

lion func
umber o;
ch might
. Investi~
f sourcel FIG. (il.+ utline of ~-ray camera

tilt order of 0.2 counts/cmZ/tin; hence, in the presence

ground, statistical errors of the
uire a counting rate of about 20

usly at these levels one cannot
formation on activity spread over

[u”(:[s much smaller than 100 cmz, and this only with the
m ,st,Cficient Visualizatiorl systems available, such as

1i1 {}rdcr to reduce the number of photomultipliers
~1’(’(1, ive have thought of utilizing prismatic plastic
fll! l,+ceIlt rods of 2“ X 2“ cross seCtiOn, one Or tWO
n ~~r, IOrlgand encircling the subject as shown in Fig-

Andrev! \1,],liedMathematicsDivision.

that in our case the photons from each scintillation reach
the photocathodes through different path lengths and
that, in effect, the effective decay time of the photo-
cathode burst is lengthened. The dispersion in a long
fluorescent rod can be represented by a roughly
Gaussian dktribution described by

w,,, = At~(L) ~ (ivof(C) )-1’2f(T,T,) j(r) j(~),

where Wllz is the FWHNI of the distribution of the time
intervals At obtained with a rod irradi-
ated by a fixed point source finely colli-
mated;

NOis the number of photons arriving at the
photocathode;
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!~r,lblems.” We consider here the one-dimensional case
;~yllichis expressed as follows

/

a
K(z,x’) f(d) dx’ = g(z) + ,(z)

a

,, ~~re f(z’) is the unknown distribution of radioactivity
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per unit length of the body. The kernel K(x,x’) is the
counting rate registered by the scintillator at x due to

the presence of an “ideal unit point source” situated at

x’. We assume that it can be determined very accurately

for practical purposes by pro]onged 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.

c(x) stands for the error whose limits are known from

knowledge of g(x), although its actual value is unknov-n.

N’o detail can be given here of the methods of solving

this equation for j(x’) once ~(x,.c’) and g(x) are given. [5)

In practice, the physical problem is further complicated

by the fact 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 (wO.7 mm width) consisting of a fine cathe-
ter 4300 cm long filled with uniform Csla7microsphere
of about 0.2 nCi and shaped as a sequence of sinusoidal
waves of varying frequency and extending about 60 cm.
The detector was either a 3“ diameter XTaIcrystal with
three collimators or a cylindrical rod 2“ diameter and

60 cm long covered by lead bricks separated from spaces

ranging from 1 to .5cm, as indicated in Figure 61.

The resuits concerning W’IJ2, namely the effect of the

kernel width on the solution f(.u’), are illustrated in Fig-

ure 65. As were all our results, they were obtained by the

smoothing technique, described elsewhere (s) and pro-

grammed in a 3600 computer. Our j(d), the true dis-

tribution, is shown by the solid line; our calculated solu-

~ 1o1- 1 ii /“t..:} 1“

.01 I I I I .“ 1; I \ 1!1
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FIG. 65.—Influence of kernel resol,ition on {Ietail of f(z’)
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where ~’ is a distribution whose amplitude is of the

order of the magnitude of error in the measurement of
g(x’ ). In other words, smill errors in g(z’ ) nm.v be
amplified to such an extent that the exact solution of
Eq. (1) [deleting c(z’) ] becomes physically meaning-
less.

Eq. (1) is usually approxinmted by a linear system of
equations, or equivalently, a matrix equation. The in-
terval ( a,b) is subdivided into n part a = xl < .x2. . . <
Xn = b, and Eq. (1) is approximated by

kKjiwi.fi=~j+ei j=l, m, (~)
i-l

where w; are weights that depend on the quadrature

for~ula chose?, Kii ~ Kj~~,~/j), .fi = .f(~i), gj =
g(x~), ~j = e(~j) and Z1 , XZ . . . A the points at which

g is measured. In order th:tt the system of linear equa-

tions become meaningful, it is necessary to have m > n.

Introducing the notation A = (w;Kji), f = (.fi) ,g =

(gi), ~nd & = ( ~~), Eq. (~) can be written in the matrix
form

Af=g+c. (3)

The method used for the solution consists in finding the

I
1- , FWHM =8.5 cm

105=

FWHM = 15.Ocm

104

Y

FWHM=15.Ocm

g(x’) DATA NOT SMOOTHED

103L–

102_
o

FIC. 70.—Representotion of ~’s m a funrtiou of

)

e2/1(34

solution of Eq. (2) which minimizes

v-here aji = K ji find pj are tippropriat e weight

If there is no a priori evidence that some of the
more accurate than others, then one may set ,
for all j. The minimization muy be subject to t
straint which :wises when the total ~ctivity C i.+
(see Section .1 below) and which has the discrc

and to other constraints such as that of being suff
smooth.

A typical smoothness constraint is to minin
sum of the squares of the second differences. T1.
lem then is to minimize the function

H(fl , . . “f? , X,7)

= ~ P, (~ ajif, - 9,)’

( )
+2A gwifi–c

n-1

+ ‘Y’Z (fi+l – 2f + fi-1 )2 + 72( Sllfl
i -z

+ sr2f2)’

+ 72( SrlJ-d-),-l + %f?t )2.
The last two terms in the above equation con
conditions at the end points of the interval (a.
the factors A and 72 are Lagrange muItiplie)

smoothness of the solution depends on Y2, the

given to minimize the second differences in th(

case. Four curves are plotted in Figure 70 (.see
comments in Section C), giving ~ as a functim
error

for different cases.
A“ormaily, in a given experiment a lower and a

bound for the value of e’ of Eq. (4) can be estima
the y to be chosen ought to be the one which g
acceptable value of ez.

VARI.iTrOX OF THE EXPERIMEA-TAL PARAMETER:

A. Tl[e Knowledge of the Total A)nount C of
activity

The computer program yields both quantit,ie:
f(x) from the experimentally measured values ~
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FIG. 72.—Variations in f(z) caused by previous knowledge of C, h = 4 cm

Intqrated Activity on flx ) - FWHM .8,5 cm

Interval

1

Experimental

on f(x) C Unknown C -8.5 Value of the
(cm) Activity +3%

h-l h-2 h.3 h=4 h-l h=2 h-3 h=4 (uci)

o-44 0.9 0.s5 Lo 0.7 0.9 0.9 1.0 1,1 0.9

14-44 3.0 2,85 2,9 2.6 3.0 3.0 2.9 3.1 2.9

44+4 4.5 4.6 4.6 4.2 4.6 4,6 4,6 4.3 4.7

0-54 8.4 8.3 8.5 7.5 8.5 8.5 8.5 8.5 8.5

FIG. 73.—Integrated activities over various intervals of
}(z) for various h’s,

FIG. 74.—Integrated activity with three different point re-
sponse functions.

the integrated quantities and the percentage errf

the three previously chosen intervals. The tot:
grated activity C is practically independent
FWHM of K(z,z’). (See above for dependent
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 h) in

the shape of the computed j( x) should re

the actual distribution, namely acceptat

curacy in the location of the peaks and

magnitude of their slope; in our case Ax, =

FWHN1 ;

the smallest interval AxE where the net

grated) act ivity

/

Z+AXfl
j(z) Czx= c,

z{

should have acceptable error. (If AXE >

this condition is automatically satisfied.);

the efficiency of the collimator should bc

enough to minimize the statistical errors \

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(x’)

Usually the selection of the collimation width ]s w-
lated to the limits of errors (statistical plus experi-

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 -y and the measure of the error

e’=~~;

shown by the curves ~(ez) in Figure 70. The selection of
the type of collimation and other parameters affects
the shape of -y(e*) 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 acceptable

values of the error e2 fall in the region of Y( e2) where e2

is a slowly varying function of ~.

A simple method to determine whether the experi-

mental conditions are well chosen is to plot e2 for a few

different values of y, as in Figure 70 and check whether:

(1) the form of the curve y(e’) 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

e2 = z~=l c: (experimental plus statistical) falls into
the range of the curve which is insensitive to small

variations in ~ (e.g., in Figure 70 for FWHIM = S.5 cm

the value of the e’ should be less than 106). The under-

lying reason is that normally the value of e2 is only

roughly known and, wit h low sensitivity an error in the

se)ectioll of y by “guessing” tit ez would not in

the rmults undul}-.

Various results fc~rthe distribution j(x) obtai

using differe]~t ~’s for the case FWHll = S.5

shown in Figure 77; it is easily seen that for 5

~ S ~0” 108, the shape of j(z) changes very lit
could be deduced from the corresponding CU]

Figure 70), whereas for Y a 20”103, the resu

greatly influenced by the selection of Y and an err

estimation of the experimental value of e2could

a memingless j(z).

Il. The Inkrvai h between Successive Readings t

When carrying out an experiment, the proper

of the interval h 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 h in the computation of the tot
partial activities under j(x). Figures 78 and 7!
the distribution j(z) obtained using clifferent in.
h in the two extreme cases of FWHM = 8.5 c
‘FWHM = 15.0 cm, respectively; these data s
that acceptable results can be achieved only for
tain range of values of h. As a general rule, on
propose that the upper limit for h be kept aroum

FWH3 [ of the point response function ~(.z,x’

selection of its lower limit, on the other hand, se

be strictly correlated with ,(z’ ), namely with th(

ure of statistical noise superimposed on every r

in g(x’ ). In fact, if i is less than h, the value of th

e’= ~i e: will eventually increase beyond accc

levels. At such levels of e’ the computation of t~
tribution f(x) becomes sensitive to the choice of
a wrong estimation of e2may make it difficult to—

0.701 satisfactory value. If a very narrow collimator, anI

0.601p —.—y, 5.103
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0.50 ! ------- ~ =11)6

Id

IL
II \

; 0.30 ‘
a

/ \\
d

I \\
a 0.20 / ~----- -

//

, ,.

\

-.
=.

,/’ ‘.

/

/.
0.10’ j , #

+,”.
‘%

,/’ . ~
/

,~ ~.’\0(1,’ .
I I I I I J

o 10 20 30 46 50 60
OISTANCE (cm)

FIG. 77.—Effect of -y’s on }(z)

sequently a very small h, is selected, better val
f(x) can be obtained by smoothing the experi]
results* gi(z’), namely by reducing the statistif
collations of the experimental data. This effect, f
case of FWHM = 15.0 cm, h = 1, is shown in Fig!
There, one sees that e2 = xi c: as a function of 7

absence of data smoothing is very sensitive i

change in y, which is an undesirable situation.

Smoothing the data instead moves the corresp{

curve in Figure 70 to the left (reducing e2), ma]

similar to the family of the other acceptable curl

y as a function of ez.

E. Extension of Data Beyond the Limits of th
tribution

Intuitively, one expects that a certain impro~

of the shape of j(x) near the extremities should

* and K(zjz’) if the kernel also has significant statist
ror.
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ets of th]

]l,,~e the matrices A and B correspond to the com-
,Ilmts K1 and Kz.of the response kernel, multiplied by
)l>rtjpriatequadrature weights. The regularizat,ion Un.
I,lill< is based on the physically meaningful assumP-
(1[1that (except possible at a few irregular locations)
I& nuignitude of the activity .f(x,y ) cannot change
)1.@y between one point and its immediate neighbors
I ttl(’ grid or between two adjacent grids; in other
()ILIS,we require the surface .f($,v) Of the distribution
, IX, sufficiently smooth. The solution of the matrix
Ill:ltion (3) subject to our smoothness requirements
,($()nle.s

= [.1 ‘.1 + 7,S’:s,]-’ A ‘GBT [BBT + Y25’2LS’~1-’, (4)

t1(1(’SI and& are appropriate smooth% matrices and

:~Ml 72 are corresponding weights. Usually it SUffiCeS
) c(mqmte Eq. (4) for a few values of Y1and -y2in order
~(Jstimate the acceptable values of these weights ~1
1(Iy, . “rhe acceptable values of w and 7.2are those
hich }rould lead to a new spectrum G’ with an error
)lnlxu-ableto the expected statistical and experimental
rf)r ill the given spectrum.
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Figure S2 shows a typical surface studied and Figure
S3 compares both the usual (unsoothed) solution (m =

w = @ and the smoothed solution (m = 72 = O.ol)
with the exact distribution for two sets of three
typical cross sections, each parallel to the z 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(x’,y’) in this case was between
24% and 2S 7..

A detailed analysis of the two dimensional regulariza-
tion unfolding described above is currently being

prepared for publication.
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IETA60LISM OF 2“Th DECAY SERIESRADIONUCf.lDES IN MAN AND OTHER ANIMALS
3I.1O WING INTRAVASCULAR ADMINISTRATION OF THOROTRAST

R. .11.Parr*, H. F. Lucas, Jr., and .+1. L. Griemf

‘[’tjv activities of ‘Th decay series radionuclides have been
(1tIml in tissue samples from 6 human patients and 9 experi-
{ tit:11 mimals to whom Thorotrast had been administered
):Ll-:]srularly. In favorable cases where analyses could be
i)tilt.need before extensive in vitro radioactive growth or
:, v had occurred. the in vivo activities of seven nuclides,
~1,, “’Ra, ‘At, qh, alla, ‘Pb, and -i, were determined.
If :~vailable information on the translocation of these nu-
[I{,s tvithin the body is reviewed, and current “best-estimates”

tlrri~-ed for the distribution of activities and consequent
.( ~ m tes in the tissues of typical long-term Thorotrast pa-
llIS. The anomalous behavior of ‘Ra, which is retained in

retiruloendothelial system in high concentrations, is ex-
][]r(l by a model which postulates that atoms are trapped
~I I i II the Thorotra~t p@icles unless the recoil distance
c,11x11which they move at the moment of their creation is
]itic]]t to allow their escape.

I’1IODCCTION

“l’l]orotrast is a commercial preparation of colloidal

[Irium dioxide which was introduced as a cOntraSt

I Iiurn for radiography around 1931. Because of its

l’~f’smt address: Department of Research and Isotopes,
1l~:itionalAtomic Energy Agency, Vienna.
\ r~onne 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,tll 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-
fects of low level and long-term irradiation in man.
This is particularly the case for those patients to whom
it was administered for cerebral 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 PARAMF:TER5 OF THE ‘2Th I“JEc.LYSKRI~+

Serial number ~
I I

Nuclide Half-life
Particle emitted

of decay product ! and energy, Met’

(1 (parent)
1
2
3

4
5
6
7
8

9
10

228Tb

“’1{:,

22OE1O
216p.

Zlzpb

212Bi

212p.

208T1

5.75y
~

b 0.053

6.13 h P 1.55

1.91 J- a 5.42 (0. s3)

5.33 (0.17)

3.62 d i~ 5.67

54.5 s a 6.26

0.16 S 6.77
10.6 h ; 0.36
60.5 m a (0.337) 6.05

LJ(0.663) 2.20
o.14/Js I a 8.78
3.lm @ 1.77

Principal gamma-ra
energies(a)

0.34; 0.97; others Rp t

0.241 (weak)
—
—

0.239
0.73 (weak)

—

0.58; 2.62; and oth~

(s) only gamma rays greater thaIl 0,10 MeV in energy and more than l~o abundant, are listed.

determination of radiation dose. However, dosimetry
in these cases is a problem of great complexity since
energy is deposited within the tissues not only by the
parent nuclide, 232Th,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-
acteristics. Other problems also serve to complicate the
dosimetry, such as the very nonuniform distribution
of the colloid in the body and in my one organ, as well
as the self-absorption of the radiation within aggre-
gates of Thorotrast particles.

The general metabolic patterns of behavior of the
longer lived nuclides 2szTh, ‘z8Ra, 22sTh and ‘24Ra
can be described in broad outline from the work of
Rundo, (Z-’] Rotblat ,(SJ Kaul(o-s) and their coworkers
in Europe, and of Hurshtg-lo) and Marinellitll’ lZ) 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,lS’ 14)
212Pb,and ‘12Bi, (z’ ‘) 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 scanty 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 n~etabo-
lism of the shorter-lived thorium daughter products,
‘2SAC, ‘2’Ra, 212Pb, and ‘lzBi. 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 hence to derive the current “best estimates” of the
radiation dose delivered to the tissues of Thorotrast
patients.

MATERIALS AND METHODS

Sources oj Tissue Samples Analyzed

The attainment of the main objectives of tl~
Vestigation required a study of tissue samples

typical Thorotrast patients, most of whom reI

injections of the material 20 to 30 years pre~-i

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!

Iected tissue samples were examined promptly

death. Secondly, a series of animal experiment

performed using rats and dogs injected intravcll

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, 22SAC,21qPb, and 212Bi.
in such cases could the measurements be comm

at sufficiently early times after death [ s 1 hr) to

determination of the 212Bi activities.

Radioactivity Measurements

Small samples of tissue weighing up to abo~
were used for the radioactivity determinations.
growth and decay of 2ZSAC,21:Pb, and ‘OsT1 wer

‘*
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TABLE 35. TISSIJEDtSTRInUTIONOF THOBOTRMT[’)

Lung ! Cmtkd Bond’+
bone marrow

—i__.—

—

—

—

—

—

Age of
burden

Code

02

03

66

83
85

166(b)

67
72
73

TH2(b)
TH3(b)
TH4(b)
TH5(bl

Spleen 1 Kidney
Red bone
marrowAnimal Liver

8.4
19.1
2.4
1.9
5.0
5.8

100

100

100

100
100
100

Man

Average

49d

49d

lly

26d
48d
26y

100 I

134 I 0.5 0.9

0.4
1.1
0.5

I
66 0.7
65 1.0

604 0.2

0.8
1.3 14

11

205 I 0.6 0.7 1.0 7,1 12.5100

100
100
100
100
100
100
100

175 0.4
213 0.8
580 0.9
204
441
252
316

Rat 41d
35d
38d
18m
22m
12m
22m

Average I

(a) Concentration of thorium (mTh)/g of tissue ss % of liver concentration.
(b)Ratios are bxed on ZZsRa activities resuming equal fl values for all the soft tissues.

(o) Rib and vertebra, respectively.

TABLE 36. ORGAN DISTRIBUTION OF THOROTRAST tions and approximations must be made. The s
IN M.4N (232Th)(’j mathematical model, and the one which assun

least about the physical and chemical propel
Thorotrast, is presented in an Appendix to this
The following results have been obtained on th
of the equations contained therein.

RESLTLTSANDDISCUSSION

Tissue distribution of Thorotrast (232Th)

Measurements were made of 232Th concentrate

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 t~

j or 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 s

measured and that of the whole organ (particuh

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

weights for the standard man in accordance wi

recommendations of ICRP. (16) The pattern of dis

c,.

Thormm
cone.rel.

to liver
(from

Table 35)

100
205

0.6
0.7
1.0

12.5

7.1

W, Organ
wt in

Standard
Man, kg

Organ Cw

Liver
Spleen
Kidney
Lung
Cortical bone
Red bone marrow

Total
Bone + marrow

1.7
0.15
0.3
1.0
7.0
1.5

170.0
30.8
0.2
0.7
7.0

18.8

75
13.6
0.1
0.3
3.1
8.3

227.5
71(b)

100

10.0

(.)The fiKures in the right hand ~olum~ give the fra~tional

retention o{Z~2Th in the ~rgan, relative to ~he 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.

(b) The d~ger 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-
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‘r~lBLE 37. ORGANDISTRIBUTIONOFzt~h IX M.m FOLLOWINGIN-TRAVASCULAR.kDMINISTR.\TIO~OFTHOROTR.WT

~,,Lh~r . . . . . . . . . . . . . . .

Rvfc~~nce.. . . . . . . . . . . .

~,, ofcases. . . . . . . . . . .
-—

DL1r~tion. . . . . . . . . . . . .

~lc~hodof anaIysis.. . .

I.ivcr
,Spleco

j{dbone marrow

l.(lng
S!deton
.idrcnal
Ilc:lrt
Intestine
Kidney
Jluscle
Pancreas
T]lyroid

_——

‘1’(II:11

Kaul I RundoZursh et al.( AIW group Parr et aI.

9 6 3

Several 9

11, 17

2

This paper

6
Fraction of body

burden in
organ :(e)

loo.W/144.7

4 Mean values
(cohsm; 2-6)

Long term I Long term
(mean 12y)17d-19y 18y, 26.5y

a-ray analysis

26d-26y

a,y-ray
analysls

percent

1

Spectro-
chemistry

a-ray

I

~-ray
analysis analysis

(52) (’I 100 (71)@) 100
(17) 33 (17)
(30) 58 (<12) <n

100
9
8
1.8
0.75
0.003
0.07
0.6
0.18
5
0.05
0.05

100

(0.55)@J 0.8[C)

100
18
11
0.4
4.1

0.13

100
24
12(d)

1.1
1.7
o.oi)3
0.07
0.6
0.15
5
0.05
0.05

69
17
8
0.8
1.2
o.oo2(f)
0.05
().~(f)

0.1
3,5(0
o.03(f)
o.03(f)

(0.8) 1.2

I

simples
lines th
erties 0
is papel
;he basi

itions ti
Icentra
n Tabk
~e 232T~

the ma-
y, some
olationf
>due to
;an, un-
sample
larly in
in the

s basis,
rat are

35) to
; organ
ith the
!stribu-

144.7 100

, ~I.iver, spleen, red bone marrow and lung figures are from authors ‘ “~referred values” for jJ2Th concentrations in these ormans.--
:,.ml on 4 patientk (17d, 49d, 18y and 19y burdens). Other figures are k~ased directly on quoted j“Th concentrations (18 an; 19y
!Irtlens), Organ weights in standard man assumed.

~),~(~[~t)ted distribution as percent of whole-body burden.
(. I Y(}rma]ized with respect to the liver content assuming liver burden to be 70~o of whole-body burden.
(d] Weighted mean value, wing ,Veighting factor of 0,1 for results of R[lndo and Kaul, which were not based directly on measure-

lc1]IS of separated red bone marrow, and unit weighting factor otherwise.
[t) ]~xc[uding organs not listed (Particl[]ar]y ]ymPh nodes and perivascular deposits, which may contain a significant fraction

f i I]c injected Thorotrast).
f ilc:~s~lrements to be interpreted with caution as they are based on only a siwde maksis.

(11) of ‘32Th among the various organs of the body, so
‘Y(:llcd (Table 36) is in general agreement with’ the
.ults of other workers. A comparison can be made on
1(’basis of the data presented in Table 37, where, as
)r Table 35, normalized values relative to the con-
.ntration in the liver, are quoted. The results sug-
[’.~tthat the major part of the Thorotrast (=95Y0 of
1:~[contained in the organs listed) is taken up by the
r iru]oendothelial system, and that it is distributed
c( ~wcn the liver, spleen, and bone marrow, approxi-
).[ [,ly in the ratios 100:24:12.

1t is important to note that the percentage values
‘ [d in Table 37, last column, refer only to those or-

~lls listed, and notably they neglect any considera-

On of the lymph nodes. Reliable data for the lym-

II:It ic system are almost completely lacking, but the

‘ri[it ies quoted for patient 166 (Table 35) suggest
].(I the ‘32Th concentration in certain lymph nodes
)~~xcced that in the liver by approximately a factor

[ If). It would be not surprising, therefore, if a sig-
Ili~l~lltproportion of the whole-body burden of 232Th

were to be found located 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

scanning have shown that the proportion of the total-

body radioactivity (of 20sTl) so located, not uncom-

monly exceeds 50~o. 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,

,., f:,

-.
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Rundo ‘3) observed that the estimated ‘32Th 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. ~la) 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.,tlg) 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 3.1YOof the whole-body burden of 2TATh.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 23zTh 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 ‘g) of a small but significant excre-

tion of 2s2Th during the days immediately foil
administration of Thorotrast to two patients (O.
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 S1
burden of thorium in Thorotrast patients is d
from such n soluble pool, in which case, like ~z’
long times tiftcr injection, ‘Z1J it would be expec
have a relatively diffuse distribution.

Tissue Distribution of ‘1’Pb

Many of the thorium daughter products ar
tributed throughout the body quite differently
the parent nuclide, zszTh. 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 n]

for *lzPb and the other daughter products whit
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 .(lo, 13,1~)

~12Pb is of little direct significance in the dosi
of Thorotrast since it emits only 10-wenergy /3
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 i

measurable. In most of the tissues its biological
life is considerably longer than its physical h:
of 10.6 hr.flG) Therefore, there are good groun
expecting that ‘12Pb can be used to estimate the
ities of its dosimetrically important precursors.

Animal

Rat’

Dog

Man

Age of
burden

35d
38d
41d
18m
22m
12m
22m

21d

48d

I
Mean values

Code

72
73
67

TH2
TH3
TH4
TH5

78

85

Liver

100
100
100
100
100
100
100

100

100

100

Spleen

111
200

185

120
228

241

17

59

144

Kidney Lung

19
32

237
40 :

228 I
311
2(J2 I

1,g(b) 221
36(0)

8 35

12J 35

Cortical
bone

9

8

9

Red bone
marrow

30

30

Bloo

~

.>

w Concentration OfZIZpb/~of tissue as 90 of liver concentration.

@J Kidney medulla.
(c) Kidney cortex.
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TABLE 42. EQUILIBRIUMACTIVITY R.\TIOSOF THORILN 1).~u~HTERPROOC-CTSIN LIVEI+

BatchNo.

12878
(zJr)[b)

09940
($oy ) (b)

13098
(4y) @)

?
?

Weighted
mean

Animal

Man
Man

Rat
Rat

Rat(,)

Rat
Dog
Man
Man
Rat
Rat
Rat
Rat

MA an
Man

Code No. Duration

!
02
03

72
73

65
67
78
83
85

TH2
TH3
TH4
TH5

66
166

1“ I

49d
49d

35d
38d

20d
41d
21d
26d
48d
18m
22m
12m
22m

lly
26y

Wta/232Th

0.30(8)
().32(S)

o.34[~)
o.38(8]

0.25
0.19
0.18
0.20
0.19
0.30@J
0.24
0,25@)
0.21@j

0.36
-o.4(e)

0.27

228~c/228Ra

—

0.87
0.99

1.1
0.98
0.96

0.94
0.9
—

—

0.97

...—. ,...— 1 .. .– ,“..—.W~h/Z.8~~

101(.)

O.65(a~
(), 77(.)

0.97
0.86
0.87
0.88
0.88

—
—
—

1.00
1.01

0.89

x“,~a,m’~~

0.59

O.(M

0.54

0.51

0.31

0.38

0.55

0.53

0.59

0.51

0.52

0.51

0.50

0.75

0.53

2oPb /n4Ra

—
—

0.65
0.63

1.4
0.37
0.34

0.63
0.54
0.34
0.38
0.41

—
—

0.48

212Bi/:

0,7

0.>

0.:

0.:
—
—
.

1.(
0!

0.:

—

—

—

0.7

(.) Po~~iblY an overestimate since no accou~lt was taken “f the sma]l amount of activit~ which mav have been left absorl)

the walls of the Thorotrast ampoule.
(b) Approximate time since manufacture, calculated from 128Ra/z3Wh ratio.
(c) This animal ~a~ not typical in that,, due to a poor injection, mo5t of the Thorotrast was retained at the site of the inj,

in the tail.
(d) cal~{d atiOn based on an as~llmed Z28Th/Z2SRaratio of ().9.
(,) Meas~lred by growth of 228Ra ~-activity.

tistically different from zero, but do place an upper
limit on the actual concentrations of these radionu-
clides in blood.

The proportion of ‘lzPb in the blood observed at
early times after administration (-239’. 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 1270. Grillmaier in Germany, for similar pa-
tients, has reported values between 1.7% and 23.9%,
with a mean of about 8q0.(2TJ

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
batch of Thorotrast used, the results have, in general,
been grouped according to the batch number. In a few

cases the 232Th activities, and hence also the ‘z
‘32Th activity ratios, jl , were not measured dir
but were calculated from Eq. (3) (appendix) usil
assumed value for the 226Th/228Ra activity rati{
as indicated in the footnotes to the tables. To tl],
tent that the assumption regarding fz is in erro
may also be the calculated value of fl be in
(probably <10%).

Mean values of the activity ratios are includ(
the tables. They were calculated using weighting
tors of 0.1 for those measurements which were fc
be of inferior accuracy and unity otherwise. It mu
remarked, however, that there are some obviow,
consistencies in the results which cannot be expl~
as arising simply from measurement errors or
species differences (e. g., the 22Wh/22ERa activit?
ties), but which may depend on the batch of T]
trast, its age, and the duration of the burden.

Recoil Model to Account jor the Observed Act
Ratios

The high activities of most of the daughter prot
of 232Thin the RES can only be regarded as anom:
unless it is assumed that these nuclides are physi
trapped within the particulate material. Otherwi
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TABLE 43. EQUILIBRIUMACTIWTY RATIOS OFT~iORICMD.IUGHTERPRODUCTSm SPLEEN

212Bi/212p

—

—

0.72
0.88

0.55
0,37
—
—
—

1.0
0.93
0.8

—

—
—

0.70

m-bed (

injecti(

228Ra

directl
sing a

,tio, jZ

the ex

rror, s

n erro

Ided i

ng f ac

felt t

nust b

)US in

>laina

r fron

ity ra
I’hero

ctivitt

oduct:
nalow
sicall~
Vise ii

~.4c/228RaAnimal Code No.

02
03

72
73

65
67
78
83
85

TH2
TH3
TH4
~H5

66
166

224Ra/228’Th 212pb/224R~Duration 22B’rh/228Ra 212Bi/212pb

—
—

0.57
0.54

—

0.50
0.50
—

0.42
0,41
0.21

<0.5
0,43

—
—

0.45

Man
Man

Rat
Rat

~at(c)

Rat
Dog
Man
Man
Rat
Rat
Itat
Rat

Man
Man

49d
49d

35d
38d

20d
41d
21d
26d
48d
18m
22m
12m
22m

Ily
26y

O.32(8)
0. 32(~)

0.23(U)
o. 20(8)

0.24
0.25
0.22
0.21
0. 25(d~
0.23(d)
0.22(’J)
(J lg(d]

0.36
-o. 4(. )

0.74
0.74

0.44
0.38

—

0.28
0.37
0.63
0.64
0.43
0.44
0.37
0.36

—

0.74

0.97
0.94

0.94
—

1.0
1.1

o.97(~~

o. 47(8)
0.41(’)

0.98
—

(J,go

0.87
0.94

—
.
—
—

0.97
1.03

—
—

0.72
0.65

—

0.59
—
—
—

1.0
—
—
—

.
—

—
0,25 0.97 0.84 0.51 I 0.66

I’msib]y an overestimate since no account was taken of the small amount of activity which may have been left absorbed on
I,, ~~:dls of the Thorotrast ampoule,

.(pproxirnate time since manufacture, calculated from 2j8Ra/zJTh ratio.
‘~l~is animal was not typical in that, due to a poor injection, most of the Thorotrast was retained at the site of the injection

II III, tail.

)‘ ( ;alc(dation based on an assumed 228Th/22aRa ratio of 0.9.
““ \l(,aslmed by growth of 22gRa ~-activity,

TABLE 44. ECJUILIIIRICM ACTIVITY RATIIIS CIF THORIUM T).iUGHTER PROD C-CTS IS KIDNEY

228Ra/28z’rh [ t~e.4c/ZzBRa 224& /228Th 212pb(c)/224Ra
I

212Bi/212pbAnimal Code No. Duration 222’rh/228Ra

2.5

2.9

0.91

1.18

1.07

0.94

0.95

0.98
—

—

-2

-2

1.4

1.4
1.5

>1

—

—

—

—

—
—

Rat
Rat

Rat
Rat
Dog

Man
Man
Rat
Rat
Rat
Rat

Man
Man

72
73

65
67
78

83
85

TH2
TH3
TH4
TH5

66
166

—

35d
38d

20d
41d
21d

26d
48d
18m
22m
12m
22m

lly
26y

1.03

1.5

0.64 1
0.90

3.5
3.4

1,5
1.6

—
—

>5
>7

4.8
~2

1.6
2,0
2,7(.)

< l(b)

—

—

—
2.3
1.9
1.8-1

—

—
—I— —

— l— l—
1.2 I 1,4 0.9 I 4,7 I 1.9

‘‘ Ki(lney cortex.
1” Kidne}, medtl]]a,
‘” 2“Pb ~~as general]v readily measurable in kidney samples. However the values of zlZPb/jZ4Ra ratio could only be determined

!l! ,r~,xim,ltell, in most ~mes beca(lse Of the IOW activities of zz4Ra, which could not be measuredpreckelY.

...i: ~~:’ i
~’~t !i
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T.M3L]<; 45. EQUILII]RIUMACTIVITURATIOS OF THORIIJM DAUGHTER I’a(mlwrs IN BONE

Batch X’c

Weighted
meams

.Ani-
mal

Alan

JIall

Ilat
hfall
Alan
1{at
Rat
1{a t
I{at

Man

M :111
.—

Code
h-o.

(y~

03

72
s:;
S5

TI12
‘~IJ~

TI14

TI15

(i(i

160
—

Dura- 1

tion ~
Sample

I
Long bones
~~rnur
Sk(lll
L(>!lg bones
Long bones
Loiig bones
I,ong bones

l~i~,(:,l

J’ertebra(’j
Fem[tr

‘Ra/2aTh

o.51(~’
o,q3(b

0.38

1,2

6.1
1.7
—

>>1
>>1
>>1
>>1

0.53
0.45
—

2.7

‘28:Ac/m8Ra

1.1

—
~{)

1.3
0.8

—
—
—

1.0

228~~/228~a

—

1.10

1.03

1,s

1.16

1.06
—

—

0.9

0.9

-1.0

1.4

1.4 -–
(). s —

1.1 —

1.3 —

1.(I ‘2,2
—
—

1.3 0.8

1,3 0.7

1,6 0.7
1.6 ~ 1

—

-i:1.7

212Bi/L

—.

—

—

-1

-1

.-

1

,.L,(’(),,t:,i,)i,i~r1)(,tl(, n]:irrl)tv.

~voul(l be expected thtit many of thmu, and particularly

22sRa! wouk{ be translocated to other organs or ex-

crctcd. Since all the decay products are ultimately

derived from 23UT11 or 2QsTh located within the par-

ticulate phase, thcr[ is no problem in explaining the

fact tlmt some of these (Iecay-product atoms are physi-

cally cotlfillc(l,tt’itllir~ the p:trticles. What does require

an cx])lanation, holvevcr. is tile inference from the bio-

logical datu that not nll the decay-product atoms re-

main hound with the 2:]2Th in this way. It is probably

significant in this connection that in experiments with

Thorotrast samples fron) tile same batch but in differ-

ent animals and for different durations of the burden,
the MI{ ~1~~~~’T]l r:ltios reportc~l for the RES cover

r:~ther a narrow range of values (see for example Ta-

bles 42 and 43, lmt(l~ 13098’I. The ‘[retention” of 22sRa

therefore appears to be a property of the Thorotrast

itself rather than the anim:ll.

1 plausible mechanism for the escape of radioactive

(I:iugllter product~ frol~l thr Tllorotrast particles might

be thought to be {Iiffusioll, Iiowcyer, the physical half-

lifc of a radionuclitlc WOUI(l then be one of the most

ilnl)ortant parameters determining its fractional re-

telltiofl. Consideration of thr :Lvailab]e biological data

for each thoriuln daughter I)ro{luct in relation to its

phy~ical half-life, renders this possibility unlikely (see

Table ,10’1. Particularly this is cn-ident in the case of

the t~~o radium isotope-. ‘3’Ra (half-life 5.8 years;

fractional retention nt late tinm in the particles of’ the

R~~ x().S’I an(l ~~~R:I ( half-life 3.6 days; fractional

retention in the particles of the RES xO.7), since a

diffusion mechanism would require the fractiol]
tention to depend on the in~erse square root (
half-life.

A more plausible mechanism predicts that dal
products can escape from the particles by virtue
recoil energy which they gain at the moment o]
creation. (~8JIn the case of those nuclides whi(
formed concurrently with the emission of an ~ ra~
the parent nucleus, this recoil energy is consid
(Table 47). By the application of standard 1
energy relationships for heavy nuclei ‘Zg’30) it c
calculated that a ‘28Ra atom, for example, has
coil range of approximately 60 ~ in TIIOZ. Tl~
portant consideration now is whether this is sh
long compared with the size of Thorotrast pal
From measurements of electron micrographs it al
that the particle size is not closely controlled, for
been variously reported as 30 to 100 ~ with a ml
70 ~,(31J 80 to 200 .~,(3z) and 55 > 25 ~.(a3)

Nevertheless, these are of the same order of n
tude as the calculated recoil ranges of several I
thorium decay products, and it is, therefore, to i
petted 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 exceed,
required for breaking chemical bonds (1–5 eV
would thus be sufficient to allow some of the at(
surface locations on the particles to break free, c
the change in chemical state alone were not suf
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TABLE 46. EQUILIBRIU~ ACTIVITY RATIOS OF THORIUMDAUGHTERPRODUCTSIN SELECTEDTISSUES

Tksue
_—

];,,, ] I)orlc marr
vert. )
vcrt. )
.Ic, mum)

\\,.i~ll(ed mean

\[:,rr{,jV (vert. )’
\[:rtrix (vert. )(t

._—

,~{.,~}lted mean

,1111<

.—

,A’t,igllted mean

Code No. Batch No. DurationAnimal ?3~a/232~

0.21
.

—

0.21

!8.4c/mR,

—

—

—

—
——

—
—

—

—

—
—

“Ra/%i

0.68
0.58
0.60

0.6

1.02
2.4

1.7

—

~1
-2

1,5

0.89
—

——

0.9

0.97
1.08

=1
~1

0.5
1.05
2,2

2.2

1.3

—

‘2Pb/224Ra

1.1
—
—

1.1

0.82
—

0.8

—
—

-18
—

18

—
—

—

—

0.94
=1
=1

0.7
0.8
0.98
0.81

0.9

-7

M2Bi/212pb

85 ] 13098 ‘
—
—

—

—
—

-1.0
—

~l. o
—

—
—

1.0

ional
t of 1

~augh
le of i
of th

hich :
:ay frt
jideral
1 ranf
; can
asal
The i]
short
~articl
appet
or it h
mean

magr
,1of t
obee
e ator
~hase

Y (P7’
!r. Ne
ds th
V), al
,toms
even

ufficiel

Man
.Man
Man

48d
26y

0.93
1.0
1.1

—
—
—

—

166 ?

166

1.0

0.89
1.1

48d
26y

Man
Man

85 13098
166 ?

—

o,~g

—.
0,29

=0.5
—

—

0.5
—

0.25

0.25
——

—

1.47

>1

>1
—

>1

2.1

1.7

1.7

—
—

—
——

—
—
—

1.0

-1.0
0.86
0.86
1.0

0.9

0.90
~1.2

0.9

1.08

—
—

0.90
0.96

—— —

0.98

66 ?

83 13098
85 13098

166 ?

Man
Man
‘Man
Marl

lly
26d
48d
26y

—

—
—

Man
Man

166 ?

66 1?
26y
lly

:,JrIII)h node

,YI.Ix1lIc(I mean

65 13098
67 “

TH2 ‘<

TH3 “

TH4 “
TH5 “

73 09940
72 “

—

0.71
-1
ml

0.7
—

0.82

.—
20d

414f

18m

22m

12m
22m
38d
35d

‘t I )v:!,s(,(dar I

I)osit(c)

iVfr<tlled mean

1{,1(,

Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat

0.96
0.89

ml
-1
-1

—

0.8
1.06

0.9

I

I 0,8

Dog

I

78 13098 —21d 6

“ ,+P~ngy marrow matrix from which the red bone-marrowwas extractedby pressure.
1, Sl),)llgl, marrow matrix from which the red bone-marrow was completely extracted by means of a jet Of water.

(r ]~:i~ tail at site “f Thorotrast administration.

~or this to happen. The size of the particles is such that
1Significant proportion of the atoms they contain could
NJin surface locations (A20~0 ). Escape following a
!(JIv[,ncrgy recoil may therefore be an important mech-
(t1i,ln, especially for ‘zsTh (vide infra).

\rcorcling to the proposed recoil mechanism, the es-
‘:]NJof recoiling atoms from the particles would be ex-
l,~t{{l to depend strongly on the ratio of the particle
‘IZIIto the recoil range. The particles are reported to

MIirregular in shape and probably flat, (31) and> there-
f~rf).we may provisionally regard them as being in-
(lll~cdiate between a sphere and a plane. It is a fairly
i I(]!~le mathematical exercise to deril,e the re]ation_

~~l). for the escape of recoiling atoms from particles
), ‘ IIwe two shapes, as illustrated in Figure 8.5. It is
‘ 1(I(nt from either of the curves that the proportion
‘i )’froiling atoms expected to escape depen(ls stron~l~

TABLE 47. RECOILENERGIESOFTHOIUUMSERIESNCCLIDES

Nucleus Transition by which
it is formed

Maximum recoil
energy

70 keV
0.1 et’

16 eV
97 kel’

103 kel’
116 keV
128 ke~~

2.3 eV
19 eV

116 keV

228Ra

228Ac

228Th

224R:L

zzo~=~

216~o

212pb

212Bi

212p~

208T]

;, Y

6, -/
cl

a
a
a
6, -r
0, Y
a

on the particle size. In the case of ‘zsRa, for example,
the observed proportion was approximately 75%
(’2sRa/’”Th = 0.25, Tables 42 and 43) which ob-
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: f
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0
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a.

c o ~
m
N 0.2 I .0 2.0 10 20
N

TIME IN YEARS SINCE PREPARATION DATE TO

of 2z8Th in Thorotrast produced in vitro since the date of preparation, relative to the total

TABLE 49. APPROXIMATE EXCRETION R.ITES OF THORIUM-SERIES NUCLIDES IN LONG-TERM THOROTRAST PATIENTS
I (

% of total body burden Priority route of excretion
Consequent equilibrium ratio ‘f ‘Reference f or excretion rate

excreted per day activities in whole body

< 10–3 Feces — 9
0.03 Feces 2z8Ra/23Th = 0.50 6, 9

<0.01 Feces (?) 228Th/2!8Ra = 0.91–1.()() 6
1-2 Feces zztRa/mTh = ().90-0.95 6, 9

—(a) Breath ZZOEm/!24Ra = 0,90-0,92 10, 13, 14
1 Urine and feces 21zPb/z20Em = 0.99 6

Negligible — —

, otl Mxountof theshorthalf-hfeof 220Emit is notmeaniugful to express the excretion of this nuclidein the units of ?Obody
Itkr(lcIIper day.

1,( l{l~Sprobably reflect theproportion of22sTh in the

J Ixi]]fil injection solution which existed in an ionic or

1)/I]1)lc form. In the Thorotrast ampoule prior to in-

(( t io]l this proportion would be expected to grow with

iIt](, in the manner of Figure 86. Since 22*T11grows

rIJI1122SRa and there are no intermediate high energy

(roil events, the maximum value of this proportion

r{)Iil(] be expected to approach the analogous figure of
“1{:1 (i.e., Z7570) . some support for this theory can
II follnd in the fact that the reported values of the
“ ‘[’1) ~zsRa activity ratios in Tables 42 and 43 are
~~(r for the “young” batches of Thorotrast, and
I[l:lll(:r for the “old” batch of Thorotrast.

I’(]PThorotrast burdens of many years standing, the
“:LI1l(,sof (I — jz) calculated for the RES probably
(tlt,rt the proportion of ZzsTh in a soluble form which
1:1..gro~vn in ~ivo from the z2sRa trapped within the
):irfi~~lcs.That is, unlike the original injection mate-
~:1. it does not include the 2ZsTh which grows from
‘I’1,})](, ‘oERa, because the latter is largely excreted

11~1the body (all but xl% within its mean lifetime).
‘:11((, there are no high energy recoil events to give

‘“ to the direct escape of ‘2sTh from the particles,

the steady state activity ratios 22sTh/22sRa 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 22sTh from the RES in long-
term Thorotrast patients (x 10~., see Table 49], and
there have even been observations of 22sTh in the ex-
creta. (8) Thus, although there is clear evidence for the
translocation of 22sTh at early times after acfministra-
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 22sRa.
In fact the 224Ra/z2sTh steady state activity ratios
turn out to be higher than the 22sRa/232Th ratios in the
RES (e.g., in Tables 42 and 43, xO.5 vs. zO.3), but
this is readily explained on the assumption that 224Ra
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.(l”)

The occurrence of several high-energy recoil events
between ‘z’Ra and ‘12Pb presumably implies that most
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of the ‘lzPb and 212Bi atoms observed in the RES are
not bound within the particles. The high activities of
both these isotopes can be explained by the fact that
their biological half -li~es within the RES are much
longer than their physical half -lives. (16J

Best Estimates of the Distribution oj 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 products 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 calcu-
lated on this basis for the whole body are summarized
in Table 49. It is to be noted in particular that the

‘qsRa/q3uTh ratios come out somewhat higher
those implied by the figun’s of Tables 42 and 43.
sumably because of the aggrcgltion of Thorotrast
ticlcs that occurs at long times after administratil

.For individual tissues at long times after Thoro
administration, the steady state acti~ity ratio,
served by the present authors and those reportwl
viously by other workers, are summarized in Tab:
On the basis of these data :1collection of current ‘“
estimates” (in the present authors’ opinion’) o
steady state activity ratios has been assembled il
ble 50. In cases where no human data were ava~
for this table, the best estimates were derived fro]
results of the animal experiments reported abovl

data are quoted for the ratios ‘20Em/aQ*Ra. HOV
from thoron breath analyses and calculations in~-c
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 circul
Hurshf 1°) calculated 16%, and Grillmaier et :
concluded that it might even be as high as 20~
tissues other than the RES, the expected thoron n
ties are more difficult to predict. From Stover’s
on ‘12Pb metabolism(37J there is some evidence

loo~

o
$ 60 —
K
>
~ 40 –
>
G
: 20 —

o I 1 I I I 1 II

0.0 I o. I I .0 I 0.0 1000

% EXCRETED PER DAY (as fmction of total body content)

FIG. 87.—Re1ation between steady state activity ratios in the whole body and the excretion rates of four thorium seriw
products.

TABLE 50. AUTHORS] “BEST ESTIMATES” OF STE~~Y STATE ACTKVITY R.iTIOS IN LOX G-TERM THOROTRAST P.iTIEX

Organ

Liver
Spleen
Kidney
Trabecular bone
Red bone marrow
Lung

228Ra/232Th

0.5
0.5
0.2
103(C)
0,’2

0.5

228f@28Ra

1.00
1.00
l,~(b)

(l.O)(dJ
(1. o)(~)
(1. o)(~)

228Th/228Ra

0.!4
0.9
l.~(b)
1.1
1.1
1.0

224Ra,228Th

0.7
0.7
(),g(b)

1.7

0,6

ml

212p~/224&

0.5
0.5
4. ~(b)
o,~(b)

>1

=18

212Bi/212ph

0.7
0.7
1.9(b)
l,()(b)

(1 )@)

(1)(d)

Source of

Table 4S
Table 4S
Table 44
Tables 4.-
Tables 4(
Table 46

(.) E~eept where indicated, the quoted values are based on measurements of tissues from nct~ml long-term Thorotrast p
(b) Based on data obtained from experimental anhnak.

(c) ~allles much greater than one are observed in short-term animal experiments (Table 45).
@) Assumed value in absence of actual measoremeut.

!t.~,
i’

,.. ,
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I I Nanocuries in organ at stea~Jystate
I

a -rav dose

Organ lW’etweight,g ‘
———

I
228~a [ 2M~~ ~ Z2,{a “(’:;;$d i ,q+j I

I frornall

23ZTh
J

i isoto es,
2’2Bi , Rads year

I— ~ –1 l— ——i..—–.— l—_l I

\\ 1, ,1(, body 70,000 1,250
—

[,, \(,r 1,700 860

.Illt,f ’11 150 210

[:(CI l~I,IIc marrow 1,500 100

I,,lllw 1,000 10

I)lllil(i 5,400 0

{11111(’ys 300 1.3

.1.(1(,1 (H1 l,marrow-free) 7,000 15

625 I

430
105
25
5
0
0.3

25

625 ] ~go 530 525 525 1
—— __ —

390 270 215 135 90 71
!?5 67 54 35 25 168
30 20

1:
-40 40 18

3

:.a I 100 g g ‘:o’ 3
0.6

.!
0.4 ~

30 50 -M 45 41 ~45
\ I

TABLE 52. Su}m.my OF 13STIMATEDDOSE R.\TESTO ORGANSOFTHOROTR.LSTPATIENTS

I Mean organ dose rate ~ 20years after 50ml Thorotrast intravascularly, Rads/year@J

Author Year

Liver

I’:trr et al. (this 1967 71
Il,llwr)

lll!l.ll’ 10) 1965
\I 1111’J~J 1965
\ ,(ll$fi.R~ 1964, 1965 65
h,, ,,1,,i~! 13) 1958 68
Illrstlet d.(9) 1957 78
tf.iI,(,I,k+ et al. (10 1957

Spleen
I

Red bone
1 Kidney 1 Lungmarrow /

Skeleton

1’
168 18 3 13 3

4-9
4-7

145 30 2
178 14-61 5
78 8 3

49

Blood

6

1

L’ Ilose rates reported by the different authors inmost cases do not refer to 50ml of Thorotrmt. The values quoted here have
)((t) normalized on the assumption of proportionality between dose rates and volume of administered Thorotrast, though this is
),! s(rirtl~ true because of differences in self-absorption of the radiation.

1II i ron concentrations in the blood may be aproxi-
i \~,]y double those of 212Pb.

l’l)c data of Tables 37, 39, and 50 have been com-
)]]1(,1[ill Table 51 to give a ‘(balance sheet” for the dis -

lil Illtion of activities throughout the whole body. This

:/11I(, is a slightly revised and recalculated version of

)11(Lfirst prepared by Marinelli for presentation at an
.\1~.1panel meeting in October 1965,~3sland since re-
)1(E(l~lced by Dudley. (~g) The activities refer to 50 ml
I! ‘l’li~rotrast administered intravascularly 20–25 years

iiously. Such a dose probably exceeds the average
~,1~ii]~le administered, but is within the range of 10 to

~.-l]II1 that ~~a5 mo5t commonly employed. Mean dose

“1I(Is (Rads/year) corresponding to these activities
1:1I( been calculated and are recorded in the last Col.

[111)1of Table 51. They take account only of the more

11I{]ortant component of the dose, that deriving from
![{ ,i.]larticles, which is of the order of 9072 of the total

“”’. Corrections for self-absorption of the m-particles
11f’ inert Th02 agglomerates have been applied ac-

“ !iI]g to the factor ~ quoted by Rundo(4J in the form

F = 0.C4S e–1.sod + 0.355 e–o.047.4,

where A is the concentration of 2s2Th expressed as
dpm/mm3. 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 correc-
tions were not applied equally to all the thorium-series
decay products, but only to that fraction of the ac-
tivity of each nuclide thought to be bound within the
Th02 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 22sRa/z32Th = zO.5 is in-
terpreted as meaning that the proportion of c28Ra
atoms ejected by recoil from the ThOa agglomerates
is *50’%. If it is then assumed that each subsequent
~-decay within the agglomerates confers approximately
the same 50~o probability that the atom concerned will
escape into the surrounding tissue, then the bound
activity of each radionuclide can be reaclily inferred.
Only to these bound activities have the Rundo self-
absorl)tion corrections been applied. If they had been

,. .’- ! ‘1.
$“’,~’
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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 account 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 doserates
for Thorotrast burdens of long standing (> 10 years).
Further information on the expected time dependence
of the dose rate has been given by KauLf8J

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. LTndoubtedly 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 Rot blat et al., (411it 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 228Ra (0.1 pCi), 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
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APPENDIx

calculation of the Steady Sfafe Activity Ratios

(228RA/232Th) ~nd (228Th/2%Ra) in y’ivo

.i rigorous mathematical treatment of the ‘SRa and
‘:\”~I] activities in v~vois complicated by the fact that
‘1’ll{)rotrast is a nonhomogeneous material in which the
r:~c[iouct,ivity is probably dktributed throughout several
{Iili”went phYsical phases in proportions which are cliffer-
~1It for each nuclide. For this reason alone, and without
N‘x:~rdto dfierences in physical half-life, it cannot be
:1”( lined that different isotopes of the same element will
:‘ ()lV the same pattern of tissue distribution in vivo
~ :., ‘~sTh and z3zTh, or zzlRa and gZsRa). ~~oreover, a

t II III)ugh ana]YSiS of the problem even demands that
dl‘ 1it1ctions be dralvn between atoms of the same iso-

tope. In general, it is necessary to distinguish three
types of atom; those which enter the circulation in the
injection materials (type 1), those which gro~v it? tivo as
daughters of inj ected atoms (type H), and those which
grow in vivo as granddaughters of the injected atoms
(type 111). (In the present context, since we are dealing
with growth and decay on a time scale long compared
to the half-life of 2n.4c, the decay chain 232Th:226Ra:‘zSTh
is visualized as a parent: daughter: granddaughter
series). At the time of injection, therefore, all the
~h, ‘sRa, and 2zSThatoms are of type I. At any later
time, 22sThatoms are of types I, II, and 111, 2zBRaatoms
are of types I and II, and all the ‘32Th atoms remain
of type I.

For a Thorotrast body burden of very long standing
(sufficiently long for essentially all the “sRa atoms of
type 1 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. ACTWITIES FORA LO~G-ST.iNDIXGTHO1tOTR.iST
Bony BURDEN

~Wh 228Ra ‘Th
(type I) (type II) (type III) ,. ‘‘

,.

Tissue sample activity aA O ~,[aAOl ~, l@A O]
Whole body activity A“ f,A o f, [f,A o]
Tissue/whole body a af 1Ijl af~fi.ljif~

A, is the activity of 23’Th in the whole body (equally the
activity of 23nTh in the total injection material) and a is the
fraction of this administered material contained within the
tissue sample.

These expressions define the quantities fl and f~ for
the tissue sample, and ~1and ~z for the whole body, as
the steady state activity ratios which it is desired to
calculate. It follows that, of all the ‘sRa atoms born
within the entire body which have not undergone decay
by the time of sampling, a fraction ]1 remains then
within the body; and amongst the different tissues these
retained atoms are distributed in the proportions afl/jl .
Similarly for ‘2STh,jz measures the fraction retained in
the whole body, and af~z/f~Z measures the distribution
of the retained atoms among the ditlerent tissues.

This discussion refers to a Thorotrast burden of such
long standing that none of the type I 228Raatoms and
none of the types I and II 2~Th atoms survive. At
earlier times it is obviously necessary to consider the
fates of the 2~Ra and 228Thatoms contained within the
administered Thorotrast. For 22SRait will be assumed
that all type I atoms distribute themselves in the same
proportions ajl/Jl among the different tissues as do the
type H zZSRaatoms referred to in Table .53and that the
whole-body retention is ]1 . Similarly, the 228Thatoms
of type II will be assumed to distribute themselves in the
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It should be emphasized that this approach to the
‘1’ll(jrotrfist problem is not intended to accord very ac-
{llr:ltely ~~ith a metabolic model expressed in terms of
<{l[lllwtments constrained by long biological half-lives,
.;l)w this, in general, is not how ‘l%orotrast behaves.
‘; l,Ic';-idencei smoreirla ccord!vitha model~vhichpic-

ltt’+the Thorotrast as adiphasic material containing a
{.{rl:lill proportion of the activity trapped within the
~,:lrticlcx, and the remainder in a relatively rapidly

IIl{r:lbolizing POOIoutside the particles. In such a case
:1. [his, the mathematical treatment presented here is a
~lllll)lc but not unreasonable approach to the problem,

:[t 1~’:lstfor thesoft tissues. To the extent that it is ovcr-
.i []Ll)lified,its inadequacies should reveal themselves in
11,(I different values of the retention coefficients (or
,.t(,:[dy state activity ratios) jl and fz calculated from
(Al]~’rirnentsof different durations.

I[1 short-term experiments (<<1 year), most of the
:L(‘Ii]-ity of 228Raand ~28This associated \Vithatoms of
t\IIeI, And, therefore, the calculated values of jl and jz
s]1~IIIld describe mainly the behavior of the injection
lti:l~crinl. At much later times (>>2 years), however, a
>i: tIificant proportion of the ‘2sRa atoms are of type 11,
: III I most of the 22sThatoms are of types II and HI. In
1i, w cases, therefore, the calculated vahres of jl and jt
,.t1()(11(1principally describe the behavior of the radioac -
[ iI(, :~toms generated in vivo. The quantitative inter-
~)r([:Ltion of jl and j2 is thus fraught t~ith difficulty.
N(,!rrtheless, from a study of their values for different
ti>~~lrs,it should be possible to gain at least a reasonable

(111:1lit:ttive picture of the overall metabolism of 2z6Ra
:!ttt1 ‘J8Th in the whole body, since values of fl and ~t
sll):~llerthan unity imply a “wash-out” of the daughter
iI ~i~JIWconcerned, while values in excess of unity imply
:1 I !(,t gain or “wash-in” of that isotope from other tis-
.s1[{,,s.

\Yith the above qualifications in mind, and adopting
tII( definitions given in Table 54, and from the varia-
tiol~of the coefficierlts of the Bateman equations with
tinle (see Figure fls), we can ~vrite for the activity in a

1i-.tlr sample at any time after administration of the

‘1’l](,lotrast:

)t “’T]): A =

lot *~SRa:B =

tot.~q’11: c =

aA o

aA Ojlbl+ aZ?Oj”lbt

a.4 oflf2cl + aBOj~ZcZ+ aCtlf2c3.

~ljlvitl~ for fl , from Eq. (2) we obtain

[1[fl = ; + ‘40b1 : ‘0b2 1

(1)

(2)

(3)

I oor—————T-——

I 228~h,228~o

I

o.90~ .
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FIG. 89.—In vitro activity ratiog ‘*Th: aRa: -Vh in Thoro.
trast at different times after the preparation date.

i.e.,
“= ~$ls’~$].

(4)

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 ?32Th
and its daughter isotopes as were actually administered.
At very late times when [228Ra,/232Th]~is equal to unity,

fl has the desired pmpcuty of expressing the 228Rafl”Th
ratio in the tissue at the time of radioactive steady state.

Solving for f2,from Eq. (3) we obtain

f2 == C/A

[ 1jlcl+~f1c2 + ~~ “
(5)

It should be noted that, at very early times when
c1 w C2= O, and c~ ~ 1, Eq. (5) can be expressed in a
form similar to Eq. (4), i.e.,

~t times greater than about 10 years when C3<<1, it is

readily shown that f% can be expressed in the form

(6)

It is interesting to note that, from the time of manufac-
ture of the Thorotrast, the ratio [228Th/228Ra]~takes
many more than 6 half-lives of zjSThto approach closely
the value unity (Figure 89) and even after 20 years, is
still about 5 % below radioactive equilibrium. The ratio

[228Th/’28Ra]Tin Eq. (6), therefore, remains a significant
correction factor to the ratio [228Th/228Ra]suntil many

more than 20 years from the time of manufacture of the

Thorotrast.



I

116

STRAIN DIFFERENCES IN THE RESPONSE OF THE MOUSE SKELETON
TO EXTERNAL BETA IRRADIATION

D. J.,Si}HI?lOn.SjR. Haki~)l,*an/l IfelcnC’ll]t))]iiTl,s

Irradiation of mice with externrd ,Sr”-Yw applicators provides
a way to control the dose rate and time of exposure of the
skeleton and other tissues to beta rays. Therefore, toxicity
information may be obtained ~vhicb 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
Rack. Several strain differences m response were found.

INTRODUCTION

The results from experiments which have measured

the skeletal response to continuous whole-body x or

gamma irradiation (100–200Rads/day) or to single

or multiple pulses of x rays (600–3000 Rads) aclminis-

tered over relatively short time periocls suggest that

radiation interferes with normal growth processes.

Some of the cnd points stuclied have been total bone

length, (]-;) the state of calcification,’6) the histologic

integrity of the cartilage platcs,f~, 7-10) the ability of

cells in the cartilage and bone to sustain D>T.l synthe-
sis (II) the rate of fracture healing, (1°) and the changes7
in bone alkaline phosphatase concentrations, which me

believed to measure (indirectly) the numbers of func-

tional osteoblasts. ~~!‘2, l:;) lVitll certain dose schedules,

however, there has been tissue recovery. f’, ‘)

In an autoradiographic study of the kinetics of a

heterogeneous population of osteogenic cells in the ir-

radiated rat femur ( 1750 Ra{ls 1, I<cnlber(’1) reported

an initial decrease in the number of cells that could be

flash-labelecl with tritioted thymi(]ine [luring the first

two days, but full recovery on the sixteenth day. Re-

covery did not occur after a dose of 3000 Rads. In con-

tinuous irradiation studies (20 (lays ), the reduction in

the thyrnidine 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 levele(] off and that

there was at least partial recovery. .Adaptation to con-

tinuous irradiation has been noted for gut tl~-l’;) 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 tumorsfls, Ig) in mice md

rats, and the incidence of bone tumors in mice follow-

* CSU1 Honor Student, Spring, 1967.Present address: Har-
vard Biological Laboratories, Harvard University, Cambridge,
.Mass.

ing the parenteral administration of bone-.(x
emitters such as s~SrL20Jal~d ‘“~r.(zl)

This report is a preliminary study of the cbang

the skeletons of three strains of .$rgonne C3i

which hacl been subjected to partial-body irradi:

from an external ‘OSr-gOl’ beta source. This methol

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 reco~er from the insult.

MATERIALS AND 31ET130DS

.Aninlals from three genetic strains of male C57

black (HB = C57 BL/6 ANL [ANL 66]), and ha

white (H), and haired analogues (HIV), each

months 01(1were exposed in a total-body surfac(’
irradiator (oOSr-oOY) designed by .Auerbach
Brues. ’22) The ‘OSr-oOY source was in the form o
ramic microspherules embeclded in polyurethane s]
The sheet formed the inner lining of a 4“ long a~
nurn tube placed inside a wooden box, which m-as..I
by a ~~,j” thick fixed aluminum shield at one enl
a similar but movable shielcl at the other. Irradi

was performed by inserting a mouse confined in :1
tilate(i IJustcroid test tube within the source for 11
16 hr, but the head of the mouse was shielde(l fro!
radiation by a 1“ thick glass shield. Dosirnetric st

usill~ SoliC] fjuororI closimeters in Lucite phantons

cate(l a surface dose rate of 455 Rads/hr whit]
crcascd to 68 Rads/hr at a 3-mn~ depth-well v
the range of the surface tissues of the knee joint.
total-bo(ll- surf~ce doses, then, for 11-hr and 16-I
radiation perio(is were 5000 and 7200 Rads, Y(
tivcly. The maximum dose rate delivered to the t
lar elements in the epiphyseal mc~lullary {1:1
(abo,lt 5 mm from the surface’} might be expwt(
der oljtimal geometrical conditions to be on the [
of 20–30 Ruds/hr. Howe~er, it was difficult to (:>ti
the actual closes deliverrcl to the knee joints. WC ,1
know, for instance, if the knee joints were in COJ
with the walls of the Lusteroid tube during the {
11- to 16-hr exposure period. .l few control ani]
both strrssed (restrained in the test tubes) an,
strcsse(l were included in this stucly, but they we’
sacrifire(l with the mice killed one day after irr
tioll to establish base line values.

. ,.
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i ‘J(;. w.—A photo micrograph of a longitudinal section from
1ILOtibis of an HB strain C57 mouse three days after partial
WI]uIr-bed y irradiation with 7200 Rads. The proximal epi-
IJI)yseal cartilage is perforated by a blood vessel to unite the
~1,iphyseal and diaphyseal marrow spaces. Hematoxylin and

(vsiu. 250X.

T]lc hind legs of the mice were recovered at autopsy.

‘1’1ILLywere fixed in 107. neutral formalin, decalcified

~11 10~2 EDTA, embedded in paraffin, and sectioned

,Ilqit udinally at 5 p. The sections were stained with

l,(t)mtoxylin and eosin.

]{I:<[;LT5 ~ND DISCl_JSSIoN

Tile histologic picture of the long bones from mice of

.( rains H, HJv, and HB suggests that they were not

II]l[lcrgoing rapid growth in length. This would be con-

.I,.tent with the fact that the mice were 4 months old

\\1](11the experiment began. There were some differ-

I ~,(,s iI1 the magnitude of the response of the bones to

] trti:il-body beta irradiation at surface doses of

~)()()() Rads and 7200 Rads, and the amount of damage

[)1j.served and the pattern of healing also seemed to be

dt[mldent upon the strain.

The histologic damage observed in the cartilages of

lN,t]cs from the mice involved cartilage, marrow, and

V:t.srular anomalies similar to those previously de-

~ril)(~d for rats, (s, 4) Epiphyseal-diaphy seal fusion

‘ ‘iql~e 90) occurred 1–3 days after irradiation with

,- W) or 7200 Rads in strains HB and HIV mice and

~ :(, 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(4) and Kember, (9’ 10) 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 DNTA

synthetic indices and thicknesses of the growth carti-

220 —–
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\
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x—X 7200r
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FIG.91.—Aplot 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. D.%Ys TO ACHIEVESUPPRESSIONANDRECOVERY
FROMIRRADIATIONDAMAGEIN THEBONESOFTHREE

STRAINSOFC57 MICE

C57 strain

H

HW

HB

Total-body
;urface dose,

Rads

5000
7200

5000
7200

5000
7200

Days post-
-radiation to
maximum

reduction in
cartilage

plate
thickness

5
3

14
9

5
5

Days post-
rradlation tc

partial
recovery of
cartilage

plate
thickness

9
9

20
20

9
9

Days from
maximum
injury to

partial
recovery

4
6

6
11

4
4

,, :....
.! ..
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THE DEVELOPMENT AND HEALING OF RICKETS IN RATS.
11. STUDIES WITH TRITIATED PROLINE*

D. J. Simmons and A. S. Kuninf

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
is related to change in the ability of cells to produce collagen.
The results indicate that in bone tbe 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 celk. In rachitic
cartilage, the chondrocytes appear to mature nor-
mally(l) and the ultrastructure of the matrix seems
unremarkable(z); yet mineralization, a prerequisite
for capillary invasion and cartilage resorption, fails
to occur.

* This study was supported by the U. S. Atomic Energy
Commission and a grant, AM-09632, awarded to Dr. Kunin
from the National Institutes of Health.

? Departments of Medicine and Orthopedic Surgery, Uni-
versity of Vermont College of Medicine, Burlington, Vermont.

Biochemical studies on this relatively avas{
tissue have revealed that carbohydrate metabc
in growth cartilage, as in bone, is predominantly
colytic in character. However, when slices of rac
cartilages are incubated in vitro, glyco
is markedly increased over that of the normal.
tary phosphate supplementation is probably b
able to reverse this abnormality than vitamin
alone. (314, 0thers(5, ‘) have also remarked that -
min D cannot by itself cure rickets in the rat

conjunction with increased, glycolysis, the act i

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.(4) Histochemical observations in
allel studies with this model system(?) are in gel
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 autoradiographic 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





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 metaphysics 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 osteoblast was defined as a basophilic
cell with an eccentric nucleus, a prominent nucleolus
ancl a j uxtanuclear vacuole (Golgi apparatus) lo-
catecl on or close to a bone 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( lSJ has indicated that the absolute

-a- b

,’

a

b
c

Fm. 95.—.lutoradiographs of the articulm surface of the
transverse epiphyseal hone from rats sacrificed at two intervals
of time ~fter a single injertion of “H-proline. A. a b:md of silver
grains at a–b representing collagen newly formed by osteoblasts
(oh!) 4 hr after injection. The cytoplasm of the osteoblasts is
lightly lubeled. B, the position of thr silrcr grsins over labeled
collagen lamellae 3 days postinjection. Interval a–c, thickness
of lamellm bone formed in 3 days. Intmal b–c, thickness of
the bami of silver grains. l’ote the trail of silver grains ( interval
a-b ) due to retltilization of radio l)roline. Hematoxylin and
eosin. C)riyind magnification 250 X.

numbers of osteoblasts increase in rachitic rat
this point, it should be note[i first that Ton]

found peak uptake of radioproline in the {
genie cells of mice within 15–so min after a -
injection. Secondly, in concert with results from
ies using radioglycine as a tracer for collagen
mation, ~g 10,12) it 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, l]!
is also an active metabolize and can bc transfo
via glutamic acid into other amino acids whicl
utilized for a number of other compounds, prol
and mucopolysaccharides. Thus the early grain (I(
per se cannot be depended upon to measure on]:
rate of collagen synthesis by labeled osteoblasts.

The reliability of the initial grain counts wa,
sayed independently by measuring the position o
labeled matrical (collagen and mucopolysacchari
band of silver grains buried within the cort(
days after radioproline administration (Figure
The thickness of lamellar bone deposited by
osteoblasts on the growing surfaces of the ..
(enciosteal, periosteal) and transverse epiph:
bone during this interval was calculated by mc:i
ing the total distance from the leading edge of
continuous band of labeled matrix to the anatoll
surfaces. This was done in the center of approxim:l
60 adj scent high power fields (400 x ) with an o{’
micrometer. This value was divicied by 3 so that
rate of appositional bone growth could be exprt,
in microns per clay. An estimation of the thicknes
the band of labeled matrix was also atternptcd, 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. T]
two sets of data were also expressed as an Ch+i
blast Activity Index (OAI), which is defined as
observed thickness of the 3H-proline label divided
the observed apposition rate (microns/microns/[la
It is unlikely that these data would be complica
at the light microscope level by any change in
catabolic rate of newly synthesized collagen m[
cules or differential packing of collagen fibers b!
into the skeleton. {a, l’JJ A ratio of 1 would sugp
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, fi]
because it is less well-oriented than compact bo
and second, because our animals were not sacrifi[
at narrow time intervals.
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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 O had been displaced from
the epiphysca] disc by the number (3) of days.

RES~Ll?S

The weight gain, linear bone growth characteris-
tics, and the appearance of the cmtilage plates of the
rats maintained on the various diets were comparable
to those described previously.(s) For the description
of the pattern of labeling in cartilage, we have
selected the terminology of Balogh and h“unin. ti)

Ilalogh and Kunin(l~J Equivalent to Dodd’s~]gJclassification

Upper layer Zone 1—N arrow “reserve rell” zone
adj acer~t to the hone and marrow
spaces of the epipbysis.

Middle layer Zone 2—Zone of cell proliferation
composed of wedge-shaped or dis-
coidal cells.

Zone L1—Zol]e of cell enlargement.

Lower 1ayer Zol]e 4—Zone of cell hypertrophy.

The data relative to appositional growth rates of
bone and OAI ratios have been tabulated in Table

TABLE 58. AVER.lGEGKLIN CCIUNTS (3H-PROLINE) IN

OSTEOIILASTS DURING DEVELOPMENT AND HE.~LING I)F

RICKETS IN R.IT TIriI.is

Post-
injection

Group time of
sacri-

, fice{n~

Contro]s: ad Iibiturn-fed 1 4h
3d

Controls: pair-fed 4h
3d

I
Rachitic (3 wk) 4h

3d

Rachitic + phosphorus (1 4h
wk) 3d

I
Rachitic + vitamin D 1 Ah

(1 wk) 3d

Rachitic + phosphorus .lh
+ vitamin D (1 wk) 3d

Control: Rachitic + phos - 4h
phorus + vitamin D 3d
(3 wk)

Peri-
osteum

13.1
5.4

13.0

6.1

12.4

5.5

12,2

5.2

7.6
4,96

8.1
4.2

8.5

5.’4

k) Average of 3 rats per time interval.

Shaft
end-

osteum

10.9
6.5

11.1
6.5

12,5
5.0

15.4
5.2

10,3
6.5

10.1
5.8

11.3
5.7

Epiphy-
eal bone

10.9
5.1

13,8
5.9

15.0
6.2

11.4
5.4

10.1
6.2

10.5
5.1

12.2
6,2

57. Osteoblast grain counts have been included
Table 58.

Control Animals Fed (70m tttercial Laboratory Cho

At 4 hr after injection, silver grains were localizf
predominantly over the cells (nucleus and cytl
piawn’1 and extracellular matrix in the middle lay,
of the cartilage (Figure 96). Perhaps only 2~0 of tl
cells in the upper layer were labeled. The matri:
nuclei and cytoplasm of all the cells in the low~
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 tm
beculae of the primary spongiosa were not ]abeled a

this early time. Radioproline tagged the undifferen
tiated and differentiated celk in the metaphysics, au
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 metaphysics and shaft were also market
by radioprolinc, and the tracer was located at tht
edges of their lacunae. Only the cytoplasm of osteo-
ciasts was labeled.

Significant labeling of the extracellular matrix of
the cartilage plate was evident 3 days after tracer
inject ion, 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 metaphysics 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 postinj ection
period by continued endochondral ossification and
linear bone growth (200–220 ~/day). In this time, ‘

the trabeculae grew thicker by appositional bone ~

growth and this process served to bury the heavily

labeled lamellae under more diffusely labeled CO1-~

Iagen 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 trabcculae owing to their irregular contours. ~

In the animals fed Purina chow ad Zibitum, the ~
daily apposition rate of Iamellar bone meas~u-ed on ~
the periosteum. shaft endosteum, and transverse epi-

i



FIG. 9fl—Autoradiographs of the proximal tibial cartilage of rats sacrificed -1hr after a single intraperitonea] injection of ‘H

proline. Left, control; right, rachitic. Note that the silver grains in the emulsion are rfistrib~lterf over the cells and extracel~ula
matrix throughout the control cartilage, whereas the thickened lower zone (If hypertrophic cells in the rachitic cartilage is lrnlabeled
Hematoxylin and eosin. Original magnification 250 X.

physeal bone was 6.7 p, 4.7 p, and 3.9 p, respectively.
In the pair-fed group, somewhat less bone growth

was registered on the epiphyseal bone (2.8 p/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 95),
there was a diffuse distribution of grains in the
matrix deposited during the second and third days.
This has been described by Tonnafll} 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 ~,/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 3H-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
hypertrophie cells—a distinct difference from the nor-
mal pattern. Little proline was detected in the older
juxtametaphyseal chondrocytes (Figure 96). In the
metaphysics, 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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Distnlly, interposed between this newly formed endo-
chonclral bone and the heavily labeled trabeculae in
the secondary qmngiosa, there was a transitional zone
characterized by trabec~l]ae haying unlabeled cores
of cartilage and tliffusely labeled bony lamellac. This
pattern clearly reflected events accompanying linear
bone growth (134P/day) subsequent to labeling. The
transitional zone represented the matrix around the
juxt:llllet:iplly seal chonclrocytes which had acquircci
the least raclioproline 4 hr after injection. The grain
counts in osteoblasts lining the trabeculae in the scc-
onciary spongiosa were essentially normal. The rates
of appositional lamellar bone formation on the peri-
osteum, endosteurn, and epiphyseal bone were also
normal, and the OAI approximated values obtained
for the pair-fed control group.

Rachitic Rats Treated with Phosphor~Ls

While the epiphyseal cartilages from rats fcd the

basal rachitogenic ration supplemented -with inor-

ganic phosphate were thinner thnn the rachitic pltites

and their cytoarchitccturr was more nearly normal,

the 4-hr pattern of labeling resembled that of the

rachitic cartilage. In the uppc,r and middle layers.

radioprolinc was cletccted in the nucleus and cyto-

plasm of the c(,lls and in their cxtrticellular matrix.

Only the first 1–2 hypcrtrophic C(I1lS pcr column in the

lower layer were heavily labeled; matrical tracer

deposition Was very slight. No unusual patterns of

labcliug were dctectr(i in the metaphysics or in the

periostmlm and rndosteum, but the cells an~l wm-

facm of the epipbyscal bon(l were only lightly marked.

Labeling of the cartilage ancl metaphyseal tra-

bcculae 3 (lays nftcr injection also resembled the ptit-

tern describe(l for rats maintained on the rnchito-

Kcmic dirt. Linear growth was 80 p/day. Compared

to the normal and rachitic rats, little appositional

bone growth (1–2 p/day ’~ was registered on perios-

teal and epiphyscal bone surfaces. While clense bands

of silver grains over labeled collagen lamclla~ ~yerc

thinner than normal at these states, (IA1 values were

nearly equivalcut to those calculatm] for the bones

of control rats fefl the basal rachitogenic ration which

had been supplemented with phospl]orus and vitamin

D. Tbcwe criteria also in(licaterl that rndosteal appo-

sition rates were normal ( = pair-fml (Ioutrols) . and

unchanged by the diet. The gr~il~ counts in ostxo-

blasts were normal.

Rachitic Ruts Treated uith T“itamin Dz

The cartilage from vitamin D-treatcci rachitic rats

was more normal than the rarhitic in appearance, but

the pattern of labeling resembled that described

for the pllosr~hatc-sllpplellle]ltr(l group. Here, too, the

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 p/

day,). ln 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, OA1 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 plday.

Rachitic Rats Treated with Phosphorus and Vita-
min D2

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
traheculae. Linear growth of the tibias was estimated
to be 81 p/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 approximated values achieved by controls fed
the commercial chow ad libitum. The matrical band
of silver grains was thinner than normal, but equiva-
lent to that producecl in the bones of the animals
fed each of the supplements alone.

DISCUSSIOhT

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. ~sl There appears to
be some aspect of the artificial diet other than its
Ca 1P 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

.. ‘
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METEOROLOGICAL STUDIES

CHICAGO AIR POLLUTION SYSTEM MODEL EXPERIMENTAL STUDIES

J. E. Carson

The city of Chicago’s Departmentof Air Pollution Control
and the Argonne National Laboratory’s Meteorology Group
have joined forces to obtain certain meteorological memure-
ments needed for a proper understandingof diffusion rates
over the city; thesedata are not available from other sources,
such as the b’. S. Weather Bureau.Fifteen flights,using both
helicopters and light planes,have been made to measurethe
verticaf and horizontal variations of temperature,humidity,
and sulfur dioxide. Temperaturesensorsare being placed 1200
feet above streetlevel on the TV supporttowerson the roof of
the John Hancock Building. These data will result in contin-
uous measureof the stabilityof the atmosphereover the city.
Prelimirmryresults using the sulfur hexafluoride (SF,) tracer
techniqueme discussed.The data show that backgroundlevels
of thisgas,at leastnearArgonne,me alarminglyhigh.

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 S02 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.(1-4)

CHICAGO~RBJIN~ETEOROLOGIC~LEXPERIllE~TS

In order to predict SOZ concentrations in an urban
area accurately, it is 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 meteorological 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, [5) 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 attitudes of maximum S02

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 (Iiscussed 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. Unfortunatelyj 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 Mrater Tower. DAPC will shortly be-
gin discussions with the operator of one or two inter-

.!
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(2) operating the detectora t280°Crathert hanat
room temperature,

(3) using apulsed power supply,
(4) using a larger volume (2 ml) for the sample

loop,
(.5) usingpur eheliuma sthecarriergas, and
(6) using alumina asthecolumn material.

Additional work to insure the absolute accuracy ancl

repeatability of the system and to refine analysis pro-
cedures will continue.

B~CKGROU~DSF~ JIEkS~REJIEX’rS

On February 27, 1969, six samples of air were col-
lected at the Argonne site and analyzed for back-
ground levels of SF,,. >To gas was released cluring the
collection period. The weather conditions at .%rgonne
during the collection periods (about 1030 to 1130
CST) were: east winds at 10mph, clear skies, tem-
perature 23° F, very unstable air. In other words, the
winds brought in pollutecl 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 SF,;: the Tandem \ran de ~Traaff accelerator

building and the Zero Gradient Synchrotrons. In 196S,

15,000 Ibs of SF,; leaked from the Van de Graaff ma-
chine; One sampler was placed near each building, the
second about 300 meters further clownwind.

Five of the six samplers showed SFb concentrations
below 0.20 ppb, the maximum sensitivity of the de-
tector system at that time; the sample talien 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 10iz, 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 SF6
( >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 ?WSSVto 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 SF6 sources in the city
would have been detected.

Twelve instantaneous air samples were collected on
May 27, eighteen more the next day. None showed
SFG 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 Chicagoj from
31st Street to Lincoln Pm-k, on May 28. Samples were
collected betweel] 1135 an{] 1400 CST; none showed
measurable S1’6 levels. In addition, a sampler was
placed on the roof of the D.IPC building, 320 North
Clark Street. Four one-hour samples were collected
between 1100 and 1500 CST; llo]lr was positive.

It is clear that mall}- more background samples
must be collected and anolyzed when the improved
SFGdetector system is completed and operational.

SF~ RELE.WEEXPERIME>-TS

Three SF6 tracer gas experiments were made at the
Argonne site in order to gain experience with the total
system: release, collection, an(] analysis. The gas re-
lease rate was about, 3.5 g/see.

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 ]oc~ted, the winds at

Argonne were straight east (90° ).
The actual conditions during the release period

were: wind EN-E (70°) at 13 mph, clear skies, tem-
perature 34° F, very unstable surface layer. The six
samplers were placed along an east-west road 45, 135,
300, 550, 750, and 950 meters downwind of the release
point. .Just as the releases began, the winds backed to
EATE; 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 1.550 CST on March 3, 1969. The weather during
this release period was: wind NhTE (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 ~rertical com-
ponent, 5.5° ). Seven samplers were placed in an arc
about 450 meters ciownwind 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
concentrations 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(o) ) for class “D”
stability yields a center-line concentration of
18.2 ppb, somewhat lower than the 23.0 observed.

The final release was macle between 1145 and 1220
CST on April 17, 1969, with the tracer gas being
emitted from the 34-meter -Argonne experimental
stack. Se~en samplers were placed in an arc 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.
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The highest SF6 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 SFLi PROGRAM, SUMMER AND FALL 1969

More SFG experiments will be made at Argonne,
using both ground level and stack releases. These will
continue until the system is operational. Simultane-
ously, additional SFO 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-scale re-
leases in Chicago will begin. Arrangements have been
made to introduce the SF6 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 S02 sensor inlets to determine the relative
contribution of this one stack to total S02 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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TEST, SUMMER 7968*, ~

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 .4ir 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.

? This work was partially supported by the Chicago Depart-
ment of .Air Pollution Control and the National Air Pollution
Control .~diministration, Department of Health, Education
and Welfare.

$ Department of Air Pollution Control, City of Chicago.
s Deceased, October 16, 1969.

quantities of low-sulfur fueIs with maximum effect on air

quality. This technique consists of asking major SO, 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 ,svitches.

The second in a series of fuel-switch tests was con-
ducted in the City of Chicago between 16 June and 6
Juiy 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, etc.
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 S02,
were asked to participate; forty-nine plants did.

Scientists 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 Chicago.

This city-wide pollution experiment had three pri-
mary objectives: (1) to act as a trial run for estab-
lishing procedures for implementing effective S02
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 S02 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 S02 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-commercial 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 sci-

entists in their efforts to develop a mathematical
model to forecast air pollution levels (specifically, S02
concentrations’) in Chicagc} from meteorological and
emission data. Input dfita for this model include exist-
ing hourly air quality (S02 concentrations), wind
speed, ancl wind direction at each of the eight TAM
(Telemetered Air Monitoring) stations in Chicago,
standard hourly weather data at five additional loca-
tions, hourly SOZ 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 future S02 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 Chicago, sul-
fur {loxide is a major pollutant (but not the only
one]. One could turn off SOZ 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 Chicago, an
optimal abatement strategy for S02 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 collect
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-suifur fuel between 0700 and 1100 CST on both
June 24th and July Lst, 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 S02 concentrations observed
at each of the eight TAM stations could be compared
with consecutive periods of similar weather but differ-
ent S02 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 Ist, all plants with dual-fuel capacity were
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asked to convert to maximum use of high- sulftlr coal
or oil. Dlming this week, industry n-as asked to recon-
vert to minimum-sulfur fut:ls On o date sclectcd on
the basis of the wcmthcr forecast, with the Edison
Company followinz one da}~ later. Fortunately, the
weather did cooperate this wc(k.

l~hcn the city converted to maximum usc of high-
sulfur fuels on July Ist, four of the eight TAJI sta-
tions reported rapid an(l hcrgc increases in SO~ values
(from 0.00 to 0.23 pp]n in 15 min at one site, for ex-
ample). Fluctuations during the balance of the clay
can be related to changes of wind direction. Very low
ground-level SO? concentrations were often obscmred
at night and early morning during the high SOZ out-
put period with light winds and strong, grollnd-level
inversions, showing that the pollutants were trapped
above the ~table layer and did not reach the surface.

On July 3rd, when a lake breeze circulation covered
the city, a S02 concentration of 0.47 ppm was ob-
served at one statjon. This occurred several hours af-
ter the lake breeze front passed the station, showing
that the S02 was trapped in the relatively cool, stable
air moving in from the lake. No high S02 levels were
ob~er~cd at any station in the zone of Convergence

along the lake breeze front.

CHICAGO AIRCRAFT SOUNDING PROGRAM

J. E. Carson and D. .11. .Velson

.$tmospheric stabilit~-, w mewurcd by the verticfil temllera-
ture distribution. is an important meteorological factor con-
trolling diffusion rates, Until recently, no memurcments of this
pammeter were being mnde in or near Chicngo. The Chicago
Dcpmtment of .iir Pollution Control has purchased :1 flight
package to measure vertic:d profiles of air temperature and
sulfur dioxide. Both helicopters and light airplanes bare been
Used; .irgonne and city scientists have m:lde flig]lts ~~-ith t]]e
system. About fifteen flights were made duriny the period of
this report: features of several of the more interesting frights
arc prcsen ted.

Until recently, two types of meteorological meas-
urements needed to accurately estimate diffusion con-
ditions over Chicago were nob being made. These are
the vertical temperature graclient and winck in the
zone of mixing and transport. The vertical tempera-
ture gradient (lapse rate) clctermincs the atmospheric
stability and (combined with wind speed and surface
roughnws) the intrllsity ancl spectrum of turbulence,
The cle~~thof the mixing layer (that is, the volume of
air in which the pollutants can be mixed) is deter-
mined by the height above ground and intensity of
>ta)~lc layers (inversions) aloft: it is very difficult if
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The data show that sources outside of the city are
often responsible for high SOZ levels inside the city.

The third fuel-switch test in this series was con-
ducted between May 19th zmcl May 30th, 1969. Dur-
ing this experiment, the dual-fueled plants ancl the
electrical generating plants were asked to convert to
high sulfur fuels on 31ay 20th and nay 26th. The con-
versions to low sulfur fuels were made one or two days
later using a selectizle abatement strategy; that is,
only a limited number of plants changed to Iow-sldfur
fuels, The abatement strategy used depended on the
actual and forecast weather conditions, observed and
forecast S02 levels, location of dual-fuel plants with
re~pcct to the Soz obser~ing sites, diffusion c~lcula-
tions, ancl the availability of natural gas. Only those
sources contributing to areas of high S03 concentra-
tions were askecl 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 SOn levels indicated that fuel
switches were effective in lowering S02 concentrations
in the affected areas, and that the decreases were con-
sistent with those computed
complete analysis of this
abatement is in progress.

by the diffusion mode]. A

experiment in pollution

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, etc. 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-
j ective techniques, such as those proposed by Gif-
fordflj and Pasquill.tz) L“nfortunately, these proce-
dures cannot be usecl to provide accurate estimates of
the mixing depth.

Techniques to extrapolate the observations from the
two nearest L-. S. Weather Bureau radiosonde stations
(Peoria, Illinois, 140 miles southwest of the Loop and
Green Bay, Wisconsin, 180 miles north) have been
de~-eloped at Argonne and by a local private meteor-
ological forecasting service (See 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 S02, 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 S02 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 S02 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 cirrus 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, Lake 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 lMid-
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 EhTE 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 S02 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 EYE 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 aircraft 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 S02 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 S02 data show that S02
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-
vincingly 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; S02 concen-
trations below the inversion were considerably lower
than those observed at Hinsdale Airport. The sound-
ings at Meigs show near zero S02 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 S02 recorder trace for this leg is shown in Fig-
ure 100. S02 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 S02 cross sec-
tion may be due to incomplete horizontal mixing from
several large point sources. A simple diffusion calcula-
tion, using typical SOZ outputs from the two plants
mentioned above, the Gifford (lJ diffusion parameters,
and the observed weather information, shows that
most of the observed S02 concentration at Hinsdale
Airport could have originated at these two sources.
ATottoo much should be inferred from this calculation,
as the real S02 emission rates were not known and the
S02 contributions from all the other possible sources
were ignored.

Figure 101 shows the S02 and temperature profiles
at .4rgonne 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 (N 10 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 S02 sensor on the flight package uses the
David conductivity method. It is unable to distin-
guish between S02 and COZ; a scrubber is used to
eliminate the S02 before the conductivity is measured.
The C02 contribution is then subtracted from the COZ
plus S02 reading. In Figure 101, the periods when the
scrubber was in operation are shown. )

Several other flights have also been made using a
very simple thermistor bridge combination furnished
by the National .4ir 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
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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 Cincinnati 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 21OOCST 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 lMidway is
shown in Figure 103. Considerable warm advection oc-
curred tibove 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
mixing depth On the 25th was much deeper
the previous day.
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PROJECT ITREX—A COOPERATIVE THUNDERSTORM TRACER EXPERIMENT

D. F. G’atz

The Illinois Tracer Experiment (ITREX) is a cooperative
field research program to study the removal of dust and
pollutants from the air by min. 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 is 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 central Illinois during spring
and summer 1969. The other groups are from the Uni-
versity of Michigan and the University of Illinois—Il-
Iinois State N’ater Survey. An aircraft from Weather
Science, Inc., Norman, Oklahoma, will participate
during the first of two scheduled operational periods.
During the second period, an aircraft from the ATa-
tional Center for Atmospheric Research (NCAR),
Boulder, Colorado, will participate.

Participation in ITRE~ 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
toclay: 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 lIichigan 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 Jlichigan and
Water Survey groups have radio-dispatched mobile
units that carry roof-top and basket-type rain sam-
plers.
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FIG. 112.—Schematic diagramnf heat-island circulation (redrawn from LowryoJ)

DATA AKD PROCEDURES

We studied each case using three graphical aids:
(1) asurface w’eathermap forthc day; (2) time see-
tions of S02 concentrations and winds at selected
stations; and {3) meso-scde charts showing winds,
temperatures ancl S00 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 SOn and
winds. These relationships are clearest in smoothed
data; therefore, we plotted hourly averaged winds and
SOZ concentrations on the time sections. The purpose
of the meso-scale charts is to show instantaneous dis-
tributions of SOZ, winds, and temperature over Chi-
cago. Thus the winds on these charts are 1- to t;-min
averages, anti temperatures are instantaneous. SOZ
values are still l-hr averages, though, to insure that
plotted values represent real effects and not nearby
sources.

We drew SOZ 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.4XDDISCl?SSIC)X

19 January 1966: .4 Possible Heat-Island Circula-
tion Case

The 1200 CST* surface weather map (Figure 105)
shows an anticyclone covering the Jfidwest. Its center

* Ml timesin thispaper are CST.
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was just west of Chicago. The pressure gradient over
Chicago was weak; hence winds were light. The 19th
was the third consecutive day that Chicago was in-

,,



—— .

149

FIG. 115.—27 December 1966 surface weather map, 1200 CST

fluenced by the same high pressure area and had light and 20th are all significant, but the temporary drop
winds.

The 19th was not an isolated day of high pollution,
butthethird or fourth of aseries. Between 16and20
January, hourly averaged S02 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 1101. The hourly
S02 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
S02 concentrations during this period. The generall~
high levels, the gradual increase with time, and the
extremely high concentrations at TAJ1-4 on the 19th

.-
in S02 levels with northeast winds, especially pro-
nounced at TAM-4, is particularly interesting. A drop
in S02 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. W’hat is surprising is 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 mitidlc 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-
sider carefully the condition of the lake surface. The
temperature and heat transfer properties of a soiid ice
surface arc much different from those of a water sur-
face. Sir. Ivan Brunk of the ESSA Weather Bureau in
Chicago reports (1969) that some ice was present in

,,’
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Lake Michigan off Chicago from the middle of Jarm-

ary to the end of Febru:iry, 1966, and that reports
from Dunn crib, a city water intake facility in the
lake off Chicago’s south shore, indicate that “pancake
ice” (floating pieccs~ was present on 19 iJanuary 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 dots 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
S02 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, SO~, 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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FIG. 118.—Winds and SO, at TAM-5, 6, and 8, 27 December
1966.

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
(CG~ }. 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 city for several hours.

.
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These olwervwl wind patterns suggest that we may
have found a heat-island circulation much like that
descri}xxl I)y Lowry~ll and pictured schematically in
Figyrc 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
Win(ls. .A plot of hourly temperatures at Midway,
() ’IIarc, and .irgonne (Figure 113) shows a definite
temperature excess at Midway Airport [in the city)
relative to O’Hare Airport and Argonne (essentially
rural sitwl. Figures 110 and 111 show that surface
willils v-err light in the Chicago area on the 19th, and
Figure 114 ihows light winds aloft at Peoria, Illinois
an(i C~rcwnBay, Wisconsin-the two rawinsondc sta-
tions nearest* to Chicago. Therefore, favorable tem-
llerature anti 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 is for a somewhat circular city. The cor-
rcspon(ling circulation is a ring vortex, with air rising
in the center of the doughnut, flowing outward aloft,
an(l 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. Tbc
heat island is not circular, but is instead a north-
sout,h ban(l. Thus, heat island circulations in Chicago
may have an alis of symmetry, rather than a center
of symmetry.

l?or analy,is of this episode, we must also consider
possible interactions with the synoptic scale air flow.
This point is not clear; perhaps the outside air simply
flows aroullf] or over the city air “dome” with little
interaction between the two. There is some evidence
that interaction did occur in this case, however. The
win(l fiel(ls at 1500 and 1700 (Figures 110 and 111)
Sho\v (]cfillitc, northerly Components in I)oth convm-g-

ing current>. This suggests that momentum is being

trausferrml (lownward from the northerly wiu([s aloft~

(Figure 11 4). Tllr Chicago circulation observed on 19

Jal~uary 1966 a])pcars to have had the following basic

characteristics:

1. Relatively warm city air rose over the axis of

the heat island;

2. To preserve continuity, air from the edges of the

city was drawn inward;

* Peoria is 210 km southwest and Green Bay is 300 km
north of Chic3go.

t It i.- nrcessary to verify that the circulation re~ches high
enough :dtitudes to interact with the northerly winds. The
depth of penetra~ion of the rising city air was estimated from
the 0600 trrnpcratum sounding at Peoria nnd the Midway
high tcm]wr:ihu-c of 24. The depth of penetration mm about 1
km. This i> hi~h enough for the rising air to encountrr north
winds.

3.

4.

5.
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At the upper limit of convection, the rising air
beg-an to spread outwards, to the east and west,
at the same time gaining momentum from north-
erly winds in this region;
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;
From this point, it was drawn back into the city,
w’here it was repolluted. If this circulation pat-
tern prcvailed, air couId 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 SOZ 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 concentrations 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 1900j as the city-rural tempera-
ture difference increasccl. Theory predicts the oppo-
site---the strength of the circulation should increase
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 circulations.

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, ancl as far as we know, has not been described
for this city before.

From only one case, one should not try to identify
critical parameters or their threshold values for heat
island circulations 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. N“inds
aloft at Peoria and ~~recn Bay were mostly less
than 10 kt 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 Decet)lber 1966: A T1’ind Of Lake .Michigan

The surface weather map for 1200 on the 27th is
given in Figure 11.5. The ridge line has just passed
Chicago. This movement caused a surface wind shift
to easterly. The storm over oklahoma developed ra-
pidly an(l Inove(l towar(l Chicago during the after-
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noon, tightening the pressure gradient and tht~s in-
creasing the wind speed.

Figures 116-118 show the wind shifts at the TAM
stations and the wind speed and S02 changes that oc-
curred with them. Two different relationships were
obscryed. 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
~JJhO]eregion were light from the southwest. Highest
SO! 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 S02 pattern remained about the same. By 1100
winds were more generally from the cast, and the N.3c
had begun to move inlanci. It is clear from compari-
sons of 1000 and 1100 N.1 rea(iings at individual sta-
tions that concentrations were (iropping at lake front
stations ancl increasing inlan(l. This trend continued,
as shown on the 1200 map. Stations 6, 7, aml 8, at the
outer perim{>tcr of Chicago, all ha({ higher S02 conc-

entrations than the hour before, while lake front con-
centrations dropped even lower. The clean air had
reached TAM-5 also, and SOZ dem-eased 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 SOZ 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
SOZ concentrations through the accumulation of so?
in a shallow surface layer. Breakup of the radiation
inversion after sunrise could have brought additional
SO~ to the surface from plumes aloft. .4s winds swung
to easterly and became stronger, this pollution pall
was blown west and diluted somewhat, so stations on
the west side of the city observed smaller petiks 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
S02 from plumes aloft. As the figure shows, S02 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 ancl the
stronger east winds.

,9–10 .JIay 1967: A Lake Breeze

The surface weather map for 1200 on the 9th 1Fig-
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
Nlidway. Increasing inland temperatures apparently
caused convection and initiated the lake breeze soon
after 1000.

Wind direction shifts during the day at six TA31
stations are shown in Figures 123–125, together with
simultaneous variations of wind speed and SOZ con-
centration. These figures show that the pollution
peaks occurre(i behind the lake breeze front, but not
until several hours after the front passed.

The 1000 CST map (Figure 126) shows inoderate
northwest. winds over the whole region with SOQ con-
centrations less than 0.10 ppm at all stations. By 1000
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the lake breeze had already passed the three lake
front stations. Ml stations still had low S02 readings.
The 1400 and 1800 maps show thepcnetratiou of the
lake breeze many kilometers inland. The first high
SO. 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 SO?.
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 S02 at station
8. Two hours later (2200), winds were southwest and
SO~ 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 S02 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-
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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
traceci 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-2iTorthwest Indiana industrial com-
plex may have been l]rought to the surface in this way
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stations from over the lake strongly suggests that this
circulation was recirculating air through the city. This
may Occoullt for the very high concentration of Sc>z
obwrvcd that (lay.

Two cases of winds off Lake JIichigan were also
{’xaminml. In one case, the lake was warmer than the
la]l(i; in the other the lau(i was warmer. Oljservc(l
I)ollution l)attcrns generally a~rcc with those c,x~wctcd
theoretically, Howe~cr, more cases must be studic(i
t)c’fore’~v((’:~ll(lra~v firmconclusion>.

Two other possible meteorological pollution phe-
nomena. namely nocturnal inv~,r>ion trapping tind
nlorninz inversion breakup fumigatiol~ may also have
occurr~’(1 in one of the cases. This shows that the lnc-
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FIG. 12S.—Scllcm~ltic diagram of stiltlility rrgimcs for on-
shore flo\~ from :1 cool Iakc. Top, tall stack; bottom, short
stack, (.ift~,r H[.}vson :md Olsson. (~’)

MATfiEMATICAL URBAN AIR POLLUTION MODELS*

Harry lro~~t~

This paper proridcs a reriew of the use of n~athc-
matical mo(lels for urban air pollution problems. Dis -
cusse(l are the major contributions in this field be-
ginuillg with the early work of Frenkiel to those of

* Sumumry of :t paper presented at the 67Lh .Innmrl Mcet-
iug of the .iir Pollution Control .issocititiou, Sew l“orli. June
2@29, 1969.

TAI\LElil. Frequencies OFOCCC’RRENCEOFSOMEWE.LTHER
PIi~xOMEN\ IMPORT.k~T TO CHIC.IW>AIR POLLUTION

Heat isla[id cir
ri[la[it)]~

0!31ake \vi]lds
Lake \varnlcr

IJ:I!lCI\v:~rmer*

Luke I)reezc

Frequency I Reference

l–2permonth 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 throllgh This study
February

3 per month reach Midway, Murray
May through September and Tret -

tel,
Inc, (3J

* ,sOU]Ctjf these may be lake breezes.

teorolo~ical cause for any given pollution episode may

be highly complex and involve several diffcrcntphysi-

cal processes.

310rc >tu[{y of these and other phenomena are

nee(ie~[. Extensive observations in four dimensions

WOUI(I IN> dc’sirablel of course, but these case studies

offer hope’ that important information can come from

(hlta 011 han(l now.

lYf thank llr. Ivan Brunk for information on Lake

l[icl]iyal~ ice conditions on 19 ,January 1966, and~lr.

Harryllo,e, for bclpful discussions of the case.

Rl?FHIEXC~s

1, Lowry, W. (). The climate of cities. S’ci. Am. 217(2), 1$
23 (19(; 7).

2. IIcNwI)tI, E. S, and Olsson, L. E. Lake effects on air pollw
tit,)) liispersioll J. Air Poll. C’ontro[ Assoc. 17(11), 757–

7(il (1967),

3. 31{1rr:~y :in(i Trettel, Inc. The climatology of air pollution
ill Il{)rthcmtern Illinois. Iteport prepared for The Nurth-
raster]l Illillois Metropolitan Area Planning Cornmis -
sio]i, Mllrray and Trettel, Inc., Northfield, Illinois,
Fehr[lary 1966,

mo(ierli (lay operational models. To allow an assess-
m(’nt of work in this area, five tables are presented
inclu(lil]g the locations of the studies, types of tracers,
sizes of the monitoring and meteorological networks,
amou~~ts of data collected, and the mathematical
equations used.

Th( (Irl)on air pollution model is considered as
having four components. These we (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 describes 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 relatilng 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
arc discussed.

THE USE OF PYRHELIOMETERS FOR CONTINUOUS MEASUREMENTS
OF AN EFFECTWE AIR POLLUTION MIXING DEPTH

Harry i~loses and D. N. Eggenberger*

Information on the magnitude of the mixing depth is im-
portant for forecasting levels of pollutant concentrations ol-er
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 pyrheliorneters or pyranometers to provide continuous
recordings of the mixing depth. Various techniques are de-
scribed for obtaining these measurements. The most attractive
of these consists of two pairs of pyrheliome ters on equatorial
mounts; one pair is located on a tall building and another
pair near the ground. One instrument of each pair has a 4WO-
4500 .~ filter and the other. a 5500-6000.1 filter. By considering
ratios of the solar radiation recorded by combinations of these

pyrheliometers. it is po=ible to determine the depth of the
aerosol mixing layer under the assumption that the aerosol
concentration is approximately uniformly mixed within the
mixing layer 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 invol;-ing the crossing of two

p~ranometer fields of view is also discussed.In this method,
one pyranometerhas a conical field of view of about 1/2de-
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 tbe height of & common Tol-
ume of the two intersecting fields of view varies from a level

* F.lectronics Division.

near the ground to several thousand feet. The covariance be-
tween the signals recorded by the two instruments would
change w the common volume passed from air with a high
concentration of aerosol to clean air. By noting the height at
which the changes occur, it should be possible to determine
bot}l the height of the aerosol mixing layer and also the
presence of aerosol layers above the primary ground base
lavers.

1NTRODUCTION

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 coupled with meteorological processes
such as diffusion, transport, or convection controls the
height of this pollution or atmospheric mixing layer.
One may consider the mixing layer in clifferent ways:
(a) the vertical distribution of pollutants, (b) the verti-
cal distribution of temperature, or (c) the vertical ~vind
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; w-ith a large mixing



depth, pollutants are diluted by mixing with air overa
thicker layer resulting in lower ground concentr-fitions.

When one examines vertical temperature soundings
taken ow>r land in the early morning during clcar skies
and winds less than about 10 mph, a ground based in-
version is normally found. AS this inversion begins to
dissipate shortl}- 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) describes the
concentration of pollutants within such a layer resulting
from a continuous point source located below the inver-
sion lid

{

2

exp — ~,
2U,”

(1)

x . concentration gr/m3
Q = emission rate of pollutants gr/sec
u = wind speed down~vind of source meters/see
H = mixing depth in meters
?J = crosswind distance in meters

~~ = the perpendicular distance in meters from
centerline of the plume in the horizontal direc-
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 knowm 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.

lMeasurements 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 ~vould be related to the
vertical distribution of aerosol.

If we assume that in the Ioyer layers above ground
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the pollutant is approximately uniformly mixed or
changes slo~vl.vwith height up to the top of the mixing
layer, but then falls sharply, we can determine the ef-
fective height of the inking layer from the readings of
pyrheliorneters at two or three levels. Several techniques
for doi[lg this are described below.

Tl?E CASE ulr I:s Il~Olt31 311X1N’G OR CONSTANT DENSITY

OF I’OLLLT’rAN‘IX

Troll niqw Jor CWaininq .Ilixing Depths with Two
Pyrhrliot)wters 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. (SCC l~igurc 129.) Readings are taken about one
hour apart; it is assumed that the mixing depth has
changed little durin~ this period. This assumption, of
course, is riot 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 ~lppcr p~rheliorneter is mounted may be given by

where
1,(8,) =

01 =

l.(O,) =

T=

#=

I.(e,) =

IT(h) = l.(O1) exp { –PL(OI) ], (2)

intensity of all band solar radiation at top
of building v-ith the sun’s zenith distance
01
solar zenith distance in radians at initial
time
intcllsit~. of normal incidence solar radia-
tion at top of atmosphere with the sun’s
zenith distance &
subscript representing instrument on roof-
top {)f building serving as a platform
attenuation coefficient in meters–l. This co-
efficient is the sum of the absorption and
scattering coefficients.
length of solar beam from top of mixing
layer to uppermost pyrheliometer with solar
zenith distance, 01.

I~or a solar zenith angle of O! , the equation becomes

1~(0,) = l.(O,) exp { –@(/3j). (3)

Simil~r e(luations for pyrheliometers at ground level are

1,,(01) = l.(O,) exp { –PIL(O1) + L.(63)1} (4)

I,, (OJ = 10(02) exp { –vIL(OJ + La(OZ)]} (5)

where
B = subscript tvhich refers to the bottom of the

building
La(e,) and 1.=(/3,) = length of solar beam from top to

bottom of building
,,. .

, j
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FIG. 129.—Measurement of mixing depth with two pyrheliometers and two solar zenith distances. Unfiltered solar radiation used.

L.(8I) = a sec 01
L.(fh) = a sec 01.
Dividing Equation (2) by Equation (4) we have

IT(O,) _ l.(O1)
1~(0,)

exp {p a sec
Io(ol)

or

In [1~(0~)/1~(f31)lp=
a sec 01 “

01] (6)

(7)

Dividing Equation (4) by Equation (5) we have

(8)

.exp {–YIL(O1) + -L.(01) – ~(02) – ~.(f%)l].

Since 1,(0,) = 1o(o2) and L(o1) + L.(01) and L(%) +
La(th) are H sec 01and H sec % respectively, we have

~B(f%) _
‘n IB(O,)

–pll(sec 01 – sec 02), (9)

where H is the effective height of the mixing depth.
Combining Equations (7) and (9) and solving for H

we have

Technique for Obtaining Mixing Depth with Pairs oj
Pyrheliometers at Each of Two Levels ~~sing Two
lt’ave Bands

Through the use of filters, it is possible to measure the
received solar radiation in a prescribed 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 obttiined. In selecting
the tww 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 p(Al) – p(~z) is at a maximum.

Using an argument similar to that above we have

lAkl, I%) = 1o(X1, fJl)exp { –M(M L(O1)]. (11)

Since we are dealing with a single zenith angle the
0’s ~villbe omitted and we have

l~(k) = lo(h) exp { –P(h)L1. (12)

The XIrefers to the first wave band used. See Figure 130.
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FIG. 130.—Measurement of mixing Qepth with pairs of pyrh~liometers at each of t~o levels. (he pyrheliometer of each pair op-.

crates in a 500 A band centered at Xl A and the other in a 500.4 band centered at AZA.

Equations corresponding to Equations (3), (4), and
(5) are

I,(A,) = 10(X,) exp { –P(X,)L} (13)

l,(h) = lo(h) exp { –-P(M(L + ~=} (14)

Dividing Equation (12) by Equation (14) and taking
the logarithm of both sides we have

or

Similarly,

(17)

h IT(X2))IE(A2)
p(A2) = (1s)

asecd ‘

where AZrepresents the solar radiation in band 2.
Dividing Equation (14) by Equation (15) and taking

the logarithms of both sides, we have

in I~(X,)/l~(&) = in 10(h)/10(b)

– [p(k,) – P(X2)](L + L.)
(19)

or

Solving for H and making use of Equations (17) and
(1S) we have

..*H = a(ln l~(XX)/1~(X2) – in ~o(h)/~0(~2)) . (21)
in 1,(X2)/l,(A,) – in l,(Xl)/l~(kl)

Thus H, the effective height is determined from known
or measured quantities. The ratio ~0(~1)/~o(~2) is, of
course, the ratio of the energy in the two selected wave
bands and is given in Physical Tables.

Figure 131 shows a schematic circuit diagram for pro-
viding a continuous reading of the mixing depth.

LINEARVARIATIONOF POLLUTANTWITH HEIGHT

The attenuation coefficient, p, 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

{,i,
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FIG. 131.—Circuit diagram forproviding acontinuomr eadingof themixing depth inthe case of llniform mixing usingtwopairs
of pyrheliometers, with one of the two pyrheliometers in each pair operating in one wave band and the other in a different wave b?nd.

p = L-z,

where k 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

– pdL = —kzdL = —lcz see e dz. (22)

Integrating between the limits of the top of the build-
ing and the top of the mixing layer we have

/
T dI

/

z
—. –k sec O

DI
zdz

o

–k sec 02,
In:= ~

or

where ID = intensity of solar radiation at
mixing layer and z is measured from the
layer.

If we express

(23)

top of the
top of the

where 10 = the solar constant for all-band radiation,
and a is a constant, we have

1= = I&ae-(k’2)‘e’ e‘2

= 10 exp
{

~ (24)
—a — ~ (see 0)22

(“

Three Pyrheliometers at one Wave Band and One

Zenith Distance

If we use three pyrheliometers, each at a different
level, it is 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 ~~itha tall build-
ing, we may place one pyrheliometer at the ground de-
noted by subscript B; one at an intermediate level (M);
and one at

We may
the t~p (~). (See Figure 132.)
then write

{

k sec 0 Z,’(
I.= I~exp –.–—

2/
(25)

or

IT = 10 exp
{

—a — ; (Cos O)L21
f

(26)
1. = Ioe–”
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FIG.132.—Three pyrheliometers at one wave band and one zenith distance to provide mixing depth information
tant concentration is distributed linearly with height.

1, = 10 exp
{

—a —;(COSO)(L + La) ‘) (27)

IM = 10 exp
(k

1 ()

L 2\ (28)

–a–~(coso) ‘+7 ~

]n$ = l(COS 0)(2L. La + L:) = P (29)

ln+=:(cOs’)@La+ $)=Q ’30)

; (Cos 0)(2L”L0 + L:) = P (31)

~ (COS0)(4L”La + L:) = LIQ. (32)

Solving Equations (31 ) and (32) for k we have

~=4P– SQ
(33)

cos e L: “

And solving for L we have

L= L4Q– P

“4P–8Q
(34)

L=L.
4 In IT/I.K – in 1,/1,

(35)
4 in 1~/1* — 81111,/1.w “

But L=zsec9and La=asec0

~ = a 4 in IT/1~ – in 1,/IB

4 in 1,/IB – 8 III 1~/1~
(36)

H=z+a=a+a
4 in IT/I.~ – In IT/IB

4 in IT/IB – 8 in IT/IM

or

where pollu-

H = ~ 3 in I,/I, — 4 in Ir/1~
4 In 1,/1~ – 211112./l~ “

(37)

.411of the quantities are measurable.

Two Pairs of Pyrheliometers at Two Levels and Two
Wave Bands

As previously, we shall assume that the wave bands

Al and AZ are 40@-&O and .5.50-600 nanometers. The
same notation as above is used.

{

‘(X2) L2 Cos ~
1,(X2) = Io(X2) exp – a – ~

}
(39)

.

IB(A1)

{ }

(40)
‘(X1) (L + L.)z COSe= 10(A1) exp – a – ~

IL?(X2)

{ }

(41)
‘(X2) (L + LO)2cOSe .= lo(k) exp – a – ~

From Equations (38) and (39)

From Equations (40) and (41 )

Dividing Equation (42) by Equation (43) we have

,,,.
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]omlY which formul~ to apply. Solar ra(iiation measure-
ments ~rill be made at folu levels above gr{)ull(l llp to
about 1000 t’ect or grmter. Tl~esc fvill provi(ic tllc (dis-
tribution within the l:lyer of meas(u-mnclit. I;xtr:llx)l:~-
tion techni(lucs for dctcrrninillg tlw mixill~ (k,~)tll m:ly
be devciol)ed by :L series of comp:lris(]r~ me:l.wmcnwllts
using helicopter and b:lnoon data atld tIle p~”rheliome-
ter measurements. These measuremc]lts \;-illconsist of
vertictil profiles of temperature :llN1p:~rtic~d:itw irl :ddi-
tion to those of other :ltmosl)heric ct)n>tituerlts such tis
S0! (jr water vapor. .%check fnl tl]c s~strm is, of course,
eswntial before operatiol~d reli:lbilit: ca]~ be estab-
lished.

.ierosols may occur in layers vtiryillg from 10’s to
100’s of feet in thickness ubove the prim:w~- mixing
layer near the ground. ‘3’ Should this corldition prevail,
then the method as described here will be ineffective in
determining the true mixing depth. H(JJf-ever, !vork is
currently in progress which }vill allolv a cktcrmination
of the position and thickness of ,such kl~ers. This in-
volves a passive system using tlvo pyranometers sepa-
rated by a baseline of about 2000 feet. T1l(I covari:~nce
of the solar radiation flux observed by the tIvo instrum-
ents involving a comrnoll volume arising f’r(~mtlr(j i2l-
tersecting cones of vimv is computed contil~uoud~. The
height tind exteut of aerosol layers may be determin(!d
from the covariw~ce measurements as the comrnoll vol-
ume is allowed to change its clevat,iorl above ground.
The pyranometer system also rw[uirus validation by
independent means such as by aircr:Lft or b:dloons.

Advantages of the PtJAeliolnetcr ,S’yskIIt.fw J[casurr’nq

Jli.ring D@h

The technique described here is essenti:~lly :i p:~ssi~’c
remote probe, but it would ~vork bwt during cloudless
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daytime conditions. During cloudy conditions or during
the night, it may benecwsury to tlevelol) :~n:~ctivesys-
temill~vilicl~:lsourceof” clectronl:~gl~eticc~lcr~y is used.

When conditions of severe pollution exist, an exten-
sive tilltic~’clone is gmmrall~’ presl’nt. \Yitk r.xtensive
high pressure :ireas, ~tmosphcric subsidel)cc is likely,
with theres(llt that littlccloll[litl(’ss is~)rcsel~t.(hcmfiy,
th(!rcfore, expect to find that this system ~vorks v-c1l
~vhcn needed during high pollutio[l situations.

. . .
A.+’lndlc ated ]n the ,schematlc dmgr:(rns, I:igwres 131

and 1311,the information obtained from the pyrhcliome-
ters m~~ybe passed through :~n electronic circuit in
which the output represents the height of the mixing
depth. TIlis output may be transmitted to ~ central
control point, such as an air pollution control office,
where :a recording meter provides co]ltinuous re:~dings
of the height of the mixing depth.

The pyrheliorneter technique represents distinct ad-
vantages ovcrthes~rstems currcntl}- available for me*s-
uring the mixing depth, such as those ~vith l~elicopt,ers,
fixed lvinged aircraft, or balloons. At best under current
systems] otdy :L fe~v measurements per day can be ob-
tained. With a system such M described in tl)is paper,

continuous me:~surements are provided. These, of
courw, Jf-ould bc 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 .lIoses, .J. B. .1ndersonl and D. F. Gatz

.$n 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 cffcxtivcness of abatement pro-
cedures. Two types of urban air pollution models are avail-
able: 1) the sourm-oriented model. and 2) the receptor-uri-
ented model.

In the tabulation prediction technique. combinations of
meteorological variables me arranged in an ordered sequence
in tabular form. For each combination of meteorological var-
iab]cs, a cumulative percentile distribution of the concentra-
tions of :1 selected pollutant. e.g.. SO,, is presented. .llso
included :ire relevant stutistic:d par:lmetcrs such m the intcr-
quartile range, the mecm. or the number of cases.

The devcloprnrmt of ~ tabulation prediction teclmiquc rc-
q~]ircs a number of preliminary analjws. These include test-

ing meteorological variables for their relative importance in
influencing the pollutant concentrations, selecting optimum
rlass inter~-:ds of the weather elements, and deciding the most
effecti~-r :~rrangcmrnt of the independent variables in the
tabul:lt ion.

Tllcse :we exanlincd in a discussion of the construction of
this tccl]niquc. The paper also discusses the continual upgrad-
ing of the tabulation prediction technique and its use in
source ~ur~-eillmce. .In example is given of the tabulation
]~rc(liction trthniqoe as :Lpplied to the city of Chicago.

Tlleln material is injected into the atmosphere,

whether it I)e from a distributed area source or ~ point
sollrce, the meteorological conditions determine the
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TABLE 62. T.USULATION PREDWTION TECHNVQUE

sEASON: P.4RCtI. APSIL.M~Y. .— ._.. ?lE!WMAYIo N: No sTATLoN: TAM 4 ~loo Zwo A7A: JAN 1.1966 - OEc 31*l*&_______ .—

------------------------------------------------------- ---------- .----- ——----- -—----------- ---------------------- -----
UINO 0[17L CFILING lWND+_.~~.+._~!& I PERCENTILE v&LUES Of S02t?P#t CONCE?AIUAVIONS
DEGREFS I FEET

I MEAN I ST OEV I F-a

I (r I 141t4 25 50 75 90 95 90 99 WAx 75-2s 9+7!
----------------------------------

PAW 3
Baho 3

RAh C -3
SAND 3
EiA&@ 3

8Ah0 3
BAKC 3
.9Al$11 ?
BANQ 2
ebNn 3
2.bNO3
e.Ahn3
9AN@3
RAND 3

a4tA12 3
84N17 3
BANO 3

BANC 3
BF.h C 3
@AKC 3
amc z
SAND 3
F!Ah Q 3
W.NO 3

akm 3
BANl! 3

I
17CAD-*.**! 4- 1
17rof-****1 4- 7

.LIr2Q-5??!5>l
I’7GO0-**** I R-12
I 700 C-**** I 8-12
I 7f31?-**** I E-12
17 COC-****1 S-12
I 70 W-**** I 8-12
17c2c-*!**l--&Lz
I ?Ot7C-**9*( 8-r2
17cf?o-****1 8-12
17CO0-****1 6-12
17con-****1 9-1>
17C30-****1 S-12
170C3-*?**LU
17CC0-****1 8-12
17ccn-****t e-lz
I 7GLW-****1 8-12
17cflo-****1 8-12
I 7c2@-****t 8-12
17CC0-**** 1 u
I 7ron-.*** I e-lz
17con-****1 0-12
17CCC-** **1 8-1/
I 7CC0-**** I 9-12
17 LC?-****1 8-12

BhhO 3. i2C&*%*.*~
BAND 3 17CC0-8***1 13-18
BANP 3 17 CC0-****1 13-18
8AN0 3 17cco-****1 13-18
FIAkD 3 17 Ci70-***81 13-19
.SANC 3 17cnr-****1 13-18

MNO > ilcco-5.*=*.ui--.L
BANO 3 17CC0-**** t 13-18
e4ho 3 1 7CX--****I 13-18

BAND 3 17 Ci3C-****1 13-L9
BAND 3 I 7cOC-****1 13-18
BAh O 3 f7CC0-****1 13-18

..-lL4&LlmQ!k**** I 13-1P
BAND 3 170ao-**=*1 13-1s
8A?.17 3 I 7CO13-****t 13-18
84h0 3 J700@-****J 13-18
BANO 3 I 7CO0-****1 13-18
BAND 3 17000-**** I 13-1?
EAh D. 3.17 CL10-**** t~.
fiANl! 3 17000 -****1 19-24
BANO 3 17000 -****1 19-7~
BAND 3 1700Q-*!**l 19-J%
BANO 3 17000-**** I 19-24
OANO 3 I 7000 -****1 19-24

000 -***81 19-2%

OANO 3 17000-**** I 19-24
8AN0 3 I 7000 -**w* I 19-24

I-l-**** I q-?d

RO- 89

Bo- q9

-QLkJH
10- 19
10- 19
10- 19
20- 29
20- 29

~

30- 39
30- 39

30- 39
w- +9

49- +9
~

50- 59
50- %9

50- 5?
.50- 69

60- 69

*49
70- 79
70- 79
+0- 79

80- n9
80- 69
~

30- 39
‘4C- 39

39.- 19
+0- 49
60- w

=

50- 59

5Q= 39
60- 69

60- 69

~

70- 7q
10- 79

F!o- 89

80- Iw
&o+
40- 4q
40- 4’4

*O- 49
50- 5q
5G- Sq
~
70- 79
70- 79
Z&is

---------

8AN0 1

EANO2
BANO 3
RAND 1

BANO 2

LIMO 1
BAND 1
BA?AO 2
5ANfl 3

8AN0 1
9AN0 2
BAND 3
8AND 1
8AN0 Z

BANO 1
8AtAD 2

BMW 3
8AN0 1
8AN0 2

AND
B#NO 1
BAND 2
BAND 2.
BAND 1

BANO 2

*

.3AN0 2
QAW 3

BANO 1
OANO 2

M&+

8AN0 2

BANO I
.SANO 2
9AN0 3
BANO 1
BAND 2

Rc.!m%.
BANO 1
BANO 2
OANO 3
BANO 1
RAND 2

B4fiQ1
21AN0 1
BAND 2

EAND 3

BANO t 1
BANO 2 I

--------------------------------------------------------------------------------
—— .—— — J_. L
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0.09 I !.0090 I
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-------
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0.10 0.10 0.10 0.12 0.14 0.14 0.14 0.14 0.14 0.02 0.02 I 0.;: I :::200 f 2

11
be I 0.09.08 0.98 0.08 0.08 0,00 0.08 0.0s 0.0s 0.00 0.0 0.0 I 0.0
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0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 I 0.0 1 0.0 ! o
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0.0 0.0 0.0 I 0.0 I 0.0 I o
0.04 0.04 ::;4 ;::7 ::89 ;:% %% %% :::9 :::3 0.02 I 0.06 I 0.0223 1 5
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rates of dispersion and, consequently, the concentra-
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 m the Sutton
or Gaussian forms.

DESCRIPTIOIf 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 SOZ concentrations are shown.

Also presented are the interquartile ranges, i.e., the
difference in S02 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-
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of relative humitiity for particular values of SOO con-
centration may have an important physiological ef -
fwt on people as well as plants and animals. Onc
must, thewfore, always be aware of relative humidity
levels in assessing the severity of an air pollution inci-
dent ,

.lIi.rinq 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 l’erticnl 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.
Nleasurements several miles outside of the city in
a rural area may be rele~ant, 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.

.Vet Radiation Flux

This measurement 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 in~-ersion, which results in a marked
suppression of vertical motions. These data may also
be used to indicate the degree of cloudiness.

I’”isibility

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. NTot 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-
late originate within the city and accumulate in the
air because of poor diffusion conciitions. Thus, visi-
bility may be an indicator of pollutant concentration.

The Pret’ious Hourly Readinq of S(J2 {’once ntra-
t ion

The meteorological variables selected for the Tabu-
lation Prediction Technique are those which are most
influential in controlling the levels of SO.J concentra-
tion. It is conceivable that at, times there are condi-
tions which are not accounted for by the selected
variables resulting in concentration 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 SOz 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.

Ceding Height

W-ith relatively low ceilings, those formed essent-

ially by stratus clouds, the base of the clouds is
relatmi to the height of the mixing layer and thus pro-
vides a useful measure of pollution levels to be ex-
pected. Intermediate or high cloudiness, for example
cloudiness over 7000 feet, also influences SOZ 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 atmospheric diffusion rates. The ceiling height is,
therefore, a related variable.

Time o) 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.

SELECTIOh-OFV.4RIABLES

The relationships between SOZ concentration and
the meteorological variables are not linear, and some
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Me monotonic whilt’ others are not. W’ind [Iirection
an{l time of day are l~(Jl~-lll(Jrlotol~ic.Inorder to treat
these two variables. plots are made of ML concen-
tration vs. wind (Iirf’ctioll and SO1 concentration ~s.
time of day-. Exauqlk’s of these charts are shown in
Figures 134-137. In each of these figures, the .50th,
90th, and 95th percentile values as well as the max-
imum arc presented. These charts anti a tabulation of
the data on which the charts arc based were used to
select time ban~ls and wind direction bands in which
the variation of SOO concentration was relatively
small. The Tabulation Prediction Scheme was de-
veloped for the TANI Stations. The bands for time
of day and wind direction selected for each of the
TAM stations arc presented in Table 63.

31any interesting features are brought out by these
charts which lmay be useful in practice to forecast
S02 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. SOZ concentration for TALI 6, the
usual peaks of the early morning hours as well as
those of the late afternoon or early erening 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 is more evidence here pertinent to fumiga-
tions. In Figures 136 and 137, the highest values ob-
ser~ed (i.e., the highest values of each YI.AX cur~-e)
occur at 0600, 0700, or 0800 at six of the eight TA31
stations. These are the hours during which fumiga-
tions may be expected. The wind clirection associated
with the S02 peaks are those associated with the high-
est peaks of the MAX curves in Figures 136 and 137.

TAM 7 is a good example. Tbe highest SOZ value
occurred at 0700 with a wind from 195 degrees. The
joint occurrence of a very high S02 ~alue 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 S0s 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. S02 concentration for
TAM 6, shows that the peak occurred with an east
wind off the lake. (Figure 135 shows an actual case of
high SOZ concentration at TAM 6 during a lake
breeze. ) Strong S02 sources are located between

171

TA1l 6 and the Lake Michigan shore. The joint oc-
currence of time and direction make it very likely that
a lake breeze causes this high SOz value. Aclditional
interesting relationships may be observed from an
exalniuation of the other charts.

The interquartile range is a measure of the clisper-
sion of the measurements for each combination of
meteorological measurements. The amount of noise or
uncertainty in the prediction is shown by the magni-
tude of the interquartile range. Similarly, the differ-
ence Iwtlveen 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 bc examined. This may be done in a num-
ber of ways,, one of which is to plot the percentile val-
ues of SOZ concentration vs. each meteorological varia-
ble and examine 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 ATew York City, Los Angeles, Washington,
or Chicago, the receptor-oriented techniques may be
applied to each of the stations to obtain isop]eths of
concentrations similar to that obtained in the source-
oriented model.

CONSTRUCTION OF THE T.4B1JES

Meteorological variables recommended for the con-

struction of a Tabulation Prediction Scheme are

(1) wind direction, (2) ceiling heightj (3) wind speed,

(4) temperature, and (5) hour of the day. The rele-

vance of each of these variables has been given above.

The importance of atmospheric stability has been

noted, but such clata 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 un]imited 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

firststep the (lata are stratified by season and by the
presence or absence of precipitation. An interme-
diate tabulation is prepared in which wind direction
ancl hour of day arc listed as Band I, Band II, and
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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 S02 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 S02 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 S02 concentration as one
reads down from the top of the table.
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TABLE 63. STR~TIFIC.ITIO~T.WCL.ITIO~ PREDICTIONTECH-
NIQGEBANDS FORWIXD DIRECTION.I~D Houn OF D.4Y

TAM
station
number

1

2

3

4

5

6

7

8

Wind direction, degrees I Hour (CST)

I

55-105
205-355

5-1.5

15-135
27.$355

355
5-195

5-135

165-205
245-255

15-55
145-285
335-345

$65
275-325

355

45-65
135-305

H

115-195

145-265
5

20s345

14>265
335355

4s95
135-155
215-235
265-355

5
2%5-325

355

225-265
33s345

5-35

—.
HI

25—45

275–325

5-45
105-125

65-135

75-215

I

1-2
l~_~~

9-14

~_~o

1-4

1-3
5-6
9-10

12-24

1-7
?3–24

2-4

1-6
11-15

31s355 17-24

11.

6–17

1-8
15-24

1
21-24

5-16

4
7–8
11

14-22

1
5-9

17-18
23-24

7-1o
16

APPLICATION OF TABULATION PREDICTION SCH

III

3-5

17-24

8-13

10-16
19-22

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
Prediction Scheme Tables to enter the predicted
SO~ concentration or those of another pollutant of
interest and present these to the meteorologist.

Ordinarily, municipal 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

EME TO
will appear, (4) a frontal system will pass, or (5)

DAILY OPERATIOiSS

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 &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

TABLE 64. L-NITS AND GROUP Iiwvmv.ws FOR V.IRIABLES
USED IN THE TABULATION PREDICTION SCHEME

1. Wind speed
Unit: miles per hour
Group intervrd: *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, -1* -1, 0—9, 10—19,

20—29, 30—39, 40-49, 5U-59, 60—69,
70-79, 80-89, 90—99

4. Ceiling height
Unit: feet
Group interval: O—999, 100-2499, 2WO&-6999, ~ 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 fi5. T.i BCL.\TIOX PrediCtiOn TECHNIQUE

Seasml:Decemberj January, Febr[lm~-. (Datataken in 1965 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-
ilar 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 disc 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. .41though 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 S02
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.

ADVANTAGESAXD DISADVANTAGESOF THE TABULATION
pBED1cTIoNSCHEME

Some of the advantages are
1.

2.

3.

4.

5.

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-
centrateion.
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.

2. At least several years of historical data are

necessary.

3. Changes in the emission sources degrade the

tables, which must, therefore, be updated every

one or two years.

GENERAL APPLICABILITY OF THE TABULATION PREDICTION

TECHh’IQUE

For general application, it appears that there is less

work in applying the Tabulation Prediction Scheme
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TABLE 66. POLARIZ.iTION IN HEAVY MINERAL OIL AT –4 + l°C

Compound

3.

6.

7.

8.

9.

10.

p-Bis[2-(5-phenylox azolyl)]benzene
(“POPOP”)
4,4’-Di(undecyloxyf ’j-l) -l, l’-binaph-
thyl

9, 12-Di (n-octadecyloxy )benz [e]-
acephen an thrylene

Diphenyl stilbene

Tetraphenyl ethylene

1, 8-Diphenyl-l, 3,5, 7-octatetraene

11. Trans-1-(4-biphenylyl] -2-(1-
naphthyl)-ethylene

12. Trans-1-(4-bipheny lyl) -2-phenyl -
ethylene

13. 1,3,6, 8-Tetraphenylpy rene

Band edge,
mfi

395

360

MO

390

380

430

390

365

425

Upper line: ~,.m~
Lower line: polarization (P), %

375
+43
350

+41

410
+41

370
+45

350
+41

400
+41

380
+44

350
+42

400
+42

360
+43
240

+38

395
+32

340
+45

330
+38

378
+40

365
+45

335
+43

380
+41

340
+43
330

+25

375
+32

300
+43

310
+35

360
+40

350
+44

325
+43

370
+40

320
+42
320

+33

355
+28

300
+31

345
+41

335
+44

305
+42

350

+35

321
+26

310
+33

340
+24

290
+20(b)

330
+38

320
+43

290
+39(b)

330
+ 2s

300
+11
300

+32

320
+13

300
+26

305
+40

320
+18

290
+5
290

+32(b)

300 290
+11 +17(b)

310 300
– 15 – 19

(.) or butyloxy or octyloxy.
m) at 290 ~g, absorption by the solvent is appreciable (A = 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) +5070 when absorbing and emitting os-
cillators are parallel, and (b) —331/s% 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 MO-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 l-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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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,(l) 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 details 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
mp. 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

h 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. HoW,eYer, it wa5 found that SOlu-

tions somewhat more dilute than this gave stronger

signals. In the cell chamber is a reflector (inadvert-

ently omitted from the polarimeter diagram of the

first report) which sends the incident beam back

through the cell. Evidently this k 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) ~o, etc].

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-
stance. (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– lS
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 (al

may be involved as well. Second, hidden transitions

seem likely or possible in two of the compounds—

in compound 6 at about 330 mp and in compound 7 at

about 320 mp.

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

—19~0, respectively) were reasonably close to the

theoretical limits {+50 and –33% %, 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(l) 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. ~ 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. ~lso, certain

observations have suggested that the compounds used

may undergo a photochemical reaction when exposed

to the UV radiation.

!TOM’ERENCES

1. Anderson, W, R., Berlmrm, I. B., and Wirth, H, O. .Argonne
National Laboratory Radiological Physics Division An-
nual Report, July 1966-J~me 1967. ANL 7360, pp. 1–4.

2. Platt, J. R. J. C’hem. Phys, 17, 484-495 (1949).



I L
. ..., .- ,’.... . . . . . . . . . . . . . . . . . .

.. . .“, .-. .,. . . ‘,,. --. ~--.”-

.
,.,.,’..- .L&9d--,-.

183

ON THE FLUORESCENCE CHARACTERISTICS OF THE p-OLIGOPHENYLENES
AND THEIR SUBSTITUTED ANALOGS

1. B. Berlman and O. 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 md these characteristics. When
large alkyl chains are employed as substituents to enhance
the volubility of a compound, it is important that these
substituents be positioned in the proper place. When alkyl
substituents m-e 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, w well as the molar extinction coeffi-
cient.

INTRODUCTION

In a previous publication f‘j 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 E 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 volubility of these compounds in aromatic sol-
vents is drastically decreased. lTirth, et al.(2) have
demonstrated that by adding large alkyl chains to
the p-oligophenylenes, their volubility is dramatically
enhanced. For example, the volubility of p-quater-
phenyl in toluene at room temperature is about 0.1
g/1, whereas that of tetramethyl-p-quaterphenyl
(VII) is over 500 g/1. Suhstituents not only change
the volubility 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 characteristics 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. ‘s’ ~) Compound IV (Table
67) was kindly sent to us by Prof. Dr. ITT.Ried* and
the remaining compounds except for I and V were
generously given to us by Dr. H. O. Wirth.~

RESULTS

Unsubstituted p-oligophenylerms 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 structure in their fluores-
cence spectra but not in their absorption spectra as
shown in Figure 140. It 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 adj scent 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(z) that the maxi-
mum value of the molar extinction coefficient e~~~
of the p-oligophenylenes increases monotonically with
the number of phenyl rings. Since the value of the
natural fluorescence lifetime 70 can be approxi-
mated (1) by integrating over the long wavelength ab-
sorption bands as follows

where w is the wave number of the line of mirror
symmetry between the absorption and fluorescence
spectra and c is the molar extinction coefficient (liter
mole–l cm–l), it is apparent that the longer the
chain of rings the shorter is the computed lifetime. It
has already been pointed out(l) that the p-oligo-
phenylenes have the added advantage of having their
emission spectra at relatively short wavelengths
(large .. values) as compared to other conjugated
—

* Goethe t~ni~~rrsi~~,Frankfurt,Germmw.
t Present address: Deutsche Advance Production GMBH,

6140Mnrimhe,rg.Post Bensheim,Germany.
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143.—Compomd VI, dimethyl-p-quaterphenyl
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154.—Compound XVII, 4-(3, 3-dimethylbutoxy) -p-terphenyl, solvent cyclohexane
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158.—Compound XIiX, 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(e) 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 para and rneta posi-
tions of terminal rings are effective in increasing the

volubility 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 c~,x 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 ‘Lb - 1A transition of the basic
chrornophor, 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 cm.., and for the de-
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crease in the values of Stokes loss and FWRE (Fl).
These effects of bridging can be noted in comparison
of the data and figures of bridged and unbridged com-
pounds, i.e. XV and XVI versus V. Compounds X11
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 (Fl)
are larger when an ethylene group is employed. Since
XII and XIII can be called Z-phenyl-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{ 7}, 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. ‘sl 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. (OJFrom 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 planoar 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 TOfor each of the compounds
in Table 67 is computed by integrating over the whole
absorption curve and since a meaningful value of TO
is obtained only when the integration is performed
over the’ bands corresponding to the transition leading
to fluorescence, the TOvalues 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.
Such a masked band in an absorption spectrum would
contribute to the very large measured values of
FWRE, yet the transition responsible for this band

I

would not interfere with the measured fluorescence
Characteristics.

.4n alkyloxy substituent when in the para position
as in XVII (Figure 154) and XVIII is effective in in-
creasing the value of c~~~ 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(l”) 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 crn,xbecomes 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 c~,. 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. ///. ACCURATE BETHE CROSS SECTION
FOR IONIZATION OF HELIUM*

.llitio Inokuti and 1“.-1{. l{it~r

The Bethe cross section Ui for ionization of He b~ fast

charged particles is accurately evaluated by a subtrac-

tion U; = U,O~– u,, , where CT~Otis the total inclastic-
scattering cross section and UCXthe sum of all discrete-
excitation cross sections. Our ea.rlicr work has given a

highl~- precise value of a,., , and recent results on tlis-

crete excitations enable one to (Ietermiue a,, . The

* Abstract of a paper published in Phys. ReLI. 186, 100

( 1969).

resulting “counting” ionization cross section for a

porticlc of charge ze and velocity v = QC is

~vherem is the electron mass, a. the Bohr radius, and R

the Rydbcrg energy. Among numerous measurements,
the electron-impact data by Smith are most consistent
with our result LLnd suggest a gradual attainment of the
Bethe asymptotic behavior near 1 keV incident elec-
tron energ~-.

ELECTRO-OPTICAL TECHNIQUES FOR ULTRASENS/T/VE
RADIOPHOTOLUMINESCENT DOSIMETRY*

Jacob Kast ner, R. K. Langs, B. .-1. Ca)ncron, Michael Paesler and Geo~ge A nde)son

The factor which has limited the sensitivity of pho-
toluminescent dosimetry has been the “pre-dose” or
matrix fluorescence 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 concei~-ed and in-
vestigated which is potentially capable of sensing ex-
tremely low radiation dosages (in the order of micro-

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.

* Abstract of a paper given at the Second Int. Conf. on
Luminescence Dosimetry. Gatlenburg, Term., September 23-26,

To date we have been sucessful in obtaining a 2-to-1

1968, and published in U. S. Atomic Energy Commission Re-
signal-t, o-noise ratio from a Toshiba fluorod exposed

port CONF-6S0920. to 10 mR.

SPECTRAL ANALYSIS OF THERMOLUMINESCENT GLOW CURVES*

B. G. Oltt}lan, Jacob Arastrwrand C. M. Padcn

.An effort has been made to correlate the spectrum cluciing the far UV, with various kinds of ionizing

of the light from thermoluminescent materials, ir- radiations. An apparatus is described which has been
designed and constructed to provide well-controlled

* Abstract of a paper presentedat the Second Int. Conf. on heating ramps and monochromator scanning capabil-

Luminescence Dosimetry, Gatlenburg, Term., September 23- ity. Results are given for such analysis for various

26.1968 and published in CONF-680920. inorganic thermoluminescent materials.
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r IG. 159.—&tch pits produced in CAB by alpha particles, The focal plane of the microscope objective is slightly above the plastic
,Irface.
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FIG. 160.—The same etch pits in C.~B as in Figure 159 except that the focal plane of the microscope is now slightly helotv the

plastic s(mf ace, Slight changes in focus are an :iicf in dist ing~lishing etch pits from imperfections.
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relative to the range of all charged particles produced
by slow neutron capture in 6Li or l“B. The recordcr-
~ource combinations Were placed in aluminum holders

under pressure supplied by a thin layer of sponge
rubber to insure good surface conmct. 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
I)laccd was asswned* ,to be 4100 ~ 200 neutrons’cm~
sec. The ratio of the .ku activity for a given exposure
time with and without the ‘Lil? was 0.42 ~ 0.02. The
corresponding ratio for the ‘OB was 0.50 ~ 0.01. The
lack of flux depression in the case of the l“B is due to
its small mass. Thus, the thermal neutron flux at the
‘LiF surface was 1720 a 100 neutrons/cmz see, and
the corresponding flux at the 1°B was 2050 ~ 100
neutrons/cmn sec.

The track recording rate for the ‘LiF was 9.65 ~
0,23 tracks/cm2 sec in the neutron flux of 1720 neu-
trons/cm2 sec.. The detection efficiency is thus (5.6 *
0.3) X 10’3 tracks per thermal neutron. The corre-
sponding numbers for the ‘“B are (26.7 = 1.1)
traclis/cm2. sec in the thermal neutron flux of 2050, or
(1.30 a 0.08) x 10–2 tracks/thermal neutron.

The above calculated efficiencies are for thermal
neutrons incident over a 2 m solid angle. For thermal
neutrons incident isotropically, the above values
should be divided by two, since all neutrons incident

* Based on a memurcment c~rried out by H:~rvcYCasson
in 1961with gold foils, The flux is being redeterminedwith
gold foils and naturaluranium-micacombinations.(’)

201

on the back side of the ‘LiF and 1°B sources me ab-
sorbed without producing tracks.

COXCLt-S10K5

The full energy of the alpha particles from
‘}Li ( H.u } induced by slow neutrons is 2.0 IIcV. Most

10B~tl,~) will have a maxi-of the alpha particles from
mum energy of 1.5 MeV. For thick 1°B and ‘;LiF
sources most of the alpha particles entering the CAB
surface will be below its threshold X1.6 31cV. For
the ‘OB sources the ‘Li recoil nuclei will also procluce
trnck~, “rhll~, the 10B is especially well suiwd for

thermal ncutlon detection when used with the C.iB
plastic.

Whereas the research reported here indicates that
the CAB l’)B or ‘jLi combinations offer great promise
for slow neutron detection, further studies are needed
to put the results on a completely quantitative basis.
Anyone planning to use the CAB should carry out his
own calibrations. The threshold, detection efficiency,
etc., 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 Harvey Casson for
helpful discussions on the thermal neutron flux meas-
urements.
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PERMANENT DAMAGE OF 7f.iF THERMOf.UMINESCENJ
DOSIMETERS BY FAST NEUTRONS

Jacob’”h-astner, Keith Eclcerwan, * B. G. olt]]tan, and Pete Te&sch~

It has been postulated that lattice heating may be the
mechanism for the effects of fast neutrons on the gamma-ray
response of TL1l-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 7LiF thermoluminescent response to gamma

rays was reported earlier. f1) ‘I’he decrease in thermo-

luminescent response observed seemed to be independ-

ent of the total neutron exposure and neutron energies

* Civil Engineering Department, Environmental Health
Division, Northwestern University, Evanston, Illinois.

below 1 MeV. Furthermore, as no permanent damage
was observed, it 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
to 14 MeV, The following is an
and its results.

~XPERIIIEST.4LPROC~DCRE

The gamma-ray responses of
were determined with radium

t Extruded rods. 1.4 X 1.4 X 6
Co.. Clevelandj Ohio.

neutron energies of 6
account of this study

TLD 700 dosimeters~
gamma rays using a

mm, Harsh~w Chemical



modified reader of the research type described else-
where.(z) 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/Racl (recalibration).
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 cadmium 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) ‘Be reaction from an 18-MeV
tandem accelerator. At these energies there is the pos-
sibility that the residual nucleus, ‘Be, could be left in
an excited state as well as the ground state. (3J 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 ’88U fission counter was placed symmetric-
ally with respect to the dosimeters and the beam.
Exposures were made over several hours for a fluence
of approximately 108 neutrons/cm2 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 (postcalibra-
tion area/mg/Rad).

The gamma background exposure during neutron
irradiation was determined from the background do-
simeters. The expected response was calculated 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.

RESULTSANDDISC~SSION’

Tables 68 and 69 give the results obtained for the
predose and postdose dosimeters respectively.

A comparison of the precalibration (Col. 5) and the
postcalibration areas (Col. 6) showed that the dosim-
et;rs 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 (Co].
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. F.AST NEUTRON EFFECT ON PREDOSED TLD-700
I

Neutron energy
I

.- 1 Total damage

(1) (2)

MeV Calc. area/
mg

6.2 224.8
7.2 170.9
8.2 312.6
9.2 263.3

10.1 346.1
11.1 328.2
12.1 152.2
14.1 391.2

(3)

Ohs. area/
rng

126.9
47.8

216.7
148.0
136.2
123.4
91.5

196.8

I Irreversible damage I Reversible
I
I

(4)

1

(5)
[(3)/(2)]

Precalib. area/
mg X Rad

0.570 34.0
0.30 14.4
0.65 26.1
0.54 19.8
0.38 16.3
0.40 16.6
0.60 8.6
0.49 16.0

(6)

Postcalib. area
mg X Rad

28.1
11.5
21.1
15.4
13.3
12.4
8.2

10.6

I (8)
[(6fi~5)] [(4)/(7)]

0.83 0.68
0.78 0.40
0.84 0.78
0.76 0.71
0.77 0.52
0.70 0.58
0.96 0.63
0.70 0.73
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TABLE 69. F.IST NECTBO~ EFFECT ON POSTDOSED TLD-700

Neutron energy Total damage Irreversible damage Reversible

(1) (2) ! (3) (4) (5) ‘ (6) ‘ (7)
[(3)/(2)] [(6)/(5)]

(8)
[(~)/(Vl

.MeV Calc. areaj Ohs. area/ Precalib. area/ Postcalib. area/
mg mg mg X Rad mg X Rad

6.2 59.4 33.5 .57 9.0 f 8.0 0.89
7.2 114.5

0.64
42.5 .38 10.4

8.2
8.0 0.78

185.4 98.6
0.48

.g) 15,5
9.2 I ~~

12.4 0.78
139.7

0.62
64.4 .47

10.1
10.5 0.69

228.4
0.68

84.7 .37 10.8 .“

11.1
0.73

211.9
0.52

80.9 .38 10.7
12.1

;:; 0.73
199.1

0.54
89.9 .45

14.1
11.3 7.1 0.63

2-M.0
0.71

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 7LiF 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 7LiF

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. S’elner, C. M. Paden, and B. G. Oltman

Ultrasonic excitation of luminescence has been pro- Glow peaks were observed at 10 lMHz. After ob-
posed to eliminate the black-body radiation back- serving a rise in the transducer-LiF temperature, we
ground noise inevitably associated with thermolumi- duplicated the temperature ramp with our normal
nescent dosimeter readout.

Studies have been carried out with single LiF crys-
thermoluminescent readout apparatus. The recorded

tals bonded directly to piezoelectric transducers. The glow peaks were identical with the luminescence pro-

transducers were driven with a continuous radio fre- duced by the ultrasonic excitation, verifying the lat-

quency generator over a range of frequencies from 4 ter’s essentially thermal character and thus eliminat-
to 10 megacycles/see (MHz). ing the hope that ultrasonics might provide real

* Abstract of paperpublished in Health Phys. 16, 803 (1969). advantages as a readout technique.
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NEUTRON EXPOSURE TO LUNAR ASTRONAUTS

Jacob Kadner, B. G. Oilman, Yehuda Feige,* and Raymond Gold+

The flux and energy distribution of neutrons generated by
cosmic rays in lunar material hss been inferred from a kuowl-
edge of the situation at the earth’s surface. It is suggested that
lunar astronaut 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. [1-4)

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 14C[b)). 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/see is certainly greater than
the mean neutron speed). Finally, the neutron decay
(~ = 13 rein) 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-Si02 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/cm2. Thus, our atmos-
phere (1 kg/cm2) 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 PhysicsDivision.

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. (1)

The thermal neutron flux at an air-land interface
(Argonne) has been measured by its “N (n,p) 14C
reaction to be 3.7 X 10–3 n/cm2/sec. (5JThus, at the
moon’s surface we estimate between 20 and 30 n/cm2/
sec for thermal neutrons.

Our measurement of the fast neutron flux between
1 and 10 MeV gives a numerically similar value of
4 x 10–3 n/cm2/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/
cm2/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 I/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 24Na. 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
‘LiF or 1°B that we see no reason at all to expose
personnel to slow neutrons.
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.+., =${0.,5W++L)-,] and

\
(7a)

+ 5.22 ~ 0.03 x 1o-” ~m’,

.,on =jp.n,[ln (l+) -02]

(7C)

.,x =$0265[1. (J;,] 1
+ 2.93 ~ 0.06 x 10-qO Cm’.

(7b) These cross sections—actuall~, u@2/z2—are plotted

\+ 2.29 & 0.03 X 10-’0 cm’, against In ~2/( 1 — ~z)] — Gzin Figure 163, along with

J the Bethe cross section for the 2’P excitation.

TABLE 71. PARAMETERS FOR THE BETHE CROSS SECTIONS FOR DISCRETE EXCITATION OF Ii+
1

Allowed transition (mP) Forbidden transition@j
n

Jfn, c. b(n’S) b(nlD)

2 0,0998
3

0.835 0.022
0.0216

4
0.183 0.005 0.002

0.0082 0.069 0.002 0.001

0.461 1.09
n ~ 5@J 3.95 8.04—_ 0.105

(n*)3+ (?L*)S

0.148 0.0752 0.135
=3 +~,

—.
(n*)t + (n*)6 ~–— (n*),

z
71>5 0.0118 0.100 0.003 0,002

[

1 0.1414 1 1.187 0.032 1 0.005
I ( I I

(8) The sum of b(nlF) and higher excitations is estimated at =1% of ~b(nl~), and is neglected in evaluating Cexe.

(b) n* = n + 6, where 6 = —0.074, 0.0136 and —0.001 for the W, 1Pand ID states, respectively.

INCIDENT ELECTRON ENERGY (keV)
0,3 0.5 I 5 10 20 30

1 1 1 1

4 –

-3 –
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I
~7

I I I I
-6 -5 -4 -3 -2

()
In $ -/32

FIG. 163.—The Bethe cross sections of Li+, The ordinate is the cross section X @/z)~, where B = 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, (Ill the circles are those by Peart and Dolder, (10 and the triangles are more recent data also by Peart and Dolder. o~l
Only representative error limits are shown for the experimental data. The error limits for the theoretical cross sections given at
In [@/(1 – 82)] – (Y = – 3 are independent of incident energy, contrary to the tendency in experiment.
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There are four sets of experimental ionization cross
sections of Li+, all measured by crossed beam
methods. ‘11-14)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 ~.5 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 N’ational Bureau of Standards
and to Dr. J. 1?. Perkins of the Redstone .Irsenal 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 experiment al 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 ~ 500 eV.t15)

FORM FACTORS OF 1--, He, AND Li+

Y.-K. Kim
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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 m those for the
elastic and inelastic scattering of charged particles by atoms
and molecules. Accurate atomic form factors, incoherent
scattering functions, and the Born ehastic 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.

This report is an extension of earlier ones(l’ 2) on the
atomic form factors F(K) and incoherent-scattering
functions SinC(K) of H– and He. Similar data on Lir
are also presented.

The functions F(K) and SimC(K) for an atom or ion
nith iv electrons are defined as

F(K) = ~ (exp (~~”~j))j (1)

and
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T.4BLE 72. TOTAL ENERGIES .4ND EXPECTATION VALUES

OF r; AND r;% COMPUTEn FROhf THE WEISS AND

PEKERIS W.4VE FUNCTIONS IN ATOMIC UNITS

Atom
Property

H- He Li+

Total energy
Weiss (41 – 0.5277475 – 2.903724 – 7.279913
Pekerists-7J –0.5277510 – 2.903724 –7 .279913
(r:)
Weiss 11.928 1.19348 0.446279
Pekeris 11.914 1.19348 0.446279
(r;,)
Weiss 25.239 2.51643 0.927065
Pekeris 25.202 2.51644 0.927065

respectively, where ( ) denotes an expectation value in
the ground state, Kft the momentum transfer, and rj
the coordinate vector of the jth electron from the
nucleus. Furthermore, in the Born approximation, the
elastic electron scattering factor j~l(K ), which is
defined by

j.](K) = [Z – F(K)]/(Ka,)2, (3)

where w is the Bohr radius, is closely related to the
differential cross section du.l for the elastic scattering
of electrons by an atom of nuclear charge Ze. [See
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WEISS w.\vE F1.xrrl{~xt”)

F(K)’1’J 25-,..(K) ,[3 - F(K)l/(Kad’

1.!)985111 00 2. S573S1)-03 1, 001491) 02
1, 99703~ ()() 5. 70!)16rJ-03 5.o1486D 01
1.995.551) 00 ~ 8.5553s1)-03 3.34~1~~ 01
1.994061) 00
19925t3D 00

1.99111D 00
1, lJ&Jfj3]) 00

1.98816D 00
1. 9W68D 00

1.98521D 00
1.97060r) 00
1.95615D 00
1.941881100
1.92777D 00
1, 91382D 00
1. 90003D 00
1.886401100
1. 87293D 00

1.8W61D 00
1.734301) 00
1.62191D 00
1.520691100
1. 42914D 00
1.3-w05D 00
1. 27037D 00
1. 20122D 00
1.13784D 00

1.07959D 00
6.86344D-01
4. 78842D -01
3. 54802D -01
2. 74256D -01
2. 18770D -01
1.78812D-01
1. 49023D 41
1. 26190D-01
1. 08283D -01

1. 139601) -w
1.42311 [)-02

1, 706071) -W

1 .!)8!!3481 ) -02

2. 2i0341ME
2. 551641 )-(}2

2.832401>-02
5. 610201) -o”
8. 3346(; D -02
1,100711)-01
.1. 362881) -01
1. 6201 OD-O1
1. 87248D -01
2.120141>-01
2.36319D-01

2.00174D-01
4.761561> -01
6. 570741)-01
8,09871D-01
9.39891 TJ-01
1.051291>00
1. 147351) 00
1. 23065D 00
1.303291100

1. 366951} 00
1, 72002D 00
1. 85253D 00
l,9133(jI) 00

1. 945081) 00
1.963161) 00
1,97417D 00
1. 98124D 00
1. 985971) 00
1. 98925D 00

-.—
. . . . .-’, . ..- ., ,s .. . . . . . . . l-.,.. . . .. . .

f
c

i

w see E~S, (1)–(3) of text for defI1liti OnS.

2.514841) 01
2,1314331>01

1.681491>01
1.443391) 01
l~fi481D ol

1.12591D 01

1.o1479r~ 01
5. 14701n 00
3.479491) 00
2.645301) 00
2.14446D 00
1. 8103OD 00
1.571381) 00
1.391WD 00
1.252301>00

1. 140391) 00
6.328521> -01
‘4. 593 G3D-ol
3, 698291)-01
3. 1’!1711)-01
2. 75658D -01
2. 47090n -01
2.248481J-01
2.069071> -01

1,920’411)-01

1. 156831) -01
8. 403861) -02
6. Li1299D-02
5. 451491)-02
4, 635381)-02
4. 03027D -02
3.56372D-02
3.193121>-02
2.8917211-02

,.. ,
(b) F(jltT1l~N notation is used, i.e., 1.0%?831)-01 =

1.08283 X 10-’.

H

The 39-term Weiss wave function for H- is somewhat
less accurate than the 444-term Pekeris wave func-
tion(’), judging from the expectation values (Table 72),

and the reliability of the data in Table 7S is expected

to be of the order of 1 Y..

The data in Table 73 agree well ( WI’% or better)

with those presented in Appendix 1 of Reference ~,

which Were computed from the 20-term Hylleraas wave

function by Hart and Herzberg. ‘*) An int cresting fea-

~11

turc in .f,l(K) of H– is the node near fKa,, )Z = O.~~.In
the Born approximation, this tyl)c of no(\c should be
present in .fd(K) of all negative ions, atld the node
results in a zero-minimum in duel . l~or H-, howver,
the minimum occurs in the for}vard dir(>ction }vher[’ the
Born approximation may not be fipp]ic:lble because of
the large polarization effect when the inci{lcnt electron
energy is moderate. The present values of 11 and I!
confirm the extrapolated value of 11 — 12used in Ileier-
ence 2. The present result also agrees very WC1lwith
slightl?- more accumte values of the integrals cornp~ltcd
by Rotenberg and Stein. ‘9) The new result reduces the
uncertc,inty of the total inelastic-scattering cross wc -
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 107$tcrm
Pekeris wave function.(e)

The data in Table 74 agree very well (-0.1% or
better) with those (see Tables I-III 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 Y.. 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(Ar ) and i5’inc(K) of Li+ to be less
sensitive to the choice of wave functions. The 53-ternl
Weiss wave function for Li+ is, as can be seen from
Table 72, almost as precise as the 444-term wave func-
tion by Pekeris,( 7)and the data in Table 75 are expected
to be correspondingly accurate. The values of F(K)

TABLE 76. V.LLUESOF [1 .YND I,(*) COMPCTED

FROM VAa IoVs W.iVE FUNCTIONS

I,
Present work
From 20-term Hylleraas(z! 31

I,
Present work
From 20-term Hylleraas

11 – 1,
Present work
From 20-term Hylleraas
Extrapolation(z, 3,
Rotenberg and Stein(g)

H-

1.787
1.788

12.386
11.153

– 10.598
–9.365

–10.5

He

1.0811
1.0811

0.1850
0.1849

0.8961
0.8962
0.8962

– 10.665 il

Li+

0.6549

0.0269

0.6280

(a) Defined k)v J3qs. (18) and (19) of Iteference 3.

\..
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FIG. 165.—Incoherent scattering functions of H–, He, and Li+ [see Eq. (2) Of the text] versus the square of momentum transfer
in atomic Ilnits.

computed from a 3-term Hylleraas wave function by
Hurst(’o) 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). ‘1) The
values of Si.C(K) for Li+ calculated by Freeman(n) are
larger than those in Table 75 by =5% in the region
5 ~ (KaO)2 ~ 50, but agree reasonably well for
(Ka,) 2 ~ .5. In He, we found that a larger deviation is
found toward smaller K. Freeman(n) used a simple
self-consistent-field wave function by Fock and Petra-

shen.(12)The integrals for Li+ in Table 76 have been used
in the determination of total inelastic-scattering cross
section reported elsewhere. ’13)

The functions F(K) and Sic(K) are plotted in
Figures 164 and 165, respectively. As is clear from
Figure 165, SinO(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.
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The author is indebted to Dr. A. W. Weiss for pro-
viding the wave functions, and to Dr. 31. Inokuti for
many helpful discussions.
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V-If NUMBER OF BOUND STATES IN IONLATOM 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 ion-atom complex repre-
sented by a simple parameter.

The purpose of this work is to provide, in o quick esti-
mate, parameters concerning bound states of an ion with
a neutral atom. Accordingly, we assume that the polari-
zation (T–4)potential plays the most essential role,(l) 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,(z) the reduced
mass p of the system, and the ionic and the atomic
radii(3) aion and an,.t,. will appear only in a combination
of the form

z = fi/(C3i0m + %tlt,.),

where all quantities will be expressed in atomic units.
Therefore, a handy tabulation of the results is 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.(4) We
consider the rotational quantum number (J) as a con-
tinuously varying parameter. t When the parameter z

* VisitingScientistfor the period of .July-.kugust,1969; per-
manent address: Physics Department, Marquette LTniversity,
Milwaukee,Wisconsin,53233.

t A resonanceconsideredas a functionof angularmomentum
is called a Regge pole and is well studied in scatteringtheory.
(See, for example,Reference5.)

introduced ~bove is known, the upper limit of J n-ill
be determined for each vibrational quantum number
(eJ).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 lo}~ 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 v, can take large

values. Then, the situation is semiclassical. ATamely, an

estimate based on classical mechanics is quite close to

the rigorous result, and the WKB approximation is
valid. Therefore, we shall use this method in the evalu-
atkm of the density of the states. Since the problem is
characterized by a single parameter z in the case of
J = O, 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.(s) 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 spectral lines of high lying levels.

* The quantaleffect of the Li+-Hescatteringwas studiedby
Weber and Bernstein,.‘e) in the case of H-H, in which the po-
tential behaves like r-’ at a large distance, an extensive tabula-
tion and drawing of graphs was made by Waech and Ber-
nstein;”) 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.

Ill. TRANSITIONS FROM THE GROUND STATE TO THE 3’D AND 41P STATES*

Y.-K. Kim and .ilIitio Inok~~ti

The generalized oscillator strengths of He for the the t~vo alternative results is within 3 % or less for
llS - 31D and 4’P transitions have been czlculated moderate values of the momentum transfer. The re-
with correlated wave functions, according to both the suiting Born cross sections for charged-particle impact
length and velocity formulas. The agreement bet~veen are also given. Compared ~vith our values, available

experimental data on the 3’L) excitation are substan-

* .kbstract of an article pllblished in Phys. Rev. 184, 38-43 tially larger, while for the 41P excitation they agree
(&,~LISt5, 1969), within &50 %.

SPECIFIC PRIMARY IONIZATION

F. F. Rieke and William Prepejchal

Primary ionization cross sections have been measured for 16
additional gases. Present and previous results are summarized
in graphicrd 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(l).

The results are given in the first 16 lines of Table 7T.

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 cross sections for posi-

trons might be slightly greater than for electrons, but

the excess was well within the uncertainty oft he absolute

determinations. We have recently made some relative

measurements that afford a much more accurate com-

parison. For these measurements, a source was prepared

to contain suitable activities of both C056 for positrons

and Ce’44-Pr144 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 avoid un-
certainties in analyzer calibration ~vith field reversed,

the field strength was monitored throughout with a
gaussmeter. Comparisons v-ere made with argon at
primary energies where the positrons and electrons gave
comparable counting rates. The results are given in
Table 7S; they indicate that at high energies the ioniza-
tion cross sections for positrons and for electrons differ
by less than a percent. It seems unprofitable to carry
the comparison further.

III line 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 constants M2 and C
from the observed counter etliciencies 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 q can be expressed by the relation

–ln (1 – q) = ,VL.(E)(P – PO) ,

where PO represents wall effects and is independent of
primary energy E; u(E) follows the Bethe formula. A
small systematic error has been eliminated by taking
into account scattering of the primary electrons by the

$.
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while M2/C is confined to the limits 0.086–0.123. C may
be regarded as the scale factor and M2/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, M2/C is determined by the ratio (cross
section at high energy)/ ( cross section at low energy j.
Taking cross sections at the two limits of our energy
range, the ratio is 0.453 for J42/C = 0.092 and 0.502
for .112/C = 0.123. From these numbers it is evident
that M2/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 lf2/C.

For each gas studied, values of .112and 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
sketched only briefly.

The quantities involved m-econnected by the relation

Y = Q~[~@Q(P) + cdP)l(~ – ~o)> (1)

where

y is the average number of ionization acts per transit
of a primary electron

Q is a known numerical constant
L is the path length of the primary electron
p is the momentum of the primary electron (in units

4 *o *o*
+ + + +

5

t

+ + + +

t

P2 ~ +0+ &

+ + + +

r1+ + +

o

+0 +

of moc) 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

+ [0.lzl + X21P0,

where the term in PO is approximated by the last term.

The approximation is permissible because the term is

always small and M2/C is never very different from O.1;
c represents the probability that the counting mech-
anism fails to register a valid ionization act.

Suppose that the true values of L%12 and C are kf~
and COand 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 M2 and C, values
differing from the true ones by &lf2 and AC are ob-
tained. We wish to find how AC/CO and A( M2/C) w-e
related to the e, Ap/p and AP/P.

SYSTEM.4TICERRORS

Systematic errors are those that result from errors of
calibration for ~, 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 ;$ %; 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 gas 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 bet ween zero and 0.02 except perhaps in a few

I I difficult cases.

Fm. 167.—Distribution
calculation of errors.

plp~in

of data points: +, experiments; 0,

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
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TABLE 79. LIMITS OF ERROR SYSTEMATIC

AC/C A(Mz/C)
Pnin

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

make the calculations tractable by basing them upon
the eight points indicated by circles. Each point repre-
sents an area; the points at the intermediate value of
p are given double weight because they represent the
middle half of the field.

By partial differentiation of Eq. (2), dy can be com-
puted for any combination of alp/P,de/e, and dP/P for

the individual points. i% shown below, one can then
find out how the LS solution relates, through the dy’s,
the values of dC/C and d(M2/C) to any small varia-
tion of p, q and P. Because of the correlations of the
errors, it is convenient to label the y’s with indices i, j
to represent momentum i, pressure j. Because ~ is cor-
related with P, it also carries the index j.

The least squares method ( LS ) expresses 312 and C
as linear functions of the y ~j :

C = ~.’l ijy~j M2 = ~Bi1~i3 ,

where A ii and B;j are independent of the yi j . Thus
Ai, j, and Bi, j, can be evaluated by comparing two LS
solutions that me exactly the same except for a varia-
tion in yi, j, . (A set of nine such solutions required 18
seconds of computing time. ) The numerical work was
carried out for M~/CO = 0.105, a median value, and
with QLC&’~iD so chosen as to yield a typical range of
the ~ij . (The range tends to be much the same for all
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experiments. ) One can arrange to work with relative
values, so the calcdation need be carried out only once.

From the expression

dC 1 W?x–[ dyij dPj!??!!?!+ Pj~,~– !lije.=—
c C ij dyij ‘i tlpi Pi 1(3)

31

one can compute the error AC/C that results from any
combination of the errors API/PI , AP2/P2 . “ “ ~ , C3 ; the

limit of error is found by choosing the combination of
signs that maximizes the magnitude of AC/C. A relution
analogous to (3) for dM2 can be written, and from

(d(M2/C) = & dM2 – c
)

2 dC
M —

A(M2/C) can be evaluated. The results of the calcula-
tion are given in Table 79.

RANDOMERRORS

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
chance errors in reading instruments. According to the
theory of the method of least squares, the uncertainty
in our values for .M2and C should be given by multiply-
ing the root mean square deviation of the individua]
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 y has been determined with a statistical accuracy

1
cyC3H6 nC4Hlo nC6H14

C2H , ++ +
CH4 + “~~;:, cyC$H: +

nC3H8 iC4Hlo nC7H
H2 + +

4 +He(H2)
+

I He
NH3+

I H20 +

C/n 3

2

I

+
FJe

C2H2 C2HG +
(CH3)Z0

+ + Czww+ +
C6H6

++
CH30H nC3He (CH$)2C0

NO
+

H2S
co +

+
CZN2

* +PH3+C02
HZ o:

*,+
+BF3 CF4+

K,+

Xe
+

II I I I I I I I I
2 10 Is 26 36 42 54 51

n = TOTAL NuMBER OF ELECTRONS

FIG. 168.—Experimenta1 results for C

.
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measurements is estimated to be47. or less for 10.S5 < pressures used. The ~ values for a given E have a reht ivc

E < 11.0 eV and E > 11.4 eV, and 27. or less for other uncertainty of approximately (2 ‘Yoof the ~ ~wlue) +

E values. The photoionization yield, q, is the probabil- 0.002, but the absolute 7(E) values are more U]]cert:lill
ity that photon absorption produces ionization. For because of the uncertainties in the q(li) WIIUWfor :Ice-

some gases the measured T values were pressure de- tone, @Jwhich was used as a secondary stall&lrd. The

pendent in the energy region just below the ionization photoionization cross
potential, [2s3, and in these cases footnotes indicate the given in the tables.

Wave-
length, ~

1052.4
1055.6
1058.6
1061.7
1065.2
1069.9
1072.8
1076.8
1079.7
1081.6
1084.5
1088.7
1090.0
1092.4
10W.7
1098.1
1099.5
1102.0

TABLE 80. ABSORPTION CROSS SECTIONS, PHOTOIONIZLTIO~ YIELDS, AND PHOTOIONIZATION
CROSS SECTION8 FOR ACETI-LENE AND ACETYLENE-&

E, eV

11.78
11.75
11.71
11.68
11.64
11.59
11.56
11.51
11.48
11.46
11.43
11.39
11.37
11.35
11.33
11.29
11.28
11.25

~H, Mb(s)

27.56
27.13
27.70
28.17
29.08
25.47
27.10
28.32
27.86
28.30
22.58
35.20
20.76
31.02
20.60
22.71
13.52
44.42

(.) 1 Mb = 10–18cm!.

(b) Pressure =0.2 torr.

&rEI, Mh

1,31
0.67
0.62
0,56
0.50
0.54
0.36
0.43
0.38
0.51
0.40
0.26
0,31
0,49
0,29
0.40
0.58
0.48

nH

10

10
9

10
10
10
10
10
10
10
12
10
12
10
12
12
14
10

om, Mb

27.15
27.21
27.98
27.60
29.09
27.74
26.20
28.05
25.78
26.78
28,51
27.31
35.45
18.13
20.67
54.80
17.66
11. s3

0.68
0.52
0.46
0.35
0.54
0.43
0.37
0.21
0.42
0.26
0.34
0.’27
0.50
0.36
0.26
1.19
0.92
0.40

nD

10
10
10
10
10
10
10
10
10
10
10
10
10
12
12
7

13
12

0.864
0.859
0.870
0.873
0.836
0.710
0.676
0.641
0.652
0.621
0,667
0. 154@)
o.040(~)
0.012
0.018
0.002
0.001
0.000

0.993
0.906
0.880
0.873
0.868
0.706
0.721
0.668
0.660
0.702
0.650
0. 121(1’)
o.029(~)
0.038
0.011
0.002
0.005
0.004

aiH , Mb

23.80
23.29
24.10
24.59
24.32
18,07
18.33
18.16
18.17
17.56
15.06

5.41(b)
0.82(b)
0.39
0.38
0.05
0.02
0.02

UiD , Mb

24.24
24.66
24.61
24.10
25.25
19.59
18.90
18.75
17.03
18.81
18.52

3,29(10

1.04(~)
0.69
0.23
0.09
0.08
0.05

\ ‘.. .
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Wave--
length, A

1052 .-4
1055.6
105s.6
1061.7
1065.2
10WI.9
1072. s
1076.8
1079.7
1081.6
1084.5
1088.7
1090.0
1092. -I
low. ?
10% .1
1099.4
1102.0
1104.4
1107.2
1110.3
1115.0
1119.1
1121.2
1123,9
1127.3
1132.9
1135.3
1137.4
11’44.4
11’45,9
1148.5
1150,9
1159.9
1161.3
1163.8
1166.1
1172,2
1174.5
1175.9
1178.3
1180.4
1182.7
1188.0
1189.4
1191.7
]1!33.3

1198.0
1201.8
1205.1
1206.6
1209.1
1211. -I

TABLE 81. AHSORPTION CROSS SEcTIo~S, PHOTOIONIZATION YIELDS, AND PHOTOIONIZATION

CROSS SECTIONS FOR PROPYXE .iND PROPYNE-d4

E, eV CH, Mb<a

11.78
11.75
11.71
11.68
11.64
11.59
11.56
11.51
11.48
11.46
11.43
11,39
11.37
11.35
11.33
11,29
11.28
11.25
11.23
11.20
11.17
11.12
11.08
11.06
11.03
11.00
10.94
10.92
10.90
10.83
10.82
10.79
10.77
10.69
10.68
10,65
10.63
10.58
10.56
10.54
10.52
10.50
10.48
10. ‘M
10.42
10.-40
10.39
10.35
10.32
10.29
10.27
10,25
10.23

56.37
57.80
5?, 65
56,93
57.43
57.67
57.59
5?. 99
57. M
57.72
58.14
59.18
59.33
59.56
59.51
60.04
59.96
61.31
61.54
60. !)4
61,48
62.19
62.07
62.86
62.87
62.99
63.17
64.37
64.57
63.81
64.44
64.44
63.88
64.01
65.93
(YJ.19
63.8-I
60.42
66.35
64.54
62.49
58,48
57.95
67.05
69.03
61.53
63.84
49.85
63.77
68.76
64.78
46.22
50.71

13L7H, M

3.11
1.09
1.17
2.41
1.57
2.12
2.58
1,45
l.y

1.37
1.12
1,25

1.02
1.s3
1.87
z.~g

1.73
1.21
1.44
1.20
1.49
0.95
1.40
1,23

2.11
2,35
2.88
2.22
2,70
1.99
1.74
1.95
1.65
2.4?
2.46
1.96
1.72
1.?7
2.12
1.93
1.06
1.13
1.64
1,67
1.59
1.49
1.42
1.33
1.68
1.94
1.98
1.29
2.55

m

5
5

5

5

5

5
5
5
5
5
5
5
5
5
5
5
5
5
5
9
9
.

;
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
9
9
5
5
5
5
5
5
5
5
5
5
4

UD, Mb

57.82
57.48
57.98
57.73
58.35
58.30
58.69
58.X1
58.70
58.32
59. N;
60.06
60.63
59.86
60.25
60.85
61.29
62.47
62.86
(W. 86
63.29
63.98
62.88
63.44
63.44
63.83
63.16
63,62
63.59
62.80
62.35
61.65
61.79
60.83
60.92
59.30
59.77
57.27
58.74
60.08
62.38
58.49
55.68
62.11
63.85
57.09
65.37
49.20
63.62
72.80
55.43
47.18

&YD, Mt

1.2s
1.37

0,74
3.27
2.07
3. l(i
1.75
2.17
2,22
2.08
1.21
2.16
1.70
1.17
1.’40
1.04
2.79
2.07
1.98
1.85
1,95
Ogo

2.36
1,97

2.81
4.42
4.81
5.20
4.08
2.79
2.83
2.87
2. fiO
2,83
3.16
3.07
2.98
228

2.72
3.04
2.02
1.86
1.49
1.26
1.09
1.47
1.74
1.31
1.82
2.13
2.60
1.86

63.56 2.23

5
5
5
5
5
5
5
5
5
5
5

;
5
5
5
5
5
5
9
9
5
5
5
5
5
5

:
5
5
5
5
5
5
5
5
5
5
5
9
9
5
5
5
5
5
5
5
5
4
5
5

?a

0.674
0.672
0.677
0.682
0.687
0.694
0.696
0.710
0.712
0.713
0.714
0.723
0.722
0.717
0.721
0.729
0.728
0.730
0.728
0.720
0,720
0.718
0.707
0,705
0.696
0.700
0.689
0.676
0.685
0.652
0.649
0.633
0.630
0.599
0.585
0.595
0.572
0.471
0.419
0.416
0.411
0.439
0.410
0,311
0,304
0.321
0.307
0.062
O.Oll@J
0.004(bJ
0.003
0.003
0.002

9D

0.697
0. (i94
0.699
0.701
0.704
0.711
0.713
0.729
0.730
0.731
0.732
0.740
0.738
0.732
0,737
0,7-(1
0.741
0.743
0.740
0.731
0.730
0.727
0.720
0.717
0.713
0.715
0.715
0.700
0.700
0.683
0,684
0.683
0.674
0.645
0.634
0.626
0.614
0.512
0.479
0.461
0,435
0.436
0.429
0.333
0.300
0.322
0.259
0,036
O,OIO(b)
O.oo’l(b)
0.004
0.004
0.002

uiH , Mb

37.99
38.86
39.03
38.83
39.43
40.00
40.11
41.18
41,22
41,16
41.53
42.78
42.86
42.73
42.94
43.75
43.68
44.76
44.82
43.89
44.26
44.66
43.86
44.30
43.77
44,09
43.51
43.53
44.23
41.64
41.84
40.82
40.24
38.34
38.55
37,61
36,53
28.44
27.82
26.84
25.70
25.67
23.78
20.83
21.00
19.78
19.62
3.09
o,~l(b)

O. 29(b)
0.20
0.15
0.11

U{D , Mb

‘!0.31
39.88
40.50
40.49
41.07
41,45
41.86
42.86
42.84
42.64
43.79
44.47
M. 77
43.80
M. 40
45.11
45.43
46.39
-!6.50
45.97
-!6 .22
46.49
45.29
45.52
45.25
45.66
45.19
44.55
44.51
42.88
42.63
42.14
41.67
39.25
38.63
37.15
36.69
29.31
28.14
27.68
27.13
25.51
23.91
20.70
19.16
18.38
16.95

1.77
0,64(b)
O. 32(b)
0.24
0.17
0.15

(.) 1 Mb = 10-18Cmz,

(b) Pressure ~0.1 torr.
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TABLE 82. AIMORPTION CROSS SECTIONS, PHOTOIONIZATION YIELDS, .\ND pROTolONIZ.\T1(JX

Wave-
length, ~

1052.4
1055.6
1058.6
10G1.7
1065.2
1069.9
1072. s
1076.s
10KI ,7
1081. (i
1084.5
10s8.7
1090.0
1092.4
1094.7
1099.4
1102.0
1104.4
1107.2
1110,3
1115.0
1119.1
1121.2
1123.9
1127.3
1132.9
1135.3
1137.’4
1144.4
1145.9
1148.5
1150.9
1159.9
1163.8
1166.1
1172.2
1174.5
1178.3
1180.4
1182.7
1188.0
1191.7
1193.3
1198.0
1201.8
1205.1
1209.1
1211.4
1217.4
1219.0
1221.2
1223.5
1228.3
1230.0
1232.0
1234.1
1238.0
1241.4
1243.5
1247.5

E, eV

11.78
11.75
11.71
11.68
11.64
11.59
11.56
11,51
11.48
11.46
11,43
11.39
11.37
11.35
11.33
11,28
11.25
11.23
11,20
11.17
11.12
11,08
11.06
11.03
11.00
10.94
10.92
10.90
10.83
10.82
10,79
10.77
10.69
10.65
10.63
10.58
10.56
10.52
10.50
10.48
10.44
10.40
10.39
10.35
10.32
10.29
10.25
10.23
10.18
10.17
10.15
10.13
10.09
10.08
10.06
10.05
10.01
9.99
9.97
9.94

CR, Mb

57.74
57.09
55,85
56.03
56.04
55.52
55.3.4
54.61
53.74
53.66
53.08
52.45
52.28
51.92
51.33
50.88
50.80
50.94
50.41
50.02
49.70
49.10
48.87
48.73
47,57
47.05
47.06
46.89
47.11
46.71
46.22
45.85
43.55
42.16
41.67
40.03
39.54
38.87
38.28
37.99
37.75
37.21
37.39
37.27
37.51
38.20
38.03
38.02
38.66
38.71
38.91
38.95
39.00
39.01
38.82
38.59
38.62
38.13
38.23
37.69

CROSS SECTIONS FOR PROPENE AND PROPENE.d.

&H , Mb

3,21

2.37
1.44
2.35
2.13
1.87
1.80
1.70
1.81
1.60
1.88
1,59
1.25
1.09
1.48
1.24
1.11
1.32
0.82
1.20
0.69
1.01
0.79
1.14
1.17
1.22
1.40
1.54
1.40
1.13
0.67
0.70
0.58
0.42
0.41
0.36
0.28
0,61
0.26
0.79
0.59
0.42
1.03
0.55
0.81
0.36
1.23
1.09
0.41
0.48
0,45
0.39
0.42
0.50
0.53
0.50
0.33
0.68
0.39
0.40

I

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
G
6
6
6
6
6
6
6
6
6

11
11
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6

UD, MI

55.28
54.07
54.12
54.46
54.93
54.73
54.01
53.50
52.64
52.51
52.24
51.68
51.53
50.96
~,~1

49.93
49.59
49.85
49.57
49.24
49,37
48.56
48.36
47.97
47.00
46.30
45.66
45.94
45.95
45.55
44.29
43,58
40.73
39.11
38.57
37.28
36.82
36.17
36,11
36.08
36.07
36,00
36.17
36.49
36.52
37.42
37.07
37.13
37.67
37.63
38.22
37.78
37.79
37.67
37.39
36.96
37.12
36.64
36,63
36.62

6uD, M

1.97
2.26
1~~

0.39
1.07
1,24
(),91

0.86
0.97
l,~z

1.43
1.11
0.80
0.98
0.54
0.96
0.50
1.00
0.81
0.94
0.40
0.83
0.48
0.66
0.79
1.15
0.76
0.99
1.09
1.lG
1.03
0.99
0.80
0.72
0.75
0.84
0.80
1.06
1.00
0.87
0.83
0.93
0.98
0.59
0.94
0.41
1.09
1.09
0.67
0.66
0.95
0.84
0.88
0.94
1.17
1.33
0.87
1.17
1.28
1.22

nD

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6

12
12
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
—

VE

0.245

0.240
0,236
0.236
0.234
0.234
0.235
0.237
0.239
0.239
0.239
0.242
0.244
0.243
0.243
0.248
0.247
0.250
0.252
0.253
0.255
0,257
0.256
0.256
0,256
0.258
0.257
0.257
0.258
0.258
0.261
0.262
0.269
0,272
0.274
0.281
0.281
0.285
0.286
0.289
0,290
0.290
0.290
0.286
0.284
0.277
0.271
0.266
0.253
0.251
0,246
0.242
0.226
0.218
0.208
0.201
0.189
0.180
0.174
0.161

71D

o, ~~q

(),251
0, ‘J4~
o. ~4i

0.245
0,244
0.246
0.248
0.251
0.252
0.252
0.255
0.259
0.257
0.261
0.266
0.267
(). ~68
0,270

0.271
0.274
0.274
0,273
0.274
0.271
0.271
0.272
0.273
0.275
0.276
0.277
0.278
0.287
0.291
0.294
0.299
0.300
0.302
0.303
0.303
0.301
0.299
0.298
0.293
0.289
0.283
0.274
0.269
0.258
0.254
0.250
0.244
0.226
0.219
0.212
0.204
0.190
0.179
0.171
0.148

ml” , Jlb

l-i. 15
13.70
13.21
13.21
13. (N
13.01
13.01
]Z,:)2

12.83
12.$34
12.66
12,71
12.78
12.59
12.46
12.64
12.57
12.75
12.70
12.63
12.66
12.60
12.51
12.45
12.16
12.15
12.09
12.06
12.17
12.07
12.07
12.00
11.70
11,49
11,44
11.26
11.11
11.09
10.96
10.98
10.94
10.78
10.83
10.67
10.67
10.60
10.31
10.10
9.80
9.70
9.59
9.41
8.81
8.50
8.09
7.74
7.31
6.88
6.67
6.07

ry,,, , Mb

14.27
13. Jl
13.12

13. KI
13. !7
13.3s
]3.2!)
l:j 2!)
13.21
13. ?,5
13.18
13. 1s
13. X5
13. 0!)
13.12
13. 3(I
13,22
13. :1s
13.37
13.34
13,53
13.30
13.20
13.13
1’2,75
12.56
12.43
12.54
12. {;3

12.57
12.27
12.1’4
11.70
11.39
11.34
11.16
11.05
10.92
10.94
10. W
10.86
10.77
10.78
10.68
10..54
10.57
10.16
10.00
9.72
9.58
9.57
9.24
8.53
8.25
7.92
7.53
7.07
6.57
6.25
5.44

.,
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TABLE 82—(70nfinued

Mb‘m, .

36.X+
37.09
36.90
37.45
37.10
36.80
38.12
37.68
38.59
37.87
37.91
38.33
37. w

&m,Mb

0.33
0.52
0.51
0.51
0,90
0.’7s
O.(Y5
0.57
0.56
0.52
0.56
0.53
0.78

nH

6
6
6
6
6
6
~<

6
6
6
6
6
6

Wave-a
length A i

E, eV m , Mbta &m, .Mb U<D, MbnD

7
7
7
7
7
7
7
7
7
7
7
7
7

ml

1251.6
1253.6
1257.0
1261.8
1264.0
1265,8
1269.0
1271.3
1276.7
1279.3
1281.0
1283.2
1286.7

9.91
9.s9
9.86
9.83
9.81
9.7’3
9.77
9.75
9.71
9.69
9.68
9.66
9.64

37. G’4
37.45
37.59
37.39
36. !)8
37.41
37.33
37.81
38.65
38.80
39.04
38.78
39.11

0.87
1.04
0.96
1.17
1.40
1.57
1.20
1.19
1.24
1,22
(), {)(J

1.05
1.33

0.132
0.114
0.095
0.082
0.078
0.070
0.062
0.054
0.008
0.003
0.002
0.001
0.001

0.116
0.107
0.094
0.076
0.071
0.064
0.051
0.029
0.004
0.002
0.002
0.001
0,001

4.96

4.28
3.59
3.08
2.87
2.63
2.31
2.06
0.30
0.12
0.07
0.05
0.03

4.28
3.97
3.’47
2.85
2.65
2.35
1.93
1.09
0.17
0.09
0.07
0.05
0.03

i

TABLE 83. .4HSORPTIONCROSSSECTIONS.PHOTOIONIZATIONYIELDS.AND PHOTOIONIZATION

CROSS SECTIONS FOR METHANOL AND METHASOL:d4

nH

6
6
6
6
6
6
6
6
6
6
6
5
6
7
7
7
7
7
7
7
s
8
8
8
9
9i

:1

9
9

10
10
10
15

Wave-
length, ~ E, eV

11.78
11.75
11.71
11.68
11.64
11.59
11.56
11.51
11.48
11.46
11.43
11.39
11.37
11.35
11.33
11.29
11.28
11.25
11.23
11.20
11,17
11.12
11.08
11.06
11.03
11.00
10.94
10.92
10.90
10.8S
10.86
10.83
10.82
10.79

h , .Mb

0.31
0..50
0.74
0.66
0.40
0.34
0.58
0.62
0.76
1.25
1.04
0.39
0.28
0.33
0.31
0.33
0.31
0.18
0.20
0.12
0.12
0.25
0.05
0.13
0.09
0.14
0.10
0.17
0.19
0.14
0.47
0.07
0.04
0.08

0, Mb

35.79
35.35
34.11
33.46
32.62
31,29
30.34
28.65
27.92
27.21
26.53
25.27
24.92
24,18
23.71
22.99
22.70
22.21
21.70
21.19
20.66
19.84
19.04
18.74
18.29
17.61
16.77
16.51
16.22
15.93
15.70
15.56
15,60
15.17

b , Mb nD m

1052.4
1055.6
1058.6
1061.7
1065.2
1069.9
1072.8
1076.8
1079.7
1081.6
1084.5
1088,7
1090.0
1092.4
1094.7
1098.1
1099.4
1102.0
1104.4
1107.2
1110.3
1115.0
1119.1
1121.2
1123.9
1127.3
1132.9
1135.3
1137.4
1139.8
1141.8
1144.4
1145.9
1148.5

35.28
34.90
33.84
33,47
32.88
31.57
30.86
30.08
29.31
28.46
27.63
26.75
26.32
25.55
24.91
24.18
23.89
23.39
22.79
22.30
21.79
21.38
20.46
20.30
19.77
19.18
18.26
17.89
17.65
17.40
17.24
16.’33
16.64
16.51

1.25
0.88
0.43
0.42
0.32
0.31
0.27
0.62
0.93
1.42
0.90
0.46
0.37
0.34
0.44
0.30
0.32
0.26
0.23
0.19
0.17
0.17
0.11
0.17
0.12
0,19
0.14
0.22
0.20
0.20
0.32
0.11
0.08
0.09

6
6
6
6
6
6
6
6
6
6
6
7
7
7
7
7
7
7
8
8
8
8
9
9
9
9

10
10
10
10
10
10
10
15

0.310
0.309
0.309
0.313
0.315
0.319
0.322
0.326
0.329
0.332
0.336
0.332
0.332
0.331
0.334
0.335
0.334
0.329
0.325
0.320
0,313
0.291
0.275
0.261
0,247
0.223
0.162
0.136
0.120
0,108
0.093
0.051
0.029
0.009

0.332
0.332
0.336
0.339
0.342
0.348
0.352
0.358
0.363
0.367
0.369
0.366
0.366
0.365
0.366
0.365
0.36-I
0.359
0.355
0.347
0.335
0.315
0.285
0.268
(), 249
0,218

0.140
0.115
0.100
0.074
0.043
0,015
0.008
0.004

10.94
10.77
10.47
10.48
10.36
10.06
9.94
9.81
9.64
9.44
9.28
8.87
8.75
8.46
8.32
8.09
7.98
7.70
7.41
7.14
6.83
6.23
5.62
5.30
4.89
4.28
2.96
2.43
2.12
1.88
1.61
0.86
0.48
0.15

11.89
11.75
11.45
11.34
11.16
10.89
10.69
10.27
10.13
9.98
9.78
9.26
9.13
8.82
8.68
8.39
8.27
7.98
7.70
7.36
6.91
6.24
5.43
5.02
4.56
3.84
2.34
1.90
1.63
1.18
0.68
0.24
0.12
0.06
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TABLE 83—Continued

Wavel-
ength, ~

1150.9
1153.7
1157.2
1159.9
1161.3
1163. s
1166.1
1168.8
1170.5
1172.2
1174.5
1175.9
1178.3
1180.4
1182.7
1188.0
1189.4
1191.7
1193.3
1198.0
1201.8
1205.1
1206.6
1209.1
1211.4
1217.4
1219.0
1221.2
1223.5
1228,3
1230.0
1232.0
1234.1
1235.6
1238.0
1241.4
1243,5

E, eV

10.77
10,75
10.71
10.69
10.68
10.65
10.63
10.61
10.59
10.58
10,56
10.,54
10.52
10.50
10.48
10,44
10.42
10.40
10.39
10.35
10.32
10.29
10.27
10.25
10.23
10.18
10.17
10.15
10.13
10.09
10.08
10,06
10.05
10.03
10.01
9.99
9.97

IJH , ML)(’

16.13
16.38
15.67

15.91
15.72
15.39
15.59
14.72
15.14
15.58
15.08
15.03
14.39
13.83
14.48
14.15
14.64
14.56
14.33
13.10
13.96
14.03
13.94
14.64
13.86
13.00
13,45
14.46
14.76
14.66
14,23
15.22
14.81
14..53
15.03
16.28
15.40

6UE, Mb

0.06
0.11
0.13
0.13
0.10
0.19
0.18
0.56
0.48
0.23
0.15
0.14
0.20
0.18
0.31
0.23
0.20
0.23
0.25
0.22
0.28
0,19
0.18
0,37
0.36
0.14
022

0.33
0.14
0.20
0.06
0.20
0.36
0.30
0.22
0.24
0.26

15
15
15
6
6
6
6
6
6
6
6
6
6
6
6
(3
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
(i
6
6
6

an , Mb

14.98

14.88
14.60
14.74
14. WI
14.45
14.24
14.68
14.39
13.68
14.10
13.70
13.39
13.96
13.42
13.42
13.96
13.32
13.68
13.33
13.87
13,87
13.95
14.35
14.14
13.97
15.00
15.38
15.06
14.85
15.06
15.34
15.42
15.78
16.15
15.26
14.59

&TII, Mb

0,09
0.17
0.14
0.23
0.19
0.38
0.19
0.43
0.40
0.21
0.16
0.21
0.28
0.23
0.27
0.15
0.19
0.28
0.32
0.35
0.50
0.20
0.24
0.34
0,47
0.18
0.21
0.36
0.38
0.27
0.13
0,32
0.34
0.38
0.31
0.35
0.43

nD

15
15
15
6
6
6
6
6
6
6
6
6
6
6
6
6,
6,
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
5

0.003
0.002
0.001
0.001
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
0
0
0
0
0
0
0

m

0.003
0.002
0.002
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0
0.001
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

0.05
0.03
0.02
0.01
0.01
0.01
0
0
0.01
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
0
0

0.0-1
0.04
0.02
0.01
0.01
0,01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0
0.01
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

,. l“.
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TABLE 84. ABSORPTION CIZOSS SECTIONS, PHOTOIONIZATION YIELDS, AND PHQTOIONIZATXON

Wave-s
length, A

1052,4
1055.6
1058,6
1061.7
1065.2
1069.9
1072.8
1076.8
1079.7
1081.6
1084.5
1088.7
1090.0
1092.4
1094.7
1099.4
1102.0
1104.4
1107.2
1110,3
1115.0
1119.1
1121.2
1123.9
1127.3
1132.9
1135.3
1137.4
1144.4
1145.9
1148.5
1150.9
1159.9
i163.8
1166.1
1172.2
1174.5
1178.3
1180.4
1182.7
1188.0
1191.7
1193.3
1198.0
1201.8

E, eV

11.78
11.75
11.71
11.68
11.64
11.59
11.56
11.51
11.48
11.46
11.43
11.39
11.37
11.35
11.33
11.28
11.25
11.23
11.20
11.17
11.12
11.08
11.06
11,03
11.00
10.94
10.92
10.90
10.83
10,82
10,79
10.77
10.69
10.65
10.63
10.58
10.56
10.52
10.50
10.48
10.44
10.40
10.39
10.35
10.32

m , Mbt

47.32
47.53
47.29
47.32
47.43
47.30
47.29
47.15
47.01
47.37
47.06
46.44
46.45
46.23

,45.80
45.17
44.80
44.41
43.91
43.31
42.49
41.5i)
41.14
40.74
39,92
38.93
38.92
38.79
38.40
38.25
37.98
37,76
36.83
36.42
36.09
35.20
34.97
34.34
33.90
33.63
32.44
31.45
31.02
29.81
29.24

CROSS SECTIONS FOR ETHANOL AND E’mrmor.-ds

60- EI,ME

2.01
1.04
0.94
1.00
0.54
0.80
0.79
0.77
1.06
0.58
0.80
0.78
0.59
0.90
0.63
0.96
0.66
0.54
0.56
0.70
0.38
O.ffl
0.42
0.62
0.69
0.60
0.97
1.13
0.56
0.42
0.34
0.23
0.17
0.23
0.22
0.38
0.14
0.17
0.15
0.38
0.22
0.35
0.24
0.15
0.41

nH

9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9

13
13
5
5
5
5
5
5
5
5
5
5
5
5
5

c7!J, ~’fb’

46.49

45.97

45.79

46.22

46.04

45.95

46.18

45.92

45.81

45.88

46.39

45,18

45.18

44.62

44.10

43.34

42.98

42.64

42.09

41.31

40<64

39.64

39.44

38.92

38.09

37.73

37,57

37.77

37.59

37.28

37.42

37.19

36.42

35.90

35.56

34.46

34.16

33.30

32.88

32.30

30.83

29.99

29.56

28.69

27.98

617D, Mb

3.29
1.42
1.69
1.76
0.96
1.23
1.18
1.12
1.28
1.04
1.23
1.60
1.13
2.33
1.59
1.52
0.93
0.85
0.90
1.02
0.59
0.73
0.68
0.86
0.79
1.10
1.18
0.87
0.90
0.76
0.62
0.63
0.32
0.35
0.27
0.49
0.18
0.38
0.16
0.15
0.26
0.18
0.45
0.57
0.41

nD

10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
14
14

5
5
5
5
5
5
5
4
4

5
5
5
5

7JH

0.247
0.239
0.234
0.227
0.221
0.215
0.212
0.210
0.208
0.207
0.205
0.201
0.202
0.199
0.199
0,200
0.200
0.200
0.199
0.198
0.197
0.195
0.193
0.190
0.186
0.181
0.177
0.174
0.157
0.153
0.147
0.141
0.110
0.095
0.086
0.059
0.048
0.035
0.027
0.022
0.008
0.003
0.002
0.001
0

7’D

0.251
0.243
0.236
0.230
0.225
0.221
0.216
0.216
0.215
0.214
0.212
0.212
0.213
0.212
0.212
0.214
0.213
0.213
0.213
0.212
0.211
0.207
0.205
0.202
0.199
0.191
0.185
0.180
0.162
0.158
0.150
0.143
0.106
0.088
0.078
0.048
0.038
0.026
0.019
0.013
0.004
0.002
0.002
0.001
0

ll~H, Mb

11.71
11.38
11.07
10.73
10.47
10.19
10.01
9.89
9.80
9.79
9.65
9.36
9.38
9.20
9.12
9.04
8.96
8,87
8.75
8.58
8.39
8.08
7.93
7.72
7.43
7.05
6.88
6.73
6.03
5.86
5.59
5.32
4.06
3.46
3.10
2.07
1.68
1.19
0,93
0.73
0.27
0.11
0.08
0.02
0.01

CiD,-m

11.66
11.15
10.83
10.64
10.34
10.14
9.98
9.91
9.83
9.81
9,83
9.60
9,61
9.45
9.35
9.27
9.17
9,07
8.96
8.77
8.56
8,21

8.08
7.85
7..57
7.20
6.96
6.81
6.11
5.89
5.63
5.31
3.86
3.17
2.77
1.66
1.31
0.86
0.62
0.42
0.14
0.06
0.05
0.02
0.01



I ... ,., , -, !... . . . ..
. . . . . . . .--..’-’”-’

Wave-
length,

1052.4
1055.6
1058,6
1061.7
1065.2
1069.9
1072.8
1076.8
1079.7
1081.6
1084.5
1088.7
1090.0
1092.4
1094.7
1098.1
1099.4
1102.0
1104.4
1107.2
1110.3
1115.0
1119.1
1121.2
1123.9
1127.3
1132.9
1135.3
1137.4
1139.8
1141.8
1144.4
1145.9
1148.5
1150.9
1153.7
1157.2
1159.9
1161.3
1163.8
1166.1
1168.8
1170.5
1172.2
1174.5
1175.9
1178.3
1180.4
1182.7
1188.0
1189.4
1191.7
1193.3
1198.0
1201.8
1205.1
1206.6
1209.1
1211.4
1217.4

TABLE 85. ABSORPTION CROSB SECTIONS, PHOTOIONIZATION YIELDS, AND PHOToloN1zAnoN

CROSS SEGTIONS FOR METHYL BROMIDE AND METIIYL BRoMIDE-&

E, eV

11.78
11.75
11.71
11.68
11.64
11.59
11.56
11.51
11.48
11.46
11.43
11.39
11.37
11.35
11.33
11.29
11.28
11.25
11,23
11.20
11.17
11.12
11.08
11.06
11.03
11.00
10.94
10.92
10. 9(I

10.88
10.86
10.83
10.82
10.79
10.77
10.75
10.71
10.69
10.68
10.65
10.63
10.61
10.59
10.58
10.56
10.54
10.52
10.50
IO. 48
10.44
10.42
10.40
10,39
10.35
10.32
10.29
10.28
10.25
10.24
10.18

uB, Mb

65.75
64,29
63.06
63.14
62.83
61.49
61.57
61.05
60.66
61.06
61.24
60.99
61.46
61.72
61.99
62.11
62.84
62.41
63.02
63.13
63.64)
64.69
64.58
64.66
64. W
65.01
64.52
64.94
64.45
65.62
65.17
63.27
63.39
65.48
61.95
65.96
60.10
70.72
57,40
63.34
66.35
53,34
54.58
79.26
57.67
58.07
55.14
55.40
69.44
43.10
45.76
72.81
42.72
43.97
58.10
95.46
48.85
93.81
36.28
53.02

&E, M

5.29
4.13
2.52
1.66
1.67
1.’39
1.12
0.74
1.81
2.39
0.92
0,81
0.90
2,20
1.24
1.09
1.07
0.87
0.52
0.40
1.04
0.65
0.51
0.49
0.61
0.64
0.81
1.65
2.17
3.11
5.30
0.48
0.57
0.52
0.44
1.10
2.11
0.54
0.53
0.64
0.69
1.17
1.79
0.67
0.44
0.33
0.64
0.60
1.11
0.22
0.28
1.19
0.12
0.23
0.60
0.71
0.13
1.41
0.35
0.21

tm

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4
4
8
8
9
9
7
7
6
6
6
6
4
4
6
6
6
6
6
6
8
8
6
8
8
6
6
7
6
8
7

w17D, .

66.21
65.20
63.99
63.66
62.97
62.36
62.24
61.83
61.52
61.73
61.59
61.64
61.39
61.95
61.59
61.66
61.-49
61.74
62.31
62.39
62.73
62.88
62.42
62.31
62.87
62.48
62.24
61.69
60.93
61.11
60.40
65.11
59.58
64.01
65.83
66.04
77.48
49.14
65.40
51.39
54.47
77.82
60.84
46.97
53.48
51.50
55.17
83.13
52.76
80.87
48.14
40.11
53.01
47.58
74.39
45.40
76.37
35.37
33.66
48.48

&TD, Ml

3.48

4.02

1.59

1.94

1.69

1.45

1.58

1,46

0.89

1.06

1.23

0.72

0.55
0.53
0.84
0.54
0.72
0.75
0.55
0.86
0.89
0.69
0.88
0.78
0.64
0.86
0./33
0.35
0.67
0.85
0.73
0.87
0.78
0.67
0.61
1.15
0.48
0.35
0.62
0.71
0.45
1.15
1.33
0.63
0.25
0.49
0.67
0.70
0.80
0.81
0.47
0.34
0.52
0.44
0.78
0.44
0.63
0.43
0.22
0.34

nD

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4
4
8
8
9
9
7
7
7
6
7
7
4
4
8
7
7
6
6
7
6
8
s
7
8
6
8
6
9
9
8

vi

0.700
0.698
0.695
0.692
0.687
0.685
0.683
0.683
0.685
0.686
0.687
0.683
0.684
0.680
0.686
0.692
0,693
0.693
0.692
0.691
0.692
0.694
0.693
0.688
0.688
0.671
0.668
0.641
0.620
0.615
0.597
0.463
o.4tW
0.436
0.451
0.434
0.412
0.372
0.364
0.395
0.299
0.358
0.382
0.310
0.304
0.296
0.067(bJ
0,012@l
0.005
0.002
0.002
0.002
0.002
0.002
0.002
0.001
0.001
0.002
0.001
0.001

m

0.700
0.693
0.687
0.684
0.679
0.677
0.677
0.678
0.680
0.683
0.685
0.685
0.689
0,685
0.695
0.705
0.707
0.708
0.714
0.715
0.720
0.728
0,729
0.728
0,7’28
0.725
0.702
0.692
0.689
0.625
0.546
0.534
0.531
0.508
0.469
0.471
0.437
0.500
0.472
0.406
0.383
0.364
0.336
0.345
0.339
0. 310@)
0.032@l
O. 006(b)
0.007
0.002
0.002
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

O{E, 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(b)
0.64th)
0.35
0.10
0.10
0.14
0.08
0.08
0.10
0.11
0.06
0.17
0.05
0.05

UiO,Mb

-M.34
45. w
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(bJ

1. 75@J
O. 49@)
0.39
0.13
0.10
0.06
0.08
0.06
0,08
0.03
0.04
0.04
0.03
0.02
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121!).0 ~ 10.17 5s .:12 ~ ().23 ~ 6 i 57.23 o.(i5 ~ (i o, OW 0.000 ~ 0.09 0.0’2
1~~1,~ 10.15 14(i.oli 1,71 : 4 I 73.5<s 1.s1 ~ G ().()()2 0.001

I
0,Q5 0.05

1223.5 10.1:3 4!) ,47 I 5!2.59().37 : 7 i 0.37 7 0, ()()2 ) ().001 0. OS (). o-l

122s .3 10. 0!) -M, :;5 ! (). :)<s s 51.5!) , o~5 i (),001 0.001 0,05 , 0.04

1’230.0 10.0s ~{), l! , l). 12 I i :37.:Js ! 0.37 ! x (). 002 I O.001 0.03 ~ 0.02,

(a) 1 Mb = IO–IS {.1112.
(b) I’ressllre =0.1 torr.
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ISOTOPE EFFECTS IN THE PHOTO1ONIZATION YIELDS AND THE
ABSORPTION CROSS SECTIONS FOR ETHYLENE AND n-BUTANE*

.J. C. Person and P. P. .Vicolr

The absorption cross section, U, and the photoiouiza-

tion yield, q (the ])robnbility th:at photon :~bsorption

produces iouizat io]]), are rel)ort cd for C2H4 and C! IJ4 at

4A photon energies beti~een 1(1.~-l and 11.’iS cY, :u~cl

they are reported for /L-butane and ~~-b~~tandlo at W

photon energies bct}vecn 1(1.,M al~(l 11.7S eV. For

* Al)s~r:wt of paper pl~blishr(l ill J. (’}leo{. Plqis. 49, W21
(1968)

cthyklle, the ])ature of the isotope effects on q, u, end

the phot oionization cross sect ious, u~(u~ = vu), indi-

cates that the iucrcme in ~ upou deuteratiou is Ilot the
result of a sim~)le competition betveen preionization
processes and atomic re:wrangcmcut processes in the
mpcrexcited states. The isotope effects for )1-butane and
the iml)lications of the results for radiation chcnlistry
fire also tliscusscd.

A METHOD FOR ESTIMATING THE RELATIVE IMPORTANCE OF THE
PLATZMAN COMPETITIVE IONIZATION PROCESS FROM ISOTOPE
EFFECTS IN MOLECULAR PHOTOIONIZATION

J. C. Person

A grfiphical method is prcsentc(l for estimating the minimum
contribution to the total ionization of the Platzman competitive
ionization process from data on the ionization yield. q. for
deutcmtcd (qn) and proton:ltcd ( qn ) molcc[dcs. The method
assumes tl]at onc may use the simple kinetic model proposrd by
Pl~tzm:m in wl~ich the ionization occurs either by dirrct ioniza-
tion or by the preionization of superexcited stntes in competi-
tion with atomic remmmgcment I)rocrsses leading to neutral
products. It is OISO~ssumed th:lt deutemtion does not chmge
the part of the ioniz~tion yield thfit results from direct ioniza-
tion. The results me given in a figure which shows the curves

(for the different ~-dues of T?H)giving the mfixim[lm fr~ction
of the ionization due to direct ionization as functions of a ~ari -

ablc determined by the r~tio of the obsermd ~1)/~11 ratio to

the m:mimllm possible qD/7EI rtitio. .Inothcr figure plots the
maximum ~D/qII mtio for eoch value of 7tFI.

This paper presents a graphical nwthod of analyzing
data on the changes in ionization resulting from deu-
tcration. The purpose is to estimate a Io!yer limit of the
contribution to the total ionization from the preioniza-
tion of supcrexcited states that, are in competition ~vith
otomie rearrangement processes leading to neutral
products (e.g., dissociation). The method is based on the
simple kinetic model proposed by Platzmau. [1–3)In this
model the ionization yield, q(l?) (the Inwbability that
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excitation with an energy, E, leads to ionization), is

given by[2 v3,

q = 6 + (1 – 8)[1 + (k;~-1’2)/kl]–1, (1)

where 6 is the fraction of excitations leading to direct
ionization, kl is the rate co,n~tl~zn~for the preionization
of the superexcited states, kw 1sthe rate constant for
the atomic rearrangement processes leading to neutral
products, and ~ 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 6 is also independent of isotopic composition.
One can then write

qD = ~ + (1 – 6)[1 + k;/(kwi’’)]-’ (2)

and

where the subscripts D and H refer to the deuterated

and the protonated molecules, respectively. The maxi-

mum value of the ??D/,~H ratio will then occur when
6 = O. Elimination of kz/kI from equutions (2) and ( 3)
with 8 = O gives

()7D 1— .
qH 0 qH + (1 — qH) (# H/PD)l’2

(l.fD/PH)l°
(4)

= 1 + ?7H[(#D/PH)l’2 – 11 ‘

where the subscript zero indicates that the ratio is for
6 = O.The ( qD/?h3 )0 values will be largest for the largest
values Of (#D/#H )1’2 and the largest PD/#H ratios are for
motions involving one hydrogen atom moving against
the rest of the molecule. The maximum (pD/’MH) 1’2
value depends on the molecule, but a typical value is
about 1.4 (for example, it is. 1.3S and 1.39 for light
molecules like H20 and C2H2,and it would be 1.414 for
a molecule of infinite mass). Figure 170 shows a plot of

( nD/~H)Ovs. ~H for (#D/~H)”2 = 1.40.
The experimental observation of an ~D/’~H ratio

smaller than the (qD/qH ) Ovalue at the experimental
value of VH could mean that direct ionization is
making a contribution (J # O), or it could mean that
the effective value of (MD/~H)”2 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 TID/w ratio with IID/qH ratios calculated
assuming ( MD/~Ii)1’2 = 1.4 and 6 # O. The calculation
is done by eliminating k~/kl from equations (2) and
(3), dividing by q~ , and remranging to give

qD 5(1 – ~H) + (~D/PH)l’2(qH – 8)
—.

~H[(PD/PH)l’2(~H – ~) + 1 – VH] .
(5)

7H
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FIG. 170.—The ratio of the ionization yield for the deuterated
molecule (qD) to the ionization yield for the protonated mole-
cule (7H) when there is no direct ionization (6 = O) as a func-
tion of q= . The square root of the ratio of the reduced masses
(,UrJ/pH)’/’ is taken as 1.40.

The results are presented more compactly by defining a
term, R, by

(6)

where the ~~/7E ratio in the numerator is from equation
(5). The R values are functions of (P~/PM )’”, 6, and

7H . Figure li’1 is a plot of 6/??~ vs. R, giving nine curves
for the values of VHfrom 0.1 to 0.9, all calculated for

(#D/#H)l° = 1.4. Actually, the curves for ( 6/v~ ) vs. R
are not very sensitive to the choice of (PDI’PH) 1’2,pro-
vided that the same value of (PD/PH)1’2is used in equa-
tion (4) as in equation (5). Thus, for (# D/PH)’” = 1.s6,

the 6/vE value at a given value of R would be slightly
smaller ( <0.01 smaller) than the value in Figure 171,
and for (~D/~~) 1’2 = 1.0S, the 6/q~ 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 ?lD/?lR = 1.07 and ~H = 0.25. From Figure
170 we find that ( ~D/nH)o = 1.273, so that R =
0.07/0.273 = 0.256. From Figure 171 we find that
~/q~ x 0.S1. 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,’4) which may be
real shifts caused by differences in the zero-point ener-
gies or may be apparent shifts caused by unfavorable
Franck-C’ondon factors. One method of handling these
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FIG. 171.—The maximum fraction of the ionization produced
by direct ionization for the protormted molecule (IJ/qH) as a
function of R. See equation (6) for the definition of R. The
nine separate curves are each labelled with the qH value for
that curve.

THE EFFECT OF PRESSURE UPON IONIZATION
N PURE RARE GASES

H. A. Schultz

Components of the ion chambers designed to measure the
effect of pressure upon the ionziation of pure rare gases were
cleaned, resembled, 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

cases would be to compare VD with THat a somewhat
different value of the excitation energy, but in other
cases, it maybe more plausible that & # 6H. Of course,
whenever & # 8H, Figure 17 is not applicable, and the

( ~D/nH)0 values in Figure 170 are not Ilecessarily the
maximum q~/TM ratios. Another difficulty arises when
the absorption cross sections, u, are clifferent for the two
isotopes (a~ # uJJ). Then it is not clear whether one
should use ~~/q~ ratios or ratios of the photoionization
cross sections, ui(uZ= qu), and one should compare the
results calculated using both the ~~/~H ratio and the
UiD/UiH ratio. If multiple ionization occurs, then the
simple F’latzman mechanism may be inappropriate.

Furthermore, there are alternative explanations(s’ ‘) of

isotope effects in ionization that do not use the kinetics

proposed by Platzman.
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be true; this implies that W must decrease with in-
creasing pressure.

The previous report(l) 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
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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 lo~g 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 occur 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 StrcsSed from
time to time, or that may possibly be stressed, are
much more serious. Modifications lvcrc 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 ~g/cm2 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 0.10p 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.
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BIO-ENVIRONMENTAL STUDIES

BEHAV1OR OF FAU.OUT 137CSIN AQUATIC AND TERRESTRIALENVIRONMENTS

P. F. Gustafson, S. S. Brar, D. M. Nelson, and S. E. Muniak

Fallout ‘*7CS 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
downwardtrend has been evident since 1964-1965.

The biological importance of 137CSwas first noted
in 1955 by Miller and Marinelli, (l) who detected this
radionuclide 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 (z 100 days in adults).

over the years since 1955, 137Cshas 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 90Sr.
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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FIC. 172.—--’*’CS in the Chicago area 1961-1969; deposition
rate, accumulated deposition, concentration in diet, internal
dose to man.

Properly modified, such models may also be useful in
assessing the dosimetric aspects of other modes of
environmental release of 13iCs and ‘OSr, and by ex-
tension may be applied to other contaminant.

Fairly extensive measurements of 13TCsin 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, ii is the transport and
environmental persistence of 137Cs which justifies
continuation of these studies.

The pulse of 13TCS 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 Z4 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
137CSin 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 one 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 13TCSis either increas-
ing or remaining at a nearly constant maximum level.
The primary dependence of the 13TCSin 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 13TCS under most circumstances. It should be
pointed out, however, that recent work in FIorida (Z)
has shown fairly constant dietary levels of 137CS,pre-
sumably due to root uptake caused by local soil char-
acteristics.

The effective half-time for 13~Csin 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 137CS, and resultant dose in the last two
years 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 137CS concentration ob-
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FIG. 173.—’CSCS in the Red Lakes, Minnesota area 1964-1969;
deposition rste, accumulated deposition, concentration in perch,
northern pike, andwalleye.



I

served is generally true for the terrestrial case (though
bearing in mind the anomalous Florida situation).
The behavior of 1S7CSin 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 137Cs in perch,
northern pike, and walleye. These were all adult fish
caught commercially. The effective half-time for
13TCSin 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 IS7C~ 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 13TCSexperienced 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 137CS/K
ratio in urine specimens, it was determined that the

fish-consuming Red Lakes people had three times the
body burden of 13TCSthat prevailed in Chicago. ‘3)
Using the observed decrease in 13TCScontent 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 z3.6
mRads, the Red Lakes individual accumulated R 19
mRads.
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