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THEORY OF ALKALINE EARTH METABOLISM 

The Power Function Makes Poss ible a Simple 
but Comprehensive Model of Skeletal Systems 

John H. Marsha l l 

Abs t rac t 

A simple way has been found to incorporate the power function, so 
useful in descr ibing the retention of radioact ive bone-seeker s , i l ' into a 
metabolic model which agrees surpr is ingly well with data for the behavior 
of radioisotopes of calcium, s tront ium, bar ium, and radium in dog and in 
man. The power function is a ma themat ica l express ion in which the inde­
pendent var iab le (time) is ra i sed to a constant power (usually not an integer) . 
Although it has been considered m e r e l y an empir ica l device for approxi­
mating data, the power function may have a deeper significance in the evo­
lution of complex sys tems . The behavior of the model can be completely 
determined by a set of th ree p a r a m e t e r s . One such set is the excretion 
ra te , the accre t ion ra te , and the one-day retention of a radioisotope. The 
model can approximate the activity per g r am of calcium both in the blood 
and in the body as a whole from minutes to years following either an in t ra­
venous injection or continuous feeding. The mathemat ics a r e applicable not 
only to adult but a lso to growing skeleta l sys t ems . Simple express ions r e ­
late the metabolic p a r a m e t e r s defined by Bauer, Carlsson, and Lindquisti^/ 
to the p a r a m e t e r s of the power function as modified by Tyleri-^/ and to the 
turnover ra te derived by Kulpand SchulertV^j from their data on Sr'^ in man 
due to fallout. Thus, two divergent groups of measuremen t s of the average 
turnover t ime of the adult human skeleton, 5-6 years [Bauer et al.^ ' and 
Heaney and WhedonP)] and 30-40 yea r s [Kulp and Schulert^'^-^ and Bryant 
and Louti t i"/] can be reconci led by a single model. Under cer ta in condi­
t ions, one can predict the t ime requ i red for a radioisotope to reach equilib­
r ium within the body, the t ime after which retent ion must follow an exponential 
r a ther than a power function. Though, of course , its predict ions a r e some­
t imes only rough approximations to biological data, the model s t r ikes a 
useful compromise between accuracy and simplicity, thus providing a con­
venient means for in ter re la t ing existing exper iments and suggesting new 
ones. 

Introduction 

Alkaline ear th metabol i sm is dominated by the metabol ism of bone ,^ ' ' 
which acts like a complex banking sys tem for calcium and calc ium-l ike 
e lements . Most deposits of calcium within bone occur in submicroscopic 
c rys ta l s of the calcium, phosphate minera l , hydroxyapatite. These c rys ta l s 
a r e only 25-75 Angstroins in d iameter , so that mos t calcium atoms a r e 
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within a few lat t ice s i tes from the surface of a c rys ta l . (Whether the 
l a rge r alkaline ear th ions a r e deposited within a c rys t a l or a r e forced to 
its surface during crys ta l l iza t ion is not known.) These tiny c rys ta l s a r e 
embedded in an organic m a t r i x perfora ted by canalicules which intercon­
nect a sys tem of bone cel ls and lead to the nea re s t b lood-car ry ing capil lary. 
There a r e so many capi l la r ies throughout the skeleton that one can seldom 
find a bone c rys t a l more than 100 to 200 microns from the blood supply. 
Thus, in a r e a l sense , the blood is the cen t ra l exchange of the calcium bank­
ing sys tem. 

Calcium can be deposited from the blood wherever bone cells lay 
down calcifiable ma t r ix . Calcium deposits can be withdrawn from the bone 
and re tu rned to the blood whenever other bone cel ls remove or r e s o r b the 
m a t r i x together with the c rys t a l s it contains. These p roce s se s of bone 
formation and resorp t ion occur not only during skeletal growth but also at 
lower r a t e s in sca t te red s i tes throughout adult life. Smaller amounts of 
calcium can be deposited and withdrawn by p roces se s which leave bone 
intact. These include t r ans f e r s of calcium to and from ext race l lu lar fluid, 
c rys t a l sur faces , and the c rys t a l s themse lves . Finally, t i s sues other than 
bone contribute to calcium t ransfe r within the body-blood sys tem. All of 
these p r o c e s s e s , working together, yield a wide distr ibution of holding 
t imes for calcium or for the other alkaline ear th a toms: an a tom which 
leaves the blood (and is not excreted) may re tu rn to the blood in minutes , 
days, or yea r s . As in the banking analogy, one may classify al l deposits 
(fluid and crys ta l ) according to their holding t imes . Thus, the body con­
tains ve ry shor t t e r m deposi ts , ve ry long t e r m deposi ts , and possibly al l 
gradat ions in between. 

The problem is to approximate this complex metabolic sys tem by 
a mathemat ica l model. Severa l useful models have been based upon com-
par tmenta l analysis [Maletskos, V°/ Bauer and Ray, ^"'' and Aubert and 
MilhaudvlOjj^ B^^ one ca_n make considerable p rog res s toward a solution 
without postulating d i sc re te compar tmen t s . In what follows, the at tempt 
is made to der ive r e su l t s from as few postulates as possible and to ex­
plain them in physiological language. F igure 1 shows which postulates lead 
to each resu l t . Compar isons between theory and exper iment a r e shown in 
F igures 3-7, and 13. Meanings of symbols a r e summar ized under T e r ­
minology in the next to last section of the paper . F igure 15 gives exper i ­
menta l values and theore t i ca l predict ions for the p a r a m e t e r s which 
undoubtedly will need revis ion as data and understanding accumulate . 
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Figure 1 

Logical flow diagram for this paper . Equation 21 
appears in an appendix to this paper now in 
prepara t ion for a subsequent repor t . 

The Excretion Postulate 

The first postulate provides the key to the re s t of the analysis by 
relat ing the activity of an a lkal ine-ear th radioisotope in the blood to the 
ra te of change of its total activity in the body. This postulate is as follows: 

(l) The number of radioactive atoms excreted from the body per 
unit t ime is proport ional to the number in the seruna at that t ime. 

This is reasonable provided there is no significant change in the physio­
logical p a r a m e t e r s which govern the excretion of ordinary a toms. Alkaline-
ear th a toms a r e ca r r i ed to the possible excre tory outlets by the blood. 
The par t of the blood that se rves as p r imary c a r r i e r is the serum, the 
ce l l - f ree fluid of the blood. The number of radioactive atoms involved is 
always so smal l that a homeostat ic or feedback effect upon them is un­
likely to disturb a simple proportionali ty. Of course , radiation damage 
could dis tor t excretion, but in most data this does not appear to be a 
ser ious r e s t r i c t ion upon the excretion postulate. This postulate is de­
ceptively s imi lar to one which yields only exponential solutions, but note 
that the word "body" appears only once, so that any function of time is a 
possible solution. Radioactive decay is not t reated in this paper. Instead, 
act ivi t ies a r e assumed either to be long-lived or to have been correc ted 



CALCIUIVI INTAKE 

DIGESTIVE TRACT-* j ^ ^ g 

k=ku + kf 

g = CALCIUM BALANCE 

for decay. The nature of the constant of proport ionali ty and the question 
of t ime-de lay between excret ion from the se rum and excret ion from the 
body can best be d iscussed by means of a diagram. 

Consider the possible t r ans fe r s of calcium to and from the se rum 
and the digestive t r ac t as shown in F igure 2. (ignore the boundary marked 

"body" for the moment.) The calcium 
taken in by mouth may either be absorbed 
into the se rum or excreted direct ly in the 
feces. Calcium which t r ans fe r s out of the 
serumi may re turn at some later t ime be ­
cause of a multitude of bodily p roces ses , 
as indicated by the closed loops. Calcium 
which t r ans fe r s from the s e rum to the 
digestive t r ac t may either be reabsorbed 
into the se rum or excreted in the feces. 
The lat ter fraction is called the endogenous 
fecal calcium, and its ra te of t ransfer is 
represen ted by kf (grams of calcium per 
day); the former fraction, the reabsorbed 
digestive juice calcium, is not direct ly 
observable in a radioisotope experiment 

on the body as a whole, and the question as to its magnitude can be by­
passed by means of a topological ar t i f ice . Instead of considering the body 
to be bounded by the skin or by the epithelium (which would exclude the 
digestive t r ac t entirely), let us take as the system for analysis the body 
as outlined in Figure 2. The loop represent ing the reabsorbed digestive 
juice is now within the body and can be considered in the same manner as 
al l the other calcium loops within the body. There is a second advantage 
in analyzing the body of F igure 2 ra ther than the r e a l body. One can r e ­
gard an atom of calcium, or of one of the a lka l ine-ear th radioisotopes, as 
being excreted the moment it leaves the se rum on its way to an excre tory 
outlet. Thus, the theory may be kept simple, while the complications of 
excre tory delay a r e handled as possible exper imental correc t ions to data 
before comparison with theory. 

URINARY CALCIUM FECAL CALCIUM 

Figure 2 

Metabolic d iagram 

Consider the t r ans fe r s of calcium from the point of view of the body 
of Figure 2. There a r e the many p rocesses which remove calcium from 
the s e rum and re turn it after widely differing intervals (as suggested by 
the lengths of the looping a r rows) . Of course , most of these calcium 
t r ans fe r s involve bone, but at this point in the analysis , it is unnecessary 
to specify them more closely. In par t icu lar , one need not assume that the 
r a t e s of t ransfer into and out of the s e rum a re equal - they will not be 
equal if the bodily r a t e s of absorption and excretion a r e not equal. The 
ra t e of excret ion of calcium, from the body is the endogenous excret ion 
ra te k, which is the sum of the ur inary par t k^ and the fecal par t kf. The 
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ra te of absorpt ion of calcium into the body must therefore be k + g, where 
g is the usual "calcium balance" or growth ra te (grams of calcium per day). 

Now suppose that the calcium taken in by mouth is accompanied by 
an a lka l ine -ea r th radioisotope. Although this radioactivity will be absorbed 
into the s e rum at a ra te that is general ly not re la ted in a simple way to 
the ra te for calcium, one can express it simply as follows: 

4 = /i(k-fg) F (1) 

where q is the ra te of introduction of activity into the se rum (microcur ies 
per day), fi is an empi r i ca l absorpt ion factor for the radioelement relat ive 
to calcium for a given physiological s tate (including diet), and F is the 
specific activity of the food in m i c r o c u r i e s per g r am of calcium. Similarly 
one can wr i t e : 

X = -1 k S (2) 

where x is the ra te of excret ion of activity from the se rum (microcur ies 
per day), T) is an empi r i ca l excret ion factor for the radioelement relat ive 
to calcium for a given physiological s ta te , and S is the specific activity of 
the s e rum in m i c r o c u r i e s per g r am of calcium. As the calcium excret ion 
ra te k has a u r ina ry and a fecal par t , the excret ion factor r; is also sepa­
rable into a u r ina ry factor TJU and a fecal factor Tjf which, from E x p r e s ­
sion (2), can be seen to combine as follows: 

^/k = r ,uku+ 7|fkf . (3) 

Keeping in mind the body of Figure 2, one finds that Express ion (2) is 
identical to the excret ion postulate (l), and that T)k (considered as a single 
p a r a m e t e r , not two independent p a r a m e t e r s ) is the des i red constant of 
proport ional i ty . 

The excre t ion postula te . Express ion (2), may now be rewri t ten in 
an equivalent differential form that lends itself to further analys is : 

q dR/dt = - 7) k S (4) 

where q is a quantity of radioact ivi ty (microcur ies ) which is introduced 
into the se rum at t ime t = 0, and R is the fractional retention of this 
activity in the body as a function of t ime. F r o m this point, the analysis 
moves in two direct ions (Figure 1), one pursuing the consequences of Ex­
p re s s ion (4) without assuming the mathemat ica l form of R or S, the other 
assuming that they a r e r ep re sen t ed by power functions. 



The Power Function Model 

The second postulate provides the bas is for a metabolic model by 
re la t ing the act ivi ty of an a lka l ine -ea r th radioisotope in the body to a p a r ­
t icular decreas ing function of t ime. This postulate is as follows: 

(ll) When a radioisotope has been introduced into the s e r u m 
at t ime zero , its subsequent re tent ion in the body follows the 
form of a miodified power function until equil ibrium has been 
attained. 

This postulate is difficult to justify a p r i o r i on physiological grounds and, 
in some cases , it is loiown to be only a rough approximation to rea l i ty . 
However, the success of the power function as a descr ipt ion of data sug­
gests that the mathemat ica l consequences of this postulate a r e worth 
pursuing. 

A power function is an express ion in which the independent var iab le 
is r a i sed to a constant power. Here it has the form t"''^, where t is the 
t ime and b is a posit ive fraction between ze ro and one. When such an ex­
p res s ion is plotted v e r s u s t ime on log-log graph paper , the resu l t is a 
s t ra ight line. As a descr ipt ion of radioisotope data, this function fails at 
ve ry short t imes after injection because it i nc reases without l imit as t 
aj)proaches ze ro , but with a s imple modification^ '' - the addition of a smal l 
constant timie £ resul t ing in the form ( t+e)"° - this difficulty is cor rec ted . 
Originally a ma themat i ca l ar t i f ice , the constant £ turns out in the next 
section to have a d i rec t re la t ion to in ternal metabol ism. 

In ma themat i ca l form the second postulate is writ ten: 

1 > b > 0 
R = £^ (t+ £)-b (5) 

where €p has been chosen as the coefficient in order that the bodily r e t en ­
tion R of the radioisotope be unity at t ime ze ro . If R, as given by Equa­
tion (5), is plotted v e r s u s t ime, t, on log-log paper , a s t ra ight line resu l t s 
only for t imes much g rea t e r than c, which, when data a r e fitted, is found 
to have values between 0.01 and 10 days (Figure 15). The coefficient e" 
co r responds to the extrapolated re tent ion at one day and is identical to the 
coefficient a in the usual power function express ion R = a t"" . Analysis 
of the t ime liniit t-̂ ,̂ at which equi l ibr ium is attained, will be defer red 
until a la ter section, but t^, tu rns out to be long enough not to in ter fere 
with the intervening ana lys i s . 

The two postulates (l and II) can now be combined and compared 
to data. Forming the t ime der ivat ive of R from Express ion (5) and 
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substituting it into Equation (4) yields an expression for the se rum specific 
activity, S, as a function of t ime after a single introduction of activity q 
into the se rum: 

S = q b £^ (t + e ) -^°y7lk 

A companion express ion for the body is the following: 

B = q e^ {t + e)-^/c 

(6) 

(7) 

where B is the average specific activity of the body in mic rocur ies per 
g r am of calcium. Express ion (7) was obtained by multiplying R from 
Express ion (5) by the activity, q, and dividing by body calcium, c, (grams). 
Express ions (6) and (7) a r e fitted to data in Figures 3-7. The values of 
the three p a r a m e t e r s , b, e, and T]k, were determined graphically in order 
to obtain a reasonably good fit for both B and S over the whole range of 
t ime. 
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Data for the retention of Ra in the body and in the plasma of 
seve ra l groups of beagles that were about 1.3 years of age at 
the t ime of the intravenous injection. The points were taken 
from Van Dilla et a l . l H ) and replotted using 135 g as body cal ­
cium and 1.00 X 10""* g ca lc ium/g plasma. The curves S and 
B a r e given by Express ions (6) and (7) using a value of b 
a little smal ler than those repor ted by Van Dilla. 
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few hundred days rather than the extreme 710 day extrapolation shown. 
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Figure 6 

Data for Ca in the serum following an intravenous injection in a normal man [Heaney and 
Whedon^"^)]. Since urine is derived directly from serum, it is safe to assume their Ca^^ specific 
activities are equal at long times after injection. S is taken from Expression (6) and shows how 
the power function expression looks on semilog paper. 
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Figure 7 

Data for the retention of Sr^^ in a 57-year-old woman LCohn et al.^-'-^) Patient code MOSJ 
The whole-body counter data between 33 and 397 days was fitted by the expression 0.52 t 
The present model requires a different fit, as shown. Perhaps an exponential plus a power 
function would be more accurate, but the additional complexity does not yet seem justified. 
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Crossover t ime. Probably the mos t str iking aspect of both the data 
and the raodel is shown in F igure 3. After a single intravenous injection, 
the s e r u m specific activity S c r o s s e s and falls below the body specific 
activi ty B. In these data there appears to be no tendency for S and B to 
depar t from the power function re la t ions for three years after injection, 
despite the fact that S was equal to B at about 45 days. Evidently, one 
must not confuse equality with equil ibr ium. The fact that the ra t io B/S 
keeps increas ing with t ime indicates that radioisotope equil ibrium has not 
yet been attained. The t ime at which S c r o s s e s B, the c rossover t ime 
x̂> is given by a simple express ion: 

tx = b c/T]k (8) 

which is obtained by setting S from Express ion (6) equal to B from Ex­
p re s s ion (?) and solving for t. [Because tx is at least a hundred t imes 
l a rge r than e (Figure 15), the la t ter can be completely neglected in Ex­
p re s s ion (8). ] 

The ra t io B / S is a lso given by a simple express ion over a wide 
range of t imes : 

B / S = t/tx e « t =s ty . (9) 

Crossover t ime appears to be a useful concept. Although it is dif­
ficult to m e a s u r e exactly, knowledge of even its order of magnitude, which 
va r i e s under different metabolic conditions (Figures 3-5), is valuable for 
the understanding of exper imenta l data. For example, wherever new bone 
is formed within the skeleton, it appea r s to have approximately the same 
specific activi ty as the s e rum at the t ime of its formation. V15-loj T h e r e ­
fore, bone which forms at a t ime tx after a single intravenous injection of 
an a lka l ine -ea r th radioisotope may be expected to have the same specific 
act ivi ty as the body as a whole, and bone which forms ea r l i e r or later than 
this t ime should have a specific activi ty which is proport ionately higher or 
lower, respect ive ly , than that of the body. Thus, Express ion (9) is useful 
in the in te rpre ta t ion of autoradiographs and in the evaluation of distr ibutions 
of radiat ion dose within the skeleton. 

Relation to Internal Metabolism 

In the previous section, power-function express ions were devel­
oped which r e p r e s e n t the behavior of a radioisotope in the s e rum and in 
the body following an intravenous injection. Here these express ions will 
be subjected to the mathemat ica l miethod of analysis developed by Bauer, 
Car l sson , and Lindquist.^•'•"'' F i r s t , consider the method itself. 



The B a u e r - C a r l s son-Lmdquis t Equation. The basic assumption of 
the BCL method can be r ephrased as the third postulate: 

(ill) At any t ime following its introduction into the serum, the 
activity of a radioisotope in the body (or in par t of the body) 
can be separa ted conceptually into two fractions, the f irs t 
changing in proport ion to the s e r u m specific activity, S, the 
second changing in proport ion to the t ime integral of S. 

In mathemat ica l form, this postulate is the BCL equation: 

q R = E S + A r S d t 

where E is a quantity (grams of calcium), and A is a ra te of t ransfer 
(grams of calcium per day). Time ze ro re fe r s to the t ime at which ac ­
tivity q was introduced into the se rum. Here , the fractional retention 
R is any function of t ime. 

An approach to the physiological meaning of A and E can be made 
by examining Express ion (lO). Whatever radioactivity has equilibrated 
with S, and hence is changing in proport ion to S, will be pa r t of the f irs t 
or equil ibrated fraction ES. Thus, E itself is direct ly related to the 
ainount of body calcium which is capable of equilibrating with se rum ca l ­
cium within a given t ime (at least when a radioisotope of calcium has been 
used as the t r a c e r ) . Whatever radioact ivi ty has t r ans fe r red from the 
s e rum to s i tes in the body, from which s i tes it has not yet re turned to the 
serum, will be par t of the second or uptake fraction A f S dt. Thus, A 
itself is d i rect ly re la ted to the ra te of uptake of calcium from the s e rum 
to deposits whose holding t imes for calcium a r e g rea te r than a given t ime. 

The skeleta l sys tem has such a wide distr ibution of holding t imes 
for calcium that if one chooses a longer t ime of reference, more calcium 
will be capable of equil ibrating with s e r u m calcium. Therefore, E may 
be expected to inc rease with t ime when Express ion (lO) is applied to ex­
per imenta l data. This t ime-dependence has given r i s e to some doubt as 
to the physiological meaning of E. However, an exper imental dependence 
of E upon the t ime of its measuremen t , re lat ive to the t ime of injection 
with a radioisotope of calcium, is simply a reflection of the complexity of 
the body, a sys tem which includes s h o r t - t e r m liquid deposits, long- te rm 
solid deposi ts , and a multi tude of deposits whose t e r m s are in termedia te . 

Thus, the meaning of E can be general ized: E is not just a single 
p a r a m e t e r , having a single value in an invariant system., but a pa rame te r 
distribution, represen t ing a whole spec t rum of values for a given system. 
If one m e a s u r e s E a few minutes after injection, one obtains a measu re 

(10) 



of the amount of calcium in the ex t remely short t e r m deposits of the par t 
of the ex t race l lu la r fluid near the vascular sys tem. If one m e a s u r e s 
E yea r s after injection, its value may approach that of total-body calcium 
because then it includes the calcium content of a l l deposits whose holding 
t imes , or turnover t imes , or t e r m s for calc ium a r e descr ibable in y e a r s . 
So the usual m e a s u r e m e n t of E at a t ime of about 5 days after injection, 
which may be designated Eg, is a m e a s u r e of the calcium content of a l l 
those deposits which have t e r m s of less than five days (whether the t e r m 
is l imited by resorp t ion or by exchange). And s imi lar ly , A5 is a m e a s u r e 
of the r a t e of uptake from the serum^ of calcium destined for deposits which 
have t e r m s of m o r e than 5 days. These m e a s u r e s a r e not exact because 
deposits whose t e r m s a r e comparable to the t ime of measu remen t will 
s t raddle the two conceptual fract ions. However, it seems unlikely that the 
third postulate will be replaced by another postulate of comparable s im­
plicity because two fract ions, separa ted by a t ime of measurement , have a 
na tu ra l symmet ry . [Existing analyt ical methods such as that of Heaney and 
Whedonl^j a r e he re considered as var ian t s from the same two-fraction 
postulate , ] 

So far, the mos t useful aspec t of the pa r ame te r distr ibutions A and 
E is the exper imenta l fact that A5 shows a r a the r close correspondence 
to the ra te of accre t ion of calcium accompanying the formation and m i n e r ­
alization of new bone.(2; 12, 17} Thus, published values of A5 have been r e ­
fe r red to as accre t ion ra te (Bauer) or bone formation ra t e (Heaney). When 
A is measu red between 3 and 7 days after injection, it naay be designated 
A5, The method of solution of the BCL equation for A and E at a single 
t ime t, is not given h e r e , * but it is prac t ica l ly equivalent to the two-
time method ordinar i ly used if t ime t is taken to be the mean of the two 
t imes . Values of As a r e now available for a var ie ty of exper imenta l ani­
mals and for different metabolic conditions in man, so A5, which in miost 
contexts can be called the accre t ion ra t e , is a useful pa r ame te r for the 
charac te r i za t ion of the metabolic state of a skeleta l sys tem. 

The power function model . Now if one subst i tutes R from 
Express ion (S) and S from Express ion (6) into Express ion (lO) and solves 
for A and E, r emarkab ly concise express ions resul t : 

A = 7 ikR/ (b+ 1 - R ) (11) 

E = rik (t + e)/(b + l - R ) (12) 

in which A and E a r e t ime-dependent because R r ep re sen t s the power 
function express ion for retention. As the t ime i nc r ea se s , A slowly de­
c r e a s e s because R d e c r e a s e s ; physiologically this r e su l t s from the r e tu rn 
of radioact ivi ty to the s e r u m from progress ive ly more and more deposits 

*To appear in a subsequent repor t . 
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as the t ime becomes comparable to, and then exceeds, their t e r m s . These 
deposits a r e meant to include both those in a liquid state and those in a 
solid s ta te . The^- a r e distr ibuted both macroscopica l ly and mic roscop ica lk 
macroscopica l ly in different regions of bone or soft t i ssue , and m i c r o ­
scopically in different locations from the blood vesse l s through intervening 
fluid to the bone c rys t a l s . On the other hand, E increases with t ime uiitiJ 
at long t imes , when long- te rm deposits a r e included, it becomes compa­
rable to the total weight of calcium in the body. Expression ( l l ) , plotted 
m Figures 8 and 9, provides the link between the metabolic pa ramete r 
distr ibution A and the p a r a m e t e r s of the power function model. 

FiL'urt 8 

Tt e rdiUoii bL.t\ i.i.a tlit pot t r 'uni-tii n pirainettr^ b and and tlu 
Ills.labolic para lit It.Ti A-, (accrttiLii latc) and k (txcr ti ni rate) 
The family of L.ur\ts iscalwulattd frnr Hxpression (11) for t - i da)s. 

Figure i) 

Relation betueeu b, A5, and ^k tor constant 
initial pool EQ calculated fromExpresbion(ll). 
This plot provides an estimate of the sensiti\ it) 
of the potvcr function parameters to changes m 
accretion or excretion rate prior to injection. 
Here Eo/c ^ O.lfo. 

02 04 01 0 2 C4 
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The v a l u e s of A and E for t i m e z e r o r e v e a l the p h y s i o l o g i c a l s i g ­
n i f i c a n c e of the p a r a m e t e r e. The a p p a r e n t weigh t of c a l c i u n i wi th which 
a r a d i o i s o t o p e h a s e q u i l i b r a t e d i m m e d i a t e l y following in jec t ion is 

Eo = 7]ke /b (13) 

and the a p p a r e n t r a t e a t wh ich c a l c i u m is l eav ing th i s i n i t i a l pool is 

Ao = ?]k/b . (14) 

T h e r e f o r e e, which is i d e n t i c a l to E O / A Q , i s the t u r n o v e r t i m e of the i n i ­
t i a l poo l a s s i m u l a t e d by the p o w e r - f u n c t i o n m o d e l . 

T h u s , the B a u e r - C a r l s s o n - L i n d q u i s t equa t ion and the p o w e r -
funct ion m o d e l a r e m u t u a l l y e l u c i d a t i n g , and no t only a t s h o r t t i m e s a f te r 
in jec t ion . T h e r e is s o m e t h i n g u n p h y s i o l o g i c a l about the p o w e r - f u n c t i o n 
E x p r e s s i o n (iZ) for E; a s t i m e t i n c r e a s e s , E con t inues to i n c r e a s e 
wi thout l im i t , and th i s i s a p h y s i o l o g i c a l i m p o s s i b i l i t y . The r a d i o i s o t o p e 
m i g h t be a t r a c e r for c a l c i u m , and the r a t e s of t r a n s f e r of c a l c i u m wi th in 
the body m i g h t be cons t an t , so tha t t he p a r a m e t e r d i s t r i b u t i o n s A and E 
would be i n v a r i a n t . It t u r n s out t ha t t he t r o u b l e s t e m s f r o m the fact tha t 
the t i m e i n t e g r a l of R, a s g iven by the p o w e r function m o d e l , h a s no u p p e r 
linnit a t long t i m e s . But the w a y to c o r r e c t t h i s d i s c r e p a n c y b e t w e e n the 
m a t h e m a t i c a l m o d e l and wha t i s p h y s i o l o g i c a l l y r e a s o n a b l e , wi thout in ­
t r o d u c i n g any m o r e a d j u s t a b l e p a r a m e t e r s , is to go b a c k to the beg inn ing 
of the a n a l y s i s and p u r s u e a c o n s e q u e n c e of the e x c r e t i o n p o s t u l a t e tha t is 
c o m p l e t e l y i ndependen t of both the p o w e r - f u n c t i o n and the B C L equa t ion . 

E q u i l i b r a t i o n T i m e 

If one i n t e g r a t e s E x p r e s s i o n (4) f r o m the t i m e of in jec t ion un t i l the 
t i m e t, one ob t a in s the e x c r e t i o n p o s t u l a t e in an equ iva len t and p e r h a p s 
m o r e f a m i l i a r f o rm: 

j S dt = q ( l - R ) / T ) k . (15) 

T h i s m e r e l y s t a t e s t h a t t h e t i n i e i n t e g r a l of the s e r u m spec i f i c a c t i v i t y 
t i m e s the e x c r e t i o n r a t e , T)k, is e q u a l to the a c t i v i t y wh ich h a s b e e n e x ­
c r e t e d up to a n y t i m e , t, fol lowing an i n t r a v e n o u s in jec t ion . 

A s i m i l a r e x p r e s s i o n r e s u l t s f r o m i n t e g r a t i o n of E x p r e s s i o n (4) if 
one a s k s the m a t h e m a t i c a l l y s i m i l a r q u e s t i o n a s to how S would b e h a v e 
a s a funct ion of t i m e a f t e r the s t a r t of a s e r i e s of c l o s e l y - s p a c e d i n t r a ­
v e n o u s i n j e c t i o n s : 

S = q ( 1 - R ) / T ] k (16) 
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where q is the ra te of introduction of activity into the serum, and R is 
any function of t ime which desc r ibes the retent ion of activity following a 
single intravenous injection. The companion express ion for the average 
specific activity of the body follows from integration of the expression 
Be = qR, 

B = q r R d t /c . (17) 

Express ions (l6) and (17) can be used with Express ion (l) to obtain 
S and B for continuous radioisotope intake in food or water . 

In performing the integrat ions which resul t in Express ions (l6) and 
(17), a fourth postulate has been implicit ly introduced, which can be made 
explicit as follows: 

(IV) The function R, which desc r ibes the retention of a rad io­
isotope following a single intravenous injection in a par t icular 
instance, is not dependent upon the age of the body at the t ime 
of injection. 

This postulate of age- invar iance is a powerful tool because it permi ts in­
tegrat ion of the function R, but it must not be used indiscriminately. It 
seems to hold for considerable periods during the growth of an animal, 
provided the r a t e of growth does not change too much. It also seems to 
hold for adult an imals . It should not be expected to hold through adoles­
cence. Note in F igure 1 that postulate (IV) is not needed in many applica­
tions and can be tested independently for adult man using fallout data. 

A fifth and last postulate completes the set that seems to be r e ­
quired for a comprehensive model: 

(V) If a skeletal sys tem were subject to a continuous 
introduction of radioactivi ty into the se rum at a constant 
r a t e for an endless t ime, the body specific activity B 
would eventually become equal to the se rum specific 
activity S. 

Subject to this postulate, which has numerous physiological implications 
concerning discr iminat ion between radioelements and the availability of 
aging bone, one can set S from Express ion (I6) equal to B from Expres ­
sion (17) and let t ime t inc rease without limit with the resu l t that 

f" R dt = c/rjk . (18) 
Jo 

This beautiful and powerful r e su l t was found by Brues and Tyler, l^O) -who 
general ized from the approach of compar tmenta l analysis . It means that, 
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whenever the postulates (l) (IV) and (V) a r e t rue, there is a definite mean 
t ime of retention for the a toms of a radioisotope within the body, a time 
which does not depend on the par t icu lar form of R but is given solely by 
the rat io of the weight, c, of calcium in the body to the excretion ra te r)k. 
It means that the a r e a under a curve of R versus t ime is a physiologically 
charac te r i s t i c t ime (c/T)k). 

An exponential terminat ion for the power function model. Expres -
sion (l8) provides a limit for the physiological applicability of the power 
function. F r o m the behavior of E in Express ion (l2), it is clear that this 
l imit is re la ted to the t ime requi red for the equilibration of a l l the calcium 
in the body. A sys tem in which a t r a c e r has equilibrated acts as a single 
compartment with respec t to that t r a c e r . If one a s sumes that the rad io­
isotope equil ibrates within the body at a time t„ after a single intravenous 
injection, then subsequent to that t ime and subject to postulate (IV), both 
B and S must be exponential functions of t ime. The exponential express ion 

for the retent ion R, which fits 
'^'^^^Bsssssmmmimammimsmmismsasasfssmsx^^ SmOOthly both in value and in 

slope with the power function ex­
press ion for R at a time t„, is 

1000 

100 5 : 

the following: 
y 

R = b - b D 
e t e 

y 
)^-bt/t, (19) 

where t is the equilibration t ime 
for the body as a whole, and R 
has been determined by requiring 
that both its value and its t ime 
derivative be equal to those of 
Expression (5) at t ime t Now, 
if both Express ions (5) and (l9) 
a re substituted for R in Expres ­
sion ( i s ) , the t ime ty can be found 
in t e r m s of the pa r ame te r s of the 
power function model: 

VAx = (l-b)'/(i-b)(t^/,^)b/(i-bj (20) 

This r emarkab le expression is 
plotted in Figure 10 It means 
that under cer ta in conditions 
(postulates IV and V), the power 
function model is able to predict 
its own limit of applicability-
The t ransi t ion from power func­

tion to exponential function would actually occur gradually ra ther than at 
a single t ime, but the lat ter seems to be the most reasonable behavior that 
can be simulated by a t h r e e - p a r a m e t e r model. 

Figure 10 

Relation between equilibration time and crossover time 
calculated from Expression (20). Note that EQ/C s €/l^^. 
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In fact. Express ions (l9) and (20) appear to be well-behaved even 
for the ve ry sma l l values of b that a re cha rac te r i s t i c of rapidly-growing 
puppies: as b approaches zero , ty approaches tx, tx itself becomes very 
short (a few days), and the retention function for the complete model [Ex­
press ions (5) and (19)] approaches R = e~''^^''A''. This is just the behavior 
one would expect for a rapidly-growing animal . Bone enlarges not by ex­
pansion but by apposition at some microscopic surfaces and resorpt ion at 
o thers , (if two m a r k e r s were fixed anywhere in one bone at any age, and 
no car t i lage intervened, then the distance between those m a r k e r s would 
r emain the same for the life of the bone.) In other words, rapid growth 
r equ i re s rapid remodell ing of existing bone, so that the body of a rapidly-
growing animal , not long after injection of a t r ace r , should act as a single 
compar tment . 

Thus, equilibration t ime ty appears to have an extremely wide 
range of applicability to skeletal sys tems , from a few days for calcium in 
young puppies to many tens of yea r s for radium in man (Figure 15). 

Discussion 

The power function model is now complete. Having s tar ted with the 
three p a r a m e t e r s Tjk, b, and e, and having related them to metabolic p a r a m ­
e te r s through the BCL equation, we now find that the behavior of the model 
can, under cer ta in conditions, be equally well determined by three char ­
ac te r i s t i c t imes , the turnover t ime £ of the initial pool, the c rossover t ime 
tx, and the body's equilibration t ime ty. The behavior of the model can be 
summar ized by geometry on log-log graph paper (Figure 11), and it is often 
more convenient to use these graphical relat ionships than the power func­
tion express ions on which they a r e based. 

I GRAPHICAL SUMMARY OF MODEL 

Figure 11 

Graphical summary of the model: body 
specific activity, B, and serum specific 
activity, S, following a single intravenous 
injection, q, (descending curves) or fol­
lowing the start of a continuous injection 
at rate q (rising curves), (q/c is plotted 
equal to 1 ptc/g calcium, q/c equal to 
1 /xc/day/g calcium, c is body calcium 
in grams.) 
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Note par t i cu la r ly that when, after a single injection, the t r a c e r has 
equil ibrated within the body so that S and B a r e exponential functions, S 
and B a r e far from equal. This means that the body will act as a single 
compar tment despite the fact that on a microscopic scale the dis t r ibut ion 
of radioact ivi ty may be far from uniform. 

Now, how can this model be used to plan and to in te rpre t exper i ­
ments upon skele ta l s y s t e m s ? F i r s t , it provides a simple means for com­
paring existing data from different types of exper iments . Second, it provides 
an es t imate for the concentrat ions of a t r a c e r that nnight be found in a future 
exper iment . The model probably will never be able to answer cur ren t ly 
p rac t i ca l questions such as how to remove lethal amounts of radioact ivi ty 
from the skeleton, but it does provide an additional tool which may help to 
solve such p rob lems . 

An example of the f i rs t use occurs in the study of the retent ion of 
r ad ium in the human body. Long- t e rm studies of the uptake of rad ium in 
persons exposed to a h ighe r - t han -no rma l level of rad ium in their drinking 
water \21j may provide a d i rec t m e a s u r e m e n t of the equilibration t ime. 
Curren t m e a s u r e m e n t s of the rad ium content of the blood of r ad ium-d ia l 
pa in ters 30 to 40 yea r s after their ingestion of rad ium a r e being compared 
with Express ion (9). This should lead to bet ter es t imates of the excret ion 
factor, Tj, for rad ium in man, which in turn may help us to unders tand the 
shor t t e r m retent ion of rad ium and its possible relat ion to the high a c c r e ­
tion r a t e s repor ted by Bauer et al. ,(2) for ba r ium in man and in ra t . Such 
an in te rcompar i son of data may clarify the mechanism by which rad ium 
is held in bone at the level of the individual bone c rys ta l . 

As examples of the second use of the model, a number of p red ic ­
tions can be made. When the power function pa rame te r b is as smal l as 
0.2, the equil ibrat ion t ime should become short enough to be readi ly ob­
servable . It might become useful in the predict ion of radiat ion dose. 
Ironically, the predicted equil ibrat ion t ime for radiuroi in dogs that were 
about 1.3 yea r s old at injection, based on the data shown in F igure 3, is so 
short that the re is a clear contradict ion between data and model: about a 
year after injection B should s t a r t to fall noticeably below and S to r i s e 
noticeably above the power function l ines . This d isagreement is probably 
due to dependence of R upon the age at injection and hence, due to pa r t i a l 
failure of postulate (IV), but exponential behavior of B and S is now ex­
pected for these dogs. 

No such exponential behavior is yet apparent in the data for rad ium 
in man at even 20-29 yea r s after r ad ium intake.^22j g.^|. n^is does not con­
t rad ic t the theory because the best e s t imate of equil ibration t ime for r a ­
dium in man is ve ry much longer than for rad ium in dogs (Figure 15). 

The mos t s tar t l ing predict ion of the theory is that the level of 
r ad ium in human s e r u m 40 yea r s after rad ium intake should be only 
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one hundredth the body average . In. other words, B/S should be the order 
of 100. P r e l i m i n a r y confirmation of this large factor has now been ob­
tained.'-23/ Whether it will now be possible to observe an exponential trend 

B and S for radium in man remains to be seen. The difference between m 
the power function and the exponential function is probably not detectable 
except at t imes as long as 2(ty), and ty itself is not yet known accurate ly 
for man. 

Surprisingly, the model works quite well for a rapidly-growing 
puppy (Figure 4) during a period of t ime in which one might have expected 
quite rapid changes in physiological s tate . The reason seems to be that 
rapidly-growing animals have a very high accret ion ra te A5, and this, the 
model shows (Figure S), is accompanied by a very smal l value of b. Thus, 
although b inay be changing with t ime, it is so near ly zero that the changes 
a r e not significant. This suggests that the complete model - the power 
function together with the exponential terminat ion - may be tested not only 
many years after injection of the t r a c e r (as for radium in man) but also 
within the f i rs t year in growing puppies and adult dogs. There is an in­
v e r s e cor re la t ion between accret ion ra te and equilibration time which 
should produce a peculiar anomaly in the retention of an alkaline ear th 
radioisotope, as shown in Figure 12. The retention at about a year after 
injection should be less in ve ry young puppies and in older dogs than it is 
in puppies with in termediate accret ion r a t e s . Actually, pertinent data now 
being submitted for publication by C. F . Decker, L. A. Kaspar, and 
W. P. Nor r i s of this Laboratory played a large par t in suggesting this 
effect. Of course the model cannot be expected to hold through the adoles­
cence of these puppies because their growth ra tes then drop so markedly. 

CALCULATED EFFECT OF ACCRETION 
RATE ON RETENTION CURVE 
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Figure 12 

The effect of accretion rate A5 upon the shape of the reten­
tion curve according to the present model, A high accretion 
rate reduces the slope b so thai initially there is high reten­
tion, but it also reduces equilibration t ime ty (indicated by 
the arrows) so that retention becomes exponential thereafter. 
This effect should be observable in young puppies as compared 
to older dogs. The rapid decrease of accretion rate at ado­
lescence would arrest the exponential fall in retention, an 
effect not included in the model. 
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The ex ten t to wh ich the p o s t u l a t e of a g e - i n v a r i a n c e (IV) i s an a d e ­
qua te d e s c r i p t i o n for the adu l t h u m a n body wi l l p r o b a b l y be d e t e r m i n e d 
e v e n t u a l l y by d i r e c t e x p e r i m e n t . But in the m e a n t i m e , the e x t e n s i v e da t a 
for the up take of Sr in m a n a s a r e s u l t of the t e s t i n g of n u c l e a r weapons 
g ives ev idence in favor of a g e - i n v a r i a n c e . Kulp and SchulertV"*/ found tha t 

90 t h e r e w a s p r a c t i c a l l y no a g e - d e p e n d e n c e of the quan t i ty of S r ' in h u n d r e d s 
of adu l t s k e l e t o n s f r o m New Y o r k Ci ty . Thus , the t i m e i n t e g r a l of R (Ex­
p r e s s i o n 17) a p p e a r s to be i ndependen t of age ove r a p e r i o d of s e v e r a l 

y e a r s a f te r in jec t ion . The r i s e in 
,90 
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Figure 13 

Data for Sr^^in the diet and in whole skeletons from 
New York City [Kulp and Schulert^^)]. Curve B is 
given by Expression (21) in the appendix, to appear 
in a subsequent report. 

the c o n c e n t r a t i o n of Sr in the food 
d u r i n g the p e r i o d fronn the beg inn ing 
of t e s t i n g un t i l the t i m e of o b s e r v a ­
t ion can be s i m u l a t e d in the m o d e l 
by i n t e g r a t i o n of E x p r e s s i o n (?). 
When F is c h o s e n to fit the o b s e r v e d 
spec i f i c a c t i v i t y of the food, the o b ­
s e r v e d spec i f i c ac t i v i t y of the body 
can be w e l l - a p p r o x i m a t e d by the 
p o w e r - f u n c t i o n m o d e l ( F i g u r e 13). 
F o r t u n a t e l y , the v a l u e s of the p a r a m ­
e t e r s which g ive a good fit to the 
fa l lout da ta a r e a p p r o x i m a t e l y the 
s a m e a s t hose which fit da ta for the 
r e t e n t i o n of Sr in m a n ( F i g u r e 7). 
T h e s e p a r a m e t e r v a l u e s a r e a l s o a p ­
p r o x i m a t e l y e q u a l to t hose which 
y ie ld the a c c e p t e d v a l u e s for a c c r e ­
t ion r a t e A5 and e x c h a n g e a b l e pool 
E5, T h u s , the t h e o r y a p p e a r s to be 
capab le of i n t e r r e l a t i n g a n u m b e r of 
d i f fe ren t e x p e r i m e n t a l a p p r o a c h e s to 
s k e l e t a l m e t a b o l i s m . 

T e r m i n o l o g y 

B e c a u s e s e v e r a l p r e v i o u s l y -
n o n - o v e r lapping f ie lds a r e involved, 

c o n s i d e r a b l e effor t h a s b e e n m a d e to s impl i fy and ye t c o n f o r m to the a c ­
cep ted u s a g e of l e t t e r s y m b o l s . In t h i s p a p e r , F i s for food, S i s for 
s e r u m , B i s for body, and R i s for r e t e n t i o n . The quan t i ty q and the 
r a t e q of i n t r o d u c t i o n of a r a d i o i s o t o p e into the s e r u m c o r r e s p o n d to t h e i r 
e l e c t r i c a l a n a l o g u e s , c h a r g e and c u r r e n t . S i m i l a r l y , c s t ands for body c a l ­
c i u m or c a p a c i t y . A and E have b e e n g iven a p e r s o n a l i t y by B a u e r . R and 
b a r e f a m i l i a r in the power funct ion w o r l d (but h e r e b i t se l f is pos i t i ve ) , 
Tj is an e x c r e t i o n fac to r , jU an a b s o r p t i o n fac to r , t a t i m e , e is 2.718, and 
c i s the s m a l l t i m e which i s u s u a l l y n e g l e c t e d in the f inal m a t h e m a t i c a l e x ­
p r e s s i o n . The p a r a m e t e r £ i s s i m i l a r to , but not i d e n t i c a l with, T y l e r ' s 7 
and H e a n e y ' s 6 ( i t ' s u s u a l l y s m a l l e r than 7 or 9): 0 m u s t s a t i s fy S, 7 m u s t 
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satisfy R, but £ must satisfy R, S, A, and E. All the express ions a r e 
dimensionally cor rec t , so that units need not be specified; the suggested 
unit me re ly helps to fix ideas . Symbols which r ep resen t functions of t ime 
a r e capitalized, while constants or physiological p a r a m e t e r s a re lower 
case . When a capital le t ter has a subscript , it r e fe r s to the par t icular 
t ime in days given by the subscr ipt . F, S, and B all stand for act ivi t ies 
per unit weight of calcium and do not imply how, or during what length of 
t ime, the alkaline ear th radioisotope has been introduced into the body; on 
the other hand, R re fe r s to the body's fractional retention of the rad io­
isotope as a function of t ime following a single injection into the se rum or 
cent ra l exchange. 

Poss ib le Significance of the Power Function i gn 

To base a model upon the power function with only pragmatic jus t i ­
fication leaves one with a feeling of dissat isfaction. Data can often be 
fitted m o r e closely by other more complicated functions, such as a s e r i e s 
of polynomials or a s e r i e s of exponential functions. The exponential func­
tion, through its appearance in the phenomenon of radioactive decay and 
in the mathemat ica l solutions of compar tmenta l models , has acquired 
physiological respectabi l i ty , and it is somet imes forgotten that it is only 
a s ta t i s t ica l approximation to the behavior of a system. In par t icular , the 
exponential function is a s ta t i s t i ca l p roper ty of a sys tem as observed with 
a t r a c e r which has equil ibrated within the system. The power function 
may also be a s ta t i s t ica l p roper ty of a system, observable when the time 
of observat ion with a t r a c e r after its injection is much less than the time 
n e c e s s a r y for equilibration within the sys tem. Power function, here , is 
meant to indicate the form R = £"(t+ £)"'-* because only to this dimensionally-
c o r r e c t form would one expect to at tach significance. 

Now, if retent ion of bone - seeke r s were the only instance in which 
the power function has appeared, one would hesi tate to speculate. There 
appears to be no reason why a skeletal system, no mat te r how complex, 
should have the requi red cor re la t ion between the s izes of deposit and 
their r a t e s of t rans fe r . But curiously, the power function turns up in other 
fields which deal with complex sys tems . There is the decay of radioactivity 
in a mixture of fission products as a function of t ime since their produc­
tion in a nuclear explosion.'-'^'*'' There is the diffusion of a t r a c e r into a 
continuous medium.i^^/ Even the exper imenta l curves of the frequency of 
the use of a word as a function of its rank in the frequency scale in a num­
ber of different languages have been well fitted by the power function, l^") 
Of course , one might fall back on the famil iar adage that a l l data approxi­
mate s traight lines on log log paper, but sure ly this does not apply to data 
which cover four or five o r d e r s of magnitude in two dimensions. F u r t h e r ­
m o r e , the retent ion of Sr as a function of t ime following injection in men 
which have decidedly abnormal metabol i sm is not closely represen ted by 
the power function model (Figure 14). 
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Figure 14 

Data for Sr retention in a woman with ext remely high ur inary 
calcium (514 mg/day) from Cohn et al.(l'^)( Patient Code KLE.) 
and Spencer and Samachson.(13) 

It is an interest ing possibil i ty that the power function may be the 
natura l descript ion for the behavior of a t r a c e r in a complex sys tem whose 
component s izes have evolved by growth under the dynamic control of the 
same mechanisms and constraints that now determine the internal r a t e s 
of t ransfer . In short , the power function may be a s ta t i s t ica l p roper ty of 
optimum sys tems . 
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Sample values for the p a r a m e t e r s . Symbols and dimensions appear 
in corresponding positions in the two squares at the bottom right of 
figure. The numbers in each square were calculated from those 
underlined. 

Data for Ca"* in puppy come from Lee et al.^ ^ (Figtxre 4); for Ca"*̂  „ . 
young adult dogs from Maletskos^"/ (until 100 days after injection); for 
Sr" in 1.3 year old beagles from Stover et aL^*^'/ (until 2 years) ; and 
for Ra^^^ in 1.3 year old beagles from Van Dilla et a l . ( l l ) (Figure 3). 
The model r ep re sen t s these data for B and S within 20-30% from 
0.01 day onwards, except that ty appears to be too short at least for 
radium because no depar ture from the power function lines is apparent 
by 1000 days. This may resu l t from the age-dependence of retention 
repor ted by Glad et al. (2°/ 

The values for calcium in man have been chosen to approximate the 
normal s e r u m - u r i n e curve of Heaney and Whedon(5) (Figure 6); the 
values for s t ront ium in man approximate the retention curve of 
Cohn et al.'•'•'*/ as in Figure 7 - the value of TJ was est imated from 
Spencer et a l . ;^"" ' the values for radium in man a r e based on b and 
£ as given by Nor r i s et al., ' ' ' together with two es t imates of T) that 
yield reasonable values of A5, t^, and t . The values of t^ for man 
may overes t imate the actual c rossover t ime by a factor of two because 
of the kind of depar ture from power function retention shown in Fig­
ure 7. The model appears to be less accura te for man than for dogs, 
par t icu lar ly for s t ront ium se rum-u r ine data [Bishop et a l . l ^ l ) ] . 
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DECAY-TIME APPARATUS 

O, J. Steingraber and I. B. Berlnian 

The appara tus developed by one of the au thors ! 1/ was designed to 
m e a s u r e the decay t ime of organic scinti l lation c rys t a l s , p las t ics , and solu­
tions. A specia l feature of this sys tem is its ability to accept pulses random 
in t ime and amplitude, and, therefore , excitation of the scintil lation m a t e ­
r i a l can be obtained from either a pa r t i c les , /3 pa r t i c les , or uv radiation. 

The a and /3 sources a r e deposited on s ta in less s teel rods and 
housed in min ia ture cel ls s imi la r to those descr ibed in Reference 2. Small 
cells a r e used so that only a smal l region of the photocathode is exposed to 
radiat ion to reduce the t ime d ispers ion of each pulse. The strength of the 
source was specifically chosen to minimize counting t ime. 

For excitation by pulsed uv radiation, special hydrogen flash lamps 
were built. Since the mean half-width of the discharge is a function of both 
the e lect rode spacing and the hydrogen p r e s s u r e , closely spaced (8-15 mils) 
tungsten e lec t rodes were l inearly positioned in the tube, and the tubes 
were filled to a p r e s s u r e just below a tmospher ic p r e s s u r e . The br ightes t 
and mos t stable operating tubes were constructed with one electrode 
having a blunt hemispher ica l tip (positive) and the other electrode a pointed 
(45°) tip (negative). After the sparking potential had been reached, the op­
erat ing voltage was in the region of 2600 volts . It is es t imated that 
10 photons a r e emitted per pulse. 

F igure 16 shows the pulse contour of a flash from a hydrogen tube 
using a neu t ra l filter as seen by the 56 UVP photomultiplier tube. It is 
believed that the half-width of the flash itself is less than a nanosecond 
and the half-width of 3.2 nanosecond, as shown in the figure, is p r imar i ly 
the contribution of the impulse response function of the appara tus . Note 
should be taken that there is essent ia l ly no ringing beyond the main pulse. 

-U 

902^ 
56 UVP-25CO V 
hYDROSEN HASH LAMP 
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Figure 16 

Pulse contour of a flash from 
a hydrogen tube using a neu­
t r a l filter as seen by the 
56 UVP photomultiplier tube 

NANOSECONDS 
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The pulse contour of a stilbene c rys ta l excited by a and /3 par t ic les 
is shown in Figure 17. The mean decay time of this c rys ta l is 4.6 nano­
seconds. This value compares favorably with that obtained by another 
technique, which employs a pulsed e lect ron beam.i^/ A slight variat ion in 
short decay t imes with photomultiplier voltage remains as yet unresolved. 

a 6 

o 6 56 UVP-2500 V 
1/2" X 3/4° DIA STILBENE CRYSTAL 
O-Cs'^'/S EXCITATION ' T 4 „ , , ^ „ 1-7 
x - C m ^ " * a EXCITATION I FlgUre 17 

The pulse contour of a 
stilbene c rys ta l excited 
by a and |3 par t ic les 

I •^- - ^ ? ^ ' 3 3 0 

20 25 30 35 
NANOSECONDS 

We wish to thank B. G. Oltman for his ass i s tance in filling the 
hydrogen flash lamps and Dr. Robert K. Swank for some illuminating 
d iscuss ions . 
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NANOSECOND FLUORESCENCE DECAY-TIME MEASUREMENTS* 

I. B. Be r lman 

Abs t rac t 

A new ve r sa t i l e appara tus has been used to m e a s u r e the f luores­
cence decay t imes of four s e r i e s of re la ted compounds, each dissolved in 
an appropr ia te solvent. The solutes were excited direct ly by pulsed mono-
chromiatic radiat ion, and the pulse contour of the emitted radiat ion was 
recorded . Molecular types were l) simiple polynuclear compounds, such 
as diphenyl, p- terphenyl , etc; 2) compounds with condensed benzene r ings , 
e.g., naphthalene, an thracene , etcj 3) oxadiazole compounds; and 4) oxa-
zole compounds. All the solute molecules chosen have a high f luorescence 
quantum yield. The oxadiazole compounds as a c lass have very fast decay 
t imes with BED [2,5-di-(4 biphenylyl)-1,3,4 oxadiazole] having the fastest 
decay t ime of a l l the compounds tes ted, 0.9 nsec . In fact, this decay timie 
is the shor tes t repor ted to date. Generally, the longer the naolecule the 
shor te r the f luorescence decay t ime. 

*To be p resen ted at Amer ican Phys ica l Society Meeting, 
March 25-28, 1963, St. Louis, Missour i . 
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A STUDY OF THE a/jS RATIO IN LIQUID ORGANIC 
SCINTILLATION SOLUTIONS* 

I. B. Ber lman 

Abs t rac t 

The re la t ive intensity of the light pulses produced by a and [:> p a r ­
t ic les in a scinti l lat ing solution of 2,5 diphenyloxazole (PPO) in xylene has 
been investigated as a function of the solute concentration. Below a solute 
concentrat ion of 2 g/ l , the cy |3 ra t io is re la ted in an inverse manner to 
the PPO concentrat ion. F r o m these data the dynamic quenching pa rame te r 
has been calculated. 

Some of the factors which genera l ly influence the cy ^ ra t io in a 
liquid scinti l lat ion solution a r e d iscussed . Since the value of the a/j£ ra t io 
in an organic liquid scinti l lating solution is usually less and in cer ta in 
cases appreciably lower than in an organic solid scint i l lator , it is r ea son­
able to a s sume that dynamic quenching by the t rans ien t radiat ion products 
produced by an alpha par t ic le takes place during the excitation lifetime of 
the solvent and the solute. Corrobora t ive exper imenta l evidence demon­
s t r a t e s the inverse dependence of the a/jB ra t io on the lifetime of the 
solvent and /o r the solute. 

Final ly var ious solvents, with s imi la r cha rac t e r i s t i c s , such as 
viscosi ty , etc . , each having 8 g/ l , of PPO as the solute, have been se lec ­
tively tes ted with the viewpoint of investigating the re la t ionship between 
sensit ivi ty to t r ans ien t radiat ion damage and the a /P ra t io . P r e l im ina ry 
r e su l t s a r e presented . 

*Paper p resen ted at Internat ional Congress of Radiation Research , 
Har roga te , England, Aug. 6-10, 1962. 



A M E A S U R E M E N T O F T H E P H O T O L U M I N E S C E N T QUANTUM YIELD 
O F LIQUID S C I N T I L L A T O R S . A P R E L I M I N A R Y R E P O R T 

W. R. A n d e r s o n and I. B . B e r l m a n 

( R e p o r t e d by W. R. A n d e r s o n * ) 

In t roduc t i on 

When u l t r a v i o l e t l ight fa l l s on a s c i n t i l l a t i n g so lu t ion , s o m e o r a l l 
of the photons in the beam, a r e a b s o r b e d and f l u o r e s c e n c e e m i s s i o n t a k e s 
p l a c e . Many i n v e s t i g a t o r s have a t t e m p t e d to d e t e r m i n e the r a t i o b e t w e e n 
the n u m b e r of pho tons e m i t t e d and the num.ber a b s o r b e d , i . e . , the q u a n t u m 
eff ic iency of v a r i o u s s c i n t i l l a t o r s , but the diff iculty of the m e a s u r e m e n t 
h a s c r e a t e d f a i r l y l a r g e u n c e r t a i n t i e s in the r e s u l t s . U ' ^ j Ideal ly , if the 
f l u o r e s c e n c e e m i s s i o n w e r e d i s t r i b u t e d u n i f o r m l y in a l l d i r e c t i o n s and the 
exc i t i ng l ight could be s c a t t e r e d a l s o u n i f o r m l y by s o m e medium., the r a t i o 
b e t w e e n the a m o u n t s d e t e c t e d in a p a r t i c u l a r d i r e c t i o n , a s in F i g u r e 18, 
would be the r a t i o b e t w e e n t o t a l s . Al though the e m i s s i o n f r o m f l u o r e s c e n t 
so lu t ions is a p p r o x i m a t e l y un i form,v^) t ha t e m i t t e d f r o m s c a t t e r e r s i s in 
g e n e r a l n o n - u n i f o r m ; h e n c e the two m e a s u r e m e n t s canno t be c o m p a r e d 
d i r e c t l y . H o w e v e r , t h e r e a r e ways of ge t t ing a r o u n d th i s difficulty, and we 
d e c i d e d to i n v e s t i g a t e two of t h o s e m e n t i o n e d in the l i t e r a t u r e . One in­
v o l v e s u s e of a s o - c a l l e d " i n t e g r a t i n g " sphere,V^j c o m m o n in p h o t o m e t r y 
m e a s u r e m e n t s . ( 4 > 5 ) The s c a t t e r e r and the f l u o r e s c e n t s a m p l e a r e i l l u ­
m i n a t e d in s u c c e s s i o n a t t he c e n t e r of a s p h e r e having a h ighly diffusing 
i n t e r i o r s u r f a c e . T h r o u g h m u l t i p l e r e f l e c t i o n the s p h e r e h o m o g e n i z e s the 
l ight , so tha t the l u m i n o s i t y of the i n t e r i o r s u r f a c e is a m e a s u r e of the 
t o t a l flux. The o t h e r i nvo lves an a n a l y s i s of the d e g r e e of p o l a r i z a t i o n of 
the r a d i a t i o n of bo th the s c a t t e r e r and the f l u o r e s c e n t so lu t ion in the d i r e c 
t ion of the d e t e c t o r . ( ^ ) The d e g r e e s of p o l a r i z a t i o n , the r a t i o of m e a s u r e d 
i n t e n s i t i e s , and the r a t i o of t o t a l f luxes b e a r a known r e l a t i o n s h i p to e a c h 
o t h e r . 

Figure 18 

Apparatus for measuring fluorescence emitted from the cell (side 
view). C is the transparent cell containing scatterer (glycogen 
in water) or fluorescent sample. L is the quartz lens. M is the 
Hilger and Watts monochromator with Hg lamp. P is the detector, 
(a 6t'U.'l photomultiplier and an electrometer). 

Method 1. Use of I n t eg ra t i ng S p h e r e 

If a l ight s o u r c e i s p l a c e d i n s ide a s p h e r e the i n t e r i o r s u r f a c e of 
wh ich is p e r f e c t l y diffusing, the i n t e r i o r b e c o m e s u n i f o r m l y i l l umina ted , 

S 

(SIDE VIEW OF APPARATUS) 

* U n i v e r s i t y of I l l i no i s , Ch icago , I l l ino i s . 
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w h e t h e r or not the s o u r c e e m i t s u n i f o r m l y in d i f fe ren t d i r e c t i o n s , and the 
l u m i n o s i t y of the s u r f a c e a t any point i s p r o p o r t i o n a l to the t o t a l e m i s s i o n 
f r o m the s o u r c e . ( 3 ! 4 , 5 ) \YQ a r e u s ing t h i s p r i n c i p l e in the a r r a n g e m e n t 
i n d i c a t e d in F i g u r e 19. The s c a t t e r e r and the f l u o r e s c e n t s a m p l e a r e con ­
t a ined in s t a n d a r d q u a r t z c y l i n d r i c a l s p e c t r o g r a p h ce l l s 10 m m th ick and 
22 m m in d i a m e t e r . Two d i f fe ren t s p h e r e s have b e e n t r i e d , one m a d e f r o m 
a hol low whi te p l a s t i c d i m e - s t o r e b a s e b a l l , and the o the r m a c h i n e d f r o m 
Teflon, both wi th an i n s i d e d i a m e t e r of 2-|-in. and e n t r a n c e and exi t a p e r ­
t u r e s I in. wide x -r- in. h igh. Ac tua l ly , the equ iva len t of t h r e e s p h e r e s w a s 
t e s t e d , s i n c e the b a s e b a l l w a s t r i e d bo th uncoa ted and coa ted with a s m o k e d 
l a y e r of MgO. 

(TOP VIEW OF APPARATUS) 

Figure 19 

Apparatus for measuring fluorescence reflected from integrating sphere 
(top view). C is a transparent cell, F is a band-pass filter, I is an in­
tegrating sphere, L is a quartz lens, M is a monochromator with Hg 
lamp and S is a detector (Beckman DK2 spectrophotometer). 

T h e i d e a l s p h e r i c a l s u r f a c e i s o n e w h i c h w i l l l ) c r e a t e u n i f o r m 
l u m i n o s i t y , a n d 2) r e f l e c t h i g h l y a t a l l w a v e l e n g t h s i n v o l v e d . T h e f i r s t 
c o n d i t i o n i s r e q u i r e d , b u t o n e h a s d i f f i c u l t y d e t e r m i n i n g w h e t h e r i t h a s 
b e e n a c h i e v e d . A l t h o u g h r e m o v a l of t h e t o p q u a r t e r of t h e s p h e r e s s h o w e d 
f a i r l y u n i f o r n i l u m i n o s i t y a n d t h u s i n d i c a t e d p o s s i b l e f u l f i l l m e n t of t h e f i r s t 
r e q u i r e m e n t , t h e r e s u l t s ( s e e T a b l e 1 a n d D i s c u s s i o n of R e s u l t s ) c a s t 
d o u b t o n t h i s . T h e s e c o n d c o n d i t i o n i s d e s i r a b l e b u t n o t r e q u i r e d s i n c e a 
r e l a t i v e d i f f u s e r e f l e c t i o n f a c t o r c a n b e d e t e r m i n e d a n d t h e c a l c u l a t i d ^ i s 
c a n t a k e t h e v a r i a t i o n i n t h i s f a c t o r i n t o a c c o u n t . T h e f a c t o r i s d e t e r ­
m i n e d f r o m t w o m e a s u r e m e n t s m a d e w i t h t h e B e c k i n a n D K 2 s p e c t r o p h o ­
t o m e t e r , t h e f i r s t u s i n g t h e c e l l c o n t a i n i n g t h e s c a t t e r e r in t h e a r r a n g e m e n t 

of F i g u r e 19, a n d t h e s e c o n d w i t h t h e 
m o n o c h r o m a t o r b e a m e d d i r e c t l y i n t o 
t h e D K 2 . R e a d i n g s a r e r e c o r d e d a t 
t h e w a v e l e n g t h a t w h i c h t h e H g m o n o ­
c h r o m a t o r s o u r c e p r o d u c e s b r i g h t 
l i n e s . T h e r a t i o b e t w e e n t h e t w o r e ­
s p o n s e s , if o n e a s s u m e s p e r f e c t 
s c a t t e r i n g b y t h e s c a t t e r e r , i s t h e 
r e l a t i v e d i f f u s e r e f l e c t i o n f a c t o r a t 
e a c h w a v e l e n g t h . R e s u l t s f o r t h e t h r e e 
s p h e r e s a r e g i v e n in F i g u r e 20 . T h e 
u n c o a t e d b a s e b a l l i s s e e n t o h a v e b e e n 
a p o o r r e f l e c t o r in t h e u l t r a v i o l e t r e ­
g i o n a n d t h e M g O - c o a t e d s p h e r e o n l y 
s l i g h t l y b e t t e r . T h e l a t t e r r e s u l t w a s 

m 

L^V 

X PLASTIC BASEBALL 
O MgO-COATED (THW) 
• TEFLON 

400 
WAVELENGTH Imfi) 

Figure 20 

500 

Wavelength response from various reflecting 
surfaces on the integrating sphere 
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unexpected and is very likely at t r ibutable to the use of too thin a coating of 
MgO; tes ts with heavier l ayers a r e planned. Teflon does much better; its 
reflection factor is at a constant high value from 560 to 460 m/i, then drops 
gradually, but at 313 m,u is s t i l l 0.24 of its maximum. No inference should 
be made from Figure 20 concerning the comparat ive absolute reflection 
abil i t ies of the surfaces since the curves a r e not comparable in this respec t 

Following the lead of Weber and Teale,!^) we a r e using an aqueous 
solution of glycogen as the s ca t t e r e r . The suitability of a sca t t e re r is 
easi ly tested, since the fraction of a beam scat tered by an ideal s ca t t e re r 
va r i e s inverse ly as the fourth power of the wavelength. V̂ j 6,7j The total 
fractional attenuation (apparent absorption) of a beam is then given by 

T = F s + F A = k X-^ + 0 = k X-* (1) 

where T is the fraction t ransmi t ted , F s and F ^ a r e the fractions sca t ­
te red and (truly) absorbed, respect ively, k is a proport ionali ty constant 
for the par t icu lar solution, and X is the wavelength. When the sca t t e r e r 
is sat isfactory, a plot of (l - T ) against X"* is a s t raight line through the 
origin since F^. exists only for an imperfect s ca t t e r e r . Plots of (l - T ) 
against X" as obtained on our DK2 for the glycogen in use at present 
(Eastman 590) indicate that the m a t e r i a l is failing to meet this r equ i r e ­

ment, possibly because of impur i t ies . 
How great ly our resu l t s a r e affected by 
this situation is difficult to deterniine. 

r 

^ / -

SCATTERER 
(EXCITATION) 

FLUORESCENCE 

The pr incipal measuremen t is 
made with the a r rangement of F igure 19. 
The monochromatic beam falls f irst on 
the sca t t e re r and an "energy" curve is 
obtained on the DK2; then the sca t t e r e r 
is replaced by the fluorescent sample 
and a second curve obtained. A typical 
pair of "energy" curves is given in F ig­
ure 21. The rat io of the " a r e a s " under 
the two curves , after taking into account 
the t ransmi t tance of the solution, the 
reflection factor of the sphere, and the 
spec t ra l sensitivity of the spectropho­

tometer (determined previously) is the quantum efficiency of the sample. 
In the present t r i a l s involving a m e r c u r y a rc excitation at 366 m/i , an 
Eas tman 18A filter is used in the beam to suppress s t ray light. Let: 

400 
WAVELE^GTH (m^) 

Figure 21 

Spect rogram of f luorescence 
radiat ion of sample and of 
exciting radiat ion 

No = photon flux of monochromatic exciting beam incident on cell 

AN' = photon flux at detector from sca t t e re r 

AN = photon flux at detector from fluorescent sample 
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To = fraction of incident beam t ransmi t ted by sca t t e re r ( and 
therefore lost) 

To = fraction of incident beam t ransmi t ted by fluorescent sample 
(and therefore lost) 

k = re la t ive diffuse reflection factor of sphere (luminosity per 
unit incident flux) 

ko = re la t ive diffuse reflection factor of sphere at wavelength of 
exciting light 

k = re la t ive diffuse reflection factor of sphere (average) over 
the wavelengths of the f luorescence 

s = re la t ive sensi t ivi ty of DK2 (number of photons in unit wave­
length bandwidth per unit reading of DK2) 

So = same at wavelength of exciting light 

y' = ordinate of DK2 curve for s ca t t e r e r 

y = ordinate of DK2 curve for f luorescent sample 

X = wavelength of light 

q = quantum efficiency of sample 

The average re la t ive diffuse reflection factor k of the f luorescence can be 
defined as Jy- s • dX/Jy • s • k"'̂  dX, where the in tegra ls refer to the fluores­
cent "energy" curve of F igure 21, The ra t io of photon fluxes at the spec­
t rophotometer may be expressed two ways: first , in t e r m s of the quantum 
efficiency. 

AN ^ No ( l - T p ) k g ^ ( l - T p ) ( J y • s • d X / / y • s • k"^ dX) g 
AN' N o ( l - T ; ) k o ( l - T ' ) k o 

and second, in t e r m s of the spect rophotometer readings , 

AN _ / y s • '^^ 

AN' ~ So / y ' - d X 

Then from (2) and (3), 

(1 - T i ) / y s - k " i dX 

(1 -To) soko^ / y'- dX 

(2) 

(3) 

(4) 

which is the ra t io of co r r ec t ed " a r e a s " under the DK2 curves . Resul ts ob­
tained thus far a r e given in Table 1. 



Table 1 

Results to date 

Tr ia l 
no. 

1 

2 

1 

Fluorescent solution 

Mater ia l 

Anthracene 
in hexane 

Anthracene 
in hexane 

Fract ion of 
excitation 
absorbed, 

(1-To) 

0.96 

0.99 

Glycogen 
sca t t e re r 

Frac t ion of 
excitation 
scat tered. 

0.75 

0.68 

Excitation 
wavelength, 

366 mn 

366 m,u 

Integrating-
sphere 

method 

Sphere 
used 

Uncoated 
baseball 

Teflon 

q 

0.31 

0.17 

Polar izat ion-
analysis -method 

q 

0.45 

0.31 

Some comparison values from the l i te ra ture : 

Anthracene in hexane (very dilute) 0.31 [Weber and Teale(2)] 

Anthracene in benaene (very dilute) 0.24 [Bowen and Wokes^ •'] 

Anthracene c rys ta l s 0.80-0.83 [Borison and VishnevskiC^)] 

Method II. Polar iza t ion-Analys is Technique 

Weber and Teale '^) show that the rat io between the total fluxes 
from the s ca t t e r e r and the fluorescent sample, can be determined if the 
intensit ies at r ight angles to the exciting beam, as in Figure 18, as well 
as the extents of polarizat ion in that direction, a r e known. They show that 

Ratio of total fluxes (fluorescent sample to sca t t e r e r ) _ 3 + p 
Corresponding ra t io of measu red intensit ies at r ight angles 3 + p ' 

(5) 

where p is the polarizat ion of the fluorescent sample and p' that of the 
s ca t t e r e r . The polarizat ions a r e defined by (lj_ - I |i)/(li +Iii) where (see 
Figure 18) I^ is the intensity of the component with e lectr ic vector pe r ­
pendicular to the direction of the exciting beam and ly that of the com­
ponent with vector paral le l . Since polaroid film is unsuitable as an 
analyzer , for it t r ansmi t s poorly below 400 m/i,v°/ we have copied Weber 
and Teale and constructed a quar tz-p la te analyzer . It consis ts of a stack 
of 8 plates, each 1 mm thick, separa ted by 1-mm air spaces . The index 
of refract ion n of fused quartz va r i e s from 1.49 at 300 m/i to 1.46 at 
600 m/i;*'"'' therefore , the angle of incidence for maximum effect over this 
range (i.e., B r e w s t e r ' s angle, equal to arc tan n) va r i e s from 56.1° to 
55.6°, It is fortunate that the setting is not c r i t ica l and that the effect 
changes little over severa l degrees because it was intended that the plates 
be inclined to produce an angle of 56°; but because of the refract ion effect, 
not taken into account in the design of the assembly, the angle turns out to 
be about 59°. The principle of operation is indicated in the sketch of the 
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assembly in F igure 22. Ideally, any component 
with e lect r ic vector perpendicular to the page (the 
so-cal led "s-component, " with vector perpendicular 
to the plane of incidence)l-'-'^/ is p rogress ive ly ex­
tinguished by par t ia l reflection at each interface, 
as i l lus t ra ted at the top plates , while most of the 
component para l le l to the page (the "p-component") 
is t ransmi t ted . Data on reflection and t r a n s m i s ­
sion were not found for quartz , but the following 
data for glass (n = 1.55) 3° above B r e w s t e r ' s 
angle was used as a first approximation. 

Fract ion t ransmi t ted 
at each interface^''-•'••' 

Frac t ion left after 
eighth plate 

p-component 

99.9ro 

s-component 

80. 

(0.999)16 = 98.4% (0.807)^^ = 3.2% 

Figure 22 

Diagram of uv polarizer made 
of quartz plate 

Ll prac t ice , the portions reflected upwards a re 
par t ia l ly re - re f lec ted downwards, and so on, so 
that a whole s e r i e s of incompletely-polarized 
overlapping multiple images are formed at the 
base in addition to that desired, and the separa ­
tion of the two components is less effective than 
that predicted from the calculation. With three 
77 in. c i rcu la r stops in place, as indicated, our 
device passes 19% as much plane-polarized light 

when in the "extinction" position as when in the " t ransmiss ion" position. 
This percentage ought to be reduced considerably by the addition of a 
fourth stop, just below the bottom quartz plate. Greater spacing between 
the plates would have increased the image displacements; |- in. has been 
suggested.^•'•^'' Actually, the analyzer need not be a 100"o polar izer ; all 
that is needed is that one know how efficient it is , so that two simply-
solved simultaneous equations can be set up relating the t rue intensit ies 
to the pair of intensity readings obtained. Let: Tg, T^, p, p ' , AN, AN', 
and X be as previously defined and: 

XQ - wavelength of exciting light 

J\ = re la t ive radiant energy flux of fluorescence spectrum per 
unit wavelength bandwidth 

F = photomultiplier cur ren t produced by fluorescent sample 

S = photomultiplier cur ren t produced by sca t t e re r 

X = re la t ive response of photomultiplier (current per unit radiant 
energy flux) 



ro = re la t ive response of photomultiplier at the wavelength of 
exciting light 

h = P lanck ' s constant 

c = veloci ty of light in vacuum 

Let us a s sume that a spec t rum J\ against X is available for the f luores ­
cent sample . Since the re la t ive number of photons received at the photo­
mult ipl ier from the f luorescent sample is J J ^ ( X h~^ c"'^)dX and the total 
cu r r en t produced is / J x rdX, the average re la t ive sensit ivi ty of the 
photomultiplier (photon flux per unit cur ren t ) is J Jx XdX/hc / Jx rdX, 
The corresponding re la t ive sensi t ivi ty towards light from the s ca t t e r e r is 
Xo/hcrQ. The quantum efficiency can then be determined from 

1 - T^ 3 + p AN ^ 1 - TQ 3 + P F / J X XdX/hc J J ^ r d X 
^ 1 - TO ' 3 + p ' • AN' ~ 1 - To ' 3 + p ' ' S ' Xo/hc ro 

(6) 

The quanti t ies Tg and TQ a r e obtained from t ransmi t tance m e a s ­
u rements on the spect rophotometer , the quanti t ies F and S from a 
6903 photomultiplier (as in F igure 18) in an e lec t romete r circuit , and the 
quantit ies p and p ' from the same appara tus , with the quar tz -p la te an­
a lyzer interposed between the cel l and the photomultiplier. The cel ls used 
a r e the same ones descr ibed in connection with the in tegra t ing-sphere 
method. The response (r against X) of the 6903 tube has been determined 
previously. Many fluorescent spec t ra (Jx against X) a r e obtainable from 
the l i t e ra tu re ; however, we ran our own curve for anthracene, using the 
spect rophotometer curve obtained from the a r rangement of Figure 19 and 
took into account the varying sphere reflection factor and the spec t r a l 
r esponse of the spect rophotometer . Resul t s to date a r e incorporated in 
Table 1. 

Discussion of Resul ts 

The r e su l t s in Tr i a l 1 a r e questionable since they were obtained 
before good techniques had been establ ished. Those in Tr ia l 2 can be 
looked at m o r e ser iously . Although the resu l t by the polar izat ion-analysis 
method gives r e su l t s identical to those obtained by Weber and Teale, this 
does not per se es tabl ish the super ior i ty of that method. The known un­
cer ta in ty in both of our r e su l t s is s t i l l high; moreover , since Weber and 
Teale used a very dilute and we an a lmost 100% absorbing solution, the 
technical quantum efficiencies might reasonably be expected to differ. 
We a r e confident that with further study of the problem the re l iabi l i ty of 
each method can be improved considerably. 
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DISSOCIATIVE ATTACHMENT OF SUBEXCITATION ELECTRONS IN 
LIQUID WATER, AND THE ORIGIN OF RADIO LYTIC 

"MOLECULAR" HYDROGEN* 

Rober t L. P la tzman 

Abs t rac t 

An e lec t ron in liquid water having kinetic energy, T, g rea te r than 
6,8 eV loses energy by electronic excitation so quickly that its at tachment 
to a water molecule has negligible probabil i ty. However, subexcitation 
e lec t rons ( T § 6 , 8 eV) a r e modera ted at a ra te which pe rmi t s appreciable 
at tachment . The only subexcitation at tachment p rocess is 

H2O + e" -* OH + H" ; 

its c ro s s - s ec t i on , Qatt(T), has threshold at 4.8 eV and peak at 6,0 eV. 
The H~ formed thereby r e a c t s immediate ly by 

H- + H2O -> OH" + H2 

This reac t ion sequence, which is es tabl ished exper imental ly in the vapor 
phase and should proceed just as effectively in the liquid, produces molec ­
ular hydrogen direct ly, i .e. , not by combination of two hydrogen atoms 
(current ly the accepted explanation). The 100-eV yield, gatt(H~) = gdir l^z) ' 
is calculated by integrat ion of the a t tachment probabil i ty in dT, 
N ' Qatt^'^^ '^' ( "dT/d t )~ \ from threshold to a par t i cu la r s ub excitation-
e lec t ron energy, and thereaf te r over the subexci ta t ion-elect ron spectrum, 
grp(e"), (Here N = density of water molecules a n d ~ m v ^ = T.) The ra te 
of moderat ion, -dT/d t , is obtained by adding to the Debye energy- loss 
the comparable ene rgy- loss to v ibra t ional modes , computed from exper i ­
menta l absorpt ion-coeff icients for infrared radiat ion. It is found that 
g j - (H2) « 0.2 ± 0. L This resu l t is comparable to the exper imenta l 
g(H2) » 0.4 for 7 radiat ion, and shows that the mechan i sm does contribute 
to the observed molecular yield. Other implicat ions concern the effect of 
t empera tu re on rad io lys i s , isotope effects, G(H2) in ice, and the charac te r 
and initial spat ia l dis t r ibut ions of r ad ica l s assumed in diffusion kinet ics . 

*Presented at Internat ional Congress of Radiation Research , 
Har roga te , England, Aug. 6-10, 1962. 
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COSMIC-RAY NEUTRON BACKGROUND RESEARCH, 
HEXAFLUOROBENZENE SCINTILLATOR 

Jacob Kastner and B. G. Oltman 

As pointed out by Marinelli,(-'•' maximum response of the "twin" 
scinti l lat ion fast neutron detectorl^s^) ĝ obtained when one of the solu­
tions has a re la t ively low pro ton-e lec t ron ra t io . Williams and Hayes at 
Los Alamosl^) employed hexafluorobenzene, which contains no hydrogen 
at a l l and yet was claimed to be comparable to fluorinated xylene in r e ­
gard to light yield. 

Recently this r a r e compound became available as a special product 
of the Imper ia l Smelting Company,* The light yield of the raw ma te r i a l 
as received has been de te rmined using the technique descr ibed by Gr i smore 
and Oltman. '5) The pulse height of 0.26 re la t ive to xylene which we ob­
tained is in ag reemen t with the value of 0.23 determined by the Los Alamos 
group (presumably not bubbled with N2).^ ' The good yield a t tes t s to the 
minimuin 0.97 puri ty c la imed by the naanufacturer. 
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STUDIES OF LOW ACTIVITY PHOTOTUBE MATERIALS 

H. A. May and P . E. Hess 

P a r t I 

The radioact ivi ty of seve ra l types of contemporary photomultiplier 
tubes, and of many of their component p a r t s , has been previously repor ted 
and the low res idua l activity of quar tz-envelope tubes noted,(1) Since these 
tubes a r e produced in smal l quantity, with r a the r long del ivery t imes ,and 
a re quite expensive, it was not feasible to break up one or more of them 
in o rde r to count the var ious pa r t s and de termine more prec i se ly the loca­
tion and amount of their radioact ivi ty. P a r t s of severa l exper imenta l tubes 
have since been obtained through the cour tesy of Dr. Jack Sharpe, of EMI 
Indust r ies , Ltd, A descr ipt ion of the samples which have been counted 
follows: 

1. Two graded sea l s , consist ing of a glass cylinder some 5 cm in 
outside d iameter by 3 cm long, with consecutive r ings of an 
undetermined number of g l a s se s , their expansion coefficients 
apparent ly grading from that of quartz to Kodial. Total sample 
weight 42 g. 

2. Three tube bases or " p r e s s e s , " each consisting of 15 smal l 
Kovar pins sealed into a Kodial g lass d isc . Total sample 
weight 48 g, 

3. Glass cylinder originally fused to one of the tube bases , thus 
apparent ly having t he rma l expansion p roper t i e s s imi la r to 
Sample 2 above, presumably Kodial. Sample weight 30 g. 

All samples were crushed into smal l bi ts in order to improve the 
counting geometry . No at tempt was made to separa te the Kovar pins in­
cluded in Sample 2 from the adhering pieces of glass since all previous 
experience indicates that the meta l is free of activity. The samples were 
sealed in smal l polyethylene bags and counted di rect ly in contact with the 
0.010-inch thick s teel "window" of the c rys ta l . A low background 7-inch 
d iameter by 3~- inch c rys ta l having one-half- inch integral m e r c u r y shie ld­
ing was employed. An additional two inches of bisnauth were placed within 
the s tandard 8-inch Fe cave and the whole surmounted by a plast ic sc in t i l ­
lator some 24 inches in d iameter , opera ted in anticoincidence with the c r y s ­
tal in order to provide some fur ther reduction in the background ra te a r i s ing 
from meson in terac t ions in the shielding. The net in tegral background over 
our s tandard energy band of 30 keV to 1.575 MeV under these conditions 
was 321 ± 5.3 cpm. The quoted uncertainty r ep re sen t s the r m s deviation 
from the mean of four background runs, and is due to smal l gain shifts 
r a the r than s ta t i s t ica l uncer ta in t ies . The observed net counting r a t e s 
and quanti t ies calculated theref rom a re summar ized in Table 2. 



Table 2 

Radioactivi ty analysis of selected phototube components 

Sample 

Net weight, g 
Net cpm 
Cpm/g 
Es t imated cpm pe r 

tube 
Cpm in K'*" peak 
Es t imated K content, g 
K content, % 
Cpm es t imated due 

to r ad ium 
Radium content,** 

cur ies 

1 
(graded seals) 

42 
56 + 1.6 

1.33 
28 

11.6 
0.64 
1.5 

21.6 

2.5 + 2 x 1 0 " " 

2 
(bases) 

48 
86 ± 1.4 

1,79* 
29 

26,3 
1.5 
3 

3 
(Kodial ring) 

30 

70 ± 1.5 
2.34 

-

22,3 
1.24 
4 

t r ace quantity only 

The sample includes the weight of the Kovar pins; the data 
mus t be in te rpre ted accordingly. 

Radium-226, assuming complete radon retent ion and 
equi l ibr ium with gamma-emi t t ing daughters . 

Discuss ion 

No a t tempt has been made to count these samples in a geometry 
simulating that which exis ts in actual u se . However, the findings seem to 
be quite consis tent with previous r e p o r t s of the activity of whole tubes. 
Although we have a s sumed that fused quar tz was completely free of natu­
ra l ly radioact ive e lements , this genera l iza t ion may not be wholly justified, 
A po tass ium content of 0,005% as m e a s u r e d by flame photometry has been 
repor ted frona samples of one c o m m e r c i a l supplier.(2) In a 5-inch d iam­
eter phototube, containing approximate ly 400 g of quar tz , this would r e su l t 
in the emiss ion of about 40 photons per minute, and, hence, a readily de ­
tectable background contribution would resu l t . We have had no opportunity 
to invest igate this d i rec t ly . An additional contribution would obviously 
a r i s e from the b e t a - p a r t i c l e emiss ion , dependent upon the geometry and 
m a t e r i a l s between the quar tz and the detecting c rys ta l . 

A po ta s s ium- f ree g lass has been developed by the Corning Glass 
Company under an AEC contract.(•^) The fabrication of this g lass into 
usable phototubes has presen ted many p rob lems , due to the gradual v i t r i ­
fication during working, so that it now appears that use of a multiple graded 
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seal to a p r e s s e d base of conventional Nonex glass may be necessa ry . The 
p rac t i ca l reduction in radioact ivi ty which will be rea l ized with such con­
struct ion appears to be much less than was des i red . The utility of K ° 
counting as a d i rec t method of po tass ium analysis in glass and the signifi­
cance of potass ium content in construct ion of counter tubes has rece ived 
some attention in the German technical press.( '^"") Whether further ef­
forts will be forthcoming, para l le l ing and possibly extending the work by 
Corning, r emains to be seen. 

P a r t II 

Since the meta l s employed in e lect ron tube s t r uc tu r e s , namely 
copper, iron, nickel, tungsten, molybdenuna, Kovar, e tc . a r e found to con­
tain l ess radioactivi ty than g lass by at leas t severa l o rde r s of magnitude, 
some considerat ion should be given to the feasibility of manufacturing 
low-level photomultiplier tubes without any glass whatsoever . Cons t ruc­
tion utilizing a meta l shel l , quar tz or sapphire window, and ce ramic in­
su la tors for the in ternal mul t ip l ie r s t ruc ture supports and for lead-through 
of external leads , appears to be ent i re ly feasible with existing techniques. 
Methods of making c e r a m i c - t o - m e t a l sea ls a r e well es tab l i shed! ' / and 
should not introduce any activity. The the rmal expansion cha rac t e r i s t i c s 
of sapphire more near ly match those of appropr ia te me ta l s ; \ ° / however, 
its g r ea t e r cost and the tendency toward cleavage may be a disadvantage. 
Direct qua r t z - t o -me ta l sea ls by active meta l soldering has been reported,(9) 
as has an indium soldering technique for qua r t z - to -g l a s s bonding.(10) The 
radioact ivi t ies of some m a t e r i a l s involved in such construct ion have been de­
te rmined and a re shown in Table 3. The following is a more detailed de ­
scr ipt ion of the samples . A single sapphire boule approximately 7 cm in 
d iameter was obtained from the Linde Company.* This was in an un­
polished, as -grown condition. Alternate sample and background runs were 
made in the previously descr ibed low-background facility for a total count­
ing t ime of 300 minutes each, with aged a i r flowing to el iminate radon 
fluctuations. 

The Nuvistor type of receiving tube construct ion introduced by RCA 
employs a thin ce r amic disc base , which supports and spaces the tube e l e c ­
t rodes . Some of the supporting leads extend through the base and serve as 
connecting leads , the whole being made vacuum tight by means of metal l ized 
and b razed a r e a s about each pin. The ent i re a ssembly is sealed to a meta l 
shell in a s imi la r manner . Samples of these ce ramic bases have been 
counted. The f i r s t determinat ion was made on a 8,7-g sample consisting 

*It is a p leasure to acknowledge the ass i s tance of Mr . F . McGuire, J r . , 
Crysta l Products Division, Linde Company, who generously loaned 
the sapphire to us . 



for the m o s t p a r t of b a s e s r e m o v e d f r o m defec t ive N u v i s t o r t u b e s . Sub­
s e q u e n t l y , a l a r g e r n u m b e r of v i r g i n b a s e s w a s ob ta ined in o r d e r to al low 
a d e t e r m i n a t i o n a t a m o r e s ign i f i can t count ing l e v e l . * The net count ing 
r a t e o b s e r v e d f r o m t h e s e s a m p l e s a p p e a r s to be rough ly the s a m e a s t ha t 
of o t h e r c e r a m i c p a r t s we have e x a m i n e d in the p a s t . 

Table 3 

Net activity of mater ia ls for proposed low-activity phototubes 

Sample 

1. 
2 . 

3 . 

4 . 

5 . 

Sapphire boule 
C e r a m i c b a s e s , RCA 
(Nuvis tor) 
C e r a m i c b a s e s , RCA 
(Nuvis tor) 
C e r a m i c i n s u l a t o r s * * 
DuMont type 
Alumina tubes , 
Morgan i t e 

Net 
weight , 

g 

190 
8.7 

26.0 

44.5 

278 

Background* 

374.1 ± 4.1 
314.8 + 1.4 

355.7 ± 1.0 

354.4 + 0.6 

442.6 ± 1.6 

" - — • 

Background 
+ Sample 

372.7 ± 2.6 
334.5 + 0.9 

378.1 ± 0.6 

401.2 + 1.9 

453.9 ± 1.3 

Sample , 
net 

-

19.7 i 1.9 

22.4 i 1.2 

46.8 + 2.1 

11.3 ± 1.6 

Net 
c p m / g 

_ 

2 . 3 

0.9 

l . I 

0.04 

•Variations in background reflect slightly different shielding arrangements 
since these measurements were spread over a time interval of about a year 
and other experiments were in progress concurrently. Anticoincidence de­
tectors were in operation for Sample 2 only. 

**Data previously reported in Reference 1, p. 94. Mass of sample reported 
erroneously in that report and repeated here for comparison. 

A 99.7% a l u m i n a c e r a m i c , in the f o r m of t h e r m o c o u p l e t u b e s , w a s 
a l s o coun ted . Th i s s a m p l e w a s of " T r i a n g l e RR" g r a d e , m a n u f a c t u r e d by 
the M o r g a n i t e c o m p a n y of Eng land . B e c a u s e of the high p u r i t y and the 
fac t t ha t the s i n t e r i n g p r o c e s s e m p l o y e d in m a n u f a c t u r e r e q u i r e s a t e m ­
p e r a t u r e in the n e i g h b o r h o o d of 1700°C, it w a s hoped tha t the r e s i d u a l 
r a d i o a c t i v i t y would be v e r y low. Tha t th i s is t r u e m a y be s e e n f r o m c o m ­
p a r i s o n of the count ing r a t e s o b s e r v e d , a s t a b u l a t e d in Table 3. 

D i s c u s s i o n 

The d e m a n d s of a c o n s t a n t l y expanding e l e c t r o n i c s i n d u s t r y for 
v a c u u m tubes c a p a b l e of e x t r e m e l y h i g h - p o w e r output a t f r e q u e n c i e s of 
10 k m c and above h a s led to d e v e l o p m e n t of a l a r g e n u m b e r of s p e c i a l i z e d 
c e r a m i c s fa l l ing into four b r o a d c a t e g o r i e s . ( 1 1 ) T h e s e a r e known as h igh 
a l u m i n a , f o r s t e r i t e , s t e a t i t e , and z i r c o n - t a l c . The c o m p o s i t i o n of e a c h 

*The i n t e r e s t and a s s i s t a n c e of M r . W. J . Z i m m e r m a n of the E l e c t r o n 
Tube Div i s ion , Radio C o r p o r a t i o n of A m e r i c a , in supplying us wi th 
t h e s e p a r t s is g ra t e fu l ly acknowledged . 



m a y be v a r i e d w i d e l y in o r d e r to ob t a in the d e s i r e d p h y s i c a l c h a r a c t e r i s ­
t i c s , s u c h a s v a c u u m - t i g h t c r y s t a l l i n e s t r u c t u r e o r a p a r t i c u l a r t h e r m a l 
e x p a n s i o n coef f ic ien t o r d i e l e c t r i c c o n s t a n t . The t e m p e r a t u r e a t w h i c h the 
c e r a m i c " m a t u r e s " o r t a k e s on i t s u l t i m a t e m i c r o s t r u c t u r e , c o n s i s t i n g of 
v a r i o u s c r y s t a l l i n e f o r m s in a v i t r e o u s m a t r i x , and the d i m e n s i o n a l s t a ­
b i l i ty du r ing the f i r i ng p r o c e s s a r e i m p o r t a n t c o n s i d e r a t i o n s a l s o . The 
r a n g e of c o m p o s i t i o n s w h i c h a r e t y p i c a l of e a c h g r o u p i s i l l u s t r a t e d below 
(Tab le 4) . 

T a b l e 4 

Range of c o m p o s i t i o n s for t y p i c a l e l e c t r i c a l c e r a m i c s 

C o m p o s i t i o n , % 
AI2O3 
Kaol in 
Bal l c l ay 
T a l c 
Mg(OH)2 
BaCOs 
BaF2 
Ben ton i t e 
F e l d s p a r 
Z i r c o n (ZrOz'SiOg) 

T y p i c a l l i n e a r t h e r m a l 
e x p a n s i o n coef f ic ien t 
(25° - 300°), X 10"^ 

Typ ica l f i r i ng 
t e m p e r a t u r e , °C 

Compound 

A l u m i n a 

90 - 95 
3 - 5 
2 - 5 
1 - 3 

5.1 - 6.2 

1600 - 1750 

— -

F o r s t e r i t e 

3 - 10 
50 - 80 
10 - 40 

6 - 7 
10 

3 - 5 

9 

1200 - 1450 

S tea t i t e 

10 

70 - 90 

5 - 8 

10 

6.5 - 7.8 

1350 

Z i r c o n -
t a l c 

7 - 10 
20 - 40 

5 - 10 
3 - 5 

40 - 80 

5 .5* 

1300 

*Th i s p r o v i d e s the c l o s e s t m a t c h to Kova r o r F e r n i c o . 

The po in t to the above d i s c u s s i o n is t ha t a l l of t h e s e f o r m u l a t i o n s 
inc lude n a t u r a l c l ay p r o d u c t s in v a r y i n g a m o u n t s , c o n s i s t i n g p r i n c i p a l l y 
of a l u m i n u m and m a g n e s i u m s i l i c a t e s and v a r y i n g in c r y s t a l l i n e f o r m and 
in the e x t e n t of t r a c e e l e m e n t s c o n t a i n e d by r e a s o n of the g e o c h e m i s t r y of 
the o r i g i n a l d e p o s i t . H e n c e , r e a d i l y d e t e c t a b l e a m o u n t s of po t a s s iuna , 
r a d i u m and t h o r i u m a r e to be e x p e c t e d . The c e r a m i c N u v i s t o r b a s e s a r e 
known to fa l l into the F o r s t e r i t e c l a s s , c h a r a c t e r i z e d by the p r e d o m i n a n c e 
of m a g n e s i u n a o r t h o s i l i c a t e . 



As opposed to these s i l i ca t e -based m a t e r i a l s , which a r e essent ia l ly 
only improvements and ref inements on age-old porcelain, the Morganite 
m a t e r i a l r e p r e s e n t s a s ingle-phase meta l -oxide ce r amic , formed into a 
compact m a s s by a s inter ing p r o c e s s . Since ex t remely high t empe ra tu r e s 
a r e requ i red for th is , as for the flame growing of the synthetic sapphire 
(also pure alumina, of course) , it is likely that the low radioactivity which 
we observe is the resu l t of volat i l izat ion of contaminating t r ace elements 
during process ing , r a the r than of high puri ty of the source m a t e r i a l s . 
Fur the r investigation of this point is planned. 
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NEUTRON PRODUCTION IN MASSIVE SHIELDS AND E F F E C T UPON 
THE LOW-ENERGY GAMMA-RAY BACKGROUND 

H. A. May 

L Introduction 

An extended s e r i e s of exper iments has been c a r r i e d on over the 
past th ree y e a r s designed to elucidate the contribution of c o s m i c - r a y 
phenomena to the background of low-energy gamma rays observed in 
large sodium iodide c rys ta l s inside mass ive shie lds . The exper iments 
and thei r r esu l t s have been descr ibed in our semiannual reports, '• '• '^) 
and in seve ra l other publications.(3,4) At f i rs t we tacit ly a s sumed that 
some port ion of the background which did not or iginate from the c rys ta l 
detector itself (including the photomult ipl ier tube) or from the shielding 
m a t e r i a l or iginated from in terac t ions of cosmic rays with the shield. 
Since the nnu-mesonic component is the mos t penetra t ing, it was su rmised 
that this component was mainly responsible and hence, that charged p a r ­
ticle de tec tors of suitable geometry and efficiency in anticoincidence 
should be capable of el iminating the cosmic ray contribution completely. 
Extensive m e a s u r e m e n t s with GM tube a r r a y s and la rge plast ic sc in t i l ­
la tors have shown that this goal could be approached but not completely 
attained since the background suppress ion provided by them did not equal 
the suppress ion obtainable in m e a s u r e m e n t s per formed at la rge depths. 

Since evaporat ion neutrons a r e produced by capture of low-energy 
negative muons, or as the resu l t of d i rec t nuclear interact ion by fast 
muons, it was at f i r s t thought that the inadequacy of the anticoincidence 
techniques was a r e su l t of the re la t ively long t ime per iods requ i red for 
neutron thermal iza t ion and capture in h igh-a tomic-number m a t e r i a l s . 
Fu r the r evidence lending support to our conviction that local ly-produced 
neutrons a re p re sen t in significant numbers has been presen ted by 
Parker , (5) A s imi la r conclusion was reached by Grinberg and Le Gallic.(6) 

F rom further inquiry into c o s m i c - r a y phenomena, it became a p ­
paren t that other p r o c e s s e s which a r e a lso capable of generat ing evapor­
ation neutrons must be taken into considerat ion. Information on such 
p r o c e s s e s and their re la t ive impor tance in this par t i cu la r situation may 
be found in the extensive l i t e r a tu re of c o s m i c - r a y physics ; the re levant 
facts, however, a r e all but concealed by the very extent of the l i t e r a tu re , 
the wel te r of exper imenta l detail , and by the predominant in te res t of the 
cosmic - r ay physic is t in p r i m a r y phenomenology. Extensive s u m m a r i e s , 
such as those of RossiC^) and the monograph on nnesons by ThorndikevS) 
have been found par t i cu la r ly comprehens ive . A summary of c o s m i c - r a y 
and neutron physics appropr ia te to an understanding of low-energy gamma-
ray production in the environment is in prepara t ion . For the present , we 
shall state in simplified form and without complete documentation, the 
pr incipal conclusions of such a summary . 



II. Cosmic-Ray Phys ics 

Near sea level , the penetrat ing or hard component of cosmic 
radiat ion consis ts a lmost ent i re ly of muons, having a r e s t mass of 
210 e lec t ron m a s s e s or 105.6 MeV. The incident par t ic le flux, from 
all d i rec t ions , on a unit sphere is about 1.7 x 10"^ cm~^ sec"'^, the ra t io 
of posit ively to negat ively-charged pa r t i c l e s being about 1.25. The 
energy spec t rum reaches a maximum at around 0.6 BeV, with a mean 
energy of 1.8 BeV. Energy loss is p r i m a r i l y by ionization and amounts 
at minimum ionization to some 1.2 MeV/g/cm^ in a i r , or 1.8 MeV/g/cm^ 
in dense m a t e r i a l s . When brought to r e s t , the muon may ei ther decay or 
be captured; the former a l ternat ive ( represen ted as/ i—*e~+ 2v) is the 
only cne possible for the positive muon because the Coulomb b a r r i e r 
prevents a capture approach to the nucleus . The most probable energy 
of the decay e lec t rons is around 45 MeV. In the case of negative muons, 
the p r o c e s s e s of capture and decay are equally probable in a ma te r i a l of 
Zgff = 12, but capture predominates in heavier ma te r i a l s such as iron or 
lead. Before nuclear capture , the muon is t rapped briefly in a Bohr orbi t 
and hence a mesonic x - r a y is eiTiitted. The KQ, line occurs with at leas t 
80% probabil i ty, re leas ing 1.55 MeV in i ron or 6.0 MeV in lead. Nuclear 
capture r e su l t s in excitation of the nucleus , leading to the evaporation of 
one or two neut rons , with energies ranging from one to ten MeV, while 
the major portion of the energy is c a r r i e d off by neutrino emiss ion, and 
at most 10 MeV by de-exci ta t ion gamma photons. Direct nuclear in te r ­
action by penetra t ing mesons also occur s , re leas ing a g rea te r average 
number of evaporation neut rons . 

Nuclear in teract ions may also be produced by the so-cal led nu-
cleonic component of cosmic r ays , which at sea level is composed p r e -
doixiinately of high energy neut rons , and pro tons . Although their numbers 
a re l ess than the total meson flux by an o rde r of magnitude, these nucleons 
in te rac t much more readily, being cha rac te r i zed by a mean free path of 
some 150 g/cm^. The total number of evaporation neutrons produced is 
de te rmined by the in teract ion c r o s s section, which is approximately geo­
m e t r i c a l (and hence, va r ies as A^ ), and by the multiplicity or average 
number of neutrons re leased per in teract ion by the excited nucleus . 
This number is approximately 3 in i ron and 6.5 in lead;'9} since this value 
i n c r e a s e s with energy of the incident pa r t i c l e , these numbers may depend 
upon any bias inherent in the exper imenta l methods of measu remen t . The 
energy spec t rum of the nucleonic component extends into the BeV region, 
and hence is capable of producing nuclear cascades , i .e . , of locally gen­
erat ing nucleons with energies exceeding 100 MeV or so. Since the excited 
nuclei of each generat ion lose energy by evaporation of severa l neut rons , 
the observed mult ipl ici ty depends upon the thickness of the interact ing 
medium. 



Neutrons may also be produced m shielding ma te r i a l s by the "soft" 
or electron-photon cascade component containing gamma rays with e n e r ­
gies exceeding the threshold for the 7-n p roces s . The c ro s s section for 
the photonuclear effect shows the well-known giant resonance at approxi­
mately 20 MeV in iron. The extent to which this p rocess contributes to 
neutron production in a mass ive shield is de termined by the attenuation 
of the "soft" component in building m a t e r i a l surrounding it. The typical 
range of a em shower par t ic le is of the o rde r of one radiation length, or 
about 25 g / c m in concre te . However, an investigation of extensive a i r 
showers showed that some 3% of the par t ic les were capable of penetrat ing 
10 cin of lead. Hence, one should expect photonuclear react ions to con­
tr ibute to the neutron production. 

The fast neut rons , r e g a r d l e s s of their origin, lose energy rapidly 
by e las t ic and inelast ic sca t te r ing . In iron, the la t te r p roces s is possible 
only above the 840 keV threshold and resu l t s in emiss ion of a de-excitat ion 
photon of the same energy. The inelast ic p rocess contr ibutes 37 percent 
of the total c ros s section when averaged from 4 MeV to threshold. The 
root mean square dis tance t raveled by a neutron in being slowed from 
4 MeV to t h e r m a l ene rg ies , as calculated from F e r m i age theory, is about 
65 cm in iron;* hence, it is apparent that escape from the cus tomary shield 
ing thickness is apprec iable . The neutrons which a r e thermal ized in the 
Fe shield a r e cha rac te r i zed by an absorpt ion mean free path (actual t r a ­
jectory) of 4.7 cm, or a diffusion length of 1.3 cm. The gamma spec t rum 
resul t ing from t h e r m a l neutron capture in i ron extends from 300 keV to 
10 MeV, with major l ines at 364 keV, 1.63, 1.72, 5.91, 6.01 and 7.64. 

The t r an spo r t c r o s s section of neutrons and their inelast ic s c a t t e r ­
ing c r o s s section in high atomic number m a t e r i a l s , such as lead, me rcu ry , 
and bismuth, differ widely and will not be d iscussed fur ther . 

The average t ime requi red by a fast neutron to become thermal ized, 
and to be captured, is of some in te res t . This may be readi ly calculated 

By way of compar ison , the same quantity is about 16 cm in water and 
185 cm in lead. 
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for hydrogenous m a t e r i a l s , but in denser m a t e r i a l s , and par t icu la r ly in 
the range of medium atomic numbers , effects associa ted with the binding 
energy and t he rma l energy of the lat t ice a r e significant in the region of 
a few keV energy, and a re not amenable to simple theory.(lO) The values 
which a r e given in Table 5 a r e exper imenta l for the most par t . In p a r ­
t icu lar , the t ime to r each an energy of one e lect ron volt in iron is extrapo­
lated from recen t Russian data for the t ime to reach 4.9 eV;( l l ) the 
probable e r r o r is unknown. However, the o r d e r s of magnitude a re un­
doubtedly c o r r e c t and se rve to indicate the problems inherent in the use 
of anticoincidence devices . 

Table 5 

Time constants assoc ia ted with energy loss of fast (3 MeV) 
neutrons in shielding ma te r i a l s 

Mate r i a l 

Time to 
r each 
1 ev, 
ji sec 

T h e r m a l i z a t i o n Diffusion 
t i m e c o n s t a n t , I t i m e , 

ft s e c ' u s e e 

1.3 I 6 I 210 
110 ?? I 22 

H2O 
Fe 
Pb i 430 ] 900 1 910 
. I _ _ _ L _ , , ' ^ : 

We may s u m m a r i z e this sect ion, then, by noting that some fraction 
of all cosmic pa r t i c l e s is energet ica l ly capable of producing evaporat ion 
neutrons in the usual shielding m a t e r i a l s . This may be minimized by the 
use of m a t e r i a l s with low atomic m a s s since the probabil i ty of meson decay 
becomes appreciably g r e a t e r and the neutron mult ipl ici ty l e s s . 

III. Implicat ions of Theory 

F r o m this brief d iscuss ion , it may be infer red that efficient r e duc ­
tion of the major port ion of the c o s m i c - r a y contribution may best be a c ­
complished by removal of the nuclear interact ing component by a suitable 
shielding layer of m a t e r i a l with low atomic m a s s . The requ i red thickness 
of suitable m a t e r i a l s is i l lus t ra ted in the accompanying table (Table 6), 

If these m a t e r i a l s can be provided free of radioact ivi ty, they can 
se rve a l so as conventional g a m m a - r a y shie lds . Such m a t e r i a l s have in­
deed been proposed, and in a few cases used, as gamma shields(12-16) 
but apparent ly without a full r ea l iza t ion of their p r o p e r t i e s . The total shield 
thickness naight well then be chosen so that the density of low-energy photons 
produced by inelas t ic sca t t e r and by capture of evaporat ion neutrons at the 
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inner layer of the shield is comparable to the photon density a r i s ing from 
res idua l radioact ivi ty. It may be wor th while to point out that once the 
nuclear component has been reduced to the point that meson interact ions 
in the shield predominate , the advantages of m a t e r i a l s with low atomic 
number become far l e ss compelling, for in this case , as we have seen, the 
neutron mult ipl ici ty is appreciably s m a l l e r . The removal or reduction of 
neutron effects by anticoincidence devices will st i l l be great ly simplified 
by the rapid thermal iza t ion which is cha rac t e r i s t i c of light e lements . 

Table 6 

Thickness of typical shield m a t e r i a l s vs . attenuation 
o± c o s m i c - r a y nucleons 

Attenuation 

l/lo = 0.37 0.135 0.05 0.011 

Thickness (mean free paths) 

4.5 

Thickness (mete rs ) of Mater ia l 

H20 
Soil 

(p = 1.5 to 1,8) 
Ordinary concre te 

(p = 2.3) 

1.5 
0.85-1 

0.65 

.0 
3.0 
1.7-2.0 

1.3 

4.5 
2.5-3 

2.0 

6.7 
3.8-4.5 

2.9 

Note: The mean free path of the nuclear component is only 
slightly dependent upon m a s s number , but may be 
weakly dependent upon the energy of the nucleon. 
Values ranging from 120 to 180 g/cm^ a re found in 
the l i t e r a tu r e ; he r e , a mean value of 150 g /cm has 
been used. 

It should be noted that the influence of the type and total m a s s of 
building const ruct ion m a t e r i a l s overlying a low-level shield may have an 
appreciable effect upon the ul t imate background count obtainable there in , 
and a t tempts to compare such f igures for shields of comparable dimensions 
at different locations mus t take this into considerat ion. As an example , we 
p re sen t some data on background counting ra te in a shield located in the 
Food and Container Inst i tute , U. S. Army Q u a r t e r m a s t e r Depot, Chicago.* 

*We a re indebted to Major J. P . Berg and Captain O. P . Snyder of the 
Q u a r t e r m a s t e r Corps for thei r generous a s s i s t ance in obtaining 
these data. 



The sh ie ld c o n s i s t s of a s e c t i o n of a 1 6 - i n c h nava l gun b a r r e l , c a s t in 1917, 
m a c h i n e d to a n a v e r a g e wa l l t h i c k n e s s of 11 i n c h e s . End p l a t e s of 10-in, 
a r m o r p l a t e w e r e f a s t e n e d in p l a c e and the e n t i r e a s s e m b l y l ined with-j- inch 
of s e l e c t e d , low a c t i v i t y l e ad . 

Within th i s sh ie ld , the 
i n t e g r a l count ing r a t e of a low 
b a c k g r o u n d 7 - inch x 3 y - i n c h 
c r y s t a l wi th q u a r t z EMI p h o t o ­
tube a t t a c h e d o v e r the e n e r g y 
r e g i o n frojxi 30 keV to 1.575 MeV 
w a s found to be 417 ± 5 c p m , * 
This m a y be c o m p a r e d with a 
t yp i ca l f igu re of 390 c p m in our 
8 - i n c h th i ck sh ie ld . Tha t the 
d i f f e r ence cannot be c a u s e d by 
r a d i o a c t i v i t y in the gun b a r r e l 
is i nd ica ted by the e x t r e m e l y 
snaooth s p e c t r u m obta ined ( s e e 
F i g u r e 23), which shows no 
ev idence of the p r e s e n c e of 
t h o r i u m or r a d i u m c h a i n s . 

The gun b a r r e l w a s l oca t ed on the top f loor of the bui ld ing with 
7 i n c h e s of r e i n f o r c e d c o n c r e t e o v e r h e a d , w h e r e a s ou r b a s e m e n t l oca t ion 
has 14 i n c h e s of ove r ly ing c o n c r e t e . The d i f f e rence in ove r ly ing bui ld ing 
m a t e r i a l s of 39 g /cn i^ i s e x a c t l y e q u i v a l e n t to the e x t r a 2 i n c h e s of i r o n 
in the top s l a b of the gun b a r r e l sh ie ld . T h u s the ne t a t t e n u a t i o n of the n u c l e a r -
i n t e r a c t i n g c o m p o n e n t i s the s a m e . The h i g h e r m a s s nunaber of i r o n r e s u l t s 
in i n c r e a s e d e v a p o r a t i o n n e u t r o n p r o d u c t i o n in t h i s m e d i u m . A quan t i t a t ive 
a s s e s s m e n t of the r e s u l t a n t photon flux wi th in e a c h sh ie ld , and of the s i m i l a r 
though s m a l l e r effects in the sh ie ld w a l l s , a p p e a r s to be e x t r e m e l y difficult 
and of doubtful a c c u r a c y . The o b s e r v e d d i f f e rence in count ing r a t e s i s in 
the r i g h t d i r e c t i o n , c o n s i s t e n t wi th t h e s e qua l i t a t i ve a r g u m e n t s . However , 
i t m u s t be ad in i t t ed tha t t h i s m a y be e n t i r e l y f o r t u i t o u s . 

IV. E x p e r i m e n t 

A c r u d e e x p e r i m e n t b e a r i n g upon the effect of background n e u t r o n s 
w a s p e r f o r m e d in our l a b o r a t o r y by s u r r o u n d i n g the 7 x S-g--inch low-
b a c k g r o u n d c r y s t a l wi th a p p r o x i m a t e l y 15 c m of paraf f in and r e p l a c i n g 
Sonne of the o u t e r i r o n sh ie ld ing wi th l e ad . The 8 - inch th ick i r o n cave 
p r e v i o u s l y e m p l o y e d in m a n y of t h e s e s t u d i e s ! 1) w a s loca ted a t g r a d e l e v e l 
wi th only a th in a l u m i n u m roof o v e r h e a d . When the c e n t r a l s p a c e was f i l led 

* The quoted probable error results from an estimate of the uncertainty in the low-energy cutoff. Count­
ing statistics alone, for two runs of 100 minutes and 2-50 minutes, result in a probable error of approxi­
mately +1 cpm. 
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Figure 23 

Background spectra in 16 -inch naval gun barrel shield. Food 
and Container Institute, U. S. Quartermaster Depot 



with paraffin, the net i nc rease in a 110-keV band centered at 2.23 MeV, was 
5.4 counts per minute,* The change in the shape of the spec t ra was defi­
nitely above s ta t i s t ica l e r r o r . 

The cave construct ion is such that the square s tee l plates forming 
the top can be readi ly reinoved without disturbing the sides or the door. 
All but one of the top plates were removed and the space filled with lead 
b r i cks ; the volume of i ron thus replaced was about 6% of the total shield. 
In the p resence of this lead the net i nc rease due to paraffin in the same 
band was now 8.6 cpm. Table 7 s u m m a r i z e s the observed data: 

Table 7 

Observed in tegra l counting r a t e s for ce r t a in shielding a r r angemen t s 
designed to demons t ra te neutron effects 

Shielding 

Fe - paraffin 
Fe alone 

Difference 
Fe , Pb and paraffin 
Fe and Pb alone 

Difference 

Energy band 

60 keV - 3.2 MeV 

747 ± 1 . 5 cpm 
671 ± 1,0 cpm 

76 ± 1.85 cpm 
810 ± 1,2 cpm 
668 ± 1,0 cpm 
142 ± 1.6 cpm 

2.17 - 2.28 MeV 

24.30 ± 0.27 cpm 
18.90 ± 0.17 cpm 

5.4 ± 0.32 cpm 
26.9 ± 0.21 cpm 
18.41 ± 0,17 cpm 

8.5 ± 0.27 cpm 

Two major physical p r o c e s s e s can produce the observed inc rease 
in background counting ra te when paraffin is added. Many of the fast neu­
t rons which emerge from the inner i ron surfaces a r e thermal ized , the 
r m s dis tance t raveled in paraffin to r each the rma l energy from an o r ig i ­
nal energy of 3 MeV being about 13.5 cm.118) Since the t he rma l diffusion 
length in paraffin is of the o rde r of 2.5 cm, mos t of these will a lso be 
captured by the hydrogen, emitt ing a 2.225-MeV photon. The fraction 
which diffuse back into the i ron a r e captured near i ts inner boundaries b e ­
cause the i ron diffusion length is only 1.3 cm. Thus, the mean dis tance 

* The existence in the background of such a hydrojen capture peak produced by cosmic-ray neutrons 
alone was first reported by Ellett and Brownell-^^ ''̂  In their case the hydrogen was present in the form 
of a large plastic scintillation anticoincidence detector. 

In the first attempt, blocks of paraffin were piled about the crystal, filling the cave as nearly as pos­
sible, but this resulted in a greatly increased counting rate at low energies. A difference spectrum 
demonstrated fission product contamination, presumably from repeated handling of the blocks during 
previous experiments. Hence fresh paraffin was obtained, which had been stored for several years in 
unopened packages so that any short lived fission product contamination which might have been 
present at time of manufacture would have decayed out. Thin stainless containers were fabricated; 
two end sections 38 x 38 x 16 cm thick, and a center section 38 x 38 x 35 cm, with a cylindrical 
piece cut out of the center to accommodate the crystal and preamplifier. These were filled with 
clean paraffin and sealed, permitting repeated handling with minimum precautions against surface 
contamination. 
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which an iron capture gamma ray must t rave l before being detected by the 
c rys ta l is reduced, and hence, the number detected is increased. The r e ­
duction of path length in i ron and substitution of a high probability of 
Compton scat ter ing in the paraffin further a l ter the shape of the observed 
spect rum. 

However, the effects at cosmic - r ay flux levels a re not large enough 
to yield a s ta t is t ical ly smooth difference spectrum in any reasonable time 

interval . In order to a s s e s s these 
effects further, a s e r i e s of back­
ground runs has been made under 
a shield capable of removing the 
nuclear interacting component 
without reducing the meson flux 
too great ly. The site was p r o ­
vided by the ear th mound over 
the r ing-shaped building which 
will house the main accelerat ing 
magnets of the Argonne Zero 
Gradient Synchrotron, now under 
construction. Figure 24 shows a 
plan view of the instrument access 
tunnel leading from the high bay 
magnet assembly and test build­
ing into the ring, together with a 
portion of the ring itself. The 
tunnel is 24 feet wide by 16 feet 
high, and is provided with heavy-
duty ra i l s embedded in the floor. 
An 8-inch thick iron cave, p r e ­
viously used in many of these 
studies, was placed upon a small 
flat car , and thus it could be 
quickly and readily moved from 

the assembly building, where only a thin steel roof was overlying, into the 
region of maximum shielding indicated in the figure. The direct ly-overlying 
shielding in this location, as shown on the elevation, Figure 25, consists 
of 3 feet of normal density concrete and about 25 feet of ear th . Unfortun­
ately, this thickness is not uniform because of the approximately 35° slope 
of the overlying ea r th mound. The reduction in ea r th thickness with zenith 
angle in one direct ion should be roughly compensated for by the increase 
in the opposite direct ion. 

F igure 24 

Plan of ZGS ring and high bay assembly 
buildings and interconnecting access 
tunnel 

The ease with which the equiptnent could be moved into the tunnel 
contributed significantly to the success of the experiments since the t rans • 
fer could be affected without disturbing the c rys ta l inside the cave or 
turning off any e lect ronic equipment, thus minim.izing gain shifts between 
comparat ive data runs . 
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Figure 25 

Elevation of ins t rument access tunnel 
and section of r ing. 

Spectral data were accumulated from 30 keV to 6 MeV with a 7 x 
3 - inch low-background Nal c rys ta l within the cave. Also, the muon 
through-peak at about 42 MeV was recorded. As an indication of the neu­
tron flux within the shield, the c rys ta l was surrounded with paraffin, as 
descr ibed above, and the increase in counting ra te was noted in an energy 
band from 2.1 to 2.35 MeV, centered about the hydrogen radiative capture 
line. 

To confirna independently the presence of neutrons a second iden­
tical set of containers was filled with borated paraffin, the boron concen­
t ra t ion (commerc ia l grade borax) of which produced a 95% probability for 
thernaal neutron capture in the boron. Additional runs were made in the 
Radiological Physics Division's cal ibrat ion garage in order to a s s e s s and 
extend the rel iabil i ty of these data (lim.ited by the r e s t r i c t ed time avai l ­
able at the ZGS site) and to determine whether the normal fluctuations in 
cosmic - r ay intensity with t ime, over the period of about eight months 
during which data were accumulated, might have any effect upon our ob­
servat ions . As shown by data in the table, the locations a r e in mos t r e ­
spects comparable . 

Under these c i r cums tances , the resu l t s tabulated in Table 8 and 
represen ted by the spec t ra of Figure 26 were observed. The shape of the 
spec t ra shown in Figure 26 c lear ly i l lus t ra te the removal of the H capture 
peak at 2,23 MeV and the appearance of the B^° capture peak (480 keV) 
following the substitution of the borated paraffin. 



Table 8 

Summary of background gamma-ray counting rates in small iron cave, at selected sites 

Location 

Total shield overhead 

Calculated relative 
intensity-mesons 

-nucleons 

ZGS, 
high bay 

0 

1.0 

1.0 

Bldg. 203 
calib. 

garage 

0 

1.0 

1.0 

Bldg. 203 
basement 

80 g/cm^ 

0.92 

0.58 

ZGS tunnel 

1460 g/cm^ 

0.34 

0.001 

Chicago water 
tunnel 

1.6 X 10" g/cm-

0.013 

none 

I . Meson peak 

Meson peak. 
relative rate 

I . 4.5 to 6 MeV 
ai no paraffin 
b) plain paraffin 
c) borated paraffin 
relative rate-

m. 3 to 4.5 MeV 
ai no paraffin 
bi plain praf f in 
c) borated paraffin 
relative rate' 

I E 2.1 to 2.35 MeV 
a! no paraffin 
b' plain paraffin 
c) borated paraffin 
relative rate'-

128 

1.0 

23.6 

-
-

45 

-
-

9.0 
12.7 ± 0.6 
7.67 ± 0.2 
1.0 

Counts per 

125 

1.0 

22.8 
21.0 
17.6 
1.0 

42.5 
42.4 
35.0 
1.0 

9.8 
14.3 ± 0.2 
9.2 ± 0.2 
1.14 

Tiinute 

114 

0.90 

16.9 ± 0.2 
14.4 ± 1.0 
13.3 ± 1.0 
0.73 

34.1 
31.0 ± 0.15 
29.4 10.2 
0.79 

7.1 ± 0.25 
9.9 ± 0.1 
6.6 + 0.1 
0.81 

46 

0.36 

9.2 

-
-

0.40 

23.7 

-
-

0.54 

3.53 
3.24 ± 0.1 
3.1 x 0.1 
0.35 

1.8 ± 0.1 

0.014 

0.63 ± 0.01 

-
-
-

2.95 ± 0.1 

-
-
-

2.06 ± 0.1 

-
-
-

""Mean of relative rates, calculated for conditions "a," "b" and "c." 
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Figure 26 

Background spec t ra in 8-inch Fe cave, alone (• 
plain paraffin (•—) and borated paraffin ( --• 
showing 2.2-MeV capture peak. 

•") , with 



D i s c u s s i o n 

A q u a n t i t a t i v e a n a l y s i s of t h e s e r e s u l t s in t e r n a s of n e u t r o n m o d e r a ­
t ion and c a p t u r e w i th in the s h i e l d o r the m a t e r i a l s s u r r o u n d i n g the c r y s t a l 
a p p e a r s e x t r e m e l y d i f f icu l t .* 

H o w e v e r , c e r t a i n q u a l i t a t i v e a r g u m e n t s and c o n c l u s i o n s a r e not w i t h ­
out s i g n i f i c a n c e . The gamima r a y s d e t e c t e d by the c r y s t a l in the 3 - to 6 -MeV 
r e g i o n a r e w e l l above t h o s e e m i t t e d by any n a t u r a l l y - o c c u r r i n g i s o t o p e s , 
and h e n c e , m u s t a r i s e f r o m n e u t r o n e f f e c t s , o r f r o m the c a s c a d e pho tons 
p r o d u c e d by m e s o n k n o c k - o n o r d e c a y p r o c e s s e s . 

The r e l a t i v e n u m b e r of m e s o n s s t r i k i n g the s h i e l d a t e a c h l oca t i on , 
a s c a l c u l a t e d f r o m the r e s u l t s of Wi l son , (19) a r e in e x c e l l e n t a g r e e m e n t 
w i t h the o b s e r v e d r a t i o of count ing r a t e s in the m e s o n t h r o u g h - p e a k . The 
r e l a t i v e i n t e n s i t y of the nuc l eon f lux m a y be c a l c u l a t e d f r o m the known 
i n t e r a c t i o n m e a n f r e e p a t h of the n u c l e a r c a s c a d e s . We r e p r e s e n t t h e s e 
q u a n t i t i e s by in and f,̂  r e s p e c t i v e l y . L e t the o b s e r v e d n e t count ing r a t e 
w i th in the i r o n s h i e l d due to bo th c o m p o n e n t s , u n d e r a g iven t h i c k n e s s x 
of o v e r l y i n g m a t e r i a l , in the e n e r g y band AE a t E , be r e p r e s e n t e d by 
C ( x , A E , E ) . To the e x t e n t t ha t the " i n t r i n s i c " r a d i o a c t i v i t y of the c r y s t a l 
and i r o n s h i e l d h a s not c h a n g e d o v e r the i n t e r v a l of m o r e t han t h r e e y e a r s 
d u r i n g w h i c h the d a t a of Tab le 7 h a v e b e e n a c c u m u l a t e d , C ( x , A E , E ) m a y 
be known by s u b t r a c t i n g the o b s e r v e d r a t e in the Chicago w a t e r tunne l 
(Co lumn 6) f r o m the c o r r e s p o n d i n g e n t r i e s a t l e s s e r d e p t h s . * * One m i g h t 
then a s s u m e t h a t C (x ,AE,E) is of the f o r m : 

C(x ,AE,E) = k [ a ( A E , E ) f^ + ^ ( A E , E ) fn] C(0 ,AE,E) 

and hope to be a b l e to d e t e r m i n e the r e l a t i v e v a l u e s of ct and /3, i . e . the 
r e l a t i v e c o n t r i b u t i o n s of the m e s o n and n u c l e o n i c c o m p o n e n t s . T h e s e p r o ­
p o r t i o n a l i t y c o n s t a n t s depend on: 1) the f r a c t i o n of i n c i d e n t c o s m i c - r a y 
p a r t i c l e s a t dep th x w h i c h i n t e r a c t in the i r o n sh i e ld ; 2) the m e a n n u m b e r 

*A description of the neutron energy spectrum and flux as a function of spatial coordinates, resulting from 
a known source spectrum and spatial distribution, may be determined in theory by a solution of the 
Boltzmann transport equation. The practical difficulties involved when even simple boundary value 
conditions are imposed are well known. An approximate solution has been obtained by the use of an 
electronic computer code developed for use in reactor calculations, in which the rectangular parallele­
piped geometry of the shield is approximated by a hollow sphere of equal volume. The evaporation 
neutron spectrum was represented by that portion of the fission spectrum falling between 3 and 10 MeV, 
with an average energy of 4 MeV. With these results, and the appropriate interaction cross sections, a 
calculation of the spatial distribution of inelastic scatter and capture gamma rays which result will be 
sought. Whether a meaningful analysis can be made remains to be seen. 

**There is some evidence that this "intrinsic" activity at the lower energies has indeed become less. 
Mercury has been introduced and removed several times from the integral shielding compartment; the 
crystal has been recanned, and a different phototube has been coupled to it. However, at these ener­
gies, the change is expected to be slight. Another possible cause for a change is from the thorium 
alpha activity which produces diffuse peaks in the spectrum at about 3.2 and 5.5 MeV. No direct 
information is available on a possible change in the intensity of these anomalies with time. 
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of neutrons produced by these in te rac t ions , 3) the number and energy 
spec t rum of photons ar i s ing , e i ther from the p r i m a r y interact ions direct ly, 
or accompanying the t r anspor t and capture of neutrons , and 4) the energy 
degradat ion and absorpt ion p r o c e s s e s which relate the spect rum of photons 
emerging from the inner shield wall to the initial production spect rum 
rep resen ted by the preceding t e r m . It is apparent that all these factors 
a re spatially dependent as well , and hence, that values for a and /S would 
be ex t remely difficult even to approximate direct ly from the flux and 
energy spec t rum of mesons and nucleons The constant k r ep re sen t s the 
c rys t a l efficiency ( interact ion rat io X photofraction X a mean geometr ica l 
absorpt ion factor) for detecting an emergen t photon of energy E 

The data of Table 8 when so analyzed give the following resu l t s 

Energy region 

3,0 - 4.5 MeV ' 

4.6 - 6.0 MeV 
1 

1 

Depth f 

x = 80 g/ cm^ 

t k = 0.58 
/ik = 0 42 

k - n.42 
th - 0.58 

rom surface 
\] 

f x = 1460 g/cm^ 

• ^k = 1.5 
' indeterminate 
' ( f n = 0 ) 

^ ' k = 1.5 
\ indeterminate 

These r e su l t s suggest that with smal l amounts of shielding (80 g / cm j , 
the penetra t ing mesons and nucleonic component a re approximately equally 
effective in generat ing low energy photons, whereas those mesons which 
in te rac t after penetra t ing 1460 g/cm^ of ea r th a re roughly three t imes as 
effective as the mesons at the surface The explanation for this effect, if 
r ea l , is not apparent .* 

Consider now the counting r a l e s m the 2.2-MeV hydrogen capture 
region in the p re sence of paraffin. In this region, a mean increase of about 
19% is observed when the Fe shield is located in the Building 203 ca l ib ra ­
tion garage as compared to the ZGS high bay building This difference 
could not be caused by neutrons from the Van de Graaff acce le ra to r in 
Building 208, located in d i rec t ime of sight some 320 feet to the west of us 
since data were taken only when this was known to be shut down. The ef­
fect is believed to be r ea l , but no sat isfactory explanation is available at 
p r e sen t . 

*The median energ\ of cosmic mtsoiis press.ni beiiti<th tins, ^lui-id thickutss is approximatelv 2.7 BeV 
(versus 1.8 BeV at the surfact), and h« nc< , the IIC^LIIOH i^lucli att brought to rest and Ctipturtd m tht 
shield should bs. less. Tiit nt ution multipLi-in pst iii^son capturt. ib mdt-ptpdent of initial mtson 
encrg). If such exp tumt iua l data wiit .naiiaSik tni a ii'iMbs.! of absorbtr thicknesses, so iha! iualvsis 
showed k and k to vary with dtpth lu f. Lon^kittiit iikauiit, w« iiught cousidtr tht results to be sig­
nificant. For tht ptest.nt, \ \hik th t \ ma\ b« c o i . ' •tni wii'i tht ph\ icdl proctssts Hivolvtd, tht i i 
Significance remaius uncertain. 

http://press.ni
file:////hik
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The p resence of loca l ly-genera ted neutrons in substant ial numbers 
in the high bay and Building 203 basement locations is documented by the 
inc reased counting ra te in the 2.2-MeV region when the c rys ta l is s u r ­
rounded by paraffin, and by the sharp reduction upon suostitution of borated 
paraffin. The v i r tua l d isappearance of these changes below 1460 g / cm of 
shielding show that very few neutrons a r e being produced m the shield at 
that depth and that these effects a r i s e predominantly from the nucleonic 
component. 

These conclusions a r e supported by m e a s u r e m e n t s taken with a 
paraff in-shielded BF3 tube, or ''long counter ," at each of the locat ions. 
Because of the low natura l r a t e s encountered, strong m e a s u r e s were 
taken to insure that the e lec t ron ic background of the sys tem, a r i s ing from 
spurious line noise or d i rec t pickup of radia ted energy of a pulse nature , 
was completely e l iminated The natura l background of the s ta in less s teel 
counter tube itself, due to in ternal alpha emit ters , (20) was in som.e cases 
an appreciable fraction of the total observed r a t e . Table 9 shows these 
r e s u l t s . 

Table 9 

Summary of background counting ra t e s in BF3 "long counter" 

Location 
Gross count 
r a t e , * cpm 

Net count 
r a t e , * cpm 

ZGS, high bay 
Building 181 
Garage , Hinsdale 
Building 203 basement 
Building 203, in Fe room 
ZGS, acces s tunnel 
BF3 tube in cadmium 

(tube background) 

0 643 i 0.036 
0.554 + 0.041 
0.570 f 0,011 
0.432 + 0 027 
0.545 ± 0 023 
0 174 r 0 015 
0 171 ± 0.009 

0.472 -I 0 037 
0.383 ± 0 042 
0.400 ± 0 014 
0.261 ± 0.028 
0.374 + 0,025 
0 003 i 0.017 

• E r r o r s shown a r e 0,9 confidence level 

The rows labeled "Building 181" and "Garage , Hinsdale" a re b e ­
lieved to be t ruly propor t ional to the local c o s m i c - r a y neutron flux m the 
0 . 1 - to 10-MeV region at the e a r t h ' s surface . The f i r s t location was m a 
smal l f rame building (181) about 2000 feet from locations where occasional 
exponential exper iments a r e conducted, and 2300 feet from the reac tor CP-5 
No tim.e-dependent fluctuations in counting ra te were observed, however 
The counting ra t e is seen to be identical , within s t a t i s t i c s , to that observed 
at the au thor ' s ga rage , a typical f rame s t ruc tu re seven mi les distant from 
the l abora tory or any known m a n - m a d e source of neutrons The counting 
ra te in the ZGS high bay a r e a appears to be slightly higher for reasons 



unknown. This location is about 1250 feet from the power reac to r EBWR, 
but the l a rge mound of ea r th remaining from excavation of the ZGS site 
l ies in a d i rec t line of sight, so that it is difficult to a s s e s s the signifi­
cance of the observat ion. The resu l t s in Building 203 basement seem to 
show a r i s e in fast neutron flux within the i ron room', as expected by the 
higher Z of Fe compared to concrete but in contradiction with some 
e a r l i e r p re l imina ry m e a s u r e m e n t s made by Gr ismore . (2) 

The reduction in counting ra te within the ZGS access tunnel is 
perhaps the naost prominent and gratifying feature of the exper iments ; 
it is in ag reemen t with the previous conclusions concerning the vir tual 
absence of any local neutron flux at this location. The g a m m a - r a y figures 
of Table 7 re la te to evaporat ion neutrons generated within the i ron shield, 
whereas the "long counter" is insensi t ive for the mos t pa r t to the very 
high energy nucleonic component per se but does respond to evaporation 
neutrons ar i s ing from interact ions in the surrounding concrete and ear th 
m a t e r i a l s of low mean mult ipl ici ty. More d i rec t m e a s u r e m e n t of the 
nucleonic component might be accompl ished by providing some m a t e r i a l 
with high atomic number as a neutron p roducer about the detector , thus 
approximating the s tandard Simpson neutron moni to r ia l ) on a smal le r 
sca le . 

A mos t p rac t i ca l aspec t of this work is the background reduction 
in the g a m m a - r a y flux in the 60-keV to 1.6-MeV region, where mos t 
na tu ra l ly -occur r ing gamma rays a r e found. The observed ra t e s in this 
band, taken concurrent ly with the data a l ready d iscussed , a re tabulated 
in p a r t in Table 10. 

Table 10 

Location 

ZGS, high bay (Apri l -May, 1962) 
Building 203, ca l ibra t ion garage 

(September-October , 1962) 
Building 203, basement (1959-1961) 
ZGS, acces s tunnel (Apri l -May, 1962) 
Chicago water tunnel (September, 1958) 

Integral counting ra t e , 
60 keV to 1.575 MeV, 
cpm (no m e r c u r y in 
housing, no paraffin 

surrounding) 

556 ± 15 
569 ± 14 

435 ± 10 
340 ± 6 
380 i 10 

Each number is the r e su l t of s eve ra l exper iments , and the unce r ­
ta in t ies , calculated f rom the observed deviations from the mean, a re due 
p r i m a r i l y to energy cal ibra t ion shifts; the resul t ing var iance is many t imes 
that due counting s ta t i s t i cs alone. The f i r s t , second and fourth en t r ies of 



Table 10 were taken over a per iod of a few months, during which the " in t r in ­
s ic" activity of the c rys t a l and shield was believed to be constant; the Chicago 
water tunnel exper iments were pe r fo rmed in 1958, and, as noted above, in­
t r ins ic changes in activity may have occur red since, accounting for the in­
consistency in the las t two en t r i e s . The substantial reduction in the low 
energy region due to the el imination of the nucleonic component within the 
ZGS tunnel is c lear ly demonst ra ted . 

At higher energ ies (> 3 MeV)j,however, the data of Table 8 indicate 
that the meson component, increas ing as it does from 1.4 to a substant ial 
36% of the surface value between the depths 1.6 x 10* and 1.46 x 10^ g / cm , 
apparently contr ibutes mos t of the c rys t a l background at the l e s s e r depth. 

Many of the exper imenta l detai ls and much of the data reduction 
involved in these exper iments were per formed by Paul Hess . The a s s i s ­
tance of the Pa r t i c l e Acce lera tor Division in making facil i t ies in the ZGS 
building avai lable, and in pa r t i cu la r , the help of Don Roy, is gratefully 
recognized. Above all , the unfailing in te res t and helpful d iscuss ions of 
Mr. L. D. Mar inel l i have made this r e po r t poss ible . 
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OBSERVATION OF BACKGROUND IN A LARGE WATER SHIELD 

H. A. May 

The efficacy of low atomic number shielding ma te r i a l s is a t tes ted 
to by recent and p re l imina ry studies made in a wate r - sh ie lded human 
counter just completed at the Veterans Administrat ion Hospital , Iowa 
City, lowa.l-'-) It consis ts of a cylindrical steel tank 23 feet in d iameter by 
19^ feet in height, which is filled with fi l tered, singly dist i l led and de-
ionized water . A cylindrical room 7 feet in d iameter and 8 feet high is 
supported nea r the center with access from a basement labora tory being 
afforded via a passageway which has a 180° turn to provide baffling. The 
shielding in this direct ion is not ser iously compromised, and a mass ive 
steel door is avoided. The shield is underground, the upper surface being 
approximately two feet below grade . By locating the shield outside, but in 
the angle formed by two wings of the t en-s to ry hospital building, shadow 
shielding from penetrating cosmic radiation is provided. 

The low-energy background within the room was m e a s u r e d with the 
7- x S j - i n c h crys ta l facing downward and ra i sed from the floor about 
two inches only, a position necess i ta ted by lack of any permanen t c rys ta l 
support. Because of the a l te red sensitivity to radon daughters within the 
room, a somewhat lower counting ra te should resu l t than when the crys ta l 
is suspended in the center of the room, a location typical of normal whole 
body counting. The surface of the iron had not as yet been sand blasted or 
lined with lead. Comparable data were obtained in our i ron room Xo. 2 
(lead lined) under s imi lar geometry , and the two spect ra a re shown in 
F igure 27. The difference in shape and s t ruc ture at low energies is 

typical of such shieldings; the 
a lmost constant ra t io of count­
ing ra tes above about 600 keV 
is noteworthy. The integral 
counting ra te from 30 keV to 
1.6 MeV is 443 + 6 cpm in the 
water shield ve r sus 539 i 7 cpm 
in our steel room. Because of 
the difference in shielding af­
forded by surrounding s t ruc tures 
and of the uncer ta in t ies concern­
ing surface contamination, it is 
perhaps p remature to attach 
g rea t significance to these 
numbers . To what extent this 
marked difference will be en­
hanced by sandblasting and lining 
the water -sh ie lded room remains 
to be demonstrated. 

15 ? 0 
ENERGY Me^ 

Figure 27 

Background of 7- x .3-1/2-mch 
crystal No. 1 (no Pig m housing) 



The absence of any marked 2.2-MeV thermal neutron capture peak 
in the water shield is somewhat unexpected. The fast neutron flux within 
this shield, as indicated by long counter data obtained with the same equip­
ment mentioned above, i s very low, being approximately only 14% of that 
in our iron room. 

If the in teract ion between the protect ive vinyl coating applied to 
the tank and the water is small enough to pe rmi t turning off the r ec i r cu la t ­
ing ion exchanger, a further reduction in background might be obtained by 
berat ing the water . It has also been suggested that the Cerenkov radiation 
ar is ing from mesons t r avers ing the tank could be used to provide a useful 
anticoincidence signal. The only convenient place to couple a phototube to 
the water volume is through a three-foot-diameter standpipe which extends 
above grade , but since this is off-center, the uniformity of response over 
the tank a r ea may ser ious ly l imit the p rac t i ca l application of such a scheme. 
F u r t h e r exper iments a re planned in cooperation with the Ver te rans Ad­
minis t ra t ion personnel . 
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E F F E C T OF SILVER HALIDE CONTENT ON THE 
FILM DOSIMETRY OF A Sr9°-Y'° APPLICATOR* 

Amrik S. Chhabra** 

Abs t rac t 

Different dilutions of G5 Ilford emulsion have been 
used in Lucite for depth dose measu remen t of radiat ions 
emitted by a Sr'^^-Y^'^ jS-ray applicator and compared to r e ­
sults obtained with a Fai l la extrapolation chamber . The 
response of emulsion with no rma l s i lver content is quite 
sat isfactory in the /3-ray region, but it is too sensit ive in 
the b remss t r ah lung region by a factor of ~40, The response 
of emulsions in which the AgBr: gelatin rat io is decreased 
by as much as a factor of five approaches somewhat that of 
the ionization chamber , in fair agreement with calculations 
based on Greening 's formulation, but it is s t i l l too high for 
accura te dose m e a s u r e m e n t s in regions where the contr ibu­
tion from b remss t r ah lung is of the order of a few percent . 
Values of 2250 and 460 eV were found for the energy r e ­
quired to produce a developable grain. 

Apparatus 

A camera , shown in F igure 28, was used for exposure of the G5 emul 
sion films of 1- x 3-inch s ize . The ge la t in / s i lver ra t io as supplied by the 
manufacturer were 1, 2, 4 and 8 t imes the no rma l , ' The emulsion in each 
case was 10/i thick and mounted on ace ta te -base film of 5/lOOO-inch thick­
n e s s . The film sl ides, sandwiched between blackened Lucite abso rbe r s at 
different depths, were stacked up into their holder in the c a m e r a and held 
in position by two sc rews set in the bottomi rotating plate. The Sr -Y ^-
applicator could be brought on top of the film and absorber stack by 

*This work was made possible through the financial support of the 
International Cooperation Adminis t ra t ion under the exchange p r o ­
g ramme , and the labora tory facil i t ies provided by the Radiological 
Physics Division of the Argonne National Laboratory. 

**On leave from the Atomic Energy Establ ishment , Trombay, Bombay, 
India. 

The values of s i lver bromide determined chemically by extract ion in 
ni t r ic acid and t i t ra t ion with potass ium thiocyanate were found to be 
3,575 (normal), 1.841, 1.032 and 0.834 mg/cm^. These values have 
been used in this paper as the c o r r e c t ones although they a r e some­
what at var iance with manufac tu re r ' s specifications. 



rotating the top plate holding the source . To cover the wide range oi ex­
posure , each type of film was exposed in three different batches , each 
covering successively depths of 0-5; 4 -8 , and 7-18 nam; and tinaes of 
exposure were adjusted as to give optical density within workable range. 
A control film, exposed to a s tandard Sr^^-Y*^" ca l ibra tor , as given in 
Dudly's chapter,(1) consisting of Sr^^-Y'° in p las te r of P a r i s , and devel­
oped in D-19 siniultaneously with the other f i lms, was used to provide the 
relevcint density ve r sus exposure curve. The density of the f i lms, up to a 
range of six, was m e a s u r e d in an Ansco color densi tometer , Model-12, 
with an aper tu re of 3-mm diameter . The Sr^°-Y^° ^ a p p l i c a t o r of s tainless 
steel mounting was used at a distance of 6.35 mm from the top surface of 
the Lucite abso rbe r s for all ionization and emulsion measu remen t s . 

Figure 28 

Diagram of the camera used for film 
exposure to beta-ray applicator. 

1. Sr90.Y9<-' applicator. 

2. Applicator holder. 

3. Top rotating plate used to bring the source 
on top of film stack. 

-1. Stack of Lucite absorbers and films positioned 
in the holder. 

5. Bottom rotating plate to cover and hold the 
film stack from the bottom side. 

6. Screws to hold the stack m position. 

The absolute depth-dose measuremen t s were made with a Fai l la 
extrapolation ion chamber with Lucite plates coated with Aquadag and of 
adjustable gap width. The collecting e lec t rode , made by scratching a 
c i rc le of 3-mm diameter at the center of the bottom plate, was connected 
to a vibrating reed e l ec t romete r (Applied Physics Corporation, Model-30) 
of maximum sensit ivity of 10" '̂̂  amp. In the ^-region, depth dose m e a s ­
u remen t s were made with the constant deflection naethod employing a 
suitable r e s i s t o r ; in the b remss t rah lung region, the rate of charge col lec­
tion method was used. F u r t h e r details on the depth-dose measuremen t s 
made with the extrapolation chamber will be found in Chhabra 's paper 
published in Radiology.l"^) 

Resul ts and Discussion 

F igure 29 shows the resu l t s of depth-dose measurement s in Lucite 
made with the extrapolat ion chamber , G5 and NTB stripping emulsion 
(10/j, thick) of norinal ge la t in / s i lve r ra t io . It should be noticed that both 

9 , ! . ? 
CENTIMETERS 
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N T B and G5 s t a r t ge t t ing too s e n s i t i v e a t ^ 6 m m depth , w e l l b e f o r e the 
end of the ^ - r a y r e g i o n which c o n t i n u e s down to about 10 m m . Beyond 
t h i s depth , in the b r e m s s t r a h l u n g r e g i o n , both f i lms a r e too s e n s i t i v e by 
a f ac to r of «40 c o m p a r e d to the r e s p o n s e of the e x t r a p o l a t i o n c h a m b e r . 

lo-s 

lo-̂ l-

« A^ t 

EXTRAPOLATION CHAMBER 
FILM NTB 
FILM G5 

8 10 
DEPTH, mm 

14 IS 

Figure 29 

Comparison of depth-dose curves taken in Lucite with extrapolation 
chamber, Film NTB (Eastman Kodak) and G5 (Ilford) 

FILM 85 
RELATIVE SILVER 

BROMIDE 

o 

«• 
A 

O 

CONTENT 

1 0 

0 515 

0 289 

0 233 

Figure 30 
Depth-dose curves in Lucite taken with G5 emulsion 
of different gelatin/silver ratios 

In F i g u r e 30 a r e 
shown d e p t h - d o s e c u r v e s for 
the G5 e m u l s i o n , wi th g e l a t i n / 
s i l v e r r a t i o s of n o r m a l , and 
2, 4 and 8 t i m e s the no rnaa l , 
a l l c u r v e s be ing n o r m a l i z e d 
to the dose a t the s u r f a c e . As 
the s i l v e r con ten t of the e m u l ­
s ion i s d e c r e a s e d t h e r e i s a 
m i l d i m p r o v e m e n t in the r e ­
s p o n s e of the f i lm t h r o u g h o u t 
the r e g i o n of |3 - rays and a 
m u c h m o r e p r o n o u n c e d one in 
the b r e m s s t r a h l u n g r e g i o n . 
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T h i s r e s u l t can be p r e d i c t e d by u s i n g c a l c u l a t i o n s deve loped by 
Greening' '-^/ who a s s u m e s tha t the p h o t o g r a p h i c effect i s p r o p o r t i o n a l to 
the e n e r g y a b s o r b e d by the AgBr in the e m u l s i o n and c a l c u l a t e s th i s 
e n e r g y by the following exjDression: 

E r g s / g of A g B r ^ {{T + a a ) / p j A g B r 
E r g s / g of a i r ' [{r + a a ) / p ] a i r 

X F1F2F3 + 0.71 (1) 

T h i s f o r m u l a l e a d s to the e n e r g y a b s o r b e d in the AgBr of the e m u l s i o n a s 
c o m p a r e d to t ha t in a i r by c o r r e c t i o n of t h e i r m a s s e n e r g y a b s o r p t i o n c o ­
e f f ic ien t s (T + Ca_)/p.* The f a c t o r F^ t a k e s into accoun t the e n e r g y of 
f l u o r e s c e n t x r a y s e m i t t e d by A g B r which a r e no t u t i l i z e d by the e m u l s i o n . 
The f a c t o r F2 c o r r e c t s for the e n e r g y l o s t t h r o u g h s e c o n d a r y e l e c t r o n s 
leav ing the th in e m u l s i o n s h e e t , and F3 the e n e r g y l o s t by the g r a i n to the 
g e l a t i n of the e m u l s i o n i t se l f . The l a s t t e r m , equa l to 0 .71 , r e p r e s e n t s 
the r e l a t i v e e n e r g y ga in by the s i l v e r b r o m i d e t h r o u g h s e c o n d a r y e l e c t r o n s 
p r o d u c e d in g e l a t i n and the s u r r o u n d i n g m a t e r i a l of low a t o m i c n u m b e r . 
The f a c t o r F3 ef fec t ive ly t a k e s into a c c o u n t the ge l a t i n to s i l v e r r a t i o of 
the e m u l s i o n , w h e r e a s F2 i s dependen t on the t h i c k n e s s , o r m o r e s t r i c t l y 
s p e a k i n g , on the dens i t y of the e m u l s i o n which in t u r n d e t e r m i n e s the 
r a n g e of the s e c o n d a r y e l e c t r o n s T h e s e c o r r e c t i o n f a c t o r s have been 
c a l c u l a t e d in de t a i l by G r e e n i n g and a r e t a b u l a t e d in h i s p a p e r . 

The c a l c u l a t e d c u r v e s of F i g u r e 31 show e n e r g y a b s o r p t i o n r e l a t i v e 
to t ha t in a i r for e m u l s i o n s of d i f fe ren t s i l v e r b r o m i d e conten t bu t of s a m e 
t h i c l m e s s (lO/J.) and photon e n e r g i e s of 248, 103, 62, 41 and 31 keV. The 
e x p e r i m e n t a l p o i n t s , d e r i v e d from, the b r e m s s t r a h l u n g r e g i o n (~12 m m depth) 
of the d e p t h - d o s e c u r v e s in F i g u r e 30, a r e n o r m a l i z e d with the va lue of 28.1 

lOi 

'-i in — 

O B -
OB 0 4 0 5 0 6 0 7 0 8 0 9 I 0 (rjORWAL) 

RELATl/E SlLrfE=i BFOViDE COEjTEfJT 

Figure 31 

Calculated response of G5 emulsions 
(Greening's formulation) as a function 
of silver bromide content. Photon-
energies of 250, 100, 62,40 and 30keV. 
The experimental points, •.from Fig­
ure .30 m the bremsstrahlung region (at 
depth of ^12 mm) lie fairly close to 
the curve for 30 keV 

*T i s t h e l i n e a r p h o t o e l e c t r i c a b s o r p t i o n c o e f f i c i e n t , a^ t h e C o m p t o n 
r e c o i l a b s o r p t i o n c o e f f i c i e n t a n d /J t h e d e n s i t y of t h e m a t e r i a l . 
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for n o r m a l s i l v e r b r o m i d e con ten t . T h i s n u m b e r i s equa l to 40 x 0 . 7 1 , the 
v a l u e 40 be ing d e r i v e d f r o m the r a t i o of c u r v e s in F i g u r e 29 and the va lue 
of 0.71 ob t a ined by G r e e n i n g ' s a n a l y s i s ; they i nd i ca t e an effect ive b r e m s ­
s t r a h l u n g e n e r g y of about 30 keV. The e x p e r i m e n t a l c u r v e should h i t the 
o r d i n a t e a t a v a l u e of about 2.2; th i s l i m i t , c a l c u l a t e d in the append ix for 
an e m u l s i o n wi th a s ing le g r a i n of 0.3/1 d i a m e t e r e x p o s e d to an effect ive 
7 e n e r g y of 40 keV, i s the l o w e s t va lue one could a c h i e v e u n l e s s the g r a i n 
s i z e i t s e l f i s r e d u c e d . T h i s l i m i t i s a l w a y s r e a c h e d in p r a c t i c e when the 
s e c o n d a r y e l e c t r o n p r o d u c e d in AgBr h a s r a n g e equa l to the a v e r a g e d i s ­
t ance b e t w e e n two g r a i n s . 

The e x p e r i m e n t a l po in t s s e e m to be in fa i r a g r e e m e n t wi th the 
t h e o r e t i c a l c u r v e ; and the l a t t e r s u g g e s t s tha t a r e d u c t i o n of s i l v e r b r o m i d e 
con ten t by a f a c t o r of about 20 would r e d u c e the f i lm r e s p o n s e to b r e m s ­
s t r a h l u n g by only a f a c t o r of 13. Th i s would l eave the f i lm s t i l l too s e n s i t i v e 

by a f ac to r of K 3 . 5 . H o w e v e r , in the 
4 0 - and 100-keV 7 - e n e r g y r e g i o n , 
the s a m e r e d u c t i o n would l e a v e the 
f i lm too s e n s i t i v e only by a f ac to r 
of 2.5 and 1.3 r e s p e c t i v e l y . 

The c u r v e s in F i g u r e 32 
show the c a l c u l a t e d r e s p o n s e of the 
f i lm r e l a t i v e to a i r a g a i n s t ganama 
e n e r g y for n o r m a l , l / 2 , l / l O and 
l / 2 0 t h n o r m a l s i l v e r b rona ide con ­
ten t . Since th i s r e l a t i v e r e s p o n s e 
i s s t r o n g l y dependen t on A g B r c o n ­
ten t , the p r e s e n c e of b r e n a s s t r a h l u n g 
at a g iven po in t wi th in the laiedium 
can be d e t e c t e d by m e a s u r i n g the 
r e l a t i v e r e s p o n s e of a "nor ia ia l" 
and, say , l / l O n o r m a l e m u l s i o n ; 
the v a l u e s of t h i s r e l a t i v e r e s p o n s e 
a r e shown in F i g u r e 32 by the do t ted 
l ine to which the abso lu t e v a l u e of 
the o r d i n a t e s a p p l i e s . It should be 
r e a l i z e d a l s o tha t s ince th i s c u r v e 
a p p l i e s only to the p r e s e n c e of 
m o n o c h r o m a t i c photon r a d i a t i o n , i t 
i s of l inai ted u s e u n l e s s s o m e i n d e ­
p e n d e n t e s t i m a t e i s m a d e of the 
r e l e v a n t photon e n e r g y . 

E x p o s u r e v e r s u s d e n s i t y 
c u r v e s for the d i f fe ren t G5 e m u l s i o n s 
a r e shown in F i g u r e 33 . T h e s e f i l m s . 

20 140 160 180 200 220 .f40 '60 

Figure 32 

Response of film relative to air against photon energy 
for different silver bromide content (normal, and 1/2, 
1/10. and 1/20th normal). The dotted curvegives the 
ratio of response of films with normal and lAOth normal 
silver bromide content as a function of photon energy. 
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Figure 33 

Density versus exposure curves for four different concentrations of silver bromide 
in Go emulsion, obtained with standard Sr^O-Y^O calibrator. 
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RELATIVE SILVER BROMIDE CONTENT (NORMAL) 

Figure 34 

Photographic response of G5 emulsion to beta rays 
(open points) and Co^O gamma rays (black dots) as 
a function of silver bromide content. Each beta-
ray curve corresponds to one particular exposure. 

exposed to a standard Sr'̂ ° ca l i ­
b ra to r and simultaneously devel­
oped in D-19 for 5 minutes and 
fixed for 10 minutes, exhibit, to 
a f i rs t approximation, a fairly 
l inear response , i r respec t ive of 
AgBr concentration. F r o m these 
curves one could draw, for dif­
ferent exposures , the relative 
response of the filna to beta rays 
as a function of relat ive AgBr 
content, as shown in Figure 34. 
These curves are l inear and pass 
through the origin in the region 
of low si lver content; their slopes, 
however, increase as the si lver 
content is increased. This could 
be due to naultiple scattering of 
beta rays inside the enaulsion, 
which effectively inc reases their 
path length and, correspondingly, 
the photographic effect. In F ig ­
u re 34 is also shown a curve for 
identical Co 7-ray exposure of 
the nornaal and "diluted" films 
sandwiched between 3 mm of 
Lucite absorber . This curve 
follows the same t rend as that 
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for beta r a y s , thereby indicating that the photoelectr ic effect for these 
h igh-energy gammas is negligible. 

F o r b e t a - r a y dos imetry , a reduction in si lver bromide would be 
beneficial since it would reduce the "high Z" multiple scat ter ing but, as 
a l ready mentioned for exact evaluation of 7 - ray dose, use of two films 
of different dilutions would always be des i rable for xt would give some 
information on the nature of the dose absorbed in t i s sue . 

Calculation of energy requ i red by a developable gra in 

F r o m the simultaneous m e a s u r e m e n t of ^- and b remss t rah lung 
depth doses with the extrapolation chamber and the photographic emuls ions , 
the mean energy E requi red by the emulsion grain to become developable 
was calculated for emulsions type NTB and G5. The num.ber of gra ins 
developed per cm^ (n) de termined through the film density (D) m e a s u r e ­
ment by the relat ion: 

D = ka n (2) 

where 

k = logio e 

a = average a r ea of a developed grain (mean diameter of both 
NTB and G5 emulsion grain is about 0.3/i). 

The energy absorbed in s i lver bromide through be ta -par t i c le exposure 
was determined from the stopping power of s i lver bromide relat ive to 
Lucite and the absorbed dose m e a s u r e d by the extrapolation chamber . 
Thus the mean energy (E P>) spent per grain made developable follows 
from: 

_ dose in r ads (Lucite) x SAgBr 
E A = A 2 eV (3) 

'^ n 

where 

and 

^AgBr ~ stopping power of s i lver bromide relat ive to Lucite 

A = constant, which takes care of the amount of s i lver bromide 
per square cm and conversion from 100 e rgs to eV. 
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In the b remss t r ah lung region the energy absorbed in si lver 
broinide was de te rmined from the absorbed dose in Lucite, as m e a s u r e d 
with the extrapolat ion chamber , and the calculated re la t ive absorptions 
shown in F igure 31. The mean energy (E7) spent per grain made devel­
opable could then be de termined from the relat ion 

_ dose in r ads (Lucite) x l /S(Lucite) ĉ f _ ,^, 
E = A ^ eV (4) 

) n 

where 

( r + o^)/p Lucite . r r -̂  1 4.- 4. • 
SLucite ~ ^ • , X stopping power ol Lucite relat ive to a ir 

('̂  + '^a)/P air 

(The f i r s t t e r m giving the rat io of m a s s absorption coefficient for Lucite 
and air is very close to unity.) f = factor obtained from ordinates of 
F igure 31 for effective photon energy of ss30 keV. A and n being the 
same as in the re la t ion for beta r ays . 

The values of Eg and Ey thus calculated for film NTB were 
respect ively 2300 and 2205 eV (avg 2250) and for film G5, were about 
480 and 450 eV (avg 460). These r e su l t s a re at var iance with some con­
clusions drawn by Malinowskil"^) who s ta tes that the mean energy spent 
per grain made developable by x rays or ionizing par t ic les is dependent 
only on geomet r ica l dimensions of the emulsion grain . In our m e a s u r e ­
men t s , two enaulsions NTB and G55 both having gra ins of the same average 
d iameter showed re la t ive sensi t ivi t ies differing by a factor of five follow­
ing e i ther be ta- or g a m m a - r a y exposure . Our values for NTB are of the 
o r d e r of other published or calculated values , WJO) 

I wish to express my s incere thanks to L. D. Marinel l i for suggest­
ing the p rob lem and for directing the course of this work. My thanks a re 
also due to Dr. G. Fa i l la for the use of his extrapolation ionization chamber 
and to R. E. Rowland for the use of da rk room faci l i t ies . Special thanks 
a re due to Dr. J . E. Rose for the kind pe rmi s s ion to work in the Radiolog­
ical Phys ics Division. 
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APPENDIX: ENERGY ABSORPTION OF 40-KEV PHOTONS BY 
A SINGLE GRAIN OF AgBr SURROUNDED ON ALL SIDES BY 

GELATIN AND OTHER MATERIAL OF LOW Z 

The energy absorbed in a single gra in of AgBr relat ive to air is 
given by the relat ion 

E r g s / g of AgBr ^ (T + 0^)/p^ AgBr 
E r g s / g of Air (r + Og^)/p Air x FiF^ + 0.71 (5) 

where the var ious t e r m s a r e as explained before. The factor F2 is now 
the fraction of energy re ta ined inside the grain. 

Assuming isotropic distr ibution of e lec t rons and their s t raight 
t r a j ec to r i e s , the average path length in a spherical grain of radius r is 
given equal to j r . F r o m the relat ion between the range R and the 
energy E of an e lec t ron given by the formula R - C-E^-'̂ '*, the fraction 
of the original energy re ta ined by the e lectron after travell ing a fraction 
p of its range is calculated to be: (1 - p)*^^-'̂ ^. (3) The fractional energy 
F^, spent inside the grain is thus equal to ( l - (1 - p)^^ ^••^•*}. The fraction p 
is given by the average path length ( j r = 0.1 u) divided by the total range 
R of the e lect ron in AgBr. R was determined from the ranges given by 
Lea('^) for t i ssue divided by the density of AgBr (6.47 g/cm^). 

F o r an x - r ay energy of 40 keV, the percentage of e lectrons of 
different energy groups given by Greening(3) and their ranges in t issue 
and AgBr and the fractional energy retained in the grain are shown in 
Table 11. The over -a l l retention of energy inside the grain (factor F2) 
will be given by the sum of the values noted in the table after each is 
proper ly weighed by the nuixiber of e lect rons in that group. The factor 
F2, for the photon energy of 40 keV and grain diameter equal to 0.3/i, is 
thus calculated to be 0.05. F r o m the rat io of the mass absorption coef­
ficient of AgBr to a i r equal to i ~ and factor F^ = 0.598, as given by 
Greening, (2) the energy absorption in the si lver bronaide grain relat ive 
to a i r is found to be 2.2. It may be pointed out here that the value of 
F j as calculated by Greening for a normal emulsion should be a little 
lower for the p resen t case because a lmost all the f luorescent radiation 
will escape. This may reduce the above value by about 10%. 

Table 11 

The division of total numtier of electrons, their respective energy and range in tissue and AgBr, released in silver bromide 
between the silver and bromide photo. Auger and recoil electrons, for 4B-ke\l photon energy. The last row gives the 

fraction of energy of electron of the particular group retained in the AgBr grain of O.'iu diameter. 

Percentage of total numter 
of electrons 

Electron energy, keV 

Range in tissue, p 
(1 g/cm3) 

Ag photo 

48 

15.8 

5.6 

Br photo 

28 

27,8 

14.9 

Ag Auger 

18 

25.5 

13.0 

Br Auger 

6 

13.5 

4.25 

Recoil 

0 
Range in AgBr, a 
(6.47 g/cmS) 

Fraction of energy 
retained inside the 
grain - l-a-p)l/1.74 

Ag photo 

0.875 

0.068 

Br photo 

2.30 

0.0256 

Ag Auger 

2.01 

0.0291 

Br Auger 

0.656 

0.0905 

Recoil 

-

Fj • (0.068 X 0.48 + 0.0256 x 0.28 + 0.0291 x 0.18 * 0.0905 x O.Ofii = 0.05. 
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E F F E C T OF LONG DECAY CHAINS ON THE COUNTING STATISTICS 
IN THE ANALYSIS OF RADIUM^^* AND RADON^^^ 

H. F . Lucas, J r . affd^D. A. Woodward* 

I. Introduction 

The very low concentrat ions of Th^^^ and Ra^^^ found in normal 
human bone requ i re counting t imes of 6-20 hours to at tain reasonable 
s ta t i s t i ca l accuracy . In the p rocedures used, the respect ive daughters 
Ra^^* and Rn^^^ a r e each separa ted f rom the parent , purified and then 
assayed by alpha counting.! ^^2) The counting sys tems have efficiencies 
of 0.50 and 0.85 counts per alpha for the Ra^^* and the Rn^^^ s e r i e s 
respectively.^ ' ' 

For these or any radioact ive s e r i e s , the number of counts a r e d i s ­
tr ibuted according to the Poisson law only for counting in tervals that a r e 
much shor te r than the mean life of al l of the nuclides being counted and 
when the solid angle subtended by the detector is very much less than 
100%.!^ Consequently, the s tandard deviation in the count is not accu­
ra te ly es t imated by the square root of the number of counts. A method is 
des i red to es t imate accura te ly the var iance in the number of observed 
counts, one which is as simple to apply as if the number of counts were d i s ­
tr ibuted according to the Poisson law. 

Let us suppose that we have a defective counting ins t rument which 
always r eco rds exactly 2.60 counts for every t rue input count. If we then 
observe N counts on this ins t rument , the s tandard deviation of N is e s t i ­
mated by -V2.6O N, Similar ly in the counting of the long decay chains in 
which the mean life of some of the nuclides is very short compared to the 
counting in terval , and in which the solid angle subtended by the detector is 
very la rge , the re is a very high probabil i ty of observing a count not only 
f rom the parent but a lso each of the daughters . Thus, one might expect that 
the s tandard deviation of the count could be es t imated by an express ion such 
as -\fjN, where J is the ra t io of the observed count to that from the parent 
a toms.** ThuSj in our case , J can have values between 1 and 4 for the 
Ra^^* and between 1 and 3 for the Rn^^^ s e r i e s , respect ive ly . 

The prob lem of est imating the standard deviation of the observed 
count from long decay chains has been of concern for a long t ime. Adams^-^/ 
in 1933 applied a der ivat ion of the probabil i ty law to the counting of alpha 
par t i c les from Th^^^ in equil ibrium with its daughters . Linderaan '" ' in an 

* Applied Mathematics Division. 

** This meaning of J is accu ra t e only for counting t imes very shor t 
compared to the mean life of the parent . 
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at tempt to remove the approximations and l imitat ions of the method of 
Adams used a different approach. Unfortunately, both failed to include in 
their calculations the per t inent exper imenta l p a r a m e t e r s . * 

Huybrech t s ' ° ' has included in his derivation the solid angle sub­
tended by the detection device, as well as the detection efficiency. His 
calculations a s sume that a nuclear emulsion was used as the detection 
device and that the counting in terva l was 30 days for the U , Th ., or 
Th^^^ s e r i e s in equi l ibr ium with their daughters . 

P r e l i m i n a r y calculat ions confirmed that the short half- l ives of the 
daughters of Ra^^* and Rn^^^ had a g r e a t e r effect on the es t imate of the 
s tandard deviation of the count than it had for the case of Th^^^ in equilib­
r ium with its daughters . Moreover , the magnitude of this effect would vary 
with t ime after paren t -daughter separat ion. The value of J has been ca l ­
culated as a function of each of three of the possible var iables which affect 
its value: a.^ the counting i n t e r v a l bj the t ime after parent -daughter sep­
arat ion, and c, the solid angle subtended by the detection device. All ca l ­
culations were made with an IBM-704 computer and the following method. 

IL Method 

Each alpha par t ic le emitted m the radioactive decay se r i e s initiated 
by the decay of the parent a tom (Ra^^* or Rn^^^ in the present case) may r e ­
sult m an observed count Let M be the number of parent a toms initially 
m the sample , i.e at the t ime of purification., and N be the total observed 
count in a given measu remen t . Suppose that al l a toms in the same state of 
the decay scheme a r e equally likely to be counted. Then it follows that the 
decay of any one family (parent a tom together with its daughters) is as likely 
to be counted as the decay of any other family. Thus the number of counts 
resul t ing from one family has the same mean number^ /.t, of observed counts 
and var iance O^ as that from any other family. Consequently, the var iance 
of the total observed count N is MJ^ and the mean of N is M/i. 

We wish to es t imate the value Ma^ which is the var iance in the total 
number of observed counts. If we let J = 0^/a . then NJ is an unbiased 
es t imator of Ma^ because the mean of NJ is MftJ = Ma^. In addition, the 
var iance of the es t imator NJ (the var iance of the es t imate of the var iance 
of the number of observed counts) is M i ^ J^ which we es t imate by NJ^. 

Let q(0), q(l)„ q(2). , , .q(h) be the probabil i t ies that 0, 1, 2, , , , h 
counts, respectively^ a r e obtained from the ot decay of a family. If H is 
the maximum number of a counts per family, then q(h) - 0 for h > H. The 
var iance a^ in the number of counts resul t ing from the decay of a single 
family is 

* A further c r i t i c i s m of the method of Lmdeman as well as a very 
complete d iscuss ion of this p rob lem will be found in Reference 7. 
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H 

z 
h=o 

h^q(h) (1) 

w h e r e the m e a n n u m b e r jd of o b s e r v e d coun t s p e r f a m i l y i s 

H 

and 

/i = Y, M(h) 
h=o 

J = oV^ 

The p r o b l e m then i s to c a l c u l a t e the p r o b a b i l i t i e s q(0), q ( l ) , . . . . , 
q(H). L e t tj be the t i m e e l a p s e d b e t w e e n p u r i f i c a t i o n and the s t a r t of 
count ing and l e t At be the length of the count ing i n t e r v a l . Le t the p a r e n t 
s t a t e be E(0) and the s u b s e q u e n t s t a t e s to wh ich it d e c a y s be E ( l ) , E(2) , 
. . , E ( K ) , k = 0, 1, 2 . . . K . Le t E(K) be s t a b l e . T h i s s c h e m e i s suff ic ient 
s i n c e " b r a n c h i n g " m a y be i g n o r e d for a l p h a count ing in e i t h e r the Ra o r 
Rn^^^ s e r i e s . Le t P ( i , j ; t) be the p r o b a b i l i t y t ha t an a t o m in s t a t e E(i) a t 
t = 0 wi l l be in s t a t e E(j) a t t i m e t. F r o m the B a t e m a n e q u a t i o n , w ' 

P( i J ; t ) - < 

I 
k=i 

•Xit 

X k £ ^ 
^J-^k 

TT . . 
b=i ^ b - ^ k 
b / k 

, if i = j 

if i > j 

w h e r e 

and 

X-^ - d e c a y c o n s t a n t of s t a t e E(k) 

Xt 

b=i ^b"^ j 

-Xjt 
e J if j > i 

(2) 

A-K = 0 . 

L e t D(i, j ; h ) be the p r o b a b i l i t y t h a t h i s the n u m b e r of coun t s r e ­
c o r d e d for an a t o m which w a s in s t a t e E(i) a t t i m e ti and in s t a t e E(j) a t 
t i m e t i+ At. A t y p i c a l h i s t o r y of a n a t o m is t ha t it w a s in s t a t e E ( 0 ) a t 
t = 0, s t a t e E(i) a t T = t i , and s t a t e E(j) a t t = tj + At. The p r o b a b i l i t y 
tha t t h i s i s the h i s t o r y and tha t h coun t s w e r e r e c o r d e d i s g iven by the 
p r o d u c t 

P ( 0 , i ; t i ) • P ( i J j At) . D ( i , j ; h ) (3) 
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Since an atom can have only one his tory, the h i s to r ies of al l atoms a r e 
mutually exclusive. Hence, the probabili ty of h counts is the sum of ex­
press ion (3) over a l l h i s t o r i e s , i .e . , 

K K 
q(h) = X Z P(0,i; t i) P(i,j;At) D(i,j;h) 

i=o j=i 
(4) 

The value of D(i, j ; h) is de termined by the experiment . For the 
case being considered he r e , the counting device is only sensit ive to alpha 
par t i c les , and the fraction of the total solid angle subtended by the sensit ive 
volume (the geomet r ica l efficiency) is known. If the sample being counted 
is sufficiently thin, then lit t le self-absorpt ion occurs and al l alpha par t ic les 
will have the same probabili ty, d, of being counted. Since both the alpha 
proport ional counter and the radon counter have a detection efficiency for 
alphas of approximately 100%, the value of d will be approxim.ately equal to 
the exper imental efficiency of 0.50 and 0.85 counts per alpha for the Râ "̂* 
and Rn^^^ s e r i e s respect ively . 

Let the number of a par t ic les emitted between state E(i) and E(j) be 
A(i, j), which is obtained by counting within the decay scheme (Table 12). 
Then D(i , j ;h) is the probabili ty of exactly h successes in A(i, j) independent 
t r i a l s , that i s , 

D(i,j;h) = (^(j^'J^) dh(i.d)^^^'J)"^ (5) 

where 

it) 
A(A-l)- . -(A-h+1) 

1-2 •• . h 

0 

if h < A 

if h > A 

is a binomial coefficient and d for our ins t ruments is the efficiency of the 
counting device. 

Table 12 

Decay scheme of Ra224 and Rn222 

State 

E(0) 

E(l) 

E(a 
EB) 

E(4) 

E(5) 

Ra224 

Nuclide 

Ra22^a 

Em220a 

Po216a 

Pb212p 

B|212a 

Xk (hr- l ) 

7.934 X 10-3 

4.579 X lOl 

1.579 xl( ]4 

6.515 X 10-2 

6.874 X 10-1 

0 

Rn222 

Nuclide 

Rn222 a 

Po218a 

Pb214 6 

Bi2M p 

Po2M a 

Stable' 

h f h r - l i 

7.550 X 10-3 

1.369 X lOl 

2.131 X lO'' 

1.558 X 10*5 

2.40 X 10? 

* Tlie alpha decay is slow enough to be neglected for the usual values 
of t and At . 



82 

The value of J used in es t imat ing the var iance (and hence the stand­
ard deviation) of the count may be calculated from Eqs . ( l ) , (2), (4), and (5), 
when all alpha pa r t i c l e s a r e equally likely to be counted. As an example 
consider the Ra^^* s e r i e s . Let tj = 2 h r . At = 1 hr , d = 0.470 and N = 20.* 
F r o m Table 12, we see that four alphas a r e emit ted from five s ta tes ; hence 
H = 4 and K = 5. The solution of Eq. (4) for the case h = 4 yields 

q(4) - Z Z P(0 , i ;2 ) ' P ( i , j ; l ) • D(i , j ;4) . 
i=o j = i 

(6) 

F r o m Eq. (5) we see that D(i, j | 4 ) = 0 unless A(i, j) > 4. F r o m Table 12, 
A(i, j) cannot be g r e a t e r than 4 and A(i, j) = 4 only if i = 0 and j = 5. 
Thus, from Eq. (5) 

^io.^:^) - ^'i^-^r (iflfffi) (7) 

and 

q(4) = P (0 .0 ;2 ) • P(0. 5| 1) • d* 

Equation (2) is used to calculate P(0, 0| 2) and P(0, 5; 1). Similar ly, 
q(3)s q(2)5 and q(l) may be calculated as above. For this case where the 
efficiency d = 0.47 and the number of counts N = 20, we find: 

jU = Z hq(h) = 0.0112620 
h=o 

•(8) 

and 

Z h2q(h) 
h=o 

• M' 0.0213583 

a n d 

J = _ = 1.89649 

O^ = y j N - 6.2 

O ^ = NJ ± V N F 

37.9 ± 11.6 

* In this example it was assumed that the background of the counting device was zero. 
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III. Discussion 

The value of J in the long decay chains is a function of many vari­
ables; of these the counting interval, the time after parent-daughter sepa­
ration, and the solid angle of the counting device have been evaluated. 
Because of the very wide range of these experimental conditions, it is useful 
to determine how each affects the value of J. 

A . V a r i a t i o n of J w i t h C o u n t i n g I n t e r v a l . 

T h e e f f e c t of t h e c o u n t i n g i n t e r v a l At o n t h e v a l u e of J i s s h o w n i n 
F i g u r e 3 5 f o r t h e Ra"^'* a n d R n " s e r i e s . F o r t h e s e c a l c u l a t i o n s t h e t i m e 

f r o m p u r i f i c a t i o n t o s t a r t of t h e 
30 _ _ . , c o u n t w a s h e l d c o n s t a n t a t t j = 1.0 h r 

2 5_ ^ _̂_ a n d t h e e f f i c i e n c y w a s 0 . 4 7 f o r t h e 
' / ' " " \ Ra^^^ a n d 0 .92 f o r t h e Rn^^^ s e r i e s , 

^.^' __^\ r e s p e c t i v e l y . F o r t h e R n s e r i e s , 
.,'•' ' ' x^ t h e v a l u e of J i s s e e n t o i n c r e a s e 

—i,„2Z2 0 9? c/a t,-ioiir f r o m 1.04 t o 2 . 5 0 a s t h e c o u n t i n g 

i n t e r v a l i n c r e a s e s f r o m 0 .01 t o 7 h r 

"l^ ~ J 10 " ^KTO^ *" Tor a n d t h e n to d e c r e a s e t o 1.44 f o r a 
cou^m* INTER.AU « « s counting interval of 100 hr. These 
„. ,, _ changes in J as the counting interval 
x iffure 3 5 r̂  

increases illustrate that: a) J ~ 1 
Variation of J for Ra and Rn when the counting interval is much 
with counting interval shorter than the respective half-lives 

of Rn and its daughters; b) J increases 
to a maximum ?is the counting interval becomes much longer than the half-
lives of the daughters butremains shorter than that of radon; and c) J de­
creases from this maximum as the counting interval becomes much longer 
than the longest half-life. 

A similar explanation follows for the Râ '̂* series when the difference 
in the decay scheme is taken into account. The very large range of counting 
intervals over which the value of J is constant at 1.80 is very convenient 
since it encompasses all normally encountered counting intervals. Thus, 
for this series, a single value can be used in all calculations. 

B. Variation of J with Solid Angle. 

The dependence of J on solid angle (and hence efficiency) is shown 
in Figure 36 for the Râ ^̂  and Rn̂ ^̂  series. For these calculations, the 
time of the count was held constant at t̂  = 1 hr after separation from 
daughters, and the counting interval was At = 10 hr. For both series, the 
value of J increases from a low of about 1.0 to a high of about 3 as the ef­
ficiency varies from 0,01 to 1.00. Significantly large values of J are obtained 

http://inter.au
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3 0 
t i = i 0 hr 

COUNTING INTERVAL'10 0 hr 

for e f f i c i enc ies of 0.3 to 0.9, wh ich 
a r e c o m m o n l y a t t a i n e d in a lpha count­
ing of t h e s e n u c l i d e s . C u r v e s c a l c u ­
l a t e d for o t h e r n o r m a l l y - e n c o u n t e r e d 
count ing i n t e r v a l s and t i m e s a f t e r 
s e p a r a t i o n of d a u g h t e r s give s i m i l a r 
r e s u l t s , a s would be e x p e c t e d f r o m 
F i g u r e 35 . 

C. V a r i a t i o n of J wi th T i m e a f t e r 

- S e p a r a t i o n f r o m D a u g h t e r s . 

0 03 0 1 
EFFICiENCY.counts/alDha 

T h e e f f e c t of a d e l a y b e t w e e n 
t h e t i m e of s e p a r a t i o n of R a a n d 

Figure 36 

J f 
with efficiency. 

R n f r o m t h e i r d a u g h t e r s a n d t h e 

Variation of J for Ra**̂ * and Rn 
s t a r t of c o u n t i n g i s s h o w n i n F i g u r e s 3 7 
a n d 3 8 , r e s p e c t i v e l y . F o r b o t h s e r i e s , 
t h e v a l u e of J r e m a i n s r e l a t i v e l y c o n ­
s t a n t f o r t i m e s a f t e r s e p a r a t i o n r a n g i n g 

f r o m 0 .1 t o 1000 h r p r o v i d e d t h e c o u n t i n g i n t e r v a l i s s h o r t c o m p a r e d w i t h 
t h e h a l f - l i f e of e i t h e r Ra^^^ o r Rn^^^. A t l o n g e r c o u n t i n g i n t e r v a l s , s u c h a s 
1000 h r , t h e v a l u e of J r a n g e s f r o m 0 . 5 3 t o 2 . 3 5 f o r t h e Ra"^"^ s e r i e s a n d 
f r o m 0 . 0 9 0 t o 2 . 8 3 f o r t h e Rn^^^. S i m i l a r c u r v e s a r e o b t a i n e d f o r o t h e r 
v a l u e s of d e t e c t i o n e f f i c i e n c y . 

Ra^S" 

5p 

10 100 100 1000 
START COUNTING, HOURS AFTER SEPARATION FROM DAUSHTERS 

10 100 100 1000 

START C0UNTING,H0URS AFTER SEPARATION FROM DAUGHTERS 

Figure .37 
224 Variation of J for Ra for counting intervals 

beginning at various times after separation 
from daughters. 

Figure 38 
222 Variation of J for Rn for counting intervals 

beginning at various times after separation 
from daughters. 

T h e v a l u e of J f o r o t h e r c o u n t i n g i n t e r v a l s , t i m e s a f t e r s e p a r a t i o n 
a n d f o r e f f i c i e n c i e s of 0 . 2 5 0 , 0 . 5 0 0 a n d 0 . 8 5 3 a r e r e s p e c t i v e l y s u m m a r i z e d 
i n T a b l e s 13 t h r o u g h 15 f o r t h e Ra^^* a n d i n T a b l e s 16 t h r o u g h 18 f o r t h e 
Rn^^^ s e r i e s . F r o m t h e s e d a t a i t i s p o s s i b l e b y i n t e r p o l a t i o n q u i c k l y t o 
e s t i m a t e t h e v a l u e of J a p p r o p r i a t e t o v a r i o u s e x p e r i n a e n t a l c o n d i t i o n s . 



Table 13 

Variat ion of J for radium-224. Efficiency = 0.250 

T I M E AFTER 
SEPARAT ION 

C l»0001 1 
0 . 0 0 1 0 1 
OoOlOO ' 
0 . 1 0 0 0 
0 » 2 0 0 0 
o . j a a o 1 
o . w o o 
0»5 f lOO 1 
0 . 6 0 0 0 1 
O . I O O O 1 
O.TOOO 
0 . 8 0 0 0 
0 . 9 0 0 0 
1 . 0 0 0 0 1 
2 . 0 0 0 C 
3 . 0 0 0 0 
Jl.OOOC 
5 . 0 0 0 0 1 
6 . 0 0 0 C 
7 . t » a o o 
8.0C013 
v . o c o o 

l o . e o o o 
l l . O O O C 
1 2 . 0 0 0 0 
1 3 . 0 0 0 0 
IH.QOm 
i s . o a o t 
1 6 . 0 0 0 0 
17.'3C0C 
IB.BOOi; 
i 9 . . i a t j i 
20.00DC 
J O . 0 0 0 0 
• lO.aof lo 
50,mm' 
6 0 . o a s t 
8 0 . 0 C O O 

l o a . a o o c 
1 0 0 0 . JOOC» 

O . G O l 

. 6 5 1 9 

.06»»2 

.12!1»1 

. 1 6 8 6 
1 . 1 6 9 0 

. 1 6 9 3 
1 . 1 6 8 9 

. 1 6 6 8 

. 1 6 8 7 

. 1 6 H 6 

. 1 6 8 6 
I . 1 6 8 i * 

. 1 6 8 3 

. 1 6 8 1 

. 1 6 6 0 
l . 1 6 3 « * 
1 . 1 6 0 7 

. 1 5 8 1 

. 1 5 5 7 
l.^Sih 
l . 1 5 l i 
I . H » 9 % 
U 1 « * 7 6 
l . 1 % 5 9 

. i m i » t 

. 1 « * i 5 

.1«>16 
1 . 1 h Q h 
1 . 1 3 9 i 

. 1 i 8 2 
1 . 1 3 7 2 
I . 1 3 6 i 
1 . 1 5 5 5 
1 . 1 2 9 5 
l . 1 2 6 i 
I . 1 ? « i 6 
I . 1 2 i 7 
1 . 1 2 2 9 
1 . 1 2 26 
1 . 1 2 2 5 

0 . 0 1 0 

1 . 2 1 2 6 
1 . 2 1 % 2 
1 . 2 2 3 1 
1 . 2 3 1 5 
1 . 2 3 1 6 
1 . 2 3 1 5 
l.Z3\h 
1 . 2 3 1 3 
1 . 2 3 1 1 
1 . 2 3 0 9 
1 . 2 3 0 9 
1 . 2 3 0 7 
1 . 2 3 0 5 
1 . 2 3 0 3 
1 . 2 2 7 3 
U 2 2 3 8 
1 . 2 2 0 1 
1 . 2 1 6 5 
1 . 2 1 3 1 
1.21"«t< 
1 . 2 0 7 1 
1 . 2 0 l H t 
1 . 2 0 1 9 
1 . 1 9 9 6 
1 . 1 9 7 5 
1 . 1 9 5 6 
1 . 1 9 5 7 
1 . 1 9 2 1 
1 . 1 9 0 5 
1 . 1 8 9 0 
1 . 1 8 7 7 
1 . 1 8 6 J I 
1 . 1 8 5 5 
1 . 1 7 7 0 
1 . 1 7 2 7 
1 . 1 7 1 3 
1 . 1 6 9 0 
1 . 1 6 7 9 
1 . 1 6 7 6 
1.1671+ 

O . I C O 

1.1J5T2 
l . l » 5 5 8 
l . i | i | 5 2 
1 . i »2? i t 
l . « t 2 7 1 
1 . % 2 6 9 
1 .1*267 
U»»26i» 
1 . t i 2 6 1 
1 . » t 2 5 8 
l . J t 2 5 8 
1.S42511 
l . % 2 5 0 
l - i » 2 > i 6 
1 . I l l 9 0 
1 .1*124 
1.11056 
1 . 3 9 9 0 
1 . 3 9 2 7 
1 . 3 8 7 0 
1 . 3 8 1 6 
1 . 3 7 6 7 
1 . 3 7 2 1 
1 . 3 6 7 9 
1 . 3 6 H 3 
1 . i 6 C % 
1 . 3 5 7 0 
1 . 3 5 3 9 
1 . 3 5 1 1 
1 .3 i t e i » 
1 .3» t59 
1.311.36 
U 3 4 1 l ^ 
1 . , i 2 6 3 
1 . 3 1 8 3 
1 . 3 U 0 
1 . 3 1 1 7 
1 . 3 0 9 6 
1 . 3 0 9 1 
1 . 3 0 9 1 

COUNT 
1 .CQ0 

1 . 4 9 2 H 
1 . t i 9 2 3 
1.11911 
1 .1*886 
1 .1*882 
1.14878 
U « 4 8 7 i | 
1 .1»869 
1.H8611 
l . i | 8 5 8 
1 . i l 8 5 8 
1 . i | 8 5 2 
1.1*8146 
l . i * 8 « * 0 
1.1«769 
l . % 6 9 0 
1.1»611 
1.14536 
1.J|1|66 
1,l4l4'' 1 
1 .%3i» l 
1 . » i 2 8 5 
I . i l 2 3 i 4 
1 .1*166 
1.1»1U3 
1 . 1 t i ; 2 
1 .1 *065 
1.«4'3JO 
1 . 3 9 9 8 
1 . 3 9 6 8 
1.39140 
1 . 3 9 1 % 
1 . 3 8 9 0 
1 . 3 7 2 1 
1 . 3 6 3 5 
1 . 3 5 8 9 
1 . 3 5 6 6 
1 . 3 5 5 C 
1 .351*8 
1 . J 5 8 2 

ING I M E R V 
2 . 2 0 3 

1.14933 
1 .1*932 
1.«»926 
1 . ! +910 
1 .1*905 
1 . % 8 9 9 
1.1*891* 
1 .1*887 
1 .1*881 
1.»*87l* 
1,%87% 
1 .%e68 
1 .1*861 
1 .1* f i53 
1 .1*776 
1 .1*695 
1 .1*616 
1.1*5141 
1 .1* 1*72 
1 . M * S 7 
1.1*21*8 
1 .1*293 
1.1*2142 
1 .1*196 
1 .1 *153 
I . i 4 l 1 3 
1 . H C 7 6 
1.**CI*1 
l . i * y 1 J 
1 . 3 9 8 0 
1 . 3 9 5 3 
1 . 3 9 2 7 
1 . ? 9 3 3 
1 . 3 7 3 9 
1 . 3 6 5 6 
1 . 3 6 1 5 
U 3 5 9 6 
1 . 3 5 6 7 
1 . 3 5 9 2 
1 . 3 6 6 2 

AL CHOU 
5,am 

1.11975 
1.1*97«* 
1.11972 
l . i | 9 6 2 
1 . H 9 5 % 
1.1*91*6 
l . i » 9 3 8 
1,11931 
1 . ^ 9 2 3 
1.1*911* 
1 . i i 9 1 i * 
1 .1*906 
1 . H 8 9 8 
1 . H 8 9 0 
1 .1 *806 
1 . 1 * 7 2 ^ 
1.1s6l»6 
1 .1*573 
1 .1*506 
Ui4!4%l* 
1.11387 
1 . i l 3 3 i * 
1 . H 2 8 5 
1.142»*0 
1.14199 
1 .1*160 
1 .1 | 125 
1.14092 
1 .1*062 
1.1*^ 3 ^ 
l . i * 0 f 8 
1 . 3 9 8 3 
1 . 3 9 6 1 
1 . 3 8 G 9 
1 . 3 7 3 8 
1 . 5 7 C 9 
1 .37» -2 
1 . 3 7 1 1 * 
1 . 2 7 3 R 
1 . 3 9 1 7 

R S I 
I S . 0 0 0 

1 . 5 0 2 8 
1 , 5 0 2 8 
1 . 5 0 2 7 
1 . 5 0 1 8 
1 . 5 C 1 0 
1 . 5 0 0 2 
1.14993 
1.14985 
1 . H 9 7 7 
1 . % 9 6 8 
1 .1*968 
1 .1 |960 
1 .1*952 
1.1|91*3 
1 . 4 8 6 1 
l . « » 7 8 3 
1 .1*7§9 
l . l » 6 l » 1 
1 .1*578 
1 .1*523 
1.1»l466 
1 . l t%17 
1.1*372 
1 .1*330 
1 . M 2 9 1 
1 .1*256 
1 .1*223 
1 .1*193 
1 .1*165 
1 .1*139 
1 .1*116 
1 . l l 0 9 i * 
1.%C7l) 
1 .391*3 
1 . 3 8 9 1 * 
1 . 3 8 8 5 
1 . 3 8 9 7 
1 .391*% 
1 . 3 9 9 8 
l . i » 3 5 2 

2 0 . 0 0 9 

1.11927 
1.14927 
1.11926 
1 .1*919 
1 . H 9 1 2 
1.11905 
1 .1*897 
1 .1*890 
1.11883 
1 .1*876 
1.11876 
1 . % 8 6 8 
1 .1*861 
1.14851* 
1.1|78«* 
1 .1*717 
1 . J I 6 5 6 
1 .1*599 
1.1*51*6 
1.««1*98 
l . l 4J *5 l * 
1 .1* 1*13 
1 .1*376 
I. I431+2 
1.11311 
1 .1*282 
1 .1*256 
1 .1*233 
1.11211 
1 .1*192 
1 .1 *17 i | 
1 . H 1 5 8 
1.1*1%% 
1.14C65 
1 . % 0 6 1 
l .««D9i* 
l . i 4 l % % 
1.14258 
1 . % 3 6 9 
1 . 5 0 5 H 

1 0 0 . 0 0 0 

1 . 1 9 5 2 
1 . 1 9 5 2 
1 . 1 9 5 2 
1 . 1 9 5 1 
1 . 1 9 5 1 
1 . 1 9 5 0 
1 . 1 9 5 0 
1 . 1 9 % 9 
1 .191*9 
1 .19%8 
1 .191*8 
1 .191*8 
1 . 1 9 % 7 
1 .191*7 
1.19%% 
1 . 1 9 % 2 
1 . 1 9 l » 3 
1 . 1 9 % 5 
1 . 1 9 5 0 
1 . 1 9 5 7 
1 . 1 9 6 5 
1 . 1 9 7 6 
1 . 1 9 8 8 
i . r o T i 
1 . ' ' 0 1 6 
1 . 2 0 3 2 
l . ' f ' S S 
1 . ' > 0 6 8 
1 . " ^ P 8 
i . ' i n s 
1 . - 1 2 9 
l . ' 5 ' I S I 
1 . ^ 1 7 % 
1. '^%28 
1 . " 7 n 8 
1 . ^ 9 9 0 
i . ^ a d s 
1 . ~ 7 6 6 
1. i*2 '- .3 
1 . A 7 7 1 

1 0 0 0 . 0 0 0 

O . T 5 0 % 
0 . 7 5 0 % 
0 . 7 5 0 % 
0 . 7 5 0 7 
0 . T 5 1 2 
0 . 7 5 1 6 
§ . 7 5 2 1 
0 . 7 5 2 5 
0 . 7 5 2 9 
0 , 7 5 3 * 
0 . 7 5 3 % 
0 . 7 5 3 8 
0 . 7 5 % 3 
0 . ? 5 % 7 
0 . 7 5 9 2 
0 . 7 6 3 8 
0 . 7 6 8 6 
0 . 7 7 3 % 
0 . 7 7 8 % 
0 . 7 8 3 5 
0 . 7 8 8 6 
0 . 7 9 3 9 
0 . 7 9 9 3 
0 . 8 0 % ? 
3 . 8 1 0 2 
0 . 8 1 5 8 
0 . 8 2 1 % 
0 . 8 2 7 1 
0 . 8 3 2 8 
0 . 8 3 8 6 
0.8%%% 
1 . 8 5 0 2 
e . 8 5 6 0 
3 . 9 1 % 8 
0 . 9 7 2 5 
1 . 0 2 7 6 
1 . 0 7 9 % 
1 . 1 7 2 9 
1 . 2 5 3 3 
1 . 7 2 2 1 

00 



Table 14 

00 

Variat ion of J for radium-Z24. Efficiency - 0.500 

TIME AFTER 
SEPARATION 

0.0001 
0.0010 
0.0100 
0.1000 
0.2000 
0.3000 
0.%000 
0.5000 
0.6000 
0.7000 
0.7000 
0.8000 
0.9000 
1.0000 
2.0000 
3.0000 
%.0000 
5.0000 
6,0000 
7,0000 
8.0000 
9.0000 
10.0000 
11.0000 
12.0000 
13.0000 
1%.0000 
15.0000 
16.0000 
17.0000 
18,0000 
19,0000 
20,0000 
30.0000 
%0.0000 
50.0000 
60.0000 
80.0000 
100.0000 

1000.0000 

0,001 

1.1037 
1.128% 
1.2%82 
1.3373 
1.3381 
1.3380 
1.3378 
1,3376 
1.337% 
1.3372 
1.3372 
1.3369 
1.3366 
1.3363 
1,3320 
1.3268 
1.3215 
1,3163 
1.311% 
1,3068 
1.3026 
1.2987 
1,2951 
1.2918 
1.2887 
1,2859 
1.2833 
1.2808 
1.2786 
1.2765 
1.27%5 
1.2727 
1.2710 
1.2590 
1.2527 
1,2%93 
1.2%?% 
1.2%57 
1,2%52 
1.2%50 

0.010 

1,%252 
1,%283 
1.%%62 
1.%630 
1.%631 
1,%630 
1.%628 
l.%625 
l.%622 
].%619 
l.%619 
l.%615 
l.%610 
l.%606 
1,%5%7 
1,%%75 
l.%%01 
l.%330 
1.%262 
1,%199 
1.%1%1 
l.%088 
l.%038 
1.3992 
1.3950 
1.3911 
1,3875 
1.38%1 
1.3810 
1.3781 
1,375% 
1.3729 
1.3705 
1.35%0 
1.3%5% 
1.3%07 
1.3381 
1.3358 
1.3351 
1.33%9 

0.100 

1.91%% 
1.9116 
1.8903 
1.85%9 
1.85%1 
1.8538 
1,853% 
1.8529 
1.8523 
1.8516 
1.8516 
1.8508 
1.8500 
1.8%92 
1.8380 
1.82%8 
1.8111 
1.7979 
1.7855 
1,7739 
1.7632 
1.7533 
1.7%%2 
1,7358 
1,7280 
1,7208 
1.71%1 
1.7079 
1.7021 
1,6968 
1.6918 
1,6872 
1,6829 
1.6525 
1.6366 
1,6280 
1.6233 
1.6193 
1.6181 
1.6182 

COUNTING INTERVAL (HOURSJ 
1.000 

1.98%9 
1,98%6 
1.9822 
1,9772 
1,976% 
1.9756 
1.97%7 
1.9738 
1.9727 
1.9716 
1,9716 
1.9705 
1.9693 
1,9680 
1.9537 
1.9379 
1,9222 
1.9072 
1.8932 
1.8801 
1.8681 
1.8570 
1.8%68 
1.8373 
1,8285 
1.8205 
1.8130 
1.8060 
1.7996 
1.7936 
1.7880 
1,7828 
1.7780 
1,7%%3 
1.7269 
1.7179 
1,7132 
1,7099 
1.7097 
1.716% 

2,000 

1.9865 
1.986% 
1.9851 
1.9821 
1,9810 
1.9799 
1.9787 
1.9775 
1.9762 
1.97%9 
1.97%9 
1.9735 
1.9721 
1.9707 
1.9552 
1.9390 
1.9232 
1,9083 
1.89%3 
1,8815 
1.8696 
1.8586 
1.8%85 
1.8391 
1.8305 
1,8225 
1,8151 
1,8083 
i,aoi9 
1.7960 
1.7905 
1.785% 
1.7807 
1.7%78 
1.7313 
1.7230 
1.7192 
1.7173 
1.718% 
1.732% 

5.000 

1,99%9 
1,99%9 
1.99%% 
1,9923 
1.9908 
1.9893 
1.9877 
1.9861 
1.98%5 
1,9829 
1.9829 
1,9813 
1.9796 
1.9780 
1.9612 
1.9%%8 
1.9292 
1.91%7 
1,9012 
1.8888 
1.8773 
1.8668 
1.8570 
1.8%81 
1.8398 
1.8321 
1.8250 
1.818% 
1.812% 
1,8067 
1.8015 
1.7967 
1.7922 
1.7618 
1.7%77 
1.7%19 
1.7%0% 
1.7%28 
1.7%75 
1.7833 

10.000 

2.0057 
2.0056 
2.0053 
2.0036 
2.0020 
2.0003 
1.9987 
1,9970 
1.9953 
1.9937 
1.9937 
1.9920 
1.9903 
1.9887 
1.9722 
1.9565 
1.9%18 
1.9282 
1.9156 
1.90%0 
1.8933 
1,883% 
1.87%% 
1.8660 
1.8583 
1.8512 
1.8%%6 
1.8386 
1.8330 
1.8279 
1.8231 
1.8187 
1.81%7 
1,7887 
1.7788 
1.7771 
1.779% 
1.78B8 
1.7995 
1.870% 

20.000 

1.9855 
1.9855 
1.9853 
1.9838 
1.982% 
1.9809 
1.9795 
1,9780 
1.9766 
1.9751 
1.9751 
1,9737 
1.9722 
1.9708 
1.9567 
1,9%35 
1,9311 
1.9197 
1.9092 
1.8996 
1.8907 
1.8826 
1,8752 
1.868% 
1,8622 
1,8565 
1.8513 
1.8%66 
1.8%23 
1.838% 
1.83%8 
1.8316 
1.8287 
1,8131 
1.8123 
1.8188 
1,8287 
1.8515 
1.8737 
2.0107 

100.000 

1.3905 
1.3905 
1.390% 
1.3902 
1.3901 
1.3900 
1,3899 
1,3899 
1.3898 
1,3897 
1.3897 
1.3896 
1.3895 
1.389% 
1,3887 
1.388% 
1.3885 
1.3891 
1.3900 
1.391% 
1.3931 
1.3952 
1,3976 
l.%003 
1.%032 
l.%065 
1.%099 
1,%136 
1,%175 
1,%216 
l.%258 
1,%302 
l.%3%7 
l.%857 
1.5%16 
1.5980 
1.6526 
1.7531 
1,8%06 
2.35%1 

1000.000 

0.5007 
0.5007 
0,5007 
0.501% 
0,5023 
0.5032 
0.50%1 
0.5050 
0,5059 
0.5068 
0.5068 
0,5077 
0.5086 
0,5095 
0.5185 
0.5277 
0.5371 
0.5%68 
0.5567 
0.5669 
0.5773 
0.5878 
0.5985 
0.609% 
0.6205 
0.6316 
0.6%29 
0.65%2 
0.6657 
0.6772 
0.6888 
0,700% 
0.7121 
0.8296 
0.9%50 
1.0552 
1,1589 
1,3%58 
1.5065 
2.%%%3 



Table 15 

Variat ion of J for radiuni-2Z4. Efficiency = 0,853 

TIME AFTER 
SEPARATION 

0,0001 
0.Q010 
0.0100 
0.1000 
0.2000 
0.3000 
0.%000 
0.5000 
0.6000 
0,7000 
0.7000 
0.8000 
0.9000 
1.0000 
2.0000 
3.0000 
%.0000 
5.0000 
6.0000 
7.0000 
8.0000 
9.0000 
10.0000 
11,0000 
12.0000 
13.0000 
1%,0000 
15.0000 
16.0000 
17.0000 
18.0000 
19.0000 
20.0000 
30.0000 
%0,0000 
50.0000 
60,0000 
80.0000 
100.0000 

1000.0000 

0.001 

1,1769 
1,2191 
1.%23% 
1.575% 
1.5767 
1.5766 
1.5763 
1.5760 
1.5756 
1.5752 
1.5752 
1.57%7 
1.57%2 
1.5736 
1.5663 
1.5575 
1.5%8% 
1.5396 
1,5312 
1.523% 
1,5163 
1,5096 
1.5035 
1.%978 
1.%926 
1.%878 
1.%833 
l.%791 
1.%752 
1.%716 
l.%683 
l.%652 
l.%623 
1,%%18 
i.%3n 
l.%252 
l.%220 
1,%192 
l.%183 
1.%179 

0.010 

1,7253 
1.7307 
1.7611 
1.7899 
1.7901 
1.7898 
1.7895 
1.7890 
1.7885 
1.7879 
1.7879 
1.7873 
1.7865 
1.7858 
1.7757 
1.7635 
1.7509 
1.7387 
1.7271 
1.716% 
1.7065 
1.697% 
1.6889 
1.6811 
1.6739 
1.6672 
1.6610 
1.6553 
1.6500 
1.6%50 
1.6%0% 
1.6361 
1.6321 
1.60%0 
1,5892 
1.5812 
1.5('68 
1.5729 
1.5717 
1.5713 

0.100 

2.5599 
2.5551 
2.5189 
2.%58% 
2.%571 
2.%566 
2,%559 
2.%550 
2,%5%0 
2.%528 
2.%528 
2.%515 
2.%501 
2.%%87 
2.%297 
2,%070 
2.3838 
2.3612 
2.3%00 
2.3203 
2,3020 
2,2852 
2,2696 
2.2552 
2,2%19 
2.2296 
2.2182 
2.2077 
2.1978 
2.1887 
2.1802 
2.1723 
2.1650 
2,1132 
2.0861 
2.071% 
2,063% 
2.0565 
2.05%5 
2.05%7 

COUNTING INTERVAL (HOURS) 
1,000 

2.6802 
2.6797 
2.6756 
2.6671 
2.6657 
2.66%% 
2.6629 
2.6612 
2,6595 
2.6576 
2,6576 
2.6557 
2.6536 
2.6515 
2.6270 
2.6001 
2.5733 
2.5%77 
2.5237 
2.5015 
2.%810 
2,%620 
2,%%%6 
2.%28% 
2.%135 
2.3997 
2.3869 
2.3750 
2.36%0 
2,3538 
2.3%%3 
2.3355 
2.32T2 
2.2697 
2.2%01 
2.22%7 
2.2167 
2.2111 
2,2107 
2.2222 

2.000 

2.6830 
2.6827 
2.6806 
2.675% 
2.6736 
2.6717 
2.6697 
2.6676 
2,665% 
2,6631 
2.6631 
2.6608 
2.658% 
2.6560 
2.6296 
2.6019 
2.5750 
2.5%95 
2.5257 
2.5038 
2.%835 
2.%6%8 
2.%%75 
2.%316 
2.%169 
2.%032 
2.3906 
2.3789 
2.3681 
2.3580 
2.3%87 
2.3%00 
2,3319 
2.2757 
2.2%?6 
2.2335 
2.2269 
2.2238 
2.2255 
2.2%95 

5.000 

2.697% 
2.6973 
2,696% 
2,6929 
2.6903 
2.6877 
2.6850 
2.6823 
2.6796 
2.6768 
2,6768 
2.67%0 
2.6712 
2.668% 
2,6398 
2.6118 
2,5852 
2.560% 
2.5375 
2,5163 
2.%967 
2.%787 
2,%621 
2,%%68 
2,%326 
2.%196 
2.%075 
2.3963 
2.3859 
2,3763 
2.367% 
2.3591 
2.351% 
2.2996 
2.2756 
2.2657 
2.2630 
2.2672 
2,2753 
2.336% 

10.000 

2.7157 
2.7156 
2.7151 
2.7121 
2.7093 
2.7065 
2,7037 
2.7009 
2.6980 
2.6952 
2,6952 
2.692% 
2,6895 
2.6867 
2.6586 
2.6318 
2.6067 
2.5835 
2,5620 
2,5%22 
2.5239 
2.5071 
2.%917 
2.%77% 
2.%6%2 
2.%521 
2.%%D9 
2.%306 
2.%211 
2.%123 
2,%0%2 
2,3968 
2.3899 
2.3%55 
2.3287 
2.3257 
2,3296 
2.3%57 
2.36%0 
2.%B%9 

20.000 

2.6812 
2,6812 
2.6809 
2.678% 
2,6759 
2.6735 
2.6710 
2,6685 
2.6660 
2,6635 
2.6635 
2,6611 
2.6586 
2.6561 
2,6322 
2.6095 
2,5885 
2.5690 
2.5511 
2.53%7 
2,5196 
2.5057 
2,%931 
2.%815 
2.%708 
2.%612 
2.%523 
2.%%%2 
2.%369 
2.%302 
2,%2%2 
2.%187 
2.%138 
2.3871 
2.3858 
2.3969 
2.%138 
2.%527 
2.%906 
2.72%3 

100.000 

1,6662 
1.6662 
1.6661 
1.6657 
1.6656 
1.665% 
1.6653 
1.6651 
1,66%9 
1.66%8 
1.66%8 
l.66%6 
1.66%5 
1.66%3 
1.6632 
1.6626 
1.6628 
1.6637 
1.665% 
1.6677 
1.6706 
1.67%2 
1.6782 
1.6828 
1.6879 
1.693% 
1,6993 
1.7056 
1.7123 
1.7192 
1.726% 
1.7339 
1.T%17 
1.8286 
1.92%0 
2.0201 
2,1133 
2.28%8 
2.%3%1 
3.3102 

1000.000 

0.1%82 
0.1%82 
0,1%B3 
0.1%95 
0.1510 
0.1525 
0.15%0 
0.1555 
0.1571 
0.1586 
0.1586 
0,1601 
0.1616 
0.1631 
0.1785 
0,19%2 
0.2103 
0.2269 
0.2%38 
0.2611 
0,2788 
0.2968 
0.3151 
0.3337 
0.3525 
0.3715 
0.3907 
0.%101 
0.%296 
0.%%93 
0.%690 
0,%889 
0.5088 
0.7093 
0.9061 
1.09%1 
1.2710 
1.5899 
1.86%1 
3.%639 

<x> 
-a 



Table 16 

00 
00 

Variat ion of J for radon-2ZZ. Efficiency = 0.250 

TIME AFTER 
SEPARATION 

0 . 0 0 0 1 
0 . 0 0 1 0 
0 . 0 1 0 0 
0 . 1 0 0 0 
0 . 2 0 0 0 
0 . 3 0 0 0 
0.%000 
0 . 5 0 0 0 
0 . 6 0 0 0 
0.7IJ00 
0 . 7 0 0 0 
0 . 8 0 0 0 
0 . 9 0 0 0 
1 .0000 
2 . 0 0 0 0 
i.OOOO 
%.0000 
S.OCIOU 
6 . 0 0 0 0 
7 . 0 0 0 0 
8 . 0 0 0 0 
9 , 0 0 0 0 

10.GC00 
l l . tJGOO 
1 2 . 0 0 0 0 
1 3 . 0 0 0 0 
i%,ooao 
1 5 . 0 0 0 0 
1 6 . )000 
1 7 . 0 0 0 0 
1 8 . 0 0 3 0 
i 9 . a o a o 
2 0 . 3 9 0 0 
iO.OGOO 
%0.0000 
5 0 , 0 0 0 0 
6 0 . d 0 0 0 
8 0 . 0 0 0 0 

l o o . o o a o 
i o o o . a i i 3 C 

fe.oai 

1 .0090 
1.G089 
1 .0080 
1 .0052 
1.0il%r 
1.00%5 
1.CiO%i 
1 ,0Q%2 
1.00%! 
1 .0039 
1 .0039 
1.C038 
1 .0037 
1 .0037 
1.00 32 
1 .0031 
1.P(13a 
1 . 0 0 3 0 
1 ,0030 
i . e o i o 
1 .0030 
l .OfiSO 
1.C0 30 
1.ftt)30 
1 . " 0 3 « 
I . ^H j iO 
1 ,1030 
I.O'JSO 
i.."-e3o 
1 .0630 
1.aP30 
1 .0330 
i . e e s o 
l . n ' J i O 
1 ,0030 
1.03 50 
l . f d S O 
i . o r j j 
1.-?'(3d 
l . ^ O W 

0 . 0 1 0 

1.C309 
1 .0306 
1 .0278 
1 .0186 
1 .0167 
1 .0160 
1 .0155 
1 .0151 
1.91%6 
1,01%2 
1.01%2 
1 ,0138 
1 .0135 
1 .0131 
1 .9115 
1 .0110 
1 .0109 
1 .0109 
1 .0109 
1 .0109 
1 .0109 
l . a i C 9 
1 .0109 
i . e i 0 9 
1.11109 
1 .0109 
1 .0109 
1 .0109 
1.01f>9 
1 .0109 
1 ,0109 
I.{J1CI9 
1 .0109 
1.01C9 
1 .0109 
1.01C!9 
1 ,0109 
1 .0109 
1 .0109 
i . o n o 

O.ICO 

1 .1569 
1 ,1562 
1.1%99 
1 .1225 
1.11%i 
1.11C3 
1 .1069 
1 .1028 
i . i a o 7 
1 .0979 
1 ,0979 
1 .0953 
1 .0929 
1.09C8 
1.0798 
1 .0770 
1.U76% 
1,3762 
1 .0762 
1 .0762 
1.U762 
1 .0762 
1 .0762 
1 .0762 
1 ,0762 
1 ,0762 
1 .0762 
1 .0762 
1 .3762 
1 .a762 
1 .0762 
1.3 763 
1 .3763 
1 .0763 
1.C763 
1.{|76% 
1.076% 
1.a76% 
1 .0765 
1 .0767 

COUfN 
1.000 

1.3CJ92 
1 .3091 
1 .3082 
1 .3001 
1 .2922 
1.28%7 
1 .2777 
1 .2713 
1.265% 
1.2601 
1 .2601 
1.255% 
1 .2512 
1.2%75 
1 .2285 
1 .2238 
1 .2227 
1 .222b 
1 .2225 
1 ,2225 
1 ,2226 
1 .2226 
1 .2226 
1.2227 
1 .2227 
1 .2228 
1 .2228 
1 .2228 
1 .2229 
1 .2229 
1 .2229 
1 .2236 
1 .2230 
1.223% 
1.2237 
1.22%y 
1,22%3 
1.22%8 
1 .2252 
1 .2279 

TING IWTERVAL IHOliRS! 
2,COO 

1 .3791 
1,3790 
1.378% 
1.3725 
1 .3658 
1 .3595 
1 ,3535 
1.3%81 
1.3%31 
1 .3387 
1.3387 
1.33%7 
1 .3312 
1 .3281 
1 .3118 
1.3C78 
1.3170 
1 .3068 
1.3C69 
1.3C69 
1.3C70 
1.3C71 
1.3C72 
1 . i C 7 2 
1.5C73 
1.337% 
1.3C75 
1.3C76 
1.3C76 
1 .3677 
1.3C78 
1.3C79 
1.3C79 
1,3Ce6 
1,3C93 
1 .3099 
1 .3105 
1 .3115 
1 .3123 
1 .3176 

5 . 0 0 0 

1.%321 
1.%320 
1.%317 
1,%286 
1.%252 
1.%22Q 
l .%189 
l .%161 
l .%135 
l .%111 
1.%1I1 
1,%G90 
1.%C71 
1.%C5% 
1 .2965 
1.29%3 
1.39%0 
1.39%0 
1.39%2 
1.39%% 
1.39%6 
1.39%8 
i . s g s o 
1 .2952 
1.395% 
1 .3956 
1 .3958 
1 . 2 9 6 ' 
1 .3962 
1 .3963 
1 .2965 
1 .2967 
1 .2969 
1 .3986 
1.%00? 
1 . %C. 1 7 
1.%031 
1.%056 
1.%C7a 
1,%2C8 

liJ.OOO 

1.%277 
1,%277 
1.%275 
1.%258 
l.%2%1 
l .%222 
l .%205 
1.%190 
1,%176 
1.%163 
1.%163 
1.%151 
1.%1%1 
1.%131 
1,%0B3 
1.%£'73 
l.%f«7% 
1.%l77 
1.%081 
1.%&85 
1.%089 
1.%fs93 
1.%096 
1,%113 
u % n % 
K % r i 8 
1.%112 
i . % n 5 
1.%119 
1.%123 
1.%126 
l .%130 
1.%133 
1,%168 
U%199 
l .%229 
1.%?56 
1.%335 
1.%3%7 
l .%6~3 

22.0113 

1 .3876 
1 .3875 
1.387% 
1.3865 
1.385% 
1.38%5 
1.3836 
1.2828 
1.3820 
1 .3813 
1.3813 
1.38C7 
l .HB-^ l 
1 .3796 
1 .3773 
1 . 3 7 7 1 
1.3779 
1 .?786 
1,379% 
1.38'~1 
1 .3809 
1.2816 
1.382% 
1.3831 
1.383H 
1.38%6 
1.3853 
1 .3861 
1.1867 
1.287% 
1.2881 
1 .?888 
1 .3895 
1 .3961 
1.%n22 
1.%C>79 
1.%1''1 
1.%2?5 
l.%3'»6 
1.%B'-1 

inc.o«^0 

1.10?% 
1.102% 
1.1023 
1 .1321 
1.1-320 
1.131V 
1.1018 
1 . ' 0 1 7 
1.1017 
1 . ' J 1 7 
1 . l u 1 7 
1.1C-17 
1 ,1018 
l . l ; 18 
1.1i336 
1.1P62 
1 .1091 
1.1119 
1.11%8 
1.- '177 
1 .1205 
l . ' 2 3 % 
1.1262 
1.12R9 
1 . ' 3 1 7 
1.13%% 
1.1372 
1 ,1399 
1.1%?5 
l . i % 5 2 
1.1%78 
1.15-^5 
l . - 'S^ . l 
1 ,^780 
1 . ' C1 1 
1 . " ? ? 5 
1."%?% 
l . " 7 7 9 
1,=-085 
1.'4 956 

1 0 0 0 . 0 0 0 

& .752T 
0 . 7 5 2 7 
0 . 7 5 2 7 
0 . 7 5 2 9 
0 . 7 5 3 1 
O.T53% 
0 . 7 5 3 6 
0 . 7 5 3 9 
0.75%3 
0.75%6 
0.75%6 
0.75%9 
0 . 7 5 5 3 
0 . 7 5 5 7 
0 ,760% 
0 , 7 6 5 7 
0 . 7 7 1 2 
0 . 7 7 6 6 
0 . 7 8 2 1 
9 .787% 
0 . 7 9 2 8 
0 . 7 9 8 1 
0 .803% 
0 . 8 0 8 6 
0 . 8 1 3 8 
0 . 8 1 8 9 
O.B2%0 
0 . 8 2 9 1 
0,83%2 
0 . 8 3 9 2 
0.8%%! 
0.8%90 
0 . 8 5 3 9 
0 , 9 0 0 8 
0.9%%3 
O.V8%6 
1 .0219 
1 .0887 
1.1%62 
1.%981 



Table 17 

Variat ion of J for radon-222. Efficiency = 0.500 

TIME AFTER 
SEPARATION 

0.0001 
0.0010 
0.0100 
0.1000 
0,2000 
0.3000 
0.%000 
0.5000 
0,6000 
0.7000 
0.7000 
0.8000 
0.9000 
1.0000 
2.0000 
3,0000 
%.0000 
5,0000 
6.0000 
7.0000 
8.0000 
9.0000 

10.0000 
11.0000 
12,0000 
13,0000 
1%.0000 
15.0000 
16.0000 
17,0000 
18,0000 
19.0000 
20.0000 
30.0000 
%0,0000 
50.0000 
60,0000 
80.0000 

100.0000 
1000.0000 

0.001 

1.0180 
1.0178 
1,0161 
1.010% 
1.0093 
1.0089 
1.0086 
1.008% 
1.0081 
1.0079 
1.0079 
1.0077 
1.0075 
1.0073 
1.006% 
1.0061 
1.0061 
1.0061 
1.0061 
1.0061 
1.0061 
1.0061 
1.0061 
1.0061 
1.0061 
1.0061 
1.0061 
1,0061 
1.0061 
1,0061 
1.0061 
1.0061 
1.0061 
1.0061 
1.0061 
1.0061 
1.0061 
1.0061 
1,0061 
1 .0061 

0.010 

1.0618 
1.0612 
1.0556 
1.0373 
1.0335 
1,0320 
1.0310 
1.0301 
1.0292 
1.028% 
1,028% 
1,0276 
1.0269 
1.0263 
1.0229 
1.0221 
1.0219 
1.0218 
1.0218 
1.0218 
1.0218 
1.0218 
1.0218 
1.0218 
1.0218 
1.0218 
1.0218 
1.0218 
1.0218 
1.0218 
1.0218 
1.0218 
1.0218 
1.Q219 
1.0219 
1.0219 1 
1.0219 
1.0219 
1.0219 1 
1.0219 

0.100 

1.3138 
1,312% 
1,2998 
1.2%%9 
1.2286 
1.2205 
1,2139 
1.2075 
1. 20 15 
1,1958 
1.1958 
1.1906 
1.1859 
1.1817 
1.1596 
1.15%1 
1.1528 
1.1525 
1,152% 
1.152% 
1.152% 
1.152% 
1.152% 
.152% 
.1525 
1.1525 
1.1525 
.1525 
.1525 
1.1525 
.1525 
.1525 
1.1525 
.1526 
,1526 
.1527 
.1528 
.1529 
.1530 
,1535 

COUN 
1,000 

1.618% 
1.6182 
1,616% 
1,6002 
1.58%3 
1.569% 
1,555% 
1.5%25 
1.5308 
1.5202 
1.5202 
1.5108 
1.5025 
1.%951 
1.%569 
l.%%75 
l.%%5% 
1,%%50 
l.%%50 
1.%%50 
1.%%51 
l.%%52 
l.%%53 
l.%%5% 
l.%%5% 
l.%%55 
1.%%56 
l.%%57 
1.%%57 
l.%%58 
l.%%59 
l.%%60 
1,%%60 
1,%%67 
1,%%7% 
].%%80 
l.%%86 
l.%%96 
1,%50% 
l.%558 

TING INTE 
2,000 

1.7581 
1.7580 
1.7569 
1.7%%9 
1.7317 
1.7189 
1.7070 
1.6961 
1.6863 
1.677% 
1.677% 
1.6695 
1,662% 
1.6562 
1.6237 
1.6156 
1.6139 
1.6137 
1.6137 
1.6139 
1.61%0 
1.61%2 
1.61%3 
1.61%5 
1.61%7 
1.61%8 
1.6150 
1.6151 
1.6153 
1.615% 
1.6156 
1.6157 
1.6159 
1.6173 
1.6186 
1.6198 
1.6209 
1.6229 
1.62%7 
1.6352 

RVAL CHOU 
5.000 

1.86%1 
1.86%0 
1.863% 
1.8572 
1.850% 
1.8%39 
1.8378 
1.8321 
1.8269 
1.8222 
1.8222 
1.8180 
1.81%2 
1.8108 
1.7929 
1.7886 
1.7879 
1.7881 
1.788% 
1.7888 
1.7892 
1,7896 
1.7900 
1.790% 
1.7908 
1.7912 
1.7915 
1.7919 
1.7923 
1.7927 
1.7930 
1,793% 
1.7938 
1.7973 
1,8005 
1.8035 
1.8063 
I.ail2 
1.8155 
l.a%17 

RSI 
10.000 

1,8555 
1.855% 
1.8551 
1.8516 
1.8%79 
1.8%%% 
i,8%n 
1.8380 
1,8351 
1.8326 
1.8326 
1.8302 
1.8281 
1.8263 
1.8165 
1.81%6 
1.81%8 
1.815% 
1,8162 
1.8170 
1,8177 
1.8185 
1.8193 
1.8200 
1.8208 
1.8216 
1.8223 
1,8230 
1.8238 
1.82%5 
1.8252 
1.8260 
1.8267 
1.8335 
1.8399 
1.8%57 
1,8512 
1.8609 
1.8693 
1.9207 

20,000 

1,7751 
1.7751 
1.77%9 
1.7729 
1.7709 
1.7690 
1.7672 
1.7655 
1.76%0 
1,7626 
1.7626 
1.761% 
1.7603 
1.7593 
1.75%7 
1.75%6 
1.7558 
1.7573 
1.7588 
1,7603 
1.7618 
1.7633 
1,76%8 
1.7662 
1.7677 
1-7691 
1.7706 
1.7720 
1.773% 
1.77%8 
1,7762 
1,7776 
1 .7790 
1.7922 
1,80%% 
1.8157 
1.8263 
1.8%50 
1,8612 
1.9602 

100,000 

1.20%7 
1.20%7 
1.20%7 
1.20%3 
1,20%0 
1,2038 
1.2036 
1.2035 
1.203% 
1.203% 
1.203% 
1.203% 
1.2035 
1.2037 
1.2071 
1.212% 
1.2181 
1.2239 
1.2297 
1.235% 
i,2%n 
1.2%67 
1.2523 
1,2579 
1.263% 
1.2689 
1.27%3 
1.2797 
1.2851 
1,290% 
1.2957 
1.3009 
1.3061 
1.3560 
1.%022 
l.%%51 
l.%8%8 
1.5559 
1,6169 
1.9913 

1000.000 

0.5055 
0.5055 
0.5055 
0.5058 
0.5062 
0.5067 
0.5073 
0.5079 
0.5085 
0.5092 
0.5092 
0.5099 
0.5106 
0.511% 
0.5208 
0.531% 
0.5%23 
0.5533 
0.56%1 
0.57%9 
0.5856 
0.5962 
0.6067 
0.6172 
0,6276 
0.6379 
0.6%81 
0.6582 
0.6683 
0.6783 
0.6882 
0.6981 
0.7078 
0.8016 
0.8885 
0.9691 
1.0%39 
1.1775 
1.2923 
1.9962 

00 



Table 18 
O 

Variat ion of J for radon-222. Efficiency = 0.853 

TIME AFTER 
SEPARATION 

0.0001 
0,0.010 
0.0100 
0.1000 
0.2000 
0.3000 
0.%000 
0,5000 
0,6000 
0.7000 
0.7000 
0.8000 
0,9000 
1.0000 
2,0000 
3.0000 
%.0000 
5.0000 
6.0000 
7.0000 
8.0000 
9.0000 
10,0000 
11.0000 
12.0000 
13.0000 
1%.0000 
15.0000 
16,0000 
17.0000 
18.0000 
19.0000 
20.0000 
30.0000 
%0.0000 
50.0000 
60.0000 
80.0000 
100.0000 
1000.0000 

0.001 

1,0308 
1.030% 
1.027% 
1.0178 
1.0159 
1.0152 
1,01%7 
1.01%3 
1.0139 
1,0135 
1.0135 
1,0131 
1.0128 
1.0125 
1.0109 
1.0105 
1.010% 
1.010% 
1.010% 
1.010% 
1.010% 
1.010% 
1,010% 
1.010% 
1.010% 
1.010% 
1.010% 
1,010% 
1.010% 
1.010% 
1.010% 
1,010% 
1,010% 
1.010% 
1.010% 
1,010% 
1.010% 
1.010% 
1.010% 
1.010% 

0,010 

1.105% 
1.10%3 
1.09%9 
1.0636 
1.0571 
1,05%6 
1.0529 
1.051% 
1.0%99 
1.0%8% 
1.0%8% 
1,0%71 
1,0%59 
1.0%%8 
1.0391 
1.0377 
1.037% 
1,0373 
1.0373 
1,0373 
1.0373 
1.0373 
1.0373 
1.0373 
1.0373 
1,0373 
1.0373 
1.0373 
1.0373 
1.0373 
1.0373 
1.0373 
1.0373 
1.0373 
1,0373 
1.0373 
1.0373 
1.0373 
1.0373 
1.037% 

0.100 

1.535% 
1.5330 
1.5,115 
1,%178 
1.3900 
1.3762 
1.36%9 
1.35%1 
1.3%37 
1.33%0 
1.33%0 
1,3252 
1.3171 
1.3100 
1,2722 
1.2628 
1.2606 
1.2601 
1.2600 
1.2600 
1.2600 
1.2600 
1,2601 
1,2601 
1.2601 
1.2601 
1.2601 
1.2601 
1.2601 
1.2601 
1.2602 
1,2602 
1.2602 
1.2603 
1,260% 
1.2605 
1.2606 
1.2608 
1.2609 
1.2618 

COUNTING INTERVAL (HOURS) 
1.000 

2.0550 
2.05%7 
2,0.515 
2.0239 
1.9969 
1,9715 
1,9%76 
1.9256 
1.9055 
1.8875 
1.8875 
1.8.71% 
1.8572 
1.8%%6 
1.7795 
1.7635 
1,7599 
1.7592 
1.7591 
1.7592 
1,759% 
1,7595 
1.7596 
1.7598 
1,7599 
1.7600 
1.7602 
1.7603 
1.760% 
1.7606 
1.7607 
1,7608 
1.7609 
1.7621 
1.7633 
1.76%3 
1.7653 
1.7670 
1.7685 
1.7775 

2.000 

2.293% 
2.2932 
2.2912 
2,2709 
2.2%82 
2.2265 
2,2062 
2.1876 
2.1708 
2.1556 
2.1556 
2.1%21 
2.1301 
2.1195 
2.06%0 
2,0503 
2.0%73 
2.0%69 
2,0%70 
2.0%73 
2.0%75 
2.0%78 
2,0%81 
2.0%83 
2.0%86 
2.0%89 
2,0%91 
2.0%9% 
2.0%96 
2.0%99 
2.0502 
2.050% 
2.0507 
2.0531 
2,0553 
2,057% 
2,0593 
2.0627 
2.0657 
2,0837 

5.000 

2.%7%2 
2.%7%1 
2.%730 
2.%62% 
2.%508 
2,%397 
2.%293 
2.%196 
2.%108 
2.%028 
2,%028 
2.3955 
2.3891 
2.3833 
2.3527 
2.3%5% 
2.3%%2 
2,3%%5 
2.3%51 
2.3%57 
2.3%6% 
2.3%71 
2.3%78 
2,3%8% 
2.3%91 
2.3%97 
2,350% 
2,3510 
2.3517 
2.3523 
2.3529 
2.3536 
2.35%2 
2.3601 
2.3656 
2.3707 
2.3755 
2.38%0 
2.3912 
2.%359 

10,000 

2.%59% 
2.%59% 
2.%588 
2,%529 
2.%%66 
2,%%05 
2.%3%9 
2.%296 
2.%2%8 
2.%20% 
2.%20% 
2.%16% 
2.%128 
2.%096 
2.3930 
2.3897 
2.3900 
2.3911 
2.392% 
2.3937 
2.3951 
2.396% 
2.3977 
2.3990 
2,%003 
2.%016 
2.%029 
2.%0%1 
2.%05% 
2,%066 
2.%078 
2.%091 
2.%103 
2.%220 
2.%328 
2.%%28 
2.%521 
2.%688 
2.%831 
2.5707 

20.000 

2.3223 
2.3223 
2.3219 
2.3186 
2,3151 
2.3119 
2.3088 
2.3060 
2.303% 
2,3010 
2.3010 
2.2989 
2.2970 
2.2953 
2.2875 
2,287% 
2.289% 
2.2919 
2.29%5 
2,2971 
2.2996 
2.3022 
2.30%7 
2.3072 
2.3097 
2.3122 
2.31%6 
2,3171 
2.3195 
2.3.219 
2.32%2 
2.3266 
2.3290 
2.351% 
2,3723 
2.3917 
2,%096 
2.%%16 
2.%692 
2.6381 

100.000 

1.3%93 
1.3%93 
1.3%92 
1.3%85 
1.3%80 
1.3%76 
1,3%73 
1.3%71 
1.3%70 
1.3%70 
1.3%70 
1.3%70 
1.3%72 
1.3%75 
1.353% 
1.362% 
1.3721 
1.3820 
1.3.918 
l.%016 
l.%113 
1.%209 
l.%305 
1.%%00 
1.%%9% 
1.%587 
l.%680 
1,%772 
l.%863 
l.%95% 
1.50%% 
1.5133 
1.5222 
1.6073 
1,6861 
1.7593 
1.8271 
1.9%83 
2.0525 
2.6.911 

1000.000 

0.1563 
0.1563 
0.1563 
0.1568 
0.1576 
0,1585 
0.159% 
0.160% 
0.1615 
0.1627 
0.1627 
0.1639 
0.1652 
0.1665 
0.1825 
0.2006 
0,2192 
0.2379 
0.256% 
0.27%8 
0.2930 
0.3111 
0.3291 
0.3%69 
0.36%6 
0.3822 
0.3996 
0.%170 
0.%3%1 
0.%5]2 
0.%681 
0.%8%9 
0.5.016 
0.6.615 
0.8098 
0.9%73 
1.07%8 
1.3027 
1,%987 
2.6996 



IV. Suinmiary 

In the counting of long decay chains , it is often neces sa ry to use 
counting in tervals that a r e long with r e spec t to the half-life of the individual 
m e m b e r s of the s e r i e s . With modern ins t rumentat ion the efficiency may be 
very near ly 100%. Consequently, the approximations normal ly used for 
est imating the s ta t i s t ica l counting e r r o r a re not valid, A method has been 
presented by which the var iance of the observed count can be easily calcu­
lated for any long decay chain. The effects of the counting interval , the ef­
ficiency, and the delay of s t a r t of counting relat ive to the t ime of separat ion 
of Ra^^^ and Rn^^^ from their respec t ive daughters have been presented. The 
counting in terval and the efficiency were found to produce significant effects 
for both the Ra'^* and the Rn ^̂  s e r i e s . A simple and convenient method has 
been presented to co r r ec t for this effect by the use of a quantity J which 
can be calculated for a given exper imenta l condition. 

Very g rea t thanks a r e due Mr. Daniel F . Carson of the Applied 
Mathematics Division for writing and revising the computer p rogram. 
Thanks a r e a lso due Dr. Andrew F, Stehney for bringing this problem to 
our attention. 
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RaD (Pb^^'') IN THE HUMAN SKELETON. ESTIMATES OF 
THE EXPONENT OF THE RETENTION FUNCTION, 
THE SKELETAL CONTENT AND THE DOSE RATE 

IN PEOPLE WITH HIGH RADIUM CONTENT* 

Richard B. Holtzman, Ph.D. 

Abs t rac t 

Based on m e a s u r e m e n t s of the RaD contents in bone specimens 
from human subjects possess ing la rge body burdens of Ra^^ ('"I ^c) , e s t i ­
ma tes were made of: 1) the exponent 6f the power function (R = At~") for 
the retent ion of RaD in the skeleton, 2) the total skeletal content of the 
long-lived member of the Ra^^ decay chain, RaD (Pb^" ), by whole body 
counting of the Ra , and 3) the effective dose ra te from the RaD decay 
chain re la t ive to that of Ra 

The RaD content was de termined in each of 12 samples of bone from 
seven subjects whose Ra body content ranged from 0.4 to 10.5 |ic and who 
had c a r r i e d these burdens from 24 to 36 y e a r s . The analyses were pe r ­
formed by wet ashing the bone in ni t r ic and perchlor ic ac ids , converting to 
hydrochloric acid solution and plating the RaD decay product, RaF (Po ), 
onto a s i lver disc which was alpha counted. Ra was determined by the Rn 
emanation method. 

The m e a s u r e m e n t s of the RaD/Ra ra t ios on each of severa l sets 
of saxnples from given individuals indicated the RaD was formed at the 
location of Ra decay. Using the values of: 1) Rn retention_in vivo of 0.4, 
2) Rn retention during storage of 1.0, 3) the exponent of the power function 
descr ibing the Ra retent ion of 0.52, and 4) no RaD injected originally, it 
was possible to es t imate that the exponent of the power function describing 
the RaD retention was 0.10. This is comparable to the value of 0,14 de­
r ived from the data of Kehoe et a l . ^ ^ on stable Pb metabol i sm which were 
taken on a single individual over a period of 14 months . Thus, after de te r ­
mination of this b and given the other constants , it then becomes possible 
to calculate at any t ime , the total skeletal RaD content from the Ra con­
tent, the la t te r value obtainable by whole-body counting. RaD ur ina ry 
excret ion data were found to be of li t t le value in determinat ion of the whole-
body RaD content. 

Thir ty yea r s after acquisit ion of the Ra burden the effective dose 
ra te due to the RaD decay chain is about 8% of that from the Ra^^ decay 
chain, while calculation shows that, averaged over a 25- to 40-year period, 

•Work in P r o g r e s s : Radiology 80, 122-123 (January 1963). 
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the RaD ra te is about 5% that of the Ra^^ . During the 5- to 50-year per iod 
after acquisit ion, the RaD ra te is a constant (±10% of the 30-year value). 
Thus, for a 30-year Ra^^ body content of 1 juc, (skeletal dose ra te of about 
10 rad /day) , the RaD dose r a t e is about 0.6 r ad /day with a resul tant 
accumulated dose of about 6000 rad . 

Reference 

1. R. A. Kehoe, J. Cholak, D. M. Hubbard, K. Bambachand R. R. McNary. 
J, Ind. Hyg. Toxicol. 25, 71 (1945). 



NATURAL AIRBORNE RADIOACTIVITY RaD {rh^^°) AND RaF (Po2^°) 
IN THE HUMAN BODY AND ENVIRONMENT* 

Richard B, Holtzman 

Abs t rac t 

RaD and RaF in the human body have been measu red and found to 
contribute a significant fract ion of the total na tura l radiation dose to the 
human skeleton. The parent nuclide RaD, like H , C and Rn^^^, was found 
to enter the environment mainly as an a i rborne activity, that i s , it en te r s 
the body by d i rec t inhalation and by a tmospher ic deposition onto vegetation 
which is subsequently consumed. 

The RaD content of the body was extrapolated from mea'sUrements 
on smal l samples of bone f rom about 100 individuals. Sixty percent of the 
RaD is in the skeleton and fair ly uniformly dis tr ibuted there in . The RaD 
content is r epresen ta t ive of the dose in that the daughter, RaF , which p r o ­
duces most of the dose, is in radioact ive equi l ibr ium with the parent . The 
average concentrat ions were 0.146 pc RaD/g ash and 0.037 pc Ra^^ / g ash 
in these samples . On the average , the concentrat ion was g rea te r in t r a b e c ­
ular than in cor t ica l bone, 0.184 pc /g and 0".105 pc /g ash, respect ively; and, 
on the average , men had higher concentrat ions than women, 0.161 pc /g ash 
compared to 0.119 p c / g ash. No regional cor re la t ions were apparent in our 
data, and the content in Chicago people was found to vary over more than a 
factor of 5. There is evidence, however, that some arc t ic res idents pos se s s 
body contents of RaD 5 to 10 t imes the average . 

Calculations using some of the metabol ic p a r a m e t e r s of lead and 
RaD showed tha t food and a i r were the major sources of the RaD in the body. 
Integrated values of RaD consumption were determined from fecal analyses 
and the average daily amount of RaD leaving (and entering) the body was 
determined from analysis of u r ine . A few foods were also me a s u re d . Anal­
ogous to the exceptionally high Sr and Cs concentrat ions found in a rc t ic 
regions , some foods from these regions were a lso found to be high in RaD. 

The total dose r a t e due to RaD is about twice that due to Ra^"'and about 
equal to that of Ra^^ + Râ ^® combined. The total ra te is es t imated at about 
48 m r e m / y e a r , of which 12 a r e due to Ra^^^, 12 to Ra^^^ and 24 to RaD. The 
Sr dose ra te in 13-year -o ld chi ldren is about 1/7 the average RaD dose. 

• P r e s e n t e d at meet ing of the Society of Nuclear Medicine at Iowa City, 
Iowa, November 11, 1962; to be published in Health Phys i c s . 



THE TRANSLOCATION OF RADIUM DAUGHTERS TO 
T H E " " S K E L E T 0 N S OF THOROTRAST PATIENTS* 

L. D. Marinel l i and H. F . Lucas , J r . 

Introduction 

Although evidence that thor ium daughters separa te from Thoro t ras t 
deposits in humans has been sought before, it r emained for Stenstrom^-^'' to 
es tabl ish in 1941 "that some elemients of the thor ium s e r i e s were el iminated 
to a considerable extent from the t i s s u e s , " In the postwar period both Rot-
blat and Ward^ ' and Rundo'-^''*'^'' r epor ted the r e su l t s of more p rec i se 
m e a s u r e m e n t s on the radioact ive equil ibriuin status of the thor ium chain in 
l iver , spleen and a few other t i s s u e s . Hursh et al.**"/ in 1957 published de­
tai led analyses of Th '̂̂ ^ contents in severa l t i s sues , with some indications 
of Th^^^ contents , and m e a s u r e d the excret ion ra te of the radium isotopes up 
to seve ra l naonths after injection. F r o m these studies and var ious types of 
measureixients at our Laboratory,(' ' ' j8) sporadical ly descr ibed in our s e m i ­
annual r epor t s , ^" ' ' -' has emerged a rough picture of the physical and 
metabol ic p roblems involved. It has been es tabl ished that approximately 
90% of Th^^^ of the body is deposited in the l iver and spleen. 

The Radioactivity of the Skeleton 

In this paper we shall concern ourse lves principal ly with the rad io­
activity in the skeleton, and to a much m o r e l imited extent with the rad io­
activity of the active bone m a r r o w which, potentially, naay lead to g rea te r 
tangible damage. Before proceeding, we wish to emphasize the necessi ty 
of distinguishing raw bone containing m a r r o w from bone per se . The rad io­
active content of t r abecu la r bone containing m a r r o w is much the grea ter 
and, when extrapolated to the whole skeleton, it occasionally leads to absurd 
values , as shown in Table 19 (item 2); it a lso va r i e s radical ly from sample 
to sample . The only tenable explanation is that the bone-enclosed m a r r o w 
(present in varying and indeterminate amounts) accumulates from the -e ry 
beginning considerable Th O2. Radiometr ic analysis suggests , howe^-er, 
that the daughters , Ra^^^ and Th^^ , many decades after injection, a re still 
p resen t there in , but in quantit ies definitely lower than expected from undis­
turbed radioact ive growth (items 4 and 6, Table 19). 

The data concerning the radioact ivi ty of t rabecu la r bone cleaned with 
ethylenediamine and of cor t ica l bone (devoid of red marrow) a r e more con­
sis tent among themselves despite the var ie ty of methods of analysis employed 
but, as shown in Table 20, they a re not too numerous . They show a str iking 

"2.%'? " 

uniformity in the amount of the original Th in the skeleton, especially in 
• P r e s e n t e d at the Tenth International Congress of Radiology, Montreal , 

Canada, August 26 - September 1, 1962. 



Table 19 

The activity of Th , Ra and Th in the entire skeleton as obtained 
from extrapolation of m e a s u r e m e n t s of samples of f resh t r abecu la r 

bone containing n ia r row. Activity of injected Th 232 100 

ITEM 

HI 

(21 

(31 

(41 

(5) 

(6) 

PATIENT 
CODE 

M.H. 

04-105 
iS.B.i 

No. 2 

(al 

(bi 

No. 1 
(a) 

(bi 

A.D. 

04-103 
(J.J.C.! 

DURATION 
OF 

BURDEN 

17 D 

9D 

15-20 Y 

20 Y 

WY 

15 Y 

SPECIMEN 
AND 

fflEIGHT 

CANCELLOUS BONE 
97 mg ASHED 

RIBS 
46 g FRESH 

BODY OF VERTEBRA 
12g FRESH 

HEAD OF FEMUR 

2.7 q FRESH 

STERNUM BONE 
1.41 g FRESH 

1.35 g FRESH 

CANCELLOUS BONE 
25 mg ASH 

RIB 
1.47 g ASH 

TIME 
BE îVPEN 
BIOPSY 

ANALYSIS 

-

3.300 D 

15 0 

180 D 

200 D 

1.7 Y 

ZERO 

TOTAL SKELETAL 

ACTIVITY AS »•> OF 
INJECTED Th232 

Tt,232 

6.0 

(list 
(lor.i 

-

-

34 
mm 

-

26.4 

32.7 
(lOO^jl 

Ra228 

(811 
(68"'.' 

7.5 

2.9 

6.7 

'2r.i 

5.7 

u.o 
(3r.i 

Th228 

-

(80) 

8.4 

2.6 

5.9 

6.7 

3.3 

THOROTRAST 
INJECTED 

cc 

75 

48 

20 

60 

75 

50 

METHOD 
OF 

ANALYSIS 

SPFCTROCHEMICAL 

y -RAY 
SPECTROSCOPY 
RADIOAUTOGRAPH 

RADIOCHEMICAL 

RADIOCHEMICAL 

SPECTROCHEMICA. 

RADIOCHEMICAL 
a-SPECTROMETRY 

REE. 

161 

(9i 

(13. 

1131 

(6, 

.ANL 

EXTRAPOLATION TO Th^^^ IN EQUILIBRIUM AT INJECTION (SKELETAL WEIGHT EQUALS W, BODY VrtlGHP. 

Table 20 

232 228 ^28 

Ra and Th" in the entire skeleton as obtained The activity of Th' 
from extrapolation of measu remen t s of clean t rabecula r or cor t ica l 

bone. Activity of injected Th 232 100 

ITEM 

(A) 

(B) 

(C) 

(D) 

(El 

(Fi 

PATIENT 

CODE 

(AGE) 

04-101 
R.C. 
(53) 

A.D. (a) 

(85) (b 

M.H. 

(58) 

04-102 , , 

(32) " " 

(a) 
(bi 

04-104 , " , 

NO. 284 ,^ 

< « ' (e) 

(f) 

(a) 

04-103 (bi 

J.J.C. (0 

(37> li' 
(e) 

DURATION 

OF 
BURDEN 

18 y 

19 y 

17 d 

16 y 

26.5 y 

15 y 

SPECIMEN 
AND 

WEIGHT 

MOLAR TOOTH 0.9 g ASHED 

COMPACT BONE 830 mg ASH 

TRABEC. BONE 4.2/..g FRESH 

COMPACT BONE 20 mg ASHED 

VERTEBRAL BONE 1.9 q ASH 
0.2 mg FRESH 

TRABEC. TIBIA 4.9 g ASH (B-3) 
TRABEC. FEMUR 6.07 g ASH IB-5) 
CORTICAL î EMUR 3.04g ASh(B-6 ' 

4.4 g ASH fB-la> 
CORTICAL TIBIA 6.56gASH(B-2) 

5.51 g ASH 

T IME^ 

350 d 

l y 

60-90 i 

ZERO 
ZERO 
ZERO 
ZECQ 
ZERO 
ZERO 

CORTICAL FEMUR 7.6 g FRESH j 2.3 y 
5.4 q FRESH 2.0 y 
2.4 g ASH 1 ZERO 

VERTEBRAE-" 3.32 q DRY 2.0 . 
RIB (INORGANIC 1.4; g a j H | 7ER0 

TOTAL SKaETAL ACTIVITY 
AS " OF INJECTED Th232 

Th232 

0.50 

0.56 

0.56 

-

0.82 
0.77 
0.4 
0 40-
0 46 

0.44 

5.4 

Ra228 

5.5 

1.15 
0.77 
0.63 
0.63 
0.96 

1.5 
2.3 
0.88 
6.7 
7.1 

^^228 

1.68 

1.74 

4.2 

37 

1.19 
1.17 
0.72 
0.75 
0.74 
0.92 

1.8 

3.4 

0.90 

4.3 

3.3 

THOROTRAST 

INJECTED 
cc 

10 

75 

75 

(751' 

10 

50 

'ASSUMED VALUE. "CONTAMINATED IN JAR BY VERY ACTIVE SAMPLES (f LIVER AND SPLEEN. 
+ TIME (POST-BIOPSYl TO WHICH SKELETAL ACTIVITY REFERS. 



compact bone, and definitely l a r g e r amounts of radioactivity in t rabecula r 
bone, even when it has been cleaned with EDA.* The last two cases (E and F) 
show ra t ios of act ivi t ies in the two types of bone which seem fairly uniformi 
for any one type of bone and for any one patient. 

Worthy of note is the fact that, in any one bone sample shown in 
Table 20^Th"^^ is not always higher than Ra"^^, and then by not much more 
than 30%, suggesting that t rans located Th"" does not migra te en ma s s e 
from the ret iculo-endothel ia l sys tem (R.E.S.) to the skeleton. It is more 
likely instead that most of the Tl /^ found in bone is born in bone minera l 
from the decay of its parent Ra"^®. 

In Table 21 we have gathered all the data concerning our most thor -
oughly studied pcitient and have compared the activity of Th found in bone 
with that expected there in if the deficiency of Th " in the R.E.S. , as indicated 
by the l iver biopsy, had been t r a n s f e r r e d totally to bone. At best , the data 
are equivocal in the sense that only the values of Th found in t rabecula r 
bone a re high enough to approach the value expected from a substantial m i -
gration of Th" from the R.E.S; yet these experimental Th"" values in bone 
a re not high enough to account also for the Th"" produced by the Th and 
the Ra""® found in bone at t ime of autopsy. Of in te res t is the m a r r o w value 
and its lack of equil ibrium, direct ly demonstra ted for the f irs t t ime. 

Case 04 -10 ) . 14-.yuar burden. ~50 cc injection 

T i s sue 

cortica.l femur 

t r a b e c u l a r \-ert. '•'.€!.! 
t r a b e c u l a r r ib (i-.cl.j 

l iver 

mar'-o\v ' ac t ive I 

skeleton (tlieor.) 

skeleton ( theor. i 

skeleton (theor.) 

skeleton (theor.) 

Tir^-

.14 

-
^.4 

100 

4.4 
(100! 

0 

0 

.44 

.44 

Ra-"» 

.M-2.3 

b.7 
7.1 

41 
SM 

.03 
fl4.4) 

.87 

0 

i . Jl 

.87 

•lh"« 

.<'i-3.4 

4.^ 
3.3 

••6 
5 

.08 
'1.8) 

.87 

5.00 

t>.-.l 

5.87 

Ra"^* 1 R e m a r k s 

i ext rapola ted to 
j 2,800 L,m of ash 

R.E.S. equi l ibr ium 
1 releEisecl in c i rcu la t ion 

cEiIculated from organic 
fraction of rib 

from R.E.S. (Ra"^] 

from R.E.S. < llr"®) 

J if Th" " in bone ib in 
equi l ibr ium 

if Th"^" m bone is not 
in equi l ibr ium 

m 

> 0 

Efi 

13 

It is unfortunate that no data a re now available about the presence of 
Ra"^^ t'ind its shor t - l ived daughters in the living skeleton of the Thorot ras t 
patient. Evidence that Ra"^ is circulat ing has been obtained by direct assay 

*These values bracket the recent measuremen t s of Turner , et a l . 
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of blood and excreta.v^ '") F r o m what is known from Ra" el imination at 
la te r t imes , this element should be responsible for most of the dose in 
bone, as i l lus t ra ted in Table 22 where all the range of dos imet r ic data is 
summar ized : if our guess is r ight , Ra^" should account for more that 90% 
of the skeletal dose. It is obvious that direct a s say of the shor ter lived 
daughters in the skeleton of Thoro t r a s t patients is essent ia l to the c lar i f i ­
cation of the i ssue . 

Table 22 

Dosimetry of 20 cc thoro t ras t injection 
(440 nCi of Th"") 

Element 

Th232 

Ra228 

Tn228 

Ra224» 

Thoron + 
daughters 

Contents in nC( 

Bone 

compact ]l^-

1.8-2.5 3.4-24 
(51 f2i 

2.8-5 3.4-31 
(2) (3) 

3.2-4.0 4.6-14.6 
(3> (41 

66 (?l 

60 (?t 

Dose-rate rads y"^ 

Bone 

Compact Trab. 

20-27 37-260 

~0 ~0 

47-58 67-210 

1000{?l 

3400(?1 

Red Marrow 

1.8 min. (L.D.M.) 
11.0(J.B.H.( 
42,0U.R.( 

•Direct Ra224 measurements from bone urgently needed; value shown derived from whole-body 
excretion of Ra224 and late metabolic data on Ra226. 

' 'Number of patients. 

The Marrow 

Before leaving Table 22 we should glance at the column indicating 
roughly the dose - r a t e to the m a r r o w . The wide range of 1.8 to 42 rads per 
year is indicative of what happens when extrapolations a r e made from very 
few samples . The lowest value was obtained by us from a few mi l l ig rams 
of m a r r o w extracted from a r ib ; the l a rges t value was obtained by a s s u m ­
ing that 10% of Th^^^ goes to the m a r r o w and stays there at about 50% 
equil ibrium. 

The presence of some leukemia cases in both the Danish and Swedish 
se r i e s of r eg i s t e red cases makes it imperat ive that the m a r r o w dose - ra t e 
be determined much more accura te ly at various tim.es after injection. F rom 
the epidemiological point of view the dosage es t imates of Table 23 a re 
interes t ing but in dire want of accuracy . "We r e s t r i c t ourse lves to r e m a r k ­
ing that the doses involved in var ious t i s sues a r e of the order of 15 to 1000 
t imes background and that these doses a re being del ivered at low dose 
r a t e s . These a re in a range of great in teres t from the standpoint of p r o ­
tection at the radiation w o r k e r ' s level . 

http://tim.es


Table 23 

Es t ima tes of radiation doses in Thoro t ras t patients 
(ZO cc injection) 

Tissue 

Skeleton 

Marrow 

Bronchi 

Lungs 

Liver 

Spleen 

Radioactive 
Source 

Th232. 

daughters 

Th232 . 

daughters 

Thoron * 
(laughters 

" 

Th232. 

daughters 

Average 
Dose Rate 

rads per year 

1.4 - 3.0 

1.2 - 2.9 

12 - 19 

0.8 - 1.9 

2? 

71 

R.B.E. 

4-10 

4-10 

4-10 

4-10 

4-10 

4-10 

Accumulated 
Rems 

(20 years) 

112-600 

96-580 

960-3800 

64-380 

2100-5*0 

5700-14000 

Reference 

Reynolds, et a!. 
11958) 

Hursh (1957) 
Rundo (W55r 

Rundo 
(Oct. 1958! 

Rundo 
(Oct. 19581 

Rundo 
(Feb. 1958) 

Rundo 
(Feb. 19581 

Physiological Implications 

It should be real ized that the Thoro t ras t patient also offers unique 
opportunities to students of bone physiology. Into his circulat ion several 
e lements a re injected at constant ra te for long periods of t ime. If we focus 
our attention on the radium isotopesj Ra"" and Ra""', we real ize that if we 
can establ ish their content in bone we can also evaluate both short- and 
long- te rm t r anspo r t p a r a m e t e r s quite direct ly. 

F r o m the retent ion function of Ra '̂̂  in humans and knowledge of the 
equilibrium status of the thor ium chain in the R.E.S. system it is possible to 
iTiake some predict ions as to the t ranslocat ion of Ra" and Ra"" to the skel­
eton. However, from comparison of the experimental information gathered 
by Rotblatj Rundo and Hursh on the R.E.S. with that attained by us on the 
skeleton predict ion is possible only with Ra" . This is illustrjited in F ig -
u re 39. The solid l ines r ep resen t the total skeletal contents of Ra"" 
to be expected by assuming the l imits of retention found by Norr i s et al.'-^'-' 
The agreement is fair at late t imes ; no experimental information is avai l ­
able at ear ly ones, yet at the local level it is intriguing to speculate as to 
why, under this seemingly constant infusion, Ra" is more concentrated in 
clean t rabecula r than in compact bone. Is it art ifact or is it of physiologi­
cal significance'I Could it be due to the capi l lar ies holding on to the 
colloidal par t ic les of Thoro t r a s t ? 

Of la te , iTiany physical techniques useful to these studies have been 
developed in our Labora tory and e lsewhere . In the proper hands these 
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i n v e s t i g a t i v e t o o l s have b e e n frui t ful and have e s t a b l i s h e d the e x i s t e n c e of 
l o n g - t e r m exchange in bone , h i t h e r t o u n s u s p e c t e d , and have p r o v e d capab le 
of r e v e a l i n g p h y s i o l o g i c a l e v e n t s in bone which h a v e o c c u r r e d m a n y y e a r s 
be fo re o b s e r v a t i o n . 

I 
LO p 

06 F 
04 

02 

0 I 

0 06 
0 04 

°: 0 01 

0 006 
0 004 

0 002 

g OOOi 

= 0 22 b|=b2=0 2 L|=0 65 

n CORTICAu 

m TRABECULAR 

01 10 
TIME AFTER IMJECTION, years 

»E(a) 
E{b) 
F(d) 

Figure 39 

Comparison between experimental and theoretical values of the 
skeletal activity ratio of Ra to that of Th"^"^^. 

B = Ra^^ /̂Th '̂" '̂̂  io injected material 
228 2.32 Li= Ra / Th ' in reticulo-endothelial system (R.E.S.) 

228 
t = time in days; b = a constant 

Assumed retention, R, of injected Ra 

R= B (l-bj) t"''l 

Assumed fractional retention of Ra 
by washout of R.E.S. 

R^= (l-Li) (l-bg) t'^'S 

The samples, F(e), etc. are described in Table 20. 

228 released into circulation 

C o n c l u s i o n s 

I t i s o u r e a r n e s t h o p e t h a t , t r u e t o t h e i r t r a d i t i o n of c o n c e r n w i t h 
t h e u n t o w a r d e f f e c t s of r a d i a t i o n , r a d i o l o g i s t s t h r o u g h o u t t h e w o r l d w i l l 
i n t e n s i f y t h e i r s t u d y of T h o r o t r a s t p a t i e n t s e s p e c i a l l y f r o m t h e e p i d e m i ­
o l o g i c a l p o i n t of v i e w . In t h i s e f f o r t t h e e s s e n t i a l c o o p e r a t i o n of p u b l i c 
h e a l t h a u t h o r i t i e s c a n n o t f a i l s i n c e i t i s b e c o m i n g i n c r e a s i n g l y e v i d e n t t h a t 
s o m e q u a n t i t a t i v e d a t a o n m a n m i u s t b e o b t a i n e d a n d t h a t t h e t i m e t o o b t a i n 
i t i s n o w , b e c a u s e t h e p o p u l a t i o n s of i n t e r e s t a r e d i s a p p e a r i n g b e c a u s e of 
n a t u r a l c a u s e s . * 

* A n e a r l i e r , b u t m o r e d e t a i l e d , t r e a t m e n t of t h i s o b s e r v a t i o n h a s b e e n 
p u b l i s h e d e l s e w h e r e . •̂'•'*•' 
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GEOLOGICAL OCCURRENCE OF NATURAL RADIUM-226 
IN GROUND WATER OF ILLINOIS* 

Grover H. Emrich ,** and Henry F . Lucas , J r . 

The concentrat ion of na tu ra l ly -occur r ing radium-226 in the nor thern 
half of Illinois forms a consis tent a r e a l pat tern for each of the Cambrian 
and Ordovician aquifers» Maximum data now available a r e for the St. Pe t e r 
Sandstone (Middle Ordovician), and this paper r e l a t e s par t icu lar ly to that 
unit. Low Ra^^ concentrat ions occur in nor th -cen t ra l Ill inois, a r echarge 
a r e a , and along a pa r t of the Illinois River , an a rea of d i scharge . The Ra 
content i n c r e a s e s slowly down the regional hydraulic gradient to a line c o r ­
responding to the nor the rn edge of the Pennsylvanian outcrop, south of which 
it i n c r e a s e s rapidly. 

The natura l source of Ra^^ is decay of u ran ium-238 . Its concen t ra ­
tion in Illinois ground water may have two possible c a u s e s . F i r s t , the Ra^^ 
content may reflect the length of t ime the water has been in contact with the 
formation. If this i s t r ue , re la t ively low concentrat ions would be found in 
a r e a s of r echa rge or in a r e a s of na tura l or ar t i f ic ial d ischarge where 
p iezometr ic gradients steepen and water velocit ies i nc r e a s e , an explanation 
that would account for the relat ive local dec rease in Ra^^ content in the 
cones of depress ion near Chicago, Second, the uranium may have been 
slowly flushed by ground water from the a r e a s of r echa rge and deposited 
far ther down the hydraulic gradient . Thus, the Ra^^ content would be con­
t rol led by the distr ibution of uranium in the sed iments . 

• P r e s e n t e d by G. H. Emr ich at the meeting of The Geological Society 
of Amer ica , Houston Texas , Nov. 12-14, 1962. 

**ILlinois Geological Survey 
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CORRELATION OF THE Ra"® AND Ra226 CONTENT OF MAN WITH 
THAT OF THE FOOD AND WATER OF HIS ENVIRONMENT^ 

H. F . Lucas , J r . , D. E. Wallace, A. F . Stehney 
and F . H. Ilcewicz 

Abs t rac t 

An extensive study of the na tura l ly occurr ing concentrat ions of Ra^^^ , 
Râ ^® and Tĥ ^® in normal human boncj, food and potable waters has been made . 
The re la t ive contribution of food and water to man ' s skeletal content can be 
separa te ly determined since many of the municipal water sys tems in the 
midwestern United States contain sufficient radium to inc rease the body con­
tent as much as twenty t imes the average of that obtained from food alone. 

The Th^^y Ra^^^ rat io has been determined in adult bone of individuals 
undergoing life-long, continuous, constant exposure to Ra^^^. This was a c ­
complished by an initial extract ion and determinat ion of Tĥ ^® which, repeated 
after a one- or two-year growth period, provided a direct m e a s u r e of the 
Râ ^® content. The Th228y'j|a_228 ^^^HQ j^^g bg^^ found to be essent ia l ly unity 
for adul ts . The var ia t ion of this ra t io with age will be d iscussed . 

Average whole-body contents f rom food sources of 40% Ra^^ and 
12% Ra^^^ were found. This cor responds to 20 and approximately 8 t imes 
the average daily intake respec t ive ly . Fo r life-long, continuous, constant 
intake, whole-body retention of Ra^^ from water corresponds to 50 t imes 
the activity in a single l i t e r ; retent ion of Râ ^® from water is approximately 
one- th i rd that of Ra^^^. 

The Ra^^yRa^^ rat io in the bone and the drinking water of individuals 
known to consume water from wells with high radium content will be used to 
es t imate the mean res idence t ime of rad ium in t rabecular and cor t ica l bone. 

• P r e s e n t e d at International Congress of Radiation Research , Harroga te , 
England, Aug. 6-10, 1962. 



A CYTOGENETIC STUDY OF SOME RADIUM DIAL-PAINTERS 
AND THEIR PROGENY* 

Neil Wald,** Char les E. Mil ler , Wayne H. Borges** 
and Jip Kim** 

Abs t rac t 

The ingestion of rad ium by women employed in painting watch dials 
with luminous paint in the ea r ly decades of this century has produced a 
human population group undergoing continuous in ternal radiat ion exposure . 
In the course of l ong- t e rm survei l lance of menabers of this group byArgonne 
National Labora tory , an incidental obser^'ation has been that a number of 
their progeny exhibit var ious abnormal i t ies which might s tem from genetic 
t r a n s m i s s i o n . 

Cytogenetic nnethodology now permi t s the d i rec t observat ion of 
numer ica l and morphological abnormal i t ies m human blood cell c h r o m o ­
s o m e s . Associat ion of chronaosomal aber ra t ions with var ious congenital 
anomal ies , with previous external radiat ion exposure , and with some forms 
of leukemia which a r e also inc reased in incidence following radiat ion ex­
posure has been repor ted . 

It was considered of in t e re s t to determine^ f i rs t , whether any cyto­
genetic abnormal i t ies were p resen t in the blood cel ls of persons exposed to 
l ong - t e rm in ternal i r rad ia t ion from rad ium; and, second, whether any cyto­
genetic evidence could be found for a possible relat ionship between a s ig­
nificant ma te rna l body-burden of rad ium and anomalies in the progeny. 

In an init ial study, two dial"pa.inters and their progeny and the 
progeny of two other d ia l -pa in te rs were examined. One of the d ia l -pa in te rs 
studied had developed an osteogenic s a r c o m a . Abnormali t ies among the 
progeny included mongolism, c e r e b r a l palsy, dwarfism, coarcta t ion of the 
aor ta , multiple uni la tera l anomal ies , omphalocele, multiple m i s c a r r i a g e s 
and famil ial r e c u r r e n t infect ions. Ped ig ree s , e s t imates of radium body-
burdens and cumulative c r i t i ca l organ radiat ion dosages , and the nature 
and frequency of chromosome aber ra t ions observed, a r e presented in 
detai l . 

P re sen ted at International Congress of Radiation Research , Har roga te , 
England, August 6-10, 1962. 

Universi ty of Pi t t sburgh, Graduate School of Public Health. 
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PATTERNS OF RADIUM RETENTION IN MICE AS RELATED TO MAN* 

Asher J . Finkel** and Char les E. Miller 

Abs t rac t 

The evaluation of the l ong - t e rm effects of internal deposition of 
radium requ i r e s an understanding of the pa t te rn of isotope retention in the 
o rgan ism. Retention of radium in mice was followed by means of whole-
body y - r a y spectroscopy after the ma te r i a l was adminis tered by a single 
intravenous injection. On the assumption that continuous feeding is e s s e n ­
tially equivalent to multiple daily injections, the power functions descr ibing 
the retent ion of rad ium and radon daughters after a single intravenous in ­
jection have been in tegrated to predict retent ion after periods of continuous 
feeding. This integrat ion was performed for feeding t imes of var ious lengths 
and was accomplished with the aid of an electronic computer . These ca lcula­
tions produced curves that c losely agreed with those acquired exper imental ly 
when mice were fed rad ium for the same per iods of t ime and then measu red 
for rad ium content per iodical ly . This correspondence of theoret ica l and o b ­
served values for both rad ium and radon daughters justifies the integrat ion 
of single injection data to predict the l ong - t e rm retention after finite per iods 
of injestion of rad ium and, by analogy, of s t ront ium. The validity of r e t r o ­
spective es t imat ions of maximum body burdens of radium in persons studied 
many y e a r s after ingestion or injection is also fortified by these s tudies . 
Long- te rm effects of rad ium deposition a r e more proper ly cor re la ted with 
such e s t ima tes of maximum body burdens than with cur ren t body contents 
measu red many y e a r s after adminis t ra t ion . 

• P r e s e n t e d at International Congress of Radiation Research , Har roga te , 
England, August 6-10, 1962. 

• •Heal th Division. 
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THE LATE E F F E C T S OF RADIUM DEPOSITION IN HUMANS* 

Robert J . Haster l ik ,** Asher J . Finkel'^ 
and Char les E. Miller 

Abs t rac t 

Within the past four y e a r s , 26l persons who were for-merly employed 
in the luminous-dia l indust ry or who received rad ium therapeut ical ly have 
been m e a s u r e d for rad ium burden. Two hundred and thi r ty r ep re sen t cases 
previously unrepor ted in the l i t e r a t u r e ; the r emainder a r e ea r l i e r cases 
recent ly re studied. Cur ren t body burdens which range from le s s than 
0.001 /i c to 10 /i c, have been a r b i t r a r i l y divided into those l e s s than 
0.001 (j. c (23 cases ) , those between 0.001 and 0.01 _u c(36 cases ) , those b e ­
tween 0.01 and 0.1 /ic (l02 cases ) , those between 0,1 and 1 /ic (60 cases ) , 
and those above I jUc(40 c a s e s ) . One hundred and sixty-two c a s e s , t h e r e ­
fore , have body burdens c lus te red within an order of magnitude above and 
below the pe rmiss ib le body burden of 0.1 ,ii c . Of the 26l measu red , ske l ­
etal radiographic studies and evaluations have been done on 232. Sys tem­
atic c r i t e r i a for grading the sever i ty of the radiographic les ions have been 
developed. Radiographic changes range from those bare ly detectable, such 
as slight coarsening of the t r abecu la r pat tern, to those of advanced sever i ty , 
such as asept ic n e c r o s i s , pathological f rac ture , and bone malignancy. A high 
degree of cor re la t ion exis ts between the cur ren t body-burden of radium and 
the degree of radiographic change. The determinat ion of a point on this con­
tinuum of radiographic changes which represen+'s cl inically significant d i s ­
ease or disabil i ty has been an important considerat ion. Fourteen patients 
developed one or more mal ignancies casually re la ted to the p resence of 
rad ium in the skeleton. These data constitute the fruits of an intensiv^e ef­
fort to acquire information from a much l a rge r rad ium-bear ing population 
than has hi therto been studied. 

• P r e s e n t e d at International Congress of Radiation Resea rch , Harroga te 
England, August 6-10, 1962. 

• •Argonne Cancer Resea rch Hospital , University of Chicago. 

THealth Division. 



RECOVERY FROM RADIATION-INDUCED CLEAVAGE DELAY 
" ^^^ "̂ IN GAMETES OF ARBACIA PUNCTULATA* 

Pa t r i c i a McClement Fai l la 

Exposure to ionizing radiat ion of e i ther the egg or spe rm of 
Arbacia punctulata r e t a r d s quantitatively the t ime of f i rs t cleavage of the 
fert i l ized egg.( l '2) Ear ly exper iments by Henshaw demonstra ted that the 
magnitude of the radiat ion-induced cleavage delay dec r ea se s with the 
length of t ime during which the i r rad ia ted eggs r ema in in sea water after 
i r rad ia t ion but before insemination.(1»2) Henshaw found this decrease to 
be exponential with t ime and t e r m e d the phenomenon " recovery . " No 
such recovery could be demonst ra ted in i r rad ia ted s p e r m which consis ts 
most ly of nuclear ma te r i a l . It has been assumed, therefore , that cer ta in 
cytoplasmic components a r e n e c e s s a r y for the r ecove ry mechanism to 
opera te . 

During a recent re invest igat ion of aspec ts of this recovery p rocess , 
it was found that the recovery ra te of i r rad ia ted eggs in sea water was 
independent of oxygen, w) When i r r ad ia ted eggs were kept, pr ior to fer­
ti l ization, in deoxygenated sea water the same dec rease in cleavage delay 
was observed as when they were in fully ae ra ted sea water for the same 
period. It was decided, therefore , to look for r ecove ry in i r rad ia ted 
spe rm by allowing the spermi to enter the egg and then blocking cell divi­
sion for var ious lengths of t ime by the r emova l of oxygen. This technique 
demonst ra ted that indeed recovery does occur in i r rad ia ted spe rm if the 
spe rm is inside the egg during the r ecovery period. The methods used 
and re su l t s obtained a r e descr ibed below. 

The c r i t e r ion of effect was the amount of delay in the time of f i rs t 
cleavage of fert i l ized eggs induced by exposure of ei ther the eggs or 
spe rm to a dose of 10,000 roentgens . The cleavage t imes were measured 
from the t ime of fert i l ization to the t ime when 50% of the eggs had cleaved. 
The cleavage t imes a r e considered to be good to about ± 1 minute; hence, 
the cleavage delay values a re accura te to about ±2 minutes . The dose 
was del ivered by a 5,000-curie cesium-137 gamma-ray unit at a ra te of 
5,000 r / m i n . 

For the investigation of spe rm recovery , i r rad ia ted and u n i r r a ­
diated spe rm from the same animal were used to fert i l ize normal eggs in 
tes t tubes. Within a few minutes after fert i l ization, ni t rogen was s tar ted 
bubbling through the fert i l ized egg suspensions . Samples were removed 
thereaf ter at var ious intervals to finger bowls of f resh sea water, and 

•Work performed at the Marine Biological Laboratory, Woods Hole, 
Massachuse t t s . Science 138, 1341-1342(1962). 



108 

c l e a v a g e t i m e s w e r e m e a s u r e d . The c l e a v a g e t i m e s of the u n i r r a d i a t e d , 
n i t r o g e n - t r e a t e d s a m p l e s w e r e c o m p a r e d wi th the n o r m a l c o n t r o l c l e a v a g e 
t i m e to g ive v a l u e s for the p r o l o n g a t i o n of the c e l l d iv i s ion cyc le c a u s e d 
by the r e m o v a l of oxygen. T h e s e n i t r o g e n - i n d u c e d p r o l o n g a t i o n s a r e p lo t t ed 
a s " r e c o v e r y p e r i o d " i n t e r v a l s on the a b s c i s s a in F i g u r e 40. The t i m e 
d e l a y s of f i r s t c l e a v a g e induced by the e x p o s u r e of the s p e r m to 10,000 r 
a r e p lo t t ed on a l o g a r i t h m i c s c a l e on the o r d i n a t e . 

The r e s u l t s of two e x p e r i m e n t s shown in F i g u r e 40 i l l u s t r a t e the 
two t y p e s of r e c o v e r y c u r v e o b s e r v e d . In 2 out of 4 c a s e s , the r a d i a t i o n -
induced c l e a v a g e de l av d e c r e a s e d exponen t i a l l y wi th r e c o v e r y t i m e a s in 
c u r v e A. In the o the r two, t h e r e w a s an in i t i a l sudden d r o p fol lowed by a 
s l o w e r e x p o n e n t i a l d e c l i n e a s in c u r v e B . The s i m i l a r i t y in the t e r m i n a l 
s l o p e s of c u r v e s A and B is co inc iden t a l ; the r e c o v e r y r a t e s of s p e r m 
f r o m d i f fe ren t a n i m a l s u s u a l l y v a r y s o m e w h a t . 

It w a s t hen dec ided to app ly the s a m e t echn ique to i r r a d i a t e d eggs 
and to c o m p a r e the c u r v e s for eggs a l lowed to " r e c o v e r " b e f o r e j .nd a f t e r 
f e r t i l i z a t i o n . The r e s u l t s of two such e x p e r i m e n t s a r e shown in F i g u r e 4 1 . 
In the c a s e of the u n f e r t i l i z e d eggs the r e c o v e r y p e r i o d r e p r e s e n t s the 
t i m e i n t e r v a l b e t w e e n i r r a d i a t i o n and f e r t i l i z a t i o n ; for the f e r t i l i z e d eggs , 

INTRA-EGG RECOv'FRY OF ARBACIA SPERM 
EXPOSED TO 10,000 r 

100 r— 

601— 

RECOVERY OF ARBACIA EGGS 

40 60 80 100 
RECOVERY "ERIOD IM MINUTES 

EXPOSED TfSr^ 

J»4FERTILi2ED 

40 60 80 100 
RECOVERY PERIOD IN MINUTES 

Figure 40 

The decrease in cleavage delay for irradiated 
Arbacia sperm as a function of time-interval 
cell-division process retarded by nitrogen 
treatment. Curves A and B show results of two 
experiments and represent the two types of 
response found. 

Figure 41 

The decrease in cleavage delay for irradiated 
Arbacia eggs. See text for definitions of re­
covery period in the case of fertilized and un­
fertilized eggs. Results of two experiments are 
shown indicating the types of response found. 



inseminated immediate ly after i r radia t ion, it r e p r e s e n t s the t ime cell 
division was re ta rded by exposure to ni t rogen. The same two forms of 
recovery curve were found as with i r rad ia ted sperm, and in four exper i ­
ments a l l four possible combinations of the two curve shapes were ob­
served. In each case , however, the t e rmina l portion of the recovery curve 
for the fert i l ized eggs was s teeper . It appears , therefore , that the kinetics 
of the p r e - and post-fer t i l izat ion r ecovery p r o c e s s e s in i r rad ia ted eggs 
from the same animal differ and that the post- fer t i l izat ion process is 
somewhat m o r e efficient. 

The cleavage delay induced by exposure of Arbacia gametes to 
radiation has been in terpre ted as the t ime requi red for the zygote to r e ­
pair or rep lace some (nuclear?) substance n e c e s s a r y for cel l division 
which was destroyed by the radiation.'•^-^ Since recovery from this delay 
was demonst ra ted in unferti l ized eggs but not in sperm, it was postulated 
that some cytoplasmic component was essen t ia l for r epa i r . The exper i ­
ments descr ibed above confirm this view since they demonst ra te that 
recovery can take place in i r rad ia ted s p e r m if the spe rm is inside the 
egg where it can p resumably mobilize the requi red r e sou rces for repa i r . 
It has also been shown, however, that the recovery mechanism which 
operates in the i r rad ia ted unfertil ized egg is not neces sa r i l y the same in 
the zygote. It is planned to apply the technique used in these experiments 
to investigate further r ecovery and other aspects of radiat ion damage in 
Arbacia gametes . 
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PERIODIC EVENTS IN BONE 

D. J. Simmons 

Biologic clocks have been the subject of seve ra l recent symposia,''^~'^'' 
and an extensive body of information is available in the l i t e ra tu re concern­
ing the timing of physiological and biochemical events in a wide var ie ty of 
t i s sues . P r e l im ina ry studies using the colchicine method suggested that 
the mitotic activity of chondrocytes in the dis tal and proximal epiphyseal 
plates of the femur and tibia respec t ive ly was subject to a diurnal pe r io -
dicityA z These findings were confirmed autoradiographical ly by the use 
of t r i t ia ted thymidine as a m a r k e r for DNA synthesis.v5; This technique 
allowed more detailed study of the cyclic activity of chondrocytes. Counts 
of colchicine mi toses and thymidine-labeled cel ls , however, failed to show 
definitive periodic changes in populations of os teoblas ts and their p r e ­
cu r so r ce l l s . The exper iment to be descr ibed is a p re l iminary at tempt to 
de termine whether the functional activity of bone cel ls differs within a 
single 24-liour period. 

Method 

Thir ty-e ight albino r a t s , Sprague Dawley Strain, weighing 45-50 g 
each, were singly housed and maintained for two weeks under a photo-
period of 12 hours (09:00-21:00) a l ternat ing with twelve hours of darkness 
(21:00-09:00) and at a t empera tu re of 73-75°F. Food and water were 
supplied ad libitum, and intentional dis turbance was l imited to 09:00-09:30 
when the cages were attended. The animals were weighed 24 hours pr ior 
to experimentat ion, and groups and subgroups were established according 
to their weight-gain performance during the two-week conditioning period. 
The ra t s weighed 150-175 g at the t ime they were used. Nineteen animals 
were given intravenous injections of 1.5 /ic Sr /lOO g body weight in 
0 1 m l distil led water via the ta i l vein between 09:20-11:00 (Day group); 
a second s e r i e s (Night group) was injected between 21:00-22:30. Sub­
groups of 4-5 r a t s were sacrif iced by decapitation at 2-3 , 4, 8 and 12 hours 
after receiving the t r a c e r dose, and 2-3 m l of blood and the femora were 
obtained from each animal . The blood was centrifuged, and aliquots of 
s e r u m were assayed in a well- type scinti l lat ion counter. The left femora 
were radiographed and divided into dis ta l epiphyseal -metaphyseal and 
shaft segments . The segments were ashed, weighed, and assayed in the 
same way as the blood samples . 

The findings have been plotted in F igure 42, and the data have been 
expressed as jic Sr / g Ca. Bone ash was assumed to be 38% calcium, and 
s e r u m calcium was taken as 10.3 mg %.v6) 
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R e s u l t s 

T h e 2 - t o 3 - h o u r s e r u m s a m p l e s r e v e a l t h a t t h e d i s a p p e a r a n c e of 
S r f r o m b l o o d i s i n i t i a l l y m o r e r a p i d in a n i m a l s i n j e c t e d d u r i n g t h e d a y . 
H o w e v e r , d a y - n i g h t v a l u e s a r e n o t s i g n i f i c a n t l y d i f f e r e n t f r o m 4 - 1 2 h o u r s 
a f t e r t r a c e r a d m i n i s t r a t i o n . T h e e a r l y d e p l e t i o n of s e r u m s t r o n t i u m - 8 5 
i s r e f l e c t e d b y t h e s i g n i f i c a n t d i f f e r e n c e s in t r a c e r c o n t e n t of b o t h e p i ­
p h y s e a l a n d s h a f t s e g m e n t s a t 2 - 3 h o u r s , a n d t h e s p e c i f i c a c t i v i t i e s in 
b o n e r e m a i n r e l a t i v e l y c o n s t a n t t h e r e a f t e r d e s p i t e t h e d e c r e a s i n g s e r u m 
a c t i v i t y . T h e d a y b o n e v a l u e s a r e s l i g h t l y , b u t c o n s i s t e n t l y , h i g h e r t h a n 
t h e n i g h t v a l u e s ( c i r c a 1 0 - 2 0 % ) t h r o u g h o u t t h e e x p e r i m e n t a l p e r i o d . 

D i s c u s s i o n 

A l t h o u g h s t r o n t i u m i s h a n d l e d d i f f e r e n t l y f r o m c a l c i u m b y t h e b o d y 
i n t e r m s of i n t e s t i n a l a n d k i d n e y d i s c r i r a i n a t i o n , i t s u p t a k e a n d r e t e n t i o n 
i n b o n e i s a t l e a s t i n p a r t d e p e n d e n t u p o n t h e p r e s e n c e of a c a l c i f i a b l e 
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organic mat r ix , collagen, produced by os teoblas ts . Adrenal hormones a r e 
known mitot ic inhibi tors , and their re la t ion to diurnal periodic events has 
been s t r e s s e d by Halberg;!-'-/ per iods of maximum adrena l mitotic activity 
and cor t icosteoid production general ly correspond to the hours when these 
act ivi t ies a r e minimal in most other t i s sues , and adrena l hormones have 
long been known to suppress bone m a t r i x formationl7) and mineralization.x"/ 
The proof that the diurnal cycle establ ished for car t i lage and perhaps , in 
these exper iments , for bone cells is adrena l - regu la ted is not yet e s t ab ­
lished. The corresponding and ea r ly changes in the specific act ivi t ies of 
s e rum and bone and the re la t ive constancy of the bone values thereaf ter 
indicates that the effect is not due to the differential excret ion of s t ront ium 
via the ur ine; although the s t ront ium excre tory component is unknown, the 
u r ina ry ca l c ium- to - s t ron t ium ra t io is ve ry constant,V9) and u r ina ry ca l ­
cium levels a r e not subject to diurnal fluctuations in man.vl^/ It is be ­
lieved, therefore , that the r e su l t s reflect the degree of collagen formation 
during the l ight -dark per iods . The fact that periodic changes in populations 
of os teoblas ts undergoing DNA synthesis could not be detected by cell 
counts!^/ is probably due to the ve ry smal l size of the potentially rep l i ca -
tive population and to the e r r o r s inherent in a census of a non-uniform 
t i s sue , the cells of which a r e undergoing rapid modulations. 
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THE RETENTION OF Ba^''-' IN BEAGLES 

R E Rowland 

This repor t supplements an ea r l i e r r epor t on the whole-body re ten­
tion of Ba^^^ in two beagles which has now been measured for 1,000 days . l l ) 
The plasma concentration had been measured during the first 14 days fol­
lowing the injection in both dogs; in one of them a measurement has now 
been made at more than 1,000 days after injection. 

Dog A22B was 8 months old (245 davs) and weighed 7.2 kg at t ime 
of injection. (Weight 1,000 days later was 7.5 kg ) This dog received 
6. 1 ftc Ba^^^. Dog 576 was at least four yea r s old at the time of injection, 
weighed 10.1 kg, and received an injection of 10 /ic Ba^^^. Complete de­
tai ls of the injection solution and technique of measu remen t will be found 
in the ea r l i e r repor t . I •'̂ -' 

The fractional retention of the ba r ium t r ace r is tabulated in Table 24 
and shown m graphical form in Figure 43. It will be noted that the data 
cannot be fitted with a single s t ra ight line on the log-log plot, yet the de­
viation from a power function is not marked over this time interval. 

Table 24 

Frac t iona l retention of Ba 

Days from 
injection 

0 
20 
34 
41 
48 
83 

139 
188 
293 
363 
454 
693 
995 

Dog 
576 

1.0 
0.49 
0.423 
0.418 
0.414 
0.376 
0.333 
0.308 
0.253 
0.225 
0.214 
0.174 
0.155 

Dog 
A22B 

1.0 
0.667 
0.583 
0.583 
0.604 
0.510 
0.461 
0.406 
0.362 
0.353 
0.320 
0.282 
0.294 

The plasma data a r e l isted in Table 25. The Ba concentration 
for the last observation was determined by g a m m a - r a y analysis o£ 420 ml 

10 100 1000 
TIME IN DAYS 

Figure 4 5 

The fractional retention of Ba^ in two 
beagles plotted as a function of t ime 
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of p l a s m a , u s i n g an a l iquot of the o r i g i n a l in j ec t ion so lu t ion .* The p l a s m a 
w a s c o l l e c t e d o v e r a n i n e t y - d a y p e r i o d (days 1,002 t h r o u g h 1,093) by t ak ing 
a p p r o x i m a t e l y 150 m l of whole blood f r o m dog A22B e v e r y two w e e k s , 
s e p a r a t i n g the p l a s m a , m e a s u r i n g i t , and s t o r i n g it unt i l a suff ic ient q u a n ­
t i t y had b e e n ob t a ined for a n a l y s i s . 

Table 25 

Blood specific activity 

Time 

1 hr 
6 hr 

24 hr 
2 days 

% Injected 
dose/mg Ca 

Dog 576 

0.283 
0.117 
0.0515 
0.0204 

Dog A22B 

0.253 
0.0631 
0.0176 
0.00883 

Time 

3 days 
7 days 

14 days 
(1002-1091 days) 

% Injected 
dose/mg Ca 

Dog 576 

0.0118 
0.0038 
0.0011 

.... 
Dog A22B 

0.00359 
0.00166 
0.000628 

(86 ±16) X 10-'' 

The spec i f i c ac t i v i t y of the p l a s m a i s shown in g r a p h i c a l f o r m in 
F i g u r e 44, in t e r m s of p e r c e n t of i n j e c t e d d o s e p e r g r a m of c a l c i u m . It i s 

133 evident f r o m the l a s t m e a s u r e m e n t t ha t t he s lope of the Ba c o n c e n t r a t i o n 
in p l a s m a does not follow the in i t i a l s lope o v e r the e n t i r e 1,000 day i n t e r v a l . 

5 

o 
UJ i l o - ' t ^ 

100 1000 2000 
TIME IN DAYS 

133 
Figure 44 

The Ba'̂ '̂ '̂  concentration in the plasma of two beagles plotted as a function of time. Also shown 
in the same units, percent of injected dose per gram calcium, are the skeletal retention values. 
Note that the plasma concentration drops belo\f the average skeletal concentration by 10 days 
after injection for dog A22B, and by 30 days for dog 576. 

'!We are indebted to H. F. Lucas, Jr., for the gamma-ray analysis of the blood sample. 



Figure 44 also shows the re tent ion of Ba in the two dogs, ex­
p r e s s e d in the same units as the p lasma concentrat ion. It has been a s ­
sumed that the skeleton of dog 576 contains 100 g rams of calcium, and 
that of dog A22B, 70 g r a m s . This type of plot shows the relat ionship 
between the specific activity of the p lasma and that of the skeleton. The 
specific activity of the p lasma does not fall below that of the skeleton for 
10 days for the younger dog, and 30 days for the older animal . However, 
the p lasma concentrat ion does keep falling further and further below the 
skeleton with the passage of t ime. If the retention, R-^, were accurate ly 
descr ibed by a power function, then the p lasma concentrat ion would be 
expected to be descr ibed by another power function. That i s , if R^ = a t " ° , 
the excret ion, dR/dt , would be given by dR/dt = ct" \, where t is t ime 
after adminis t ra t ion and a, b, and c a r e constants . Since the isotope ex­
cre ted can be a s sumed to have gone via the blood, the p la sma concentra­
tion would be expected to follow a power function of the form t .̂ 

In these dogs,s ince the retent ion is observed to drop fas ter than 
a power function, excret ion mus t be occurr ing at a higher ra te than that 
expected from a power function. It follows that the plasm.a concentration 
must be higher than expected, and this seems to be the case he r e . 

The significant point he re , however, is the fact that, 1,000 days 
after the isotope was adminis te red , the p lasma specific activity is a 
factor of fifty below that of the skeleton. 
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RADIUM IN HUMAN TEETH: A QUANTITATIVE 
AUTORADIOGRAPHIC STUDY* 

R. E. Rowland** 

This study of rad ium in human teeth was undertaken to determine 
the distr ibution of this radioelement in the dental t i s sues many years after 
medica l or occupational exposure . Dudley has suggested that the total body 
content of a person contaminated with rad ium could be es t imated from the 
rad ium content of a single tooth, and it appears from his measu remen t s 
that the uncertainty involved in such an es t imate is not much g rea te r than 
a factor of two.̂ -*-̂  It would be mos t r emarkab le if the rad ium content of a 
tooth should give a r epresen ta t ive m e a s u r e of the rad ium content of the 
ent i re skeleton, for it has been shown that the rad ium content of equivalent 
bone samples (i.e., one gram) may va ry as much as a factor of ten.(2) It 
is of in te res t to de te rmine whether this observed cor re la t ion in teeth is 
fortuitous or is a metabol ical ly significant observation. 

Methods and Mater ia l s 

Teeth from three rad ium cases were studied. 

Case 03-473: (Dial-painter , femiale) 

A former d ia l -pa in ter who had painted for two years when 
she was 19 to 21 yea r s old. An impacted mandibular 3rd mola r 
was removed at age 55, following remova l of a bone seques t rum 
from the left mandible six months before. Her total-body rad ium 
content was determined at this t ime by whole-body counting to be 
1.2 McRa226_(3) 

Case 03-201: (Radium acquired therapeutical ly; female) 

No p r e c i s e information is available about the source of this 
woman 's radium; we have assumed that it was acquired therapeu­
t ical ly about 35 yea r s ago. An impacted mandibular 3rd molar was 
removed at age 52; no bone is avai lable. The total rad ium content 
of this woman was determined at this t ime by whole-body counting 
to be 3.0 IJ.C Ra"^.^^) 

*Accepted for publication in Archives of Ora l Biology. 

*Presen t add re s s : Depar tment of Radiation Biology, School of Medi­
cine and Dentis try, Universi ty of Roches te r , Roches ter , N. Y. 
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Case 03-998: (Dial-painter , fexnale) 

This woman painted watch dials for a s ix-year period (1917 
to 1923) when she was 27 to 33 y e a r s old. Her death occur red in 
1925, at age 35j the autopsy repor t stated "severe anemia , with 
purpura , petechiae, buccal s eps i s , ea r ly jaw nec ros i s and red bone 
m a r r o w . " The mandible, with 10 teeth, and a portion of the femur 
were obtained from a museuna j a r in which they had been s tored 
dry . Although ear ly es t imates of the total radium content of this 
patient ranged from 90 to 180 ^uc,''^) recent studies of these bone 
samples indicate that the t e rmina l content was in the range of 5 to 
20 i.ic Ra^^ , in addition to an equal amount of the shor te r - l ived Ra^^ , 
which had been presen t originally.(5) Two teeth, the left canine and 
the left 2nd mola r , were studied autoradiographical ly, while all ten 
were m e a s u r e d to de termine their Ra^^ content. 

Each tooth included in this study was sealed, individually, within a 
glass vial and the g a m m a - r a y spec t rum of each recorded immediate ly and 
again a month l a t e r . F r o m these two m e a s u r e m e n t s , the total Ra^^ content 
and the radon retent ion of each tooth was de termined. 

The teeth studied autoradiographical ly were f irs t embedded in methyl 
methacry la te and then cut into longitudinal sections 150 or 200 microns thick. 
To facili tate subsequent compar ison with the autoradiographs , m i c r o r a d i o -
graphs were taken of each section (l7.5 kv x r a y s , Eas tman Kodak s p e c t r o ­
scopic plates 649-0). Three different autoradiographs were then made from 
each sect ion: 

1) An appropr ia te exposure (3 to 120 days) on an a lpha- t rack plate 
to produce an autoradiograph from which a lpha- t rack counts could be made 
to deternaine the microscopic rad ium concentra t ions . 

2) A long exposure ( l -4 months) on a be ta -sens i t ive plate to p r o ­
duce a visible image of the rad ium distr ibut ion in the tooth. 

3) A s t r ipping-f i lm autoradiograph (2-month exposure) to yield 
h igh- re solution localizat ion of the rad ium deposits within the tooth. 

The rad ium concentrat ions found in var ious port ions of the teeth 
were evaluated by counting the number of t r acks per unit a r e a in the au to­
rad iographs . These counts were expres sed as radium concentrat ions per 
g r am of calc ium, using an average alpha par t ic le range of 6.3 mg/cm^, 
radon retent ion values of 40% for the bone sections and 75% for the tooth 
sect ions , and calcium concentrat ions of 24.4%, 27%, and 36% by weight, 
respec t ive ly , for bone, dentin and enamel .(") 



R e s u l t s 

The r a d i u m con ten t of e a c h too th s tud ied in de t a i l and of a l l t e n 
t e e t h fromi C a s e 03 -998 a r e t a b u l a t e d in Table 26 . F o r c o i n p a r i s o n with 
the s k e l e t o n (lO^ g Ca) the r a d i u m con ten t of each tooth i s e x p r e s s e d in 
t e r m s of g r a m s of c a l c i u m by a s s u m i n g tha t the c a l c i u m con ten t of a tooth 
i s 28% by we igh t . T h i s c o m p a r i s o n i s m a d e in Tab le 27 . 

Table 26 

Gamma-ray measurements of teeth from radium cases 

C a s e 

03-473 

03-201 

03-998 

03-998 

Tooth 

Mandibular 3 rd m o l a r 

Mandibular 3 rd m o l a r 

Right canine 
Left canine 
Right l a t e r a l i nc i so r 
Left l a t e r a l i nc i so r 
Right f i r s t p r e m o l a r 
Left f i r s t p r e m o l a r 
Right second p r e m o l a r 
Left second p r e m o l a r 
Right second m o l a r 
Left second m o l a r 

Total 

Total ac t iv i ty , 
pc Ra22^ 

2100 

1510 

859 ± 8 
1318 ± 12 
570 ± 7 
595 ± 6 
659 ± 8 
519 ± 7 
485 ± 4 
711 i 8 

1623 ± 11 
1614 ± 12 

8953 

Weight, 

g 

1.20 

1.45 

1.022 
1.013 
0.477 
0.317 
0.799 
0.715 
0.398 
0.932 
1.939 
1.970 

9.582 

pc 
g 

1750 

1040 

840 
1300 
1190 
1880 

825 
725 

1220 
765 
840 
820 

935 

pc 
g Ca 

6150 

3730 

3000 
4640 
4250 
6680 
2960 
2600 
4360 
2710 
3000 
2930 

3300 

Radon 
re ten t ion 

in v i t r o , % 

75 

4 4 

76 
71 
75 
59 
70 
54 
62 
66 
68 
60 

Table 27 

Comparison of the specific activity of the teeth and the skeleton 

Case 

03-473 

03-201 

03-998 (10 teeth) 

Specific 

Tooth 
p c / g Ca 

6150 

3730 

3300 

ac t iv i ty 

Skeleton 
p c / g Ca 

1200 

3200 

(10000)* 

Rat io : 
t oo th / ske le ton 

5.1 

1.2 

(0.3)* 

*Based on a body content of 10u.c. 



The s ign i f i cance of t h e s e m e a s u r e m e n t s wil l be d i s c u s s e d be low. 

C a s e 0 3 - 4 7 3 : ( E x p o s u r e a t age 19 to 21 y e a r s ) 

The a u t o r a d i o g r a p h s of the s e c t i o n s f r o m th i s tooth i nd i ca t e 
t ha t den t in was be ing fo r ined at the t i m e of e x p o s u r e to r a d i u m 
( F i g u r e 45b) . On the i n i c r o r a d i o g r a p h ( F i g u r e 45a) c r o s s ha tch ing 
i s e m p l o y e d to i n d i c a t e the p o r t i o n of the dent in which h a s given 
r i s e to t h i s a u t o r a d i o g r a p h i c i m a g e . The d a r k l i n e s in the a u t o ­
r a d i o g r a p h , ad j acen t to a g r e y band , a r e i n t e r p r e t e d to i nd ica t e 
t ha t the o r i g i n a l e x p o s u r e to r a d i u m was at a h igh c o n c e n t r a t i o n 
for a s h o r t t i m e , but t ha t o v e r the r e s t of the e x p o s u r e p e r i o d the 
in t ake w a s a t a l o w e r l e v e l . 

When the tooth s e c t i o n i s e x p o s e d to the a u t o r a d i o g r a p h i c 
p l a t e for a l o n g e r p e r i o d ( F i g u r e 45c) , i t i s ev iden t tha t r a d i u m i s 
p r e s e n t in o t h e r p o r t i o n s of the too th . In addi t ion to the depos i t 
in the f o r m i n g den t in , d e p o s i t s in the following l o c a t i o n s a r e 
v i s i b l e : 

1) i ix imedia te ly u n d e r the s u r f a c e of the e n a m e l , 

2) in the den t in which w a s f o r m e d be fo re the e x p o s u r e to 
r a d i u m , 

3) in the dent in f o r m e d af te r the e x p o s u r e to r a d i u m . 

The r a d i u m c o n c e n t r a t i o n s m e a s u r e d in th i s tooth a r e t a b u ­
l a t e d in Tab le 28 . The d i s t r i b u t i o n in the p r e - e x i s t i n g dent in , o b ­
s e r v e d to d e c r e a s e with depth , i s shown in g r a p h i c a l f o r m in 
F i g u r e 4 6 . Th i s g r a p h s h o w s , in add i t ion , the m a x i m u m ho t spo t s 
and the a v e r a g e diffuse l eve l o b s e r v e d in the s ina l l bone s a m p l e , 
and the m a g n i t u d e of the c o n c e n t r a t i o n unde r the e n a m e l s u r f a c e . 

Table 28 

Radium concentrations measured in bones and teeth 

Case 

03-473 

03-201 

03-998 

Number and type 
of deposition 

Hotspots 

Diffuse 

Hotspots 

Diffuse 

Hotspots 

Diffuse 

Bone 
pc/g Ca 

13,500 

740 

-

(1500 ± 750) 

88,700 

1,880 

Dentin 
pc/g Ca 

84,000 
22,000 

380-1250 

404,000 

210-3030 

63,000 

300-17,200 

Enamel 
pc/g Ca 

900 

1700 

-

880 



(b) 

Figure 45 

A 200-micron thick section cut from 
the mandibular th i rd molar of 
Case 03-473. a) A microradiography 
b) an autoradiograph exposed for one 
month; and c) an autoradiograph ex­
posed for four months . The outline 
of the autoradiographic darkening of 
(b) has been indicated on the m i c r o -
radiograph (a) with c ros s hatching. 

5mm 
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DISTANCE FROM DENTIN 
"HOT-LINE" 

Figure 46 

Comparison of the radium concen­
t ra t ions observed in the bone and 
tooth of Case 03-473. The max i ­
mum hotspot and the average dif­
fuse level measured in the bone, 
and the enamel surface concen­
t ra t ion are shown as h i s tog rams ; 
the radium concentration in the 
dentin is plotted as a function of 
the distance from the dentin 
hot - l ine . 

Case 03-201: (Exposure during late teensV) 

The assumption as to the age at which this woman received 
radium is verified by the autoradiographs of the tooth sect ions. A 
nar row line of darkening, 50-250 microns wide, is present in the 
autoradiograph (not i l lustrated) of the dentin between the pulp ca \ i ty 
and the enamel . Since the 3rd molar has completed its crown forma­
tion and s tar ted root formation by age 17 (95th percentile),^ /̂ it is 
l ikely that this gir l was in her late teens when she received radium. 
The nar row line of darkening, actually resolvable into two narrow 
l ines , suggests that she received two courses of t rea tment which 
las ted not more than a few months; the route of administrat ion was 
probably in t ravenous . 

The radium concentrations m this tooth a re i l lustrated graphically 
in Figure 47. No bone was available for comparison; however, a diffuse 



F i g u r e 47 

C o m p a r i s o n of the r a d i u i n c o n c e n ­
t r a t i o n s o b s e r v e d m the tooth of 
C a s e 0 3 - 2 0 1 . A p r e d i c t e d diffuse 
l e v e l , a s d e s c r i b e d in the t ex t , i s 
a l s o shown for c o m p a r i s o n . 

d i s t r i b u t i o n , p r e d i c t e d on the b a s i s 
of the body content , is shown. T h i s 
p r e d i c t i o n is b a s e d on the o b s e r v a ­
t ion tha t the diffuse leve l is a p p r o x i ­
m a t e l y one ha l t of the uniformi l abe l , 
i . e . , t ha t c o n c e n t r a t i o n ob ta ined by 
d iv id ing the s k e l e t a l r a d i u m con ten t 
by the s k e l e t a l mass .^° - ' 

C a s e 0 3 - 9 9 8 : ( E x p o s u r e o \ e r a s i x -
y e a r p e r i o d , f r o m age 
27 to 33 y e a r s ) 

In sp i t e of the age of t h i s w o ­
m a n a t e x p o s u r e , den t in w a s be ing 
f o r m e d in the left s econd m o l a r ( F i g ­
u r e 48) . In addi t ion to the dent in d e ­
pos i t , a l o n g e r a u t o r a d i o g r a p h 
( F i g u r e 48c) i l l u s t r a t e s the s a m e d i s ­
t r i b u t i o n s l i s t e d for C a s e 0 3 - 4 7 3 . In 
the can ine tooth ( F i g u r e 49) no g r o w t h 
of dent in took p l a c e , so tha t the e n t i r e 
l a b e l was in the p r e - e x i s t i n g den t in 
and the e n a m e l s u r f a c e . H o w e v e r , in 
both the m o l a r and the can ine tooth 
an i n t e n s e depos i t of r a d i u m i s p r e s ­
ent m the o u t e r m o s t l a y e r of the c e -
i n e n t u m which c o \ e r s the r o o t s . T h i s 
depos i t i s equa l m spec i f i c a c t i v i t y to 
tha t o b s e r v e d m the den t in , s u g g e s t i n g 
tha t th i s l a y e r of c e m e n t u m was p r o b ­
ably f o r m e d du r ing the e x p o s u r e to 
r a d i u m . The m e a s u r e d spec i f i c a c t i v ­
i t i e s a r e shown in g r a p h i c a l fo r in in 
F i g u r e 50. 

A s m a l l d i sk of e n a m e l , ly ing 
on the s u r f a c e of the dent in b e t w e e n 
the two r o o t s of the 2nd m.olar i s v i s ­
ib le in the m i c r o r a d i o g r a p h ( F i g ­
u r e 48a ) . E n a m e l in t h i s l o c a t i o n i s 
no t u n u s u a l , w) but i t i s m e n t i o n e d 
h e r e b e c a u s e i t i s h igh ly r a d i o a c t i v e , 
and thus i s known to have been f o r m e d 
d u r i n g th i s s i x - y e a r p e r i o d . 
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(a) (b) 

Figure 48 

A 150-micron thick section cut from 
the left second molar of Case 03-998. 
a) A microradiograph, b) a seven-
week autoradiograph, and c) a four-
month autoradiograph. 

(c) 

5 mm 
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1 cm 

Figure 49 

A 150-micron thick section cut from the left canine 
tooth of Case 03-998. a) A iTiicroradiograph, and 
b) a four-month autoradiograph. 

Figure 50 

Comparison of the observed r a ­
dium concentrations in the teeth 
of Case 03-998 with the concen­
trat ions m bone. The deposit in 
the dentin of the canine tooth was 
measured from the edge of the 
pulp cavity, while this d i s t r ibu­
tion in the second molar was 
measured from the hot-l ine in 
the dentin. 

D STANCE FROM DENTIN 
"HOT-LINE" 



Discussion 

The autoradiographs of these teeth indicate that a significant quan­
tity of rad ium has been deposited within the dental t i s s u e s . This obse rva ­
tion is in agreement with the studies of the radium content of teeth from 
radiumi cases that have been made at MIT^^'' and at Argonne.vlO) These 
studies have shown that such teeth usually contain a rad iura - to -ca lc ium 
rat io of the same o rde r of magnitude as the skeleton; the MIT study sug­
gested that the ra t io 

(Ra/Ca) tooth 
(Ra/Ca) skeleton 

with a range of 0.10 to 0.73. 

On the bas i s of the p resen t study this conclusion should be modified 
to apply only to teeth that were ma tu re at the t ime of exposure . In those 
teeth which were sti l l being formed when radiumi was present the above 
ra t io may be as la rge as 5 to 1 (Table 27). The reason, of course , l ies in 
the high uptake of the isotope in the forming dentin, as i l lus t ra ted in F i g ­
u re 45 . Even in m a t u r e teeth a cons iderable range is to be expected, for 
the r ad ium- to -ca l c ium ra t io of a given tooth will depend upon the rat io of 
dentin to enamel and the ra t io of bur ied dentin to dentin adjacent to the pulp 
cavity in that tooth, and will be influenced by the amount of bone and c e -
mentura at tached to the tooth when the m e a s u r e m e n t is made . 

These observat ions give r i s e to the basic question: by what p roces s 
does this isotope enter the dentin of a ma tu re tooth, or the pre-ex is t ing 
dentin of a formiing tooth? Could this be a manifestation of a l ong - t e rm ex­
change p roces s? 

The ability of the dental t i s sues to acquire t r ace e lements by an 
exchange p r o c e s s is well known. An autoradiograph of a tooth from a 
r ad ium-d ia l painter which appears to i l lus t ra te this uptake has been pub­
l i shed . lH) Previous to this the ability of pre-ex is t ing dentin to acquire 
lead from the blood supply had been described.(12) The most str iking 
demionstration of this exchange capacity was provided by Sognnaes et aLj^-^--^' 
who, using monkeys , descr ibed the uptake of P^^ in the dental t i s sues at 
short t ime in te rva l s after adminis t ra t ion . Indeed, they showed that the P^^ 
in the dentin dec r ea se s with depth in a ixianner s imi lar to the approximately 
exponential dec rea se shown he re for rad ium (Figures 46, 47 and 50). 

Thus, it is evident that these isotopes can enter the teeth quickly and 
r ema in the re for long pe r iods , jus t as is the case in bone. It i s paradoxical 
that, even after a 30-year res idence in dentin, Ra^^ should show a d i s t r ibu­
tion in depth so s imi la r to that of P^^ at very short t i m e s . A deposition r e ­
sulting f rom an exchange p r o c e s s , which opera tes rapidly enough to be seen 
in minutes , might be expected to be dras t ica l ly a l te red after many y e a r s . 



It is ins t ruct ive to comipare the magnitude of the dentin deposit with 
the equivalent deposition in bone, the so-cal led diffuse dis t r ibut ion. It is 
evident fromi Figure 46 that the dentin within 1 mim of the pulp cavity (or 
the edge of the pulp cavity at the t ime the rad ium was in the blood) contains 
as much, or m o r e , radium per g r a m of calcium as is found in the diffuse 
dis t r ibut ion in bone. F u r t h e r in depth the dentin contains l e s s activity than 
the bone; in this r e spec t it should be reca l led that few regions in bone a re 
more than a few hundred mic rons from the blood supply, while port ions of 
the dentin may be 10 to 40 t imes this d is tance . In each t i ssue the re exis ts 
a microscopic distr ibution sys tem, the canaliculae in bone and the dentin 
tubules in the dentin. This distr ibution systena could provide a ra te - l imi t ing 
step in the p roces s of dis tr ibut ing these t r a c e r s in depth. 

When the dentin tubules no longer t r anspor t fluids, such as is the 
case when they become filled with minera l deposits ( sc le ros i s ) , exchange 
phenomena would no longer take place within the affected region. If the 
stoppage occur red before the rad ium were present , no uptake of the isotopic 
t r a c e r would take place; note that this appears to have been the situation in 
the lower portion of the root of the canine tooth from 03-998 (Figure 49). K 
such occlusion occur red after the isotope had been deposited within the den­
tin, no further removal by exchange would take place. 

Let us consider an a l ternat ive raechanismi for the deposition of these 
isotopes within the dentin, namely, that they indicate a net gain of minera l in 
these reg ions . This impl ies that the dentin must be continually increas ing 
in densi ty. The sc lero t ic p r o c e s s , mentioned above, is an example of such 
an i nc r ea se , and may account for a portion of the uptake of such t r a c e r s . 
Yet, the fact that all of the teeth examined in all of the studies naentioned 
have shown uptake of isotopic t r a c e r s , independent of the age of the teeth, 
s trongly suggests that the bulk of this uptake must be due to long- t e rm ex­
change and not to a gain of additional ra inera l . 

It can be concluded fromi this study that when Ra^^ is p resen t in the 
blood, it will be incorpora ted within the teeth . It will be deposited in those 
regions in which new mine ra l is being formed, and will, to a l e s s e r extent, 
enter those portions of the mine ra l previously formed. In the pre-ex is t ing 
dentin this deposit dec r ea se s exponentially in magnitude with distance from 
the blood supply. In the enamel a deposit is p resent along the outer surface; 
if the re is also a deposition in depth within the enamiel it is much l e s s in ­
tense , for it was not visible in the teeth studied h e r e . 

The p roces se s descr ibed above may be expected to apply to the other 
memibers of the a lka l ine-ear th family, namely calcium, s t ront ium, and b a r -
iumi. Thus, miature teeth can, by vir tue of their ability to acquire these 
e lements by exchange p r o c e s s e s , be expected to give a re l iable indication 
of the amount of contamination of the ent i re skeleton following exposure to 
the radioact ive formis of any of these e l emen t s . 
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It i s of i n t e re s t to note that the rad ium concentrat ion in smal l s a m ­
ples of bone in which no appositional growth had taken place during the ex ­
posure to radium, and thus would contain only a diffuse label without any 
hotspots , would provide a valid method of est imating the radium content of 
the ent i re skeleton. The uncer ta in t ies inherent in extrapolating rad ium 
concentrat ions m e a s u r e d in smal l bone samples to the ent i re skeleton a r i s e 
from the continual remioval and rep lacement p roces se s at work in normal 
bone. The teeth, in cont ras t , once their growth is finished, provide a stable 
environinent in which isotopes acquired by long - t e rm exchange p roces se s 
remain undisturbed. 

It is thus unders tandable why the observed g a m m a - r a y m e a s u r e ­
ments of the teeth co r r e l a t e so well with the total skeletal content. It 
should also be evident that quantitative autoradiographic mieasurements of 
the teeth could yield even bet ter e s t ima te s of the total skeletal content of 
an a lka l ine-ear th isotope deposited within the skeleton. 

The teeth in this study were acquired through the efforts of D r s . 
A. J . Finkel , C. E. Miller and L. D. Marinel l i , of this Labora tory , and 
Dr . R. J . Has te r l ik , of the Argonne Cancer Resea rch Hospital . 
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LOCAL DISTRIBUTION AND RETENTION OF RADIUM IN MAN* 

R. E. Rowland** 

The distr ibution and retent ion of radium in bone a r e governed by the 
metabo l i sm of bone itself. If we unders tand the mine ra l phase of bone, i ts 
formation, exchangeabili ty, and removal , we a r e well on the way to an unde r ­
standing of the behavior of rad ium in bone. 

The te rmina l dis tr ibut ion of r ad ium in human bone se rves to i l l u s ­
t r a t e severa l phases of bone me tabo l i sm. In o rde r to understand the t e r ­
minal p ic ture , we must f i r s t review the initial p roces se s by which rad ium 
was deposited in bone. 

The Deposition of Radium in Bone 

The f i rs t step in the p roces s is the behavior of radium in the blood. 
Following an intravenous injection of radium, the p lasma concentrat ion, 
init ially high, continually falls with the passage of t ime . No studies have 
been miade of the behavior of r ad ium in human blood, but the p rocess is un ­
doubtedly s imi la r in pa t tern to that which occurs in the dog. F igure 51 shows 
the re la t ionship between the specific activity (ratio of radium to calcium) of 
the blood and the skeleton of the beagle . These curves were der ived from 
the published data of Van Dilla et a l . ( l ) They i l lus t ra te an ex t remely i m ­
portant point, namely, that the specific activity of the blood eventually drops 
below that of the skeleton, and continues to fall re lat ive to the skeleton. 
Whether or not this p rocess continues for as long as a human lifetime r e ­
mains to be seen. However, as long as the total-body retent ion is adequately 
descr ibed by a power function, the blood p lasma concentration should also 
be descr ibed by a power function, giving the type of behavior i l lus t ra ted 
h e r e . 

All of the p r o c e s s e s by which radiumi is t r ans f e r r ed from the blood 
to the bone mine ra l , or t r a n s f e r r e d from bone minera l to the blood, a re d e ­
pendent upon the specific activity of the p lasma and the minera l itself. For 
example , in the p roces s of new bone formation, rad ium is incorpora ted in 
the newly-formed m i n e r a l at the same concentrat ion (radium to calcium) as 
it exis ts in the blood.(2) Thus, bone minera l formed the day of the injection 
contains more rad ium than subsequently fornaed mine ra l . The intense 

'Presen ted at IAEA Scientific Meeting on the Diagnosis and Trea tment 
of Radioactive Poisoning, Vienna. October 15-19, 1962. 

P r e s e n t Addre s s ; Depar tment of Radiation Biology, School of Medicine 
and Dent is t ry , Universi ty of Roches ter , Rochester , New York. 



radium deposits produced by this pronapt incorporat ion of radium into the 
mine ra l have been t e r m e d "hotspots." This p rocess is the same a week, 
month, or year after the rad ium injection, but the specific activity of the 
newly-formed mine ra l is dependent upon the t ime after injection that it 
was formed. 

I 10 100 1000 
TIME IN DAYS 

Figure 51 

The specific activity of the blood p lasma and the skeleton of 
beagles as a function of t ime . These curves were de r i \ ed 
fromi the published data of Van Dilla et a l . ' l ) They were ob­
tained by express ing the retention and the p lasma concent ra­
tion data in the same uni ts , per cent of injected dose per 
g r am calc ium. The radium was assumed to be ent i rely in 
the skeleton, and the skeleton was considered to contain 
100 grams of calcium. The p lasma data were t ransformed 
by assuming 10 mg of calcium per 100 mg of p lasma. 

The hotspots formed following a single injection of radium differ 
from those observed in human radium c a s e s , for the la t te r were usually 
exposed to radium for a considerable length of t ime . In a fornaing osteon, 
a single rad ium injection will show as a ring of alpha t r a c k s , co r respond­
ing to the bone formed soon after the injection. Extended exposure, to 
medical adminis t ra t ion or o ra l ingestion, will produce wide bands of 
rad ium-labe led bone and completely labeled osteons, such as is shown in 
Figure 52. 



Figure 52 

A micoradiograph and a stripping-film autoradiograph of a 
single osteon completely labeled with radium. It is from 
one of the Elgin State Hospital cases (03-118) who had re-
ceived 41 weekly injections of Ra ". The bone section 
is 100 microns thick; the autoradiograph was exposed for 
55 days. 

While the spec i f i c a c t i v i t y of the b lood p l a s m a i s h i g h e r than tha t of 
the ske l e ton , any p r o c e s s e s t ha t t r a n s f e r c a l c i u m - l i k e atomis f r o m the b lood 
to the ex i s t i ng m i n e r a l m u s t r e s u l t in the depos i t of r a d i u m in the bone miin-
e r a l . Such p r o c e s s e s , often c a l l e d e x c h a n g e p r o c e s s e s , a r e of c o n s i d e r a b l e 
i m p o r t a n c e in d i s t r i b u t i n g rad iuna t h r o u g h o u t the s k e l e t o n . At s h o r t timies 
a f t e r r a d i u m a d m i n i s t r a t i o n , the p a t t e r n of e x c h a n g e - d e p o s i t e d r a d i u m c o n ­
t inua l ly c h a n g e s ; such e a r l y c h a n g e s have been d e s c r i b e d and i l l u s t r a t e d by 
L a c r o i x . w ) i t i s i m p o r t a n t to r e c o g n i z e tha t a l l of the bone mi inera l r e a c h e d 
by the c i r c u l a t i n g f lu ids a c q u i r e s r a d i u m by t h e s e exchange p r o c e s s e s . 

When an a u t o r a d i o g r a p h i s m a d e of a r a d i u m i - l a b e l e d bone , e s s e n ­
t i a l l y a l l of the m i n e r a l i s s e e n to con ta in r a d i u m . A g r o s s a u t o r a d i o g r a p h 
of the r a d i u m in a h u m a n f e m u r i s shown in F i g u r e 5 3 . This bone s e c t i o n 
i s f r o m a w o m a n who had pa in t ed wa tch d i a l s for a t w o - y e a r p e r i o d 35 y e a r s 
b e f o r e h e r d e a t h . The h o t s p o t s h e r e h a v e been o v e r e x p o s e d in o r d e r to 
show the diffuse d i s t r i b u t i o n ; th i s t e r i n h a s been app l i ed to the d i s t r i b u t i o n 
of the r a d i u m t h r o u g h o u t the bulk of the bone m i n e r a l . 

Figure 5;] 

A microradiograph and an autoradiograph of a com­
plete cross section from the femur of a radium-dial 
painter (Code 03-407). This woman tipped her br ish 
in her mouth for a two-year period when she was 19 
to 21 years old. The sample was obtained at death 
.35 years later. The body burden was 1.45/-tc; the 
autoradiograph was exposed for 1 year on an Eastman 
Kodak autoradiographic Type A plate. 

While exchange p r o c e s s e s p r o b a b l y accoun t for m o s t of the diffuse 
d i s t r i b u t i o n in bone , it i s i m p o r t a n t to r e a l i z e tha t o t h e r p r o c e s s e s a l s o c a n 
l a b e l bone so tha t the radiumi i s i n d i s t i n g u i s h a b l e in miagnitude f r o m the e x ­
change d e p o s i t s . F o r e x a m p l e , a s w a s po in ted out above , new bone f o r m a ­
t ion , if i t t a k e s p l ace when the b lood h a s fa l len to the a p p r o p r i a t e spec i f ic 
a c t i v i t y , wil l r e s u l t in a r a d i u m d e p o s i t i o n equ iva len t to the diffuse 
d i s t r i b u t i o n . 

.*•#--

i , 
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Another p r o c e s s by which bone acqui res rad ium is t e rmed secondary 
minera l iza t ion . When an osteon is f i rs t formied, i ts mine ra l density is low. 
With the passage of t ime , of the o rder of months or even y e a r s , the miineral 
density i n c r e a s e s . This addition of mine ra l to a previously-formied s t ruc ture 
will r esu l t in the incorporat ion of radium into the s t ruc tu re if the secondary 
minera l iza t ion p roces s takes place while the blood p lasma specific activity 
is e levated. 

A year or so after the exposure to rad ium has te rminated , all of the 
bone in the body will be labeled. Hotspots will indicate the new bone growth 
that took place during the exposure period, while exchange, secondary miin-
era l iza t ion , and new bone formiation together will have deposited rad ium in 
all the remaining m i n e r a l . By this t ime the s h o r t - t e r m exchange deposits 
will have d isappeared; the isotope remaining will be re la t ively well fixed 
within the skeleton. 

The Removal of Radiumi f rom the Skeleton 

What p r o c e s s e s can now remove rad ium from the skeleton? Obviously 
resorp t ion of bone, by os teoc las t s , will remove the mine ra l and hence the 
r ad ium. Is this the only p r o c e s s by which rad ium can be renaoved? 

Let us r eca l l that the retent ion, R, of radium has been descr ibed by 
a power function of the formv4) 

Rt = 0.54t"°'^2 

A power function gives a s t ra ight line when plotted on log-log paper , but if 
we consider the loss of radiumi from the skeleton in equal t ime inc remen t s , 
the loss d e c r e a s e s with the passage of t i m e . For example, of the rad ium in 
the body one year after an I.V. injection, 31% will be lost during the subse ­
quent y e a r . During the next yea r , the loss will be only 18% of the amount 
p resen t at the s t a r t of the y e a r . Similar ly, between the 5th and 6th yea r , 
15% will be lost , between the 10th and 11th year 5%, and between the 20th 
and 21st yea r , 2.8% will be los t . Could resorp t ion account for this d e c r e a s ­
ing ra t e of loss? 

It could if the resorp t ion p rocess were age dependent, so that d e c r e a s -
ing resorp t ion r a t e s could be expected with increas ing age. However, v/e 
naust f i rs t r eca l l that , with the l imited data a \a i l ab le , the power function is 
essent ia l ly age independent. Also, according to the work of Jowsey.w) r e ­
sorption r a t e s seem to stay constant through ear ly adulthood, then inc rease 
with advancing age. Thus, we conclude that the power function could not 
resu l t from changes in the ra te of bone resorp t ion . 

With a constant ra te of resorp t ion , perhaps the decreas ing ra te of 
loss of rad ium is due to the fact that there is l i t t le radiuna left to r e s o r b 
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after the f i rs t few y e a r s , so that most of the resorpt ion p rocess does not 
remove rad ium- labe led bone. If this were the c o r r e c t in terpre ta t ion , the 
observed retent ion would be descr ibed by an exponential r a ther than a 
power function. However, an even more convincing argument is visible 
in F igure 53. Recall that this is the radiura distr ibution remaining many 
yea r s after acquisi t ion; it is obvious that very l i t t le radiumi has been r e ­
moved from this section by resorp t ion . This p ic ture , incidentally, is typ i ­
cal of mos t autoradiographs of radium bones many ye a r s after acquisi t ion. 
It is evident, then, that ve ry l i t t le of the labeled bone has been removed by 
resorp t ion . 

How, then, is radiumi r e l eased from bone? If resorpt ion is relegated 
to a minor role in the removal p r o c e s s , what other mechanism is left? The 
answer l ies in the diffuse dis t r ibut ion. The radium was acquired by all the 
miineral of the skeleton by some kind of exchange process^ If bone can a c ­
quire this isotope by exchange, sure ly it can lose it by the same p r o c e s s . 
When we speak of exchange p r o c e s s e s , it is natural to think of fairly rapid 
p r o c e s s e s . Such p roces se s exis t ; there a r e highly labile regions that quickly 
acquire rad ium or other alkal ine ea r th i so topes . However, these labile 
regions also lose these isotopes r a the r quickly. In the l ong - t e rm picture we 
a re in te res ted , not in these short-ter3aa p r o c e s s e s , but ra ther in p roces se s 
with re la t ively long t ime cons tan ts . 

It has been shown in the dog 12) that the specific activity of radiuna 
concentrat ions in both hotspots and the diffuse distr ibution dec rease in m a g ­
nitude during the f i r s t year following incorporat ion of radium into bone. 
While this d i rec t m e a s u r e m e n t desc r ibes the behavior of radiuiaa in canine 
bone at re la t ively shor t timies after incorporat ion, the re exis ts another a r ­
gument which lends weight to this mechan i sm. 

It i s known that the diffuse distr ibution consti tutes a sizeable f r a c ­
tion of the total skeletal content. Measuremients have shown that the average 
skeletal rad ium concentrat ion (total rad ium divided by total skeletal miass) 
is only twice as grea t as the average diffuse level in termiinal rad ium 
cases .^° / Likewise, in the dog the diffuse level was also observed to be 
about half the average skeletal concentrat ion a few ye a r s after the admin­
i s t ra t ion . General izing from these observa t ions , we conclude that the m a g ­
nitude of the diffuse dis t r ibut ion is c losely re la ted to the total skeletal content-
Thus the diffuse level must drop in magnitude in a fashion s imi la r to the total 
body content. 

Release of r ad ium fromi the skeleton i s , thus , governed by two p r o c ­
e s s e s , r esorp t ion and exchange. The resorp t ion p rocess removes d i sc re te 
volumes of bone and l i be ra t e s the radiu3aa there in to the blood stre.ana, while 
exchange p r o c e s s e s r emove rad ium and ca lc ium fromi all of the mine ra l of 
the skeleton. The fo rmer thus leaves a c lear mark , at leas t if new bone r e ­
places the r e so rbed volume, for if the plasmia concentrat ion of rad ium has 
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fallen as postulated, the rep lacement minera l is re la t ively radiuna f ree . 
Exchange, however, leaves no r eco rd of i ts remioval of radiumi; it can only 
be deduced to have occur red from the retention and skeletal distr ibution 
data. 

Microscopic Distribution of Radium in Bone 

Having d iscussed the mechan i sms of uptake and r e l ease of this 
element from the skeleton, now let us turn our attention to the microscopic 
distr ibution of rad ium as it exis ts te rminal ly . For such studies we depend 
upon microrad iographs of the bone sect ions , s tr ipping-fi lm autoradiographs , 
and the quantitative analysis of a lpha- t rack pla tes . 

Quantitative evaluation of the rad ium concentrat ions in bone provides 
a powerful tool for the unraveling of the metabolic p roce s se s at work in 
bone. Complete details of the t ransformat ion from a lpha- t rack counts into 
rad ium concentrat ions will be found in a previous publication; '6) it suffices 
he re to state that hotspots and diffuse distr ibutions can be evaluated from 
the t r ack counts . A brief l i s t of some measu red value is shown in Table 29. 

Table 29 

Some typical measured radium concentrations 

Patient 

03-9% 

01-008 

03-995 

03-648 

03-117 

03-118 

03-109 

03-119 

Terminal 
radium 

burden,lie 

8 

8 

7 

2.7 

1.2 

3.6 

0.8 

0.6 

Average 
skeletal 

concentration, 
pc/mg 

1.3 

1.3 

1.0 

0.49 

0.17 

0.66 

0.15 

0.12 

Method of acquisition 

Dial painter 

Dial painter 

Dial painter 

Dial painter 

45" 

41 

18 

The El2in_State 
Hospital Cases 

Number of weekly 

' I .V. injections: 

10 Mc Ra226 each 

Maximum 
hotspot, 
pc/mg 

9 

16 

30 

15 

12 

16 

53 

14 

Average 
diffuse, 
pc/mg 

0.28 

0.54 

0.32 

0.38 

0.080 

0.15 

0.060 

0.054 

Ratio: 
hotspot 

to diffuse 

32 

30 

94 

40 

150 

107 

218 

263 

Ratio: 
diffuse to 

average cone. 

0.22 

0.42 

0.32 

0.78 

0.47 

0.23 

0.40 

0.45 

The f i rs t finding of importance from radiumi cases re la tes to the 
diffuse distr ibut ion. The comparison between the diffuse level and the 
total radium content of the skeleton is best made by calculating the radiuna 
concentration in bone that would exist if all the skeletal radium were un i ­
formly distr ibuted throughout the bone. This uniform label , or average 
skeletal concentrat ion, is obtained by dividing the total radiumi content by 
the bone m a s s ; bone m a s s has been assumed to be 7,000 graiaas for a 70-kg 
man, or 10% of the body weight, if the la t te r were accurate ly known. It was 
surpr is ing to find, as has been mentioned above, that the diffuse level was 



approximately one-half of the uniform label . While these measu remen t s 
were made on cor t ica l bone, all t r abecu la r bone studied to date shows the 
same diffuse labeling in non-hotspot a r e a s . These observat ions thus in ­
dicate the impor tance and magnitude of the diffuse distr ibution in bone. 

Another significant pa r ame te r calculated fromi the quantitative 
m e a s u r e m e n t s is the hotspot-to-diffuse ra t io . The rat io has been observed 
to range frona a low of 16 to a high of over 250; i ts naagnitude is re la ted to 
the length of exposure to rad ium. In o rde r to be countable, a hotspot d i s ­
tribution must cover an a r e a of bone the dimiensions of which a r e about 
three t i ines the length of an a lpha- t rack range . Thus in an osteon the i n ­
tense deposit miust be 80 or 90 naicrons wide, corresponding in general to 
an exposure period of 6 to 10 weeks . The hotspot concentrat ions cannot be 
obtained from simple t r ack counts for exposure periods shor ter than th i s . 

The Elgin State Hospital cases i l lus t ra te nicely the dec rease s in 
this ra t io with increas ing exposure t i m e s . In Table 29 these cases a re 
l is ted separa te ly ; note that the ra t io ranges fromi 263 for an eight-week ex ­
posure to 107 for the 41-week exposure . Note also that d ia l -pa in ters have, 
in genera l , lower values of this ra t io than do those medical ly exposed. This 
is a consequence of exposure t i m e ; medica l adminis t ra t ion was usually for 
a shor te r t ime than indust r ia l exposure . 

The intensi ty of the hotspots in the Elgin State Hospital cases i s of 
grea t usefulness in est imating radiumi intake r a t e s for other c a s e s . This 
group, who rece ived weekly injections of 10 /ic Ra^^ , is seen (Table 29) to 
have hotspot concentra t ions of about 14 p c / m g bone te rmina l ly . Knowing 
that 10 jdc per week produced 14 pc /mg bone (seen 25 to 30 ye a r s l a t e r ) , we 
can es t imate the intake ra t e for any other measu red te rminal concentrat ion, 
as long as we know the isotope was rece ived intravenously. 

It is apparent that these ca ses in which the quantity of radiumi ad -
nainistered and the route of adminis t ra t ion a re accura te ly known are of 
grea t value to u s . As more information becomes available descr ibing the 
d iscr iminat ion against ora l ly acquired radiumi, these Elgin cases will be of 
even naore impor tance . 

Before leaving the subject of quantitative evaluation of rad ium con­
cent ra t ions , it should be pointed out that while the diffuse distr ibution is 
re la ted to the total body content, which in turn is dependent upon the total 
quantity of r ad ium acquired, the hotspot concentrat ions a re not re la ted to 
the body content of r ad ium. These concentrat ions depend only upon the ra te 
at which this isotope was acqui red . The concentrat ion of radium in the 
blood during the t ime a bone volume was formed de te rmines the r a .ium 
concentrat ion within that volume. This i s i l lus t ra ted by comparing hotspot 
concentrat ions found in two cases with widely different body contents, such 
as 01-008 and 03-119, in Table 29- Here the body burdens a re 8 and 0.6 /ic. 
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respect ive ly , a difference g rea t e r than a factor of ten, while the hotspot 
concentrat ions a r e 9.0 and 14 pc /mg bone, respect ive ly , with the higher 
concentrat ion in the case with the lower body burden. Case 01-008 painted 
for over a year and acquired a considerable body content as a consequence, 
but the ra te of intake (from ora l ly acquired rad ium to the blood) never 
equaled the ra te of intake exper ienced by case 03-119, 10 /ic Ra^^^ per week, 
I .v . , for 7 weeks . 

Deductions f rom the Termiinal Distribution 

F r o m observat ion of stripping-filmi autoradiographs and quantitative 
evaluation of a lpha- t rack counts from termiinal bone sect ions , a grea t deal 
of information can be obtained about the original exposure to radiuna. For 
example, the length of exposure can be es t imated in two different ways. 
The f i rs t is the hot spot-to-diffuse ra t io ; comparison of the m e a s u r e d rat io 
with those obtained from the Elgin cases allows an es t imate to be made of 
total exposure t ime . This can be verif ied to some extent by the s t r ipping-
film autoradiographs ; for the width of the radium label in the hotspots is 
t ime dependent. Three months is requ i red for the average human osteon to 
form; an exposure timie l e s s than this will leave the osteons par t ia l ly labeled, 
while a much longer exposure will leave most osteons that were formed d u r ­
ing this period fully labeled. 

Age at the t ime of exposure can be infer red if growth in a given loca ­
tion can be co r re l a t ed with age. An excellent example is the tooth; if dentin 
was being formed while the radiumi was acquired, a graphical h i s tory of the 
acquisit ion is visible in the autoradiographs of the dentin.^ ') 

An es t imate of the total body content can be miade, if it i s not known, 
from the diffuse dis t r ibut ion. Since the diffuse distr ibution has been ob­
served to be about one-half of the average skeletal concentrat ion, the l a t t e r , 
and hence, the total body content, can be obtained from such a m e a s u r e m e n t . 
The uncertainty in this kind of es t imate is about a factor of two, large , yet of 
considerable value if no other es t imate is avai lable . 

Even the r a t e of acquisi t ion can be infer red from these s tudies ; for 
this we reca l l that the Elgin cases had hotspot concentra t ions , te rminal ly , 
of about 14 pc /mg bone. Since they rece ived 10 juc Ra^^ per week i n t r a ­
venously, any observed hotspot concentrat ion can be expressed in t e r m s of 
an intravenous input r a t e . To obtain an es t imate in the case of ingested 
radium, it is n e c e s s a r y to know the miagnitude of the d i sc r imina t ion against 
radiumi in the absorpt ion p r o c e s s . Estimiates of this factor vary from 4 to 
10 for man . Thus the 30 -pc /mg hotspots observed in Case 03-995 suggest 
that this d ia l -pa in ter ingested from 80 to 200 jdc of Ra^^ per week while 
painting. 
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F i g u r e 54 wi l l be e m p l o y e d to d e m o n s t r a t e a c a s e in which the va lue 
of the d e t a i l e d t e r m i n a l m e a s u r e m e n t s i s r e a d i l y a p p a r e n t . Th i s shows a 
g r o s s a u t o r a d i o g r a p h of the r a d i u m d i s t r i b u t i o n in the bone of a pa t i en t with 
a r e l a t i v e l y low b u r d e n , 0.4 /ic Ra^^ . Th i s woman had a bone t u m o r , and 
t h u s , t h i s i s one of the l o w e s t p u r e Ra^^ b u r d e n s known to have p r o d u c e d a 
t u m o r . The d i s t r i b u t i o n of r a d i u m wi th in the bone s e c t i o n i s s e e n to be 
v e r y u n u s u a l , for only a p o r t i o n of the m i n e r a l i s h e a v i l y l a b e l e d . The dif­
fuse l eve l in the i n t e n s e l y l a b e l e d p o r t i o n of the bone i s c h a r a c t e r i s t i c of 
a t o t a l con ten t of 2 . 4 / i c , no t 0.4 /ic a s m e a s u r e d . Ev iden t ly c o n s i d e r a b l e 
r e s o r p t i o n and r e p l a c e m e n t of bone h a s t a k e n p l a c e , wi th t h e r e s u l t t ha t 
m o s t of the bone p r e s e n t when the r a d i u m w a s a c q u i r e d h a s b e e n r e m o v e d . 
E x a m i n a t i o n of the s t r i p p i n g - f i l m a u t o r a d i o g r a p h s l e a d s to the c o n c l u s i o n 
t h a t the r a d i u m was a c q u i r e d o v e r a s h o r t t i m e i n t e r v a l , for the h o t s p o t 
o s t e o n s a r e not fully l a b e l e d but r a t h e r con ta in n a r r o w r i n g s of a lpha 
t r a c k s . Th i s c o n c l u s i o n i s s u p p o r t e d by the h o t s p o t - t o - d i f f u s e r a t i o of 
180, c h a r a c t e r i s t i c of about a 12 -week e x p o s u r e . The ho t spo t c o n c e n t r a ­
t ions a r e t h r e e t i m e s a s i n t e n s e a s found in the E lg in c a s e s , s u g g e s t i n g 
30 p.c Ra^^ p e r w e e k if i t w a s ob t a ined i n t r a v e n o u s l y . 

Figure 54 

A microradiograph and an autoradiograph of a cross section of 
the femur from Case 03-216. The microradiograph indicates 
a rather porotic bone, yet in many locations where bone is 
present very little darkening can be observed on the autoradio­
graph. This kind of a distribution has not been seen previously; 
it may be interpreted as having had most of the radium-labeled 
bone removed by remodeling, or as indicating that some por­
tions of the bone did not originally acquire radium at the same 
rate as other portions. 

Fromi t h e s e o b s e r v a t i o n s we conc lude tha t t h i s woman , with no 
r e c o r d of i n d u s t r i a l e x p o s u r e , r e c e i v e d h e r r a d i u m ined i ca l l y , p r o b a b l y 
v ia the i n t r a v e n o u s r o u t e . She r e c e i v e d about 360 /xc of Ra^^ o v e r a 
12 -week p e r i o d p r o b a b l y no l a t e r t han the m i d d l e o r l a t e 1920 ' s , a t l e a s t 
30 y e a r s b e f o r e h e r d e a t h . The n o r m a l r a t e of l o s s , i . e . , the power f u n c ­
t ion p r e d i c t i o n , would l e a v e about 1.6 /ic a f t e r 30 y e a r s . Th i s quant i ty i s 
c e r t a i n l y wi th in the c a r c i n o g e n i c r a n g e . Thus the d e t a i l e d s tudy of the 
r a d i u m d i s t r i b u t i o n h a s c h a n g e d the b a s i c ques t ion in th i s c a s e f r o m one 
c o n c e r n i n g u n e x p e c t e d t ox i c i t y to one c o n c e r n i n g an unusua l ly l a r g e c l e a r ­
a n c e of the r a d i u m . 

C o n c l u s i o n 

The s k e l e t o n i s known to be the s i t e of depos i t i on of m a n y r a d i o -
e l e m e n t s when they a r e i n t r o d u c e d into the m a m m a l i a n body . H o w e v e r , it 
i s ev iden t t ha t i t i s no t suff ic ient to c h a r a c t e r i z e a r a d i o a c t i v e body b u r d e n 

i 
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by descr ib ing the total content of the skeleton. As we inquire into the d e ­
ta i ls of the skeletal dis t r ibut ion, it becomes apparent , at l eas t in the case 
of the a lka l ine-ear th rad ioe lements , that bone metabol i sm itself must be 
understood before one can hope to re la te such concepts as radiat ion dose 
and the resul t ing damage. 

We have seen that the termiinal distr ibution of radiuna within the 
human skeleton bea r s an int imate relat ionship to both the original d i s t r ibu ­
tion and the metabolic p r o c e s s e s at work in bone during the period this 
isotope was c a r r i e d . It has a lso been shown that from the t e rmina l d i s t r i ­
bution considerable information can be obtained about the acquisit ion of 
rad ium. The impor tance of such information should not be underestimiated, 
for it may hold the key to otherwise inexplicable differences between the 
t e rmina l body content and the observed toxicity of the a lka l ine-ear th 
rad io iso topes . 
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HIGH-RESOLUTION AUTORADIOGRAPHIC AND MICRORADIOGRAPHIC 
STUDIES OF BONE AND TEETH FROM HUAdAN RADIUM CASES* 

R. E, Rowland** 

Abs t rac t 

Radium burdened individuals constitute the only large group who 
have ca r r i ed a radioact ive contaminant internal ly for long t imes . While 
these cases have been extensively studied in recent y e a r s , the only method 
by which thei r rad ium insult can be expressed is in t e r m s of their body 
content today, r a the r than in termis of the quantity of radium acquired. 

This shortcomiing can be al leviated in pa r t with the inforraation that 
can be developed from quantitative autoradiographic studies of the m i c r o ­
scopic dis t r ibut ions of r ad ium in bone and teeth. These studies yield infor­
mation on the r a t e of intake of radiuna during the period of exposure , and in 
some cases on the length of t ime the individual was exposed to radium; 
under ideal conditions even the age at which the isotope was acquired can 
be estimiated. It is felt that the autoradiographic and microrad iographic 
studies a r e of cons iderable value in determining the toxicity of internal ly 
deposited rad ium; thei r re levance in the determinat ion of pe rmis s ib l e levels 
is d i scussed . 

* P re sen ted at X Internat ional Congress of Radiology, Montreal , 
August 2 6 - Septemiber 1, 1962. 

** P r e s e n t a d d r e s s : Depar tment of Radiation Biology, School of Medicine 
and Dent is t ry , Universi ty of Roches te r , Roches te r , N, Y, 



SKELETAL RETENTION OF THE ALKALINE EARTH 
RADIOISOTOPES AND BONE DOSIMETRY* 

R. E, Rowland** 

In order to evaluate the dose del ivered to bone t i ssue by internal ly-
deposited radioisotopes of the alkaline ear th farailyj it is n e c e s s a r y to 
unders tand the mechan i sms that r e l ease these isotopes fromi bone. It has 
been postulated that p r o c e s s e s other than direct resorp t ion of bone minera l 
mus t be of impor tance in the ove r - a l l removal of these isotopes from bones 
par t i cu la r ly in the adult animal.^ •'• "^' The purpose oi this r epor t is to de­
sc r ibe the exper imenta l studies that have shown the validity of this a s sump­
tion and to indicate how the r e su l t s may be applied to the problems of 
dos imet ry . 

In o rde r to avoid semant ic difficulties, it is n e c e s s a r y to define a 
few of the t e r m s that will be employed. The f i rs t of these is resorpt ion. 
By resorp t ion is meant the p roces s by which a dist inct volume of bone 
mine ra l and ma t r i x is renaoved from bone. Often., but not necessa r i ly , this 
p rocess is followed by the apposition of new bone; the p roces s of new bone 
fornaation which r e su l t s in an inc rease of minera l volunae. It is these two 
p r o c e s s e s that a r e r e f e r r e d to when the genera l t e r m , bone turnover , is 
employed. In cont ras t to the above t e r m s , exchange p r o c e s s e s a r e those 
which do not involve changes in mine ra l volume By exchange is meant any 
p rocess involving equal and opposite r a t e s of t r ans fe r of a toms to and from 
a single miicroscopic volume of bone minera l . 

When we consider the dos imet ry of the alkaline ea r th isotopes in 
bone, the nuclear c h a r a c t e r i s t i c s of each, such as the physical half-life. 
type of decay, and the energy of the einitted radiat ion, a r e of paramount 
impor tance . However, the re exist bas ic simiilarities between the m e m b e r s 
of this chemical family when they a r e deposited m bone. The work of the 
Radiobiological Labora tory at the Univers i ty of Utah has demonst ra ted the 
s imi la r i ty of the retent ion of Sr '° and Ra^^^ in beagles,^^-'^/ while other 
l abora tor ies have shown that in this species Ca*- and Ba^^^ a r e a lso r e ­
tained in a s imi la r manner J ^' The retent ion of all., in the adult beagle, can 
be descr ibed by a power function of the form 

Rt - at^ 

P re sen ted at Univers i ty of Utah, College ol Medicine, Symposium on 
Some Aspects of Internal I r radia t ion . Heber, Utah, May 8-11, 1961. 
Pe rgamon P r e s s , Oxford, 1962 pp, 455-469. 

P r e s e n t a d d r e s s : Departmient of Radiation Biology, School of Medi­
cine and Dentis t ry, Universi ty of Roches ter , Rochester,, New York. 
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where R^ is the fractional retent ion at any time t (in days) after an in t ra ­
venous injection of one of these isotopes, a is the fractional retention at 
one day, and b has a value close to -0 .2 . While the emphasis hereaf ter 
will be on the s imi l a r i t i e s of these radioisotopes in bone, and as a conse­
quence they will al l be considered together, it must not be forgotten that 
the actual dos imet r ic pa t te rns that resu l t from these isotopes a r e vastly 
different. When the t e r m isotope is subsequently used, it will re fer to a 
radioisotope of one of the above mentioned elenaents, and will indicate an 
application where apparent ly identical resu l t s would be obtained with any 
of the above naentioned t r a c e r s . 

In Figure 55 is i l lus t ra ted a p rac t ica l problem in dos imet ry . Here 
is an autoradiograph, with an accompanying microrad iograph , of the distal 
end of the tibia of a 16-month old beagle .* The isotope is Sr^*', acquired 
oral ly ; feeding s t a r t ed in u tero and continued to 450 days of age, at a con­
stant ra te of Sr ' ° per g r a m of calcium. The dog was sacrif iced 21 days 
after the Sr^'' was discontinued. 

If this animal had lived for severa l yea r s after the Sr^° feeding had 
been stopped, the total accumulated dose or the dose ra te at a given tinae 
to a specific voluiaie of t i ssue might well r ep resen t a problena for the rad io-
biologist to solve. Before such a calculation can be made, the naechanism 
of renaoval of the isotopes from bone mus t be known. 

If resorp t ion were the only p roces s that could re lease an isotope 
fromi bone, then, with the passage of t ime , autoradiographs of bones such 
as this one would be identical in photographic density, but l ighter patches 
would be p resen t , corresponding to locations in which resorpt ion had 
occur red . The iaxiportant point is that, wherever original bone renaained, 
the specific activity of the isotope in the bone mine ra l would be unchanged. 

On the other hand, if exchange alone were responsible for the loss 
of the isotope, then subsequent autoradiographs would be identical to this 
one, but they would requ i re longer exposures to produce the same auto­
radiographic darkening. That i s , the specific activity of the isotope in 
the bone mine ra l would have dec reased with the passage of t ime. 

The concept that isotopes may be lost from bone by exchange p r o c ­
e s s e s is not ne^w; indeed, naost w o r k e r s have rea l ized that the diffuse uptake 
of an isotope into p re -ex i s t ing bone could not indicate a net t ransfer of 
m ine ra l into these reg ions . This distr ibution itself, and in par t icu la r , the 
quantitative s tudies of its magnitude which indicated that it r ep re sen t s about 
one half of the total skeleta l content of a deposited isotope,("' '7) have given 
a c lea r indication of the significance of exchange p r o c e s s e s in the deposition 
and retention of isotopes in the skeleton. 

*Dog 5S3, from AEC Pro jec t No. 6, School of Veter inary Medicine, 
Universi ty of California, Davis. 
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Figure 55 

A microradiograph and an autoradiograph of a longitudinal section cut through the dibtai end ot the 
tibia of a dog which had been fed a constant ratio of Sr /g Ca. Feeding of the isotope started m 
utero and continued until the dog was 450 days old, the animal was sacrificed 21 days after Sr' *^ was 
removed from the diet. 

L e s s is known r e g a r d i n g the r e t e n t i o n of t h e s e i s o t o p e s af ter they 
have b e e n fixed in the s k e l e t o n by the p r o c e s s of new m i n e r a l f o r m a t i o n . 
T u r n i n g our a t t en t ion aga in to F i g u r e 55, i t should be no ted tha t , whi le th i s 
a u t o r a d i o g r a p h i l l u s t r a t e s a u n i f o r m d i s t r i b u t i o n of the i so tope th roughou t 
the bone na ine ra l , m u c h l ike a diffuse d i s t r i b u t i o n p r o d u c e d in bone by e x ­
change , a c t u a l l y the i s o t o p e w a s o r i g ina l l y i n c o r p o r a t e d e v e r y w h e r e by the 
p r o c e s s of new na ine ra l f o r m a t i o n . T h u s , for the c a s e m ques t ion , we n e e d 
to know how i s o t o p e s d e p o s i t e d by g rowth p r o c e s s e s a r e r e m o v e d f rom bone . 



A study has been naade to de termine the p roces se s by which isotopes , 
deposited in bone by ei ther exchange or growth, are removed with the p a s ­
sage of t ime . Since this work will be repor ted in full elsewhere,(8) it will 
sinriply be briefly summar i zed h e r e . 

An adult dog was given equal injections of Ra^^* once a week for a 
period of eight weeks . Four weeks after the last injection a front limb was 
renaoved by amiputation; one year l a te r the dog was sacrif iced. Quantita­
tive autoradiographs were made from the bone sections in o rde r to compare 
the Ra^^^ at amputation to that existing at t ime of sacr i f ice . This study was 
designed so that a comiparison of the specific activity of the t r a c e r (Ra^^ ) 
in two dis t r ibut ions , the regions of exchange and the regions of growth, 
could be miade at two different timies. The resu l t s indicated that, over the 
one-year in terva l , the specific activity dec reased in both dis t r ibut ions. 

The amount of the d e c r e a s e is quite significant, and can bes t be 
com.pared with the d e c r e a s e in the total skeletal burden of the dog. The 
actual content of the dog was not de termined, but the power law retent ion 
formula indicated that the Ra^^^ content at sacrif ice (ignoring the miss ing 
limb) would have been 66% of the content at the tinae of amputation. How­
ever , a compar i son between two bones (the radii) was made , which indi­
cated that the one remioved at sacr i f ice contained 74 ± 5% as much Ra^^ 
per g r am as the one removed by amputation. The autoradiograph study 
showed that the autoradiographic hotspots (•which cor respond to a r e a s of 
appositional bone growth) d e c r e a s e d over this t ime in terval to 66 ± 12% of 
thei r or ig inal level , and that the diffuse (exchange labeled bone) dec reased 
to 75 ± 15% of the or iginal level. 

The fact that the diffuse dis t r ibut ion did not lose as much activity 
as the hotspots does not imiply that the exchange ra te is lower for this 
dis tr ibut ion. The explanation l ies in the magnitude of the blood specific 
activity. At the t ime of amputat ion the specific activity (Ra^ / g Ca) in the 
diffuse dis t r ibut ion was l ess than the specific activity (Ra^^ / g Ca) of the 
blood, so that exchange between blood and bone would st i l l be increas ing 
the diffuse concentra t ion. Exchange would not be expected to dec rease the 
diffuse level until the activity in the blood had dropped below the level in 
the bone; this did not occur until two months after the amiputation. Thus, 
even with equal exchange r a t e s , we would expect to find l ess loss from the 
diffuse dis t r ibut ion in this pa r t i cu la r study. 

P e r h a p s the mos t significant finding from this work has been, not 
simply that both d is t r ibut ions lost activity by exchange p r o c e s s e s , but 
r a the r , the magnitude of the l o s s e s . These observed losses (exchange 
losses) were la rge enough to account for a lmost all of the loss of activity 
from this dog, thus implying that bone resorp t ion mus t play only a smal l 
role in the r emova l of these isotopes from the skeleton. 
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Y e t , o n f u r t h e r c o n s i d e r a t i o n , 
t h i s i s n o t a s u r p r i s i n g r e s u l t , f o r 
s t u d i e s o n t h e d i s t r i b u t i o n of i s o t o p e s 
i n b o n e a t l o n g t i m e s a f t e r i n j e c t i o n 
h a v e i n d i c a t e d t h a t n o g r e a t a m o u n t 
of r e s o r p t i o n h a s t a k e n p l a c e . C o n ­
s i d e r t h e a u t o r a d i o g r a p h s h o w n i n 
F i g u r e 5 6 ; t h i s i s f r o m a 1 0 0 - u - t h i c k 
s e c t i o n f r o m t h e f e m u r of a d o g t h a t 
c a r r i e d S r ' ° f o r 10 | y e a r s a f t e r r e ­
c e i v i n g , a s a n a d u l t , a s i n g l e i n j e c t i o n 
of m i x e d Sr®^ a n d S r "^ ,* I t c a n b e 
s e e n , f r o m t h e u n i f o r m i t y of t h e a u t o ­
r a d i o g r a p h , t h a t l i t t l e b o n e t u r n o v e r 
h a s t a k e n p l a c e a f t e r t h e i s o t o p e w a s 
d e p o s i t e d . 

Figure 56 

An autoradiograph of a 100-/i-thick section cut from 
the femur of a dog which had received a single injec­
tion of mixed Sr' 
before death 

,87 QA 

and Sr'''' as an adult 10-1/2 years 

F r o m t h e s t u d i e s o n t h e 
r a d i u m - d i a l p a i n t e r s w e a r e f a m i l i a r 
w i t h t h e f a c t t h a t a u t o r a d i o g r a p h s of 
b o n e s e c t i o n s f r o m t h e s e i n d i v i d u a l s 
s h o w l i t t l e e v i d e n c e of b o n e t u r n o v e r . 
F i g u r e 57 i l l u s t r a t e s t h e m a x i m u n a 
t u r n o v e r , a s i n d i c a t e d b y a u t o r a d i o ­
g r a p h i c a n a l y s i s , t h a t h a s b e e n s e e n 

Figure 57 

An autoradiograph of a 100-M-thick section cut from 
the humerus of a radium-dial painter who had acquired 

one 928 

mixedRa and Ra as the result of a two-year ex­
posure 41 yearsbefore death. The diffuse distribution 
here indicates that extensive bone turnover has taken 
place. The section is not markedly osteoporotic; i.e., 
bone exists in all of the locations where little autora­
diographic darkening is seen. 
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Bone from dog OA142 was kindly supplied by Dr. M. Finkel. This animal was given mixed Sr^^ 
,90 and Sr''" on 2/22/1946, as part of a program of toxicity studies carried on by the Biological and 

Medical Research Division of Argonne National Laboratory. 



in our studies on human cases at Argonne. This autoradiograph is fromi a 
100-/i-thick bone section from the humerus of a 57-year-old dial-painter 
who had painted for a two-year period 41 years before death. Considerable 
non-uniformity is visible in this autoradiograph, indicating regions where 
turnover has occurred, yet the turnover rate could not have been naore than 
about 2 or 3% per year to leave as much unaltered bone as is visible here. 

Let us now turn our attention to the dosimetric implication of these 
results Both distributions, exchange and appositional growth, have been 
shown to lose activity with time, but can we characterize the timie rate of 
loss ? A clue is given by the observations that have indicated that the mag­
nitude of the diffuse distribution is related to the total skeletal content of 
an isotope. Such observations have been made in dogs, from a few weeks 
to several years after the isotope was acquired, and in human radium cases, 
at observation times of twenty to forty years,v'/ Hence it is suggested that 
the loss of activity from this (diffuse) distribution can be described by a 
function of the sanae form that describes the total retention, which in the 
case of beagles is a power function with an exponent of about -0,2. Although 
it is not conclusively proved by our data, it seems reasonable to assign a 
similar rate of loss to the hotspots, i.e., the regions in which the isotope 
has been deposited by growth. 

Thus, from a terminal autoradiograph fromi which the quantity of an 
isotope per unit mass of bone in specific regions has been determined, it 
IS possible to calculate the concentration of the isotope that existed in that 
location at any previous time. While the ability to make such a calculation 
is not necessary for studies in which the isotope has been in bone for only 
a short time, it does become important for those cases in which the isotope 
has been in bone for many years. Consider for example the autoradiograph 
of Figure 56- the concentration of isotope per gram of bone that naust have 
existed one month after the injection would have been 2,7 times as great as 
observed terminally. The case illustrated in Figure 57, at the end of the 
two-year period of exposure as a dial-painter, would have contained about 
4,5 times as much radium per unit volume of bone than is indicated by its 
autoradiograjah if the loss of radiuna from humians is described by the 
function'9 j 

Rt = 0,54 t°°-52 

The dose delivered to a volume of tissue from a concentration of an 
isotope in a microscopic volume of bone is described by a function of the 
form 

do XT 
-dT = K q, . 

Here the dose rate, dD/dt, is in rads per day; K is an appropriate 
constant, and qt is the observed concentration (/ic/g bone) in the bone 
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mine ra l at the t ime of observat ion. The total accumulated dose to the tis­
sue in question over the ent i re t ime in terval the isotope has been in the 
bone is then 

D = r ^ K q̂  dt 

where ts (in days) is the t ime in terva l between the acquisit ion of the i s o ­
tope and the observat ion of the bone section. 

If this express ion is evaluated on the bas i s that exchange losses do 
not occur , so that the concentrat ion (q^) of the isotope in bone dec rease s 
only as the resu l t of radioact ive decay, then 

D = J^^'Kqo (e-^t) at 

Here q̂  is the original concentrat ion of the isotope in bone, and X is the 
decay constant of the isotope in question. Integration of this express ion 
yields 

D = K qo - " ^ 
-Xts 

X 

If the half-life is so long that decay need not be considered, this reduces to 

D = K qo tg . 

When we allow the or iginal concentrat ion of the isotope in bone to 
dec rease by both decay and exchange lo s ses , and if exchange losses a re 
postulated to follow a power law, such that 

qt = qo t^ e-^t 

then 

J 0 
^ K qn tb e-?^t dt 

This integrat ion yields 

rxt(b + i) 
D = Kqo 

Xb+l 

where F^, (b + l) is the incomplete gamma function. Fo r the case when the 
half-life i s very long, this express ion becomes 

D = K qo ^ 
tb+1 

b + 1 
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Since, when evaluating bone t issue dose, the actual concentration 
seen is a t e rmina l one, these equations a r e most logically compared with 
each other in t e r m s of the t e rmina l concentrat ion, qt, of the isotope. 

Case 1: No loss by decay or exchange; 

D = K qt ts 

Case II: Loss by decay but not by exchange; 

D = K q t 
1 - e 

-Xts 

X.-^^s 

Case III: Loss by exchange but not by decay; 

tc 
D = K q t 

b + 1 

Case IV: Loss by both exchange and decay; 

rxt(b + i) 
D = K qt tb e-^ts . Xb+i 

s 

Table 30 

Evaluation of the incomplete 
gamma function 

F r o m a compar ison of Cases I and III it can be seen that for a long-
lived isotope, such as Ra^^^, the accumiulated dose, calculated from a t e r ­

minal distr ibution, will be g rea t e r by a 
factor of l / (b + l) when loss by exchange 
is cons idered than when it is ignored, in­
dependent of the t ime of observat ion. If 
b = -0 .5 , as appears to be the case for 
Ra^^^ in humian beings,(9) the accumulated 
dose is a factor of two g rea t e r than the 
product of the t e rmina l dose ra te t imes 
the number of days the isotope was 
c a r r i e d . 

In Table 30 the values of the in-
conaplete gamma function have been t ab­
ulated for use with Sr ' ° . Three different 
values of the exponent b have been in­
cluded in the calculat ions, to bracke t the 
values obtained for this e lement in man 
and dog, and three different observat ion 
t imes included, to range from long- te rm 

dog studies to the potential human problem. 

b 

-0.2 

-0.25 

-0.3 

tg (years) 

10 
20 
30 

10 
20 
30 

10 
20 
30 

rxt(b + i) 

0.3662 
0.5769 
0.7245 

0.4209 
0.6432 
0.7940 

0.4865 
0.7205 
0,8752 



As a demonstra t ion of the magnitude of the e r r o r s that would be 
introduced in the calculation of accumulated dose to a bone t issue volume as 
a consequence of the failure to consider loss of an isotope by exchange or 
by decay, a s e r i e s of dose calculat ions a re l is ted in Table 31, based on the 
isotope Sr ' ° . Here the calculat ions from an observed te rmina l concentra­
tion of Sr '° in bone a r e compared , when calculated by means of the four 
ca ses cons idered above. Observat ion t imes of 10, 20, and 30 ye a r s a re 
employed, for th ree values of the exponent b, namely -0 ,2 , -0.25, and -0 .3 , 
The re su l t s obtained by Case IV are ass igned a value of unity in the table, 
and the values obtained by the a l ternat ive methods a re expressed in t e r m s 
of the value of Case IV. 

Table 31 

Compar ison of the values of accumulated dose 

b 

-0.2 

-0.25 

-0,3 

ts (years) 

10 
20 
30 

10 
20 
30 

10 
20 
30 

Case I 

0.69 
0.60 
0,52 

0.65 
0.56 
0.48 

0 60 
0 52 
0 44 

Case II 

0 79 
0 78 
0.77 

0 74 
0 73 
0 72 

0 69 
0 68 
0 66 

Case III 

0,87 
0,75 
0.65 

0.87 
0.75 
0.64 

0.86 
0.74 
0,64 

Case IV 

1,0 
1.0 
1.0 

1.0 
1.0 
1.0 

1,0 
1.0 
1 0 

This compilation of values se rves two purposes . F i r s t , it demon­
s t r a t e s , for S r ' ° , that failure to consider loss by exchange can introduce 
e r r o r s which a r e of the same magnitude as the e r r o r s introduced by the 
fai lure to consider the loss by radioactive decay Second, it provides a 
method for the rapid calculation of total accumiulated dose. Fo r example, 
consider an observat ion of the ternainal concentrat ion of Sr^° in a dog 
which had c a r r i e d the isotope for ten ye a r s A Case I calculation, which 
is simply the product of the t e rmina l concentrat ion and the number of days 
the isotope was ca r r i ed , ignores both kinds of loss , decay and exchange. 
However, it is very easy to per form and if the appropr ia te exponent for 
exchange loss is a s sumed to be b= -0 2 the value obtained is seen to be 
69% of the value that would have been obtained by the r igorous approach 
of Case IV. Since the calculat ions involving the incomplete gamma func­
tion a r e quite involved, this compara t ive approach to the accumulative dose 
calculat ions is to be p r e f e r r e d 

While the purpose of this presenta t ion is to re la te the problems of 
skeleta l dosinaetry to the mechan i sm of isotope r e l ea se from bone, a com­
ment about total-body retent ion appears to be in o rde r . Obviously, the 



loss by exchange of these isotopes from the skeleton must have a bearing 
on the manner in which the total body loses activity with t ime. Empir ica l ly 
it has been observed that the change in retent ion with t ime is well descr ibed 
by a power function. Pe rhaps it had be t te r be stated that exchange losses 
from the skeleton a r e descr ibed by a power functions and that as long as 
this is the predominant remova l procesSj the total retent ion can a lso be 
descr ibed by such a function. However, when losses by resorp t ion become 
comparable in naagnitude to losses by exchange, then the total retent ion 
should be expected to deviate from the power law. 

When will this occur ? Unfortunately, very few data on the ra te of 
resorp t ion a r e avai lable . Our rad ium studies have indicated that resorpt ion 
ra t e s of the o rde r of 1% per year were requi red to explain the uniformity of 
the autoradiographs of human bone sect ions.! 10) Since, after resorpt ion r e ­
leases activity f rom bone, a ce r ta in fraction of this activity is redeposi ted, 
it is evident that the total r e l e a se of an isotope by resorp t ion will be less 
than the ra te of resorp t ion . It is of in te res t to note that, even after a bur -
den t ime of 30 y e a r s , the r e l ea se of Ra from the skeleton is predicted to 
be of the o rde r of 1.5% per year ; hence, unless metabolic d is turbances were 
to inc rease the p r o c e s s of resorp t ion , it appears that even then r e l ease by 
exchange is st i l l the predominant remova l p roces s . 

Conclusions 

Alkaline ea r th isotopes a r e incorporated into bone by two p r o c e s s e s , 
bone growth and exchange, and lost theref rom by two s imi la r p r o c e s s e s , 
bone resorp t ion and exchange. In the adult animal (dog and man have been 
specifically studied), exchange p r o c e s s e s a r e the predominant mechanism 
for the r e l ea se of these i so topes . 

Since these concepts imply that the concentrat ion of an isotope every­
where in bone is decreas ing in magnitude with t ime, the t e rmina l concent ra­
tion of activity does not cha rac t e r i ze the concentrat ion that was p resen t in 
the identical location at previous t ime . It is suggested that these changes 
in concentrat ion may be descr ibed by a power function. Calculations have 
been performed, based on this hypothesis , to indicate how the dose ra te at 
any previous t ime, and also the total accumulated dose over the ent i re ex­
posure , can be de termined from a t e rmina l observat ion of the dose to a 
pa r t i cu la r volume of t i s sue . 
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THE E F F E C T S OF ATMOSPHERIC STABILITY AND HORIZONTAL 
SHEAR ON THE ACCUMULATION AND DIFFUSION OF RADON 

John E. P e a r s o n * and Har ry Moses 

1. Introduction 

Studies of the ve r t i ca l and tempora l distr ibutions of natural a t m o s ­
pher ic radon have been made in a previous tes t s e r i e s at the Argonne 
National Labora to ry , ( l ) These studies have resul ted in new data on the 
natura l radioact ivi ty of the a tmosphere and in an increased in te res t in 
the possibi l i ty of using radon data to indicate the behavior of ma te r i a l s 
r e l eased to the a tmosphere from a ground a r e a source . 

As radon studies may provide a helpful approach to the problem of 
air pollution from an a r e a source , it was decided to conduct an additional 
s e r i e s of t es t s in conjunction with accura te m e a s u r e m e n t s of wind and 
t empera tu re prof i les . 

2. Exper imenta l Equipment 

Tempera tu r e , wind speed, and p a r t of the radon measu remen t s were 
made from var ious levels on a por table , t r iangular , aluminum tower which 
was 31,5 cm on a side and about 16.5 m e t e r s high (see Figure 58). Arms 
made from 3.81-cm outside d iameter aluminunn pipe supported the sensing 
devices (see F igure 59). T e m p e r a t u r e s were ineasured and radon samples 
were collected at locations 122 cm from the tower. Wind speeds were m e a s ­
ured at a dis tance of 167 cm from the lower . Sensing devices were located 
at the following six levels above the ground: 0.5, 1, 2, 4, 8, and 16 m e t e r s . 

The ground around the tower (within 1,000 ft) is fair ly level; '^) the 
slopes a r e gradual ; elevation changes a r e l imited to plus or minus seven ft, 
except for a steepening descent toward a ravine to the southeast (see F i g ­
ure 60). The 1,000-ft c i rc le is a lmos t without t r e e s ; a smal l clump of 
20-ft saplings stands in a shallow hollow about 125 ft to the north, and a 
line of s imi l a r t r e e s runs down the slope to the southeast . In the south­
wes te r ly di rect ion, the n e a r e s t t r e e s , full grown oaks, a r e 1,200 to 1,400 ft 
away. The ground cover of coa r se g r a s s and weeds was mowed regular ly 
and was 4 to 16 cm in height within 100 ft of the tower. At 300 ft to the 
wes t - sou thwes t was the 150-ft meteoro logica l tower of open s tee l -work 
construct ion and at about 600 ft to the wes t was the Meteorology Building, 
a gable-roofed s t r u c t u r e , 14 ft high and about 30 ft wide as viewed fro3xi 
the tower . 

•Res ident R e s e a r c h Associa te , Argonne National Laboratory , Summers 
of I960 and 1961, and P r o f e s s o r of General Engineering, Universi ty of 
I l l inois , Urbana, I l l inois . 
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Figure 58 

The l 6 - m e t e r meteorology tower 

Figure 59 

The ins t ruments on the portable 
meteorology tower 

Figure 60 

The Argonne National Laboratory Meteorological Site 
and surrounding t e r r i t o r y with contours 

Scale 1" = 880 ft 

Contours a r e at 5 ft intervals 
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the land slopes inward from that contour 

ponds where the land slopes inu^ard from 
the outer contour 
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8, 9, 16, 17 section number on the map 

739, 743. 750, etc . elevations 
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Wind-speed m e a s u r e m e n t s were made by individual ly-cal ibrated, 
cup anemomete r s manufactured by C. F . Cassela & Company, Ltd. of 
London (see Figure 59). Rotation of an anemomete r cup opened and closed 
an e l ec t r i ca l contact, and the total number of pulses for each counter was 
indicated on a r eg i s t e r in the radon shed (see Figure 61). To check their 
pe r fo rmance , the six anemomete r s were mounted on poles at the same 
elevation above the ground. The poles were placed in a s t ra ight line a p ­
proximately normal to the direct ion of wind flow. The positions of the 
anemomete r s on the poles were changed three t imes during the course of 
17 twenty-nninute t e s t s . Wind veloci t ies var ied on the different t es t s from 
4.2 to 8 m e t e r s pe r second. Velocit ies m e a s u r e d by the ins t ruments were 
compared with the average velocity for each tes t . Individual values r e -
naained within one percent of the average values in 95 cases out of 102. 
Some of the var ia t ion may have been due to lack of uniformity of na tura l 
wind or to air-f low interference between the anemomete r s . For example, 
it was found that for al l cases studied, the outside anemomete r s read 
slightly lower than those n e a r e r to the center . 

Tempera tu re s between measuremient levels at the tower were ob­
tained with thermopi le pa i r s mounted within two concentr ic , a sp i ra ted 
cyl inders to pro tec t them from the d i rec t radiant energy of the sun or 
surroundings (see Figure 59). The thermopi le pa i r s included twelve 
copper-cons tantan thernaocouples made of #26 B & S gauge wi re . Six junc­
tions at the end of each pile were imbedded in paraffin located in the las t 
two cen t imete r s of c l o s e d P y r e x glass tubes 8-mm outside d iameter and 
5 cm long. All wi re was contained in vinyl plast ic tubing and t inned-copper 
bra id shielding. The emf 's of the thermopi le pa i r s were scanned by a gold-
plated stepping switch in a box in the ground at the base of the tower (see 
F igure 59). The switch was wi red to scan as follows: 

a) 
b) 
c) 
d) 
e) 

f) 

Pa i r #1 (8 to l6m) 
Pa i r #2 (4 to 8m) 
Pa i r #3 (2 to 4m) 
Pa i r #4 (1 to 2m) 
Pa i r #5 (0.5 to Im) 
Reference voltage 
(approxal l5 microvol t s ) 

g) 
h) 

i) 
j) 
k) 
1) 

Pa i r #1 (8 to 16m) 
Pa i r #2 (4 to 8m) 
Pa i r #3 (2 to 4m) 
Pa i r #4 (1 to 2m) 
Pa i r #5 (0.5 to Im) 
Zero re ference 
(short circuit) 

Each of the 12 posit ions was scanned for 5 seconds for a total of 60 seconds 
per cycle. Thus two readings were made of each significant level every 
minute . Since each run was 20 minutes long, a total of 40 t e m p e r a t u r e -
difference readings for each layer was obtained. 

The output of the the rmopi les was fed to a s t r i p - c h a r t r e c o r d e r 
(Minneapolis-Honeywell E lec t ron ik potent iometer , one-half second full-
scale response) . The r e c o r d e r was equipped to r e c o r d ze ro input at the 
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REFRIGERATED CHARCOAL TRAPS 

Figure 61 

Field apparatus for measur ing radon, showing wind-speed counters , 
wet - tes t me t e r s and re f r igera ted charcoal t raps , 



center of the scale and plus or minus 500 microvol ts at the char t edges . 
One microvol t cor responded to one char t unit. The r e c o r d e r was further 
equipped with a Datex analog- to-digi ta l conver ter which in turn fed a 
Datex-Monroe Data/Log for recording char t readings during the las t 
second of each t empera tu r e - r ead ing interval . 

Calibrat ions of the thermopi les were made with water baths 
(E. H. Sargent & Co., constant t empe ra tu r e water baths), Bath t e m p e r a ­
tu res were thermos ta t ica l ly control led to within 0.01°C and were m e a s ­
ured with Beckman differential t h e r m o m e t e r s . Bath temiperatures were 
var ied through the range of t e m p e r a t u r e s expected during operat ions 
( i .e . , from 16 to 30°C). The cal ibrat ion indicated the thermopi les were 
suitable for the exper iment since 93% of the m e a s u r e m e n t s obtained fell 
within 0.0l6°C of the National Bureau of Standards curves of emf v s . 
t empera tu re for copper-constantan . The l a rges t var ia t ion was 0.033°C. 

Lag coefficients, t ime requ i red for the t empera tu re differences 
to be reduced to l / e of their or iginal value, for the thermopi les in water 
baths were deterrained. Coefficients were found for increas ing and for 
decreas ing t e m p e r a t u r e s . The var ia t ion in the wors t case was 1,7 s e c ­
onds. Lag coefficients repor ted below a re based on average values for 
both increas ing and decreas ing t e m p e r a t u r e s : 

P a i r #1 - 15.2 seconds 
Pa i r #2 - 13.6 " 
P a i r # 3 - 1 5 , 5 " 
Pa i r #4 - 13.0 " 
P a i r #5 - 12.0 " 

In o rde r to obtain data on the s tandard deviation of the wind d i r e c ­
tion, which a r e re la ted to the a tmospher ic diffusion ra te , a Gelman-Gil l , 
f a s t - r e sponse bivane was mounted one m e t e r above the ground in the 
vicinity of the tower and its naotions were recorded on a pair of E s t e r l i n e -
Angus 0-1 mi l l i ampere r e c o r d e r s , one for azimuth and one for ve r t i ca l 
angle. 

Meteorological measurenaents regular ly made by the Argonne 
Meteorology Group were available for this study. They included wind 
direct ions and speeds to 45,7 m e t e r s above the ground; t empera tu re dif­
fe rences to 43.9 m e t e r s ; dew points to 39.9 m e t e r s ; soil t e m p e r a t u r e s 
to 8.84 m e t e r s below ground surface; a tmospher ic p r e s s u r e ; intensity 
of so lar radiat ion; and net radiat ion flux. Equipment used to m e a s u r e 
these var iab les has been descr ibed previously.(1 >2) 

For the p r e sen t study radon and a i r mix tu res were collected at 1 cm 
above the ground at the base of the por table tower, a t 0.5, 1, 4, and l 6m on 
the por table tower, and at 40m on the 150-ft meteorologica l tower. The 
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mixture was drawn in ei ther Tygon or copper tubing of 8-mm diameter 
from the point of collection to a wooden enclosure housing various ins t ru ­
ments used in this study. When copper tubing and Tygon were used side by 
side to compare diffusion of radon through the tubing wal ls , the resul ts 
indicated no apparent difference. 

Samples, collected at the var ious levels , were sucked through t raps 
containing Dr ie r i t e and Ascar i t e , to remove water vapor and COj, through 

two water t r aps cooled with dry 

RADON ^~^ 
INTAKEX 

COPPER 
TUBING 

RADON TRAP 
(CHARCOAL) 

WATER TRAPS 

/Z^777777~^/, EXHAUST«4- / 

WET TEST 
METER 

Figure 62 

A schematic d iagram of the radon 
collection apparatus 

ice, at approximately -78.5°C, and 
finally through dry- ice-cooled 
radon t raps containing 7 g rams of 
activated cocoanut charcoal (see 
Figure 62). Each level was p r o ­
vided with a pump ahead of a wet­
tes t me te r which operated at a 
smal l positive p r e s s u r e (3.5 cm 
of water or l ess ) . The volume of 
a i r handled was measured with 
these wet - tes t m e t e r s manufactured 
by Prec is ion Scientific Company, 
and in all cases the volume was 
cor rec ted to standard t empera ­
ture and p r e s s u r e . 

The radon t raps were r e ­
moved to a laboratory where the 

radon was t r ans fe r r ed to counter bottles and the activity determined as 
descr ibed previously.l-^'3) 

3. Exper imenta l P rocedures 

Observations of t e m p e r a t u r e s , wind speeds, other meteorological 
paranae ters , and sarnples of radon were taken for 20-minute periods at 
l - - h r intervals for tes ts of approximately 24-hr duration. Twenty-four-hour 
tes ts were made on 8-9, 15-16, 23-24 June and 30 June-1 July, 7-8, 14-15, 
20-21 , 28-29 July, and 4-5 August. Measurements of radon concentrations 
were made in only five of the nine t e s t s , along with average t empera tu res 
and wind speeds. 

The data were placed on IBM punch cards to faciltate analysis and 
study. The following code was used. 



Card Column Data 

1-3 Number to identify the tes t period 

4,5 year 

6,7 month 

8,9 day 

10,11 hour 

12,13 minute 

14,15 hour code 

16-19 height in cm 

20 ± t empera tu re sign 

21-24 t empera tu re in degrees C to the nea re s t hundredth of 

a degree 

25 ± wet bulb t empera tu re sign 

26-29 wet bulb t empera tu re in degrees C to the nea res t 
hundredth of a degree 

30-33 wind speed in m sec"^ to the nea re s t hundredth of a 
m e t e r per second 

34-39 radon concentrat ion in pc liter"-' to the nea res t tenth 

of a mi l l i l i t e r 

re la t ive humidity in percent (at Im level only) 

wind direct ion in tens of degrees 
s tandard deviation of azimuth to the nea res t tenth of 
a degree (bivane data) 

s tandard deviation of elevation to the nea res t tenth of 
a degree (bivane data) 

average sunshine in langleys min~^ to the nea re s t 
hundredth of a langley 

± radiat ion flux sign 

radiat ion flux in langleys min"^ to the nea res t hun­
dredth of a langley 

soil t empera tu re at 1 cm below surface in degrees C 
to the nea re s t tenth of a degree 

soil t empera tu re at 10 cm below surface in degrees C 
to the nea re s t tenth of a degree 

40 -42 

43,44 

45 

48 

51-

54 

55 

58 

61 

-47 

-50 

-53 

-57 

-60 

-63 



C a r d Co lumn Data 

64 -66 b a r o m e t r i c p r e s s u r e in in. Hg (20 omi t t ed ) to the 

n e a r e s t h u n d r e d t h of an inch 

67,68 v i s i b i l i t y in m i l e s 

69 v i s i b i l i t y in f r a c t i o n s of a m i l e : 0 = 0, 1 = 7 7 j 2 = - , 

70 w e a t h e r o r o b s t r u c t i o n : 0 = none , 1 = s m o k e , 
2 = l igh t r a i n , 3 = r a i n , 4 = t h u n d e r s h o w e r , 
5 = g r o u n d fog in p a t c h e s , 6 = fog 

71 o b s t r u c t i o n to v i s i b i l i t y : 0 = none , 1 = s m o k e , 
2 = h a z e 

72 c loud c o v e r ; 0 = none , 2 = s c a t t e r e d , 5 = b r o k e n , 
9 = o v e r c a s t 

73,74 b a s i c p r o f i l e d e c k n u m b e r (No. 71). 

4 . Wind Speed , T e m p e r a t u r e , and Radon P r o f i l e s 

Da ta for the t e s t p e r i o d of 2 8 - 2 9 Ju ly I 9 6 0 , a r a t h e r t y p i c a l day in 
J u l y , w e r e p l o t t e d in t h r e e d i m e n s i o n a l f o r m a s shown in F i g u r e 63 . In 
a l l c a s e s the v e r t i c a l a x i s r e p r e s e n t s he igh t above e a r t h ' s s u r f a c e in 
m e t e r s , and the a x i s to the r i g h t r e p r e s e n t s C e n t r a l S t a n d a r d T i m e . The 
m.ax imum t e m p e r a t u r e a t one m e t e r w a s 89°F a t 1430 and the m. in imum 
w a s 64°F . The t e s t p e r i o d b e g a n w i t h a c l e a r sky w h i c h changed to 
s c a t t e r e d c louds by the timie of the 1230 r u n . S c a t t e r e d c louds changed to 
b r o k e n by 1600 and o v e r c a s t a t 1730, a f t e r wh ich they r e t u r n e d to s c a t t e r e d 
by 1900 and to c l e a r on the n e x t o b s e r v a t i o n and for the r e m a i n d e r of the 
t e s t p e r i o d . V i s i b i l i t y w a s in the 1 0 - m i l e - a n d - o v e r r a n g e un t i l 0400 on 
29 Ju ly w h e n i t d r o p p e d to - m i l e in fog. Th i s cond i t i on g r a d u a l l y i m p r o v e d 
to 4 - m i l e v i s i b i l i t y a t the end of the t e s t p e r i o d . 

The top p o r t i o n of F i g u r e 63 shows the v a r i a t i o n of wind s p e e d w i t h 
e l e v a t i o n and t i m e . In a l m o s t a l l c a s e s the wind s p e e d i n c r e a s e d wi th e l e ­
v a t i o n . H o w e v e r , d u r i n g the p e r i o d b e t w e e n m i d n i g h t and 0400 on the 29 th 
the s p e e d a t 100 c m e x c e e d e d tha t a t 200 c m , and in one c a s e it e x c e e d e d 
tha t a t 400 c m . The v e r y w e a k w i n d s in t h i s p e r i o d m a y have b e e n c a u s e d 
by a i r d r a i n a g e . At s u c h low v e l o c i t i e s , h o w e v e r , the a c c u r a c y of the d a t a 
a r e s u b j e c t to q u e s t i o n . A l s o e v i d e n t , in t h i s p o r t i o n of F i g u r e 63 , is the 
v a r i a t i o n of w ind s p e e d w i t h t i m e : the s p e e d i n c r e a s e d unt i l 1430 and t h e n 
d e c r e a s e d r a p i d l y d u r i n g the r e m a i n d e r of the a f t e rnoon , w i t h w e a k w i n d s 
d u r i n g the c l e a r n ight . 
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The cent ra l port ion of Figure 63 indicates the var ia t ion of t e m ­
pera tu re with elevation and t ime, 

^ Maximum tempera tu re s a re a p ­
parent at 1430 as is the dec rease 
of t empera tu re with height during 
the daytime. The development of 
inversion conditions during the 
hours of darkness is also evident. 

The bottom portion of 
Figure 63 revea ls the variat ion of 
radon concentrations with altitude 
and t ime. 

The radon began i n c r e a s ­
ing at 1430, or just before max i ­
mum tempera tu re s and maximum 
wind speeds occur red . In general , 
radon concentrations in the a t ­
mosphere decreased with height. 
However, at the t ime of night when 
wind speeds decreased with height, 
above one me te r , r a the r curious 
var iat ions of radon with elevation 
also appear . It is interest ing to 
note that at 0230, when radon con­
centrat ion reached a maximum at 
the surface, the total in the a i r 
column extending from the surface 
to 16 m e t e r s was l ess than it had 
been at 0100, In general the total 
radon in the column increased 

"" throughout the night, and its max i ­
mum occurred at 0530 on the 29th. 

Figure 63 

Wind speed t empera tu re and radon 
data for a typical July day 
(July 28-29, I960). 

5, Integrated Values of Radon, 
Kinetic Energy, and Stability 

As indicated ea r l i e r , nu­
merous associa ted meteorological 

data were obtained simultaneously with the radon m e a s u r e m e n t s . However, 
this study, which is one of severa l current ly in p r o g r e s s based on these 
data, deals only with the radon measu remen t s and the wind- and tempera tu re -
data obtained on the smal l tower during five 24-hr per iods . P resen ted below 
a re computations of the total amount of radon contained in ver t ica l columns, 
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one square cent imeter in c ro s s section. The heights of the columns a r e : 
surface to 50 cm - the layer with the highest concentration of radon; sur­
face to 1600 cm - the layer measu red by the small tower; and surface to 
4000 cm - the layer extending to the uppermost radon-intake tube. In 
addition to the total radon content, the total kinetic energy and stability 
of the 50- to 1600-cm layer were calculated. 

(a) Methods of calculation. The total radon content in a given 
column was calculated by the formula 

n - 1 

Total radon = /_, 
i - 1 

Ri + Ri+i 
(Zi+i - Zi) (1) 

where Rĵ  is the radon concentration in picocuries /cm- ' and Zi is the height 
in cen t imete r s , both at the i level, and n is the number of levels used in 
the integration. This technique assumed a l inear variat ion of radon con­
centration from level to level, but of course not necessar i ly throughout the 
ent i re column. 

In calculating the total kinetic energy in the column, it was assumed 
that the variat ion of wind speed, u, was logari thmic in each layer . Thus, 
the wind speed may be expressed as 

u - u. 
^i+i - ^i 

^ ~ InZi+i - InZi 
(inZ - InZi) (2) 

Since the measur ing levels were a r r anged logari thmically, i .e. , 
Zj_+i = 2Zi, the equation simplified to 

- 4 ^ - 1 (inZ - InZ^) 
In 2 >-

(3) 

1 -
The kinetic energy in a given layer per square cent imeter is — p 

where p is the mean density. Making use of Eq. (3) 

i+i 
uMZ. 

Kinetic energy - ~ p 
In 2 

InZ + iui -
^i+i - ^ i , ., V 

m 2 '"^'i/j 

2 

dZ 

(4) 

After integration and a lgebraic manipulation 

Kinetic energy = 2 pZi [0.1 u?^^ + 0.08 u^Ui+j + 0.07 u?] (5) 
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The total kinetic energy for the column was obtained by adding the kinetic 
energy to success ive l a y e r s . 

n - i 
Z^ [O.l u., + 0.08 u^u^^j + 0.07 uĵ ] 

(6) 
1=1 

The stability of the layer from 50 to 1600 cm was obtained by 
calculating the t empera tu re difference between the top and bottom of this 
layer . 

(b) Results and Discussion. The total radon contents for the 
three selected air column heights a re plotted in F igures 64a and b through 
68a and b. To bring out per t inent features concerning the behavior of 
radon the data were plotted on both l inear and semilogar i thmic char t s . 
The total kinetic energy from the 50 to the 1600 cm heights was plotted on 
the senailogarithmic cha r t s , and the stability was plotted on the l inear 
graphs . 
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Examination of these figures shows strikingly the diurnal 
var ia t ion of the radon content in the lower layer of the a tmosphere , with 
the minimum occurr ing in the afternoon and maximum shortly before 
sunr i se . Although each s e r i e s differed from the others in detail the 
g ros s features of the f i rs t , eighth and ninth. F igures 64a and b, 67a and 
b, and 68a and b were s imi la r in that high radon contents were observed 
during the hours of da rkness . During these per iods , the kinetic energy 
of the column was r a the r low and the stabili ty was high. The second and 
third s e r i e s , F igures 65a and b and 66a and b also resembled each other 
since the amplitude of the diurnal var ia t ion in radon content was low. 

The effect of stabili ty appears strikingly in the f i rs t s e r i e s , 
Figure 64a and b where the stabili ty maxima and minima correspond 
closely with the maxima and minima in radon content. Of par t i cu la r 
in te res t a r e the data shown in the eighth s e r i e s , Figure 67a and b. In 
this s e r i e s , the stabili ty is the g rea t e s t and the kinetic energy the low­
est . As expected,the radon content is highest . In all of the cha r t s , the 
radon begins to accumulate rapidly once an invers ion sets in. Once the 
invers ion is des t royed by solar heating, the radon content dec reases 
sharply. 

A surpr i s ing feature evident in the eighth and ninth s e r i e s is 
that the g ross r a t e s (neglecting minor perturbution) of radon accumula­
tion a r e near ly equal. 

The pa t te rn of kinet ic energy appears to co r re la te highly 
with radon content. F igures 64b-68b indicate that the g ross features of 
the kinetic energy curves a r e s imi l a r but inverted with respec t to the 
radon curves . It is evident that although the kinetic energy and the stabili ty 
of the column appear to c o r r e l a t e highly with the radon content, the relat ion 
among the var iab les is ex t remely complex. 

Comparison of the data plotted on the semi logar i thmic and 
l inear cha r t s shows that the amplitude of the lowermos t layer , surface to 
50 cim, is g r e a t e r on the semi logar i thmic plots than on the l inear plots . 
The difference occurs because the semi logar i thmic char t is a rat io char t 
and br ings out the percentage var ia t ion, while the l inear char t br ings out 
the inc rementa l changes. It i s , the re fore , evident that the percent v a r i a ­
tion of radon content is g r e a t e r in the lowermost layer than in the total 
a i r column extending from ei ther the surface to 1600 cm or the surface 
to 4000 cm; however, the var ia t ion in actual radon content of the higher 
columns is l a r g e r . 

The authors a r e grateful to Hugh G. Daubek, F rank C. Kulhanek, 
Gunther A. Zerbe and P e t e r E. Wasko for their help in car ry ing out the ob ­
serva t ions and to Lee M. Cherven, Rita M. McDonough and Susan C. Tideman 
for ass i s t ing in the calculat ions and the p repara t ion of f igures . 
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