
facturing methods were designed. And 
now we are once again in a period of 
declining interest. It is to be hoped that 
no new threat will be needed to gen- 
erate a renewed wave of investigations. 
Let us hope that the intellectual chal- 
lenge alone will bring support for ac- 
tivities that will lead to increased under- 
standing of the botulinal toxins (30). 
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Carbon-14 is undoubtedly the most 
widely used isotope in biochemical re- 
search. However, because of its weak 
emission, beta particles of maximum 
energy 0.156 Mev, there is an appre- 
ciable absorption and scattering of ra- 
dioactivity within the sample itself, as 
a function of the weight of the sample. 
It is of the utmost importance to be 
able to correct accurately for the loss of 
observable radioactivity due to self-ab- 
sorption (I). In the past the problem 
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observable radioactivity due to self-ab- 
sorption (I). In the past the problem 

has been dealt with by (i) counting at 
"infinite thinness"; (ii) counting at con- 
stant thickness; (iii) counting at "infin- 
ite thickness"; (iv) correcting by use of 
an empirically determined curve; (v) or 
correcting by use of a theoretical equa- 
tion with an empirically determined con- 
stant. 

The thinner the sample, the less the 
self-absorption. Therefore, if all samples 
are counted at extremely low weights 
(infinite thinness), the correction will 
be negligible. This requires always hav- 
ing material of sufficiently high specific 
radioactivity to permit accurate deter- 
minations on very small quantities. The 
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radioactivity to permit accurate deter- 
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criterion is frequently difficult to meet in 
biochemical work. 

If the samples counted are always of 
the same thickness, the correction factor 
will always be the same, and the results 
will all be comparable. It is very tedious 
to weigh all samples to exactly the same 
weight and this method is rarely used. 

The observable count rate of a mate- 
rial of given specific activity will increase 
as the thickness of the sample is in- 
creased. The lowest layer contributes 
less radioactivity to the total observed, 
as more material is added, since its radi- 
ation is progressively absorbed. There is 
a weight of material over a given area 
which will be sufficient to absorb virtu- 
ally all of the radiation from this lowest 
layer. Adding more radioactive material 
after this does not increase the total ob- 
served radioactivity, since the effective 
thickness of radioactive material con- 
tributing to the total observable radia- 
tion is essentially not altered. This is 
known as infinite or saturation thickness, 
and the maximum count rate observed 
from a sample whose thickness is greater 
than the saturation thickness is directly 
proportional to the specific activity of 
the material. This technique is quite re- 
liable but requires relatively large 
amounts of material and therefore is not 
always convenient in biological systems. 

The most general technique involves 
the use of a correction factor so that the 
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radioactivity determined at any weight 
can be expressed in terms of equivalent 
radioactivity that would be observed 
under some previously selected reference 
condition. The reference condition can 
be either "infinite thinness," "infinite 
thickness," or a fixed finite weight. A 
curve for correction factor versus weight 
(in milligrams) of sample can be ob- 
tained from a series of planchets of fixed 
area, containing samples of different 
weights of a material of a particular 
specific activity. The empirically deter- 
mined correction factor can then be read 
from the curve for a sample of any 
weight and used to correct to the stand- 
ard condition. The accuracy of the curve 
increases with the number of experimen- 
tal points determined, and it seems nec- 
essary to plot at least 25 points to deter- 
mine accurately a fair range of the curve. 
The correction factor for samples of low 
weight is very difficult to determine be- 
cause of the increase in the percentage 
uncertainty of a weight as the weight is 
decreased to zero, difficulties of ob- 
taining smooth distribution of material, 
and various other theoretical considera- 
tions (2). 

An accurate theoretical equation 
would solve all of the difficulties, since 
it would enable one to know the cor- 
rection factor at any weight through 
simply solving or plotting the equation. 

An equation intended to describe the 
absorption phenomenon was derived at 
about the same time by Libby (3) and 
by Henriques et al. (4). The equation 
is a general one, with a constant which 
can be determined with a few samples. 
The derivation of this equation follows. 

If it is assumed that each layer (dm) 
of material will absorb the same per- 
centage (a) of the impinging radiation, 
then 

dI 
dm 

l nI=- am + k' 
I = k"e- a ," 

At m = O, k"' = Io, 

observed specific activity in counts per 
minute per milligram at infinite thin- 
ness and dm is the weight of the layer 
increment. Thus: 

f0 dl=a Ie..dm (3) 

Integrating from the top of the sam- 
ple downwards, 

i_,(e ....-1) =(l_e ....... 
--5 (1- t ) (4) -a a 

where a is the specific activity of the 
material at zero absorption in counts per 
minute per milligram. At m = c, 

where Ioo is the maximum count rate 
observed at infinite thickness (moo). 

.'.I=Ioo(1--ea) 

or 

I=zI(l- lo( -,~, ') (5) 

This is the standard equation for expo- 
nential absorption of radioactivity. It 

240 

220 

200 

180 

160 

E,, 
z 

)(1) 

(1) u3 

140 

120 

100 

80 

.'. I=oe-a .. . (2) 
where I is the observed count rate in 
counts per minute, Io is the count rate 
at zero absorption, m is the weight of 
the sample over a fixed area, and a is 
the fraction of radiation lost when the 
radiation passes through a layer of ma- 
terial dm. Equation 2 is the typical 
Beer's Law expression. Now if the ma- 
terial itself is radioactive, then for a 
sample of constant area and geometry 
an increment of material will have an 
initial activity dIo = odm, where a is the 
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can be alternatively derived by stating 
that each increment dm increases the 
radioactivity by virtue of its specific 
activity a and decreases it by virtue of 
blocking a constant fraction a of the 
impinging radiation I. 

dlI .. 'd = a- a dm 

-+ aI = < 
dm 

(6) 

(7) 

This is a standard linear differential 
equation [see Reddick (5)], the solution 
and evaluation of the constants of which 
lead again to Eq. 5. Equation 5 has been 
fitted to series of data so that it has satis- 
factorily described the absorption phe- 
nomenon over workable ranges of the 
curve (6). In practice it has been found 
that corrections based on this curve for 
samples of widely different weights can 
introduce serious errors. Although Libby 
has recently refined the equation by in- 
troducing specific constants for geome- 
try and back scattering (7), the basic 
form of the equation has not been al- 
tered. In his paper, however, Libby 
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Fig. 1. A plot of observed specific activity and absorption correction factor F versus 
weight of sample for counting arrangement No. 1. 
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for counting arrangement No. 5. 
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Fig. 3. A plot of observed specific activity (centimeters per minute per milligrar 
absorption correction factor F (straight line) versus thickness of sample (per mi 
per square centimeter) for counting arrangement No. 6. 

stressed that true exponential absorption 
is not normally observed with the ordi- 
nary end-window type counter (7). 

In practice it has been found in this 
laboratory that the apparent absorption 
coefficient Ct, instead of being constant, 
appears to decrease as a function of the 
weight of the sample. Furthermore, the 
interesting relation has been found that 
the apparent specific activity at any 
weight is inversely proportional to the 
weight of the sample. The decrease in 
apparent specific radioactivity appears to 

14.0 follow a hyperbolic, rather than a nega- 
tive exponential, curve. If it is desired 
to correct the apparent specific activity 

12 0 L at any weight to the specific activity at 
a reference weight, the factor F is used, 

10.0 having a value as follows: 

8.0 
Si.ef R RI F= -= - m 
S S I (8) 

where S is the observed specific activity 
060 in counts per minute per milligram and 

Sref equals R, which equals the specific 
4.0 activity at a reference weight. It is found 

that this factor, when plotted against 
the weight of the sample over a fixed 
area, gives a straight line from infinite 
thinness to a weight of several times 

0 saturation thickness. It can be seen that 
the slope of this line is equal to R/Ico, 
and that the intercept b on the y-axis is 

,m) and equal to R/a. 
lligram) 

F = R- m = slope x m + b 

R b - = slope + - 
I m 

at m = oc, the slope is R/Ic. 

R 
..F=- m+b (9) 

Experimental Details 
2.4 

The following counting arrangements 
2.0 were used. 

1) Nuclear Chicago scaling unit model 
1.6 162. Nuclear Chicago model D47 gas- 

flow counter with an ultrathin "micro- 
1.2 mil" window. The tube was continually 

flushed with Q gas. 
0.8 2) Nuclear Chicago scaling unit model 

162. Tracerlab end-window counting 
0.4 tube TGC-2/1B84 with a window thick- 

ness of 1.9 mg/cm. 
3) Same as in arrangement No. 2, with 

a layer of aluminum foil in front of the 
tube window. 

n) and 4) Same as in arrangement No. 2, with 
illigram the sample 0.8 cm further from the 

counting tube. The purpose of this ar- 
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rangement was to evaluate the possi- 
bility that the change in the distance be- 
tween the surface of the sample and the 
counting tube with increasing weight of 
sample was a major factor in the line- 
arity of F versus m. In counting arrange- 
ment No. 2 the planchet surface was 
about 4.0 mm from the counting-tube 
window. In counting arrangement 4, this 
distance was about 12 mm. The surface 
of the sample approaches the tube win- 
dow 0.1 mm per 10 milligrams of pro- 
tein. If the geometry change from 4.0 to 
3.9 to 3.8, and so on, were responsible 
for the linearity of F versus m, then you 
would not expect the change from 12.0 
to 11.9 to 11.8, and so on, to give a linear 
relationship. Since linearity was not ap- 
parently altered by this change, it ap- 
pears that the relationship of F to m is 
not greatly dependent on this factor. 

5) Nuclear Chicago scaling unit model 
162. Robinson windowless gas-flow coun- 
ter (8) flushed with 90-percent argon 
and 10-percent CO2. 

6) Potter Instrument Company scal- 
ing unit model 34kA driven by a Radi- 
ation Counter Laboratories (RCL) nu- 
cleometer linear amplifier mark 15, 
model 1. Mark 12, model 1 (RCL) 
windowless flow gas tube flushed with 
methane gas and operated as a propor- 
tional counter. 

The area of sample for counting ar- 
rangements Nos. 1 through 5 was 1.54 
cm2. The area of sample for counting 
arrangement No. 6 was 11.5 cm2. In 
counting arrangements Nos. 1 through 
5, the plane of the sample was perpen- 
dicular to the anode wire of the counter 
and was opposite the tip of the wire. In 
counting arrangement No. 6, the plane 
of the sample was parallel to the anode 
wire and exposed to the side of the wire. 

Radioactive material counted consisted 
of (i) CD protein: cell debris proteins of 
hen oviduct (9); (ii) S protein: super- 
natant proteins of hen oviduct (9); (iii) 
BaC1403; (iv) phenylalanine-3-C14. 

The technique for determining self- 
absorption correction factors is as fol- 
lows. (i) Prepare a series of planchets 
(ten are sufficient) containing different 
known quantities of the same radioac- 
tive material; (ii) determine the count 
rate per milligram (specific activity) of 
each planchet; (iii) the factor (F) at 
any weight is equal to the ratio of the 
specific activity at a reference weight 
(R) to the observed specific activity; 
(iv) F times the observed specific activ- 
ity equals the specific activity at refer- 
ence weight, and F times the total ob- 

Table 1. Robinson flow gas counter; BaCOs; R at 10 mg; S, 118. 

Specific activity corrected 
to 10 mg with F Error (%) 

Ob- 
Thickness Wt. served From From Hyper- Expo- 
(mg/cm2) (mg) specific hyper- expo- bolic nential 

activity bolic nential treat- treat- treat- treat- ment ment ment ment 

1.27 1.9 234 119 159 + 1 + 35 
2.33 3.6 215 127 164 + 8 + 39 
2.98 4.4 185 118 148 0 + 25 
5.97 9.2 128 120 129 + 2 + 9 

22.5 33.4 48 119 103 + 1 - 13 
59.3 91.7 19 118 92 0 - 22 
24.7 3.8 194 116 149 - 2 + 26 
4.55 7.0 149 120 136 + 2 + 15 

74.0 184.6 9.4 114 86 -3 -27 
10.1 15.5 85 115 111 -4 - 6 

served activity equals the total activity 
observed at the reference weight. 

A plot of F versus m was linear for all 
cases examined in this work. Because 
space is limited, the data for only a few 
of the different counting situations are 
presented here (Figs. 1-3). 

One could strive to weigh out an ex- 
act weight of material for the desired 
reference weight. It has been found 
more convenient and more accurate 

(since many experimental points are 
used) to calculate the reference specific 
activity. This can be done by means of 

0.10 

0.08 

0.06 

0.04 

0.02 F 

0 

the following formula for several com- 
binations of the data: 

1 C-G, 2 R - 
1 1,2 

(10) 

where R is reference specific activity; 
G1,2 is (ml-mref)/(m2-mref); S1 is 
the observed specific activity of m1 mate- 
rial; S2 is the observed specific activity 
of m2 material; and mref is reference 
weight in milligrams. 

The factor F can be used to correct 
observed specific activity at any weight 

0 20 40 60 80 100 120 

mg 
Fig. 4. a, absorption coefficient. a is assumed to be a constant in the exponential treat- 
ment, but it is a variable in the hyperbolic treatmeht. The points are experimental de- 
terminations. The line is the predicted variation according to the hyperbolic treatment. 
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to specific activity at the reference 
weight or to correct total observed radio- 
activity at any weight to total radioac- 
tivity at the self-absorption of the refer- 
ence weight. The factor divided by m 
yields a new factor which can be used 
to convert total radioactivity at the sam- 
ple weight to specific activity at the ref- 
erence weight. 

Discussion 

There are two equations under con- 
sideration in this article. 

I = I(1 - l0-a) (A) 
and 

IhRm 

IRm + Ib ) 

in the form of 

R ? 
R =R-m+fb (9) 

where 

b = R/o 

Equation A states that the loss of 
apparent radioactivity with increasing 
weight of sample is a function of a nega- 
tive exponential. It assumes that the ab- 

+40 

+30 

+20 

o 

LU 

LL 

a: 
0 
(n 
LJ 
Qa 

+10 

+5 

0 

-5 

-10 

sorption coefficient a remains constant 
in spite of the alteration of the spectrum 
of energy distribution of (3 particles as 
the radiation is passed through layers of 
absorbing substance. 

Equation B states that the loss of 
apparent radioactivity with increasing 
weight of sample is a hyperbolic func- 
tion of a rectangular type. It predicts 
that the absorption coefficient a must 
vary as the radiation passes through 
layers of absorbing material (see below). 

It is possible to express Eq. A in the 
form of Eq. 9. The result is: 

F S =, m+Rm (1lo-,) (11) 

It can be seen that for a straight line 
to result from a plot of F against m, the 
expression 

Imust be a constant. 1-10 and are con- 

must be a constant. R and Ioo are con- 
stants, m is a variable; therefore, for the 
whole expression to be a constant, a 
must be a variable. By substituting known 
values for R and Ioo and solving for a at 
various m values, we can specify how a, 
as derived from Eq. A, must vary in 
order that the observed straight-line plot 
of F versus m may result. From Eq. 9 

and the data of Fig. 1 for protein in the 
Nuclear Chicago micromil counter we 
know that at the reference weight of 
10 mg 

F= 1 = 0.068 x 10+b 
b = 0.32 

= 0.068m - 1-am 

04. 7 3:m 0a 

According to Eq. A, a plot of a ver- 
sus m should yield a straight line parallel 
to the m axis. According to Eq. B, a plot 
of ac versus m should yield the curve 
shown in Fig. 4. The points show the 
experimental results. 

Since it is seen that a in Eq. A is not 
constant, the physical significance of this 
a is lost. The equation was derived by 
treating a as a constant and only has 
meaning if a is a constant. The a in this 
equation does not represent the absorp- 
tion coefficient of the material, since it 
is a variable. The question naturally 
arises: What is the nature of the true 
absorption coefficient a*? An equation 
for the true absorption coefficient a* can 
be derived in the following manner. Re- 
ferring back to Eq. 7, let us remove the 
restriction that a is a constant and in- 

-20 _-- a- - = 0.0476 

-30 I l l1l l \l l l // 
0 10 20 30 40 50 60 70 80 90 100 177 

mg. 
Fig. 5. 5. Percentage of error involved through correcting observed specific activity of protein with factors derived from the exponential 
treatment (a:- 0.09 and a = 0.0476) and from the hyperbolic treatment, where a varies from 0.09 to 0.01 (Fig. 1i). See text for details. 
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stead ask how must a* vary to enable 
us to observe the experimentally deter- 
mined straight-line function of F ver- 
sus m. The change in observed activity 
dl with each increment of material dm 
will be increased by virtue of the spe- 
cific activity of the material and de- 
creased by virtue of the absorption co- 
efficient, which now will be represented 
by a function of m, ao*, times the im- 
pinging radiation. 

dI 
d-= =-o*I (12) dm 

We have observed from the experi- 
mental results that: 

I,oRm 
IRm+b= (B) Rm +- I-b 

. dI _ IoR(Rm + Ioob) - IooRSm 
dm (Rm+IaO)2 (13 

dl 
dm = dm-- (14) 

I 

Substituting Eqs. B and 13 in Eq. 14 
and utilizing the relation b=R/b, and 
simplifying terms, we find that 

t* - + (15) 

This may be compared to 

a = /ooL 

which is true when a is really a con- 
stant. It is seen that a* approaches a as 
m approaches co. At m = 0, a* = 2a/IJoo. 

Equation 15 states that the variation 
of the absorption coefficient is deter- 
mined by the weight of the sample and 
by Ioo, which is really a function of the 
spectrum of energies of the radioactive 
emission. The actual weight value where 
Ioo is experimentally reached is deter- 
mined by the Emax of the spectrum. The 
actual value of Ioo itself would be largely 
determined by the average percentage 
distribution of high-energy particles. It 
is to be expected that the energy spec- 
trum would determine the absorption co- 
efficient, and since the energy spectrum 
is altered as the radiation passes through 
layers of material, it is most reasonable 
to conclude that the absorption coeffi- 
cient does vary with the weight of the 
material. 

The question next arises as to whether 
in the range of values usually encoun- 
tered in this work the two different 
equations might not be so close that no 
distinction need be made between them. 
Even if this were true, the simpler form 
of the second equation might recom- 
mend its general use. However, the use 
of the exponential equation can intro- 
duce very significant errors, especially if 
widely different weights of samples are 
being compared. 

The correction factor F was obtained 
from the exponential equation, on the 
assumption that the absorption coeffi- 
cient of 0.09 calculated from consider- 
ations given by Libby (7) is a constant 
value. The average absorption coeffi- 
cient of 0.047 was obtained from the 
data of Fig. 1 and was similarly used to 
obtain F from the exponential equation. 
F was plotted against the weight of the 
sample, and straight lines were drawn 
through the nearly linear part of the 
curves. The correction factors were ob- 
tained from these curves as well as from 
the experimental data where a varies 
from 0.09 to 0.01 (Fig. 1). Figure 5 
shows the error involved in correcting by 
factors obtained from the three curves. 
A similar treatment for BaCOa on the 
Robinson flow gas counter leads to the 
results given in Table 1. 

It would seem that since the factor 
does not consistently deviate downwards 
at decreasing weights, back scattering 
does not appreciably affect the results 
at these low values. This may be so for 
two reasons. (i) The error of weighing 
in either direction becomes relatively 
more significant at the weights where 
back scattering is more appreciable. (ii) 
At the very low weights there is not an 
entirely even spread of material, and the 
average thickness of material through 
which radiation passes is greater than 
the thickness for a smooth spread. This 
would tend to decrease counts, probably 
in an amount sufficient to counterbal- 
ance the increase expected due to back 
scattering. At any rate the curve ap- 
pears to maintain its linearity within ex- 
perimental variations down to the lowest 
part. The possibility exists that this treat- 
ment might apply to the other emitters 
of beta particles of weak energy distrib- 
uted over a particular energy range. It 

has been found that BaS350 under 
counting situation No. 1 yielded a linear 
plot of the new factor versus m. 

In conclusion it should be emphasized 
that the treatment of radioactivity ab- 
sorption data by either the exponential 
or the hyperbolic equation is strictly em- 
pirical. The fact that an equation works 
provides ample basis for its use. 

It is to be hoped that a full consider- 
ation of the factors involved will some- 
day provide a theoretical basis for the 
proposed, or for some other more closely 
fitting, equation. 

Summary 

A new and simple technique has been 
developed (10) for correcting C14 radio- 
activity measurements for loss of radia- 
tion due to self-absorption. Results are 
discussed which show the applicability of 
the technique for many different count- 
ing situations. It is found that the ab- 
sorption of radiation follows a hyper- 
bolic law much more closely than an 
exponential one. Furthermore, the ab- 
sorption coefficient for the sample itself 
has been found to be a function of 
weight rather than a constant, as had 
been assumed for the derivation of the 
law of exponential absorption. 
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