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ABSTRACT

Cerenkov counting, a relatively unknown technique in the
laboratory five years agc, has recently become the methed
of choice for counting many beta-emitting nuclides on a
routine basis. The interest in this method is due, in
part, to the ease in employing conventional liquid scintil-
lation counting equipment without modification. Unfortu-~
nately, this similarity in measurement routine and equip-
ment has led some investigators to believe that procedures
developed for organic scintillation counting are directly
applicable to Cerenkov systems, Unfortunately, this is far
from true. Therefore, the following presentation has a
three-fold purpose. First, a general review of the Ceren-
kov physical process is presented. Particular attention
is given to the mechanism of Cerenkov radiation production,
energy input-output characteristics, and spacial phenomena.
The unusual properties of Cerenkov systems and how they may
be used to advantage in practical counting situations is
stressed., Also, an attempt is made to delineate important
points of departure between organic liquid scintillation
and Cerenkov methods. A second cbjective is to describe
special measurement techniques that have been applied to
Cerenkov counting prcblems. Among those discussed are the
use of waveshifters, solvent selecticon, quenching, and
standardization procedures. Finally, we will present the
results of an original study concerning a computer simu-
lation of the Cerenkov process that we have developed to
establish optimal counting conditions for dual isotope
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experiments. This technique is particularly interesting
because it appears to be generally applicable to both
Cerenkov and conventional liquid scintillation counting
procedures. Use of a simple computer program allows one
to quickly set-up his instrument for optimum isotope sepa-
ration and also to evaluate the probable limits of error
in the measurement.

Introduction

In the span of just a few years, Cerenkov counting tech-
nigues have become well established for the rapid assay
of many beta and beta-gamma emitting radionuclides. Sev-
eral authors have suggested that it is the method of choice
for certain isotopes. BAmong the advantages of the techni-
ques are extreme simplicity of sample preparation, the
ability to count in aqueous systems without the use of or-
ganic fluors, and the high detection sensitivity that can
be obtained, Another important consideration is that con-
ventional liquid scintillation counting equipment can be
used without modification. Many of the factors that influ-
ence the successful application of Cerenkov counting to
practical problems have already been described (1,2). This
paper will attempt to both review and extend the state of
Cerenkov counting technology.

Fundamental Considerations

Cerenkov radiation is produced when a charged particle
passes through a transparent medium (the Cerenkov genera-
tor) at a relative phase velocity greater than the speed
of light in the same medium. Upon entering the generator,
the particle experiences a strong slowing force and, during
this period of rapid de-acceleration, electromagnetic radi-
ation is generated. Cerenkov radiation has been described
as the particle electromagnetic "shock wave" that is anal-
ogous to the boom created by hypersonic aircraft. Theo—~
retically, the Cerenkov spectrum extends from microwave to
X-ray frequencies; the portion of major concern to practi-
cal counting procedures lies in the ultraviolet and blue
spectral regions. The most familiar display of Cerenkov
radiation is the blue glow surrounding the core of swim-
ming-pool reactors.

The basic physical condition that must be met for the
formation of Cerenkov radiation is:

Bn ¥ 1 (1)
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For relativistic electrons, B can be related to electron
energy (E) and then corbined with Equation 1 to yield:

2 1/2
n2 2 >
E(KEV) + 1

511

1 (2)

Where: B = velocity of particle (v)/speed of light (c)
n = refractive index of Cerenkov generator

E = energy of particle inducing Cerenkov
radiation

When Equation 2 is solved for E, using the condition of
equality and the refractive index of water, the result
indicates that an electron must exceed 263 KeV in order to
produce a Cerenkov response. Since many radionuclides emit
beta particles significantly above the 263 KeV threshold,
the legitimacy of using Cerenkov radiation for isotope
assay in aqueous systems is obvious. It must be noted,
however, that the photon yield from the Cerenkov process is
quite small. Calculations have been made to describe the
number of photons and the spectral distribution that
results from a Cerenkov event (1,2) but perhaps one gets
the best feeling for the magnitude of photon intensity by
noting that a 1 MeV electron in water yields about the same
number of photons as does an average tritium disintegration
in an organic scintillator (3), Table I lists the detec-
tion efficiencies of several nuclides that have been deter-
mined experimentally (1,2,3,4,5,6,7,8,9).

Solvents

The selection of a solvent for organic liquid scintilla-
tion counting is often a formidable task, especially if
particular sample solubility requirements are needed. For
Cerenkov counting, no such problems exist; virtually any
transparent liquid can be used as the Cerenkov generator.
The primary solvent requivement is that it transmit radiant
energy in the blue and near ultraviolet spectral regions
with little attenuation. Even here, some compromises can
be made if one is willing to work at reduced counting
efficiency. The actual choice of a solvent is most often
determined by what is convenient for the samples and the
chemistry involved. Equation 1 shows that, as the refrac-
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Table I.

Experimental Counting Efficiencies of Nuclides
In Agueous Systems
Range of Counting

Range of Counting

Isotope Efficiency (%) Isotope Efficiency (%)
2O4Tl 1,3 - 1.9 185W 2.1

137CS 2.1 36Cl 2.3 - 13
1984 5.4 170, 5.6

2105 6.8 *Tca 7.5

40 14 - 25 24ya 18

90Sr-goY 22 86Rb 23

32p 20 - 48 20y 36 - 50
1281 40 - 50 144Ce-l44Pr 54 - 62

42y 11 - 60 106002 62 - 70
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tive index of the generator is changed, the detection
threshold also changes, It has also been demonstrated that
the use of highly refractive liquids will increase the pho-
ton yield for a given particle energy (10). Occasionally,
use is made of these characteristics to select a solvent to
ephance the counting efficiency of a given nuclide or to
change the detection energy threshold.

The most widely used solvent for Cerenkov counting is
water, It is highly transparent to the Cerenkov emission
and can act as an efficient solvent for a wide variety of
inorganic and organic materials. Other peripheral consid-
erations are its low cost, and lack of toxicity and flam-
mability. However, for many biological materials, other
solvents are preferred. Table II lists experimental rela-
tive counting efficiencies for 32p in various solvents
(8,9). The change in the relative counting efficiency in
the above table is a direct reflection of the variability
of the index of refraction combined with any optical
absorption properties of the solvents. As the index of
refraction increases, the energy threshold is lowered and
thus, more of the beta spectrum is included in the measure-
ment. The photon yield is enhanced also. In some cases,
small inconsistancies can be seen; this is probably the
result of experimental error. There are many practical
applications for the use of these special solvents. For
example, it has been noted (8) that chloroform is used to
extract lipids (a severe gquenching situation in organic
scintillators) and formic acid is used as a solvent for de-
fatted tissue. Acetone (5%) in chloroform has been used
for counting organic radiobromides (11). Additionally,

a solvent can be selected to count a nuclide that cannot
even be detected in water. The low energy emitter 99Tc has
been counted with very low efficiency in a 95% glycerol
solution (1} and 14C has been measured in oa-bromonaphtha-
lene (12). These techniques are, however, rather limited
in their scope of application.

The effect of solvent volume has been adequately discus-
sed in the literature (1,2,3,9,13,14) and will not be
repeated in detail here, Most investigators agree in gen-
eral, if not in detail, that counting volume is a parameter
that must be controlled for reproducible results., In all
of the counting systems tested that use a "standard" size
liguid scintillation vial, the volume-efficiency curve ap-
pears to go through a maximum at about 10 ml. The main
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Table II.

. . . . 32
Relative Counting Efficiencies Of P In
Various Solvents

Volume Relative Counting
Solvent Ratio (v/v) Eff. (#,.0=1)
formic acid (98%) 0.96
formic acid-butyl acetate 1/1 1.00
methanol 1.08
chloroform 1,14
isopropancl-water 1/1 1.15
ethanol (95%) l.16
ethanol-water 4/1 1.19
acetone 1.19
petroleum ether 1.21
chloroform-methanol 2/1 1l.26
hexane 1.28
isopropanol 1.29
isopropanol-heptane 1/1 1.31
chloroform-isopropanol 2/1 1.32
heptane 1.38
benzene 1.59
toluene 1.66
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disagreement among authors is the magnitude of the effi-
ciency shift with volume and the energy of the nuclide
being counted. We feel that the variability in the volume
effect can be directly related to the optical geometry of
a particular counting system. Perhaps the one general
rule that can be formulated is that each investigator must
establish the volume-efficiency function for his own
instrument so that acceptable volume tolerance limits can
be assigned., For a given liguid sample, one would like to
use the maximum possible volume to extend the lower limit
of detection. However, it is quite clear that the volume
effect is much more pronounced in Cerenkov counting than
the usual organic techniques.

Solid Cerenkov Generators

Thus far, the major consideration for Cerenkov generators
has been liquids. There is no reason, however, that other
transparent substances cannot be used. For large generat-
ing volumes, solids offer a number of advantages. Where
Cerenkov detectors have been used to measure the radiocac-
tive products of an activation analysis, Lucite or Perspex
generators have proven popular (15,16). One benefit of
using these plastics is that they can be molded or machined
into special shapes to suit the particular geometry reguir-
ed in the experiment. They also have excellent optical
properties.

Other types of solids have also proven useful. One 32p
product was isolated on either paper or silica gel. Ffor
counting, the paper was suspended inside a counting vial
and the response generated in the vial wall was counted.
The silica gel was simply placed in the vial and the emis-
sion from the gel and the vial wall was measured (9). Re-
sults were good in both cases. In a similar experiment, a
phosphorous compound was collected on a membrane filter and
again suspended in the vial for counting (6). Other solid
materials that have been used are polyethylene, sodium
iodide, cesium iodide, quartz, ice, and crystals of many
different types of organic compounds. With solids, as with
liguids, the possible choices are almost limitless.

Geometry Effects

When Cerenkov radiation i1s generated, the emission takes
place in a well defined spacial configuration. The practi-
cal effect of this phenomenon is covered in previously
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cited literature. However, two items are worth noting as
being very useful techniques for routine assays. It has
been found (4,9,13) that by substituting polyethylene
counting vials for glass, a >25% increase in the counting
efficiency can be obtained. Another investigator (5) shows
that by adding Cab-0-Sil to the ligquid generator, an in-
crease of 5-10% can be realized. 1In both of these methods,
the increased counting efficiency is probably due to the
diffusing effect that is introduced. Since most of the
cormmercial counting systems utilize some type of coinci-
dence circuitry, a positive indication in two phototubes is
needed for a count to be registered. The geometry of Cer-
enkov emission is such that one phototube will be favored
for a given decay event. Normal reflections in the count-
ing chamber will help to partially alleviate this effect.
The additional diffusing ability of the polyethylene vial
or the Cab-0-Sil provides an even more uniform distribution
of the emitted photons.

Quenching

The worker in organic liquid scintillation counting is
well aware of two forms of quenching, chemical and color.
Chemical quenching (chemical interference with molecular
transitions in the organic fluor) does not exist in Ceren-
kov spectroscopy. This is evidenced by the fact that
strong acids such as sulphuric, hydrochloric, and perchlor-
ic acids and a wide variety of inorganic anions and cations
show no significant reduction in the counting efficiency
when compared with samples counted in pure water (3,5,13,
17) . Unfortunately, color quenching (partial or total ab-
sorption of emitted photons) continues to be a significant
quenching parameter. As might be expected, most of the
standard quench correction techniques have been tested with
Cerenkov systems; the published results give less than a
clear picture of what can be accomplished with these
methods.

Samples may color quench by either ultraviolet or visible
absorption. For example, the very common NO3’ and N02_
ions are strong ultraviolet absorbing species and cause
moderate to severe gquenching problems (13). This substan-
tially limits the use of nitric acid solutions in counting.
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Obviously, visibly colored solutions, especially reds and
yellows, cause similar prcblems. One paper examines quench
correction techniques in detail (18) and concludes that
internal standard or de-colorization procedures are labori-
ous, that the channels ratio method is too insensitive, and
that the external standard is somewhat inaccurate but can
possibly be used.

In spite of these findings, the external standard and the
channels ratio method have both been used to obtain an as-
say correction of 98% + 6% (19). Another investigator
pointed out that if one considers the variability of the
sample vial, the external standard can yield results with
errors of about + 2% (9). The channels ratio methoed has
often been employed without difficulty. 1In one series of
experiments designed to test various quench correction
techniques for 4 K, the author found that the channels
ratio was the best method (20).

Other less common techniques have been developed to deal
with the color quenching prcblem. One worker has found
that the degree of quenching can be related to the optical
absorption of the sample as measured on a spectrophotometer
(5). An interesting technique is the development of the
"Cerenkov insert" (21,22). Here, the sample is placed in
a thin-wall opaque holder which is then suspended in a
transparent generating solution. Color quenching is com-
pletely avoided but, because of self absorption in the
sample, high counting efficiency can only be obtained with
energetic emitters.

It is clear from the above discussion that many different
procedures can be used for color quench correction. WNo one
technique (except perhaps the internal standard) appears
to be universally applicable. It is suggested that each
sample type be treated as an individual situation and that
the best correction method be selected on the basis of ex-
perimental tests.

Waveshifters

All of the above discussion has been centered on the di-
rect measurement of the Cerenkov emission. As noted pre-
viously, a significant portion of this emission occurs in
the ultravioclet spectral region. These frequencies are
easily absorbed in glass sample vials, in the face of glass
photomultiplier tubes, or in the solvent itself. A second
problem is the directional nature of the Cerenkov emission
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described under gecmetry effects. If the ultraviolet pho-
tons can be converted to the visible regicn and if these
photons could be given an isotropic spacial distribution,
the counting efficiency should be distinctly improved.

A possible answer to both of these problems rests in the
use of a waveshifting compound in the Cerenkov generator
similar to the use of POPOP in organic systems. Many in-
vestigators have already studied the characteristics and
applications of waveshifting compounds and found them to
be highly desirable (3,4,7,17,23,24,25,26). Table III
lists some of the compounds that have been employed in both
organic and agqueous media.

Although a significant increase in the counting effi-
ciency can be cbtained when using one of these com-
pounds, it must be remembered that when they are employed,
the system is no longer a purely Cerenkov proccess. Thus,
the problem of chemical quenching beccmes possible and
large changes in the observed response can result. It is
also true that visible quenchers can become more signifi-
cant in a waveshifted system. The benefits of using a
waveshifter must be carefully weighed against the possible
deleterious side effects that may appear. Most authors
agree, however, that waveshifters are particularly desir-
able when measuring low-energy emitters.

Applications

Cerenkov radiation has been employed in virtually every
field of isotope assay prcblem. Samples such as plant and
animal tissue, isotope preparations, environmental mater-
ials, reactor effluents, and biomedical fluids have been
examined with excellent results. These applicaticns are
well documented in the open literature and will not be re-
peated here. However, some methods will be described
that make use of the unusual properties of Cerenkov radi-
ation and illustrate the unique characteristics that make
the technique particularly valuable.

Since there is a distinct energy threshold below which
no Cerenkov emission occurs, it is possible to determine
the activity level of a small amount of an energetic nuc-
lide in the presence of a much larger amount of a weaker
emitter. This type of analysis can be performed with lit-
tle or no interference from the predominant species, The
simultaneous determination of 3P and P was accomplished
by combining the techniques of Cerenkov and corganic
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Table III.

Waveshifting Compounds Used Successfully In
Cerenkov Counting Systems

2-amino-6,8-naphthalene-disulfonic acid
2-naphthalene-3,6-disulfonic acid
2-naphthalamine-6,8-disulfonic acid
2-naphthol-3,6~-disulfonic acid
2-naphthol-6,8-disulfonic acid
7-amino-1,3~naphthalene-disulfonic acid
4-methylumbelliferone

B-naphthol

B-naphthylamine

sodium salicylate
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scintillation counting (27), First, the sample was assayed
in an aqueous Cerenkov system to determine the P concen-
tration; P was found to count with < 0.01% efficiency
(probably zero). Then the sample was counted in an organ-
ic scintillator to determine total 3P and 3P. Subtract-
ing the 32p cerenkov value from the total yielded the cor-
rect ount of each isotope. In a similar way, the 809py
and °’™B isotopes were counted successfully in the pres-
ence of ""Br with only a small interference (11).

Both solid and liquid Cerenkov generators have been used
for measuring the products from an activation analysis (7,
15,16,28,22,30). A particularly important aspect of this
application is the very fast response of the detector;
pulse pile-up and summation problems are greatly minimized.
Some of the elements that have been determined are Be, Li,
B, ¥, I, and 05. The role of Cerenkov detectors in charg-
ed particle activation has been summarized (31). -Some of
the more unusual applications of Cerenkov detectors include
the use of the 30Cl emission to determine particle size
(32), the absorption of Cerenkov photon emission to follow
radiolysis in solution (33,34), the determination of the
refractive index of liquid orthodeuterium by comparing its
Cerenkov response with that of hydrogen (35), and the anal-
ysis of gaseous 85Kr (36).

Dual Tracer Studies

In our laboratory, we have been concerned recently with
the problem of determining two isotopes simultaneously in a
Cerenkov system. The solution of this problem is somewhat
more complex than that observed in organic scintillators
because of the high degree of overlap in the Cerenkov agec-
tra. For our study, we selected the lsotopes 6¢1 and
as being representative of a typical counting situation.

The effective determination of these two isotopes in a
mixture requires that their Cerenkov spectra be sufficient-
ly different to provide different relative counting effi-
ciencies over two regions of the response function. If two
single channel analyzers are set to count different por-
tions of the response, it is possible by using a solution
containing only chlorine-36, to determine counting effi-
ciencies for this isotope in each channel. The efficien-
cies of phosphorous-32 in these same two channels can also
be determined, Also, a count rate for a phosphorous-
chlorine mixture can be determined in each of the two chan-
nels, Knowing the efficiency for each isotope in each
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channel and counting rates in each channel for a mixture,
one can determine the disintegration rate of each isotope
in the mixture using techniques developed previously for
organic systems, The necessary equations are summarized
in Table IV.

If the same stock solutions of phosphorus and chlorine
are used to prepare samples containing a single isotope
and also isotope mixtures, it is possible to determine the
accuracy of a dual isotope measurement that is independent
of the absolute accuracy of the stock scolution assays.

This quantity, hereafter referred to as the accuracy func-
tion, is the ratio of the experimentally determined disin-
tegration rate of one isotope to the "known" disintegra-
tion rate for that isotope that is used in the calculations
of the channel efficiencies. The accuracy function is a
function of six variables which are the counting rates used
to determine the efficiency of each isotope in each channel
and the counting rates of the mixture in each channel. If
the dual tracer method is effective, that is, if the equa-
tions describing the system are valid, the accuracy func-
tion for an isotope will equal 1 for the case where the
amount of that isotope used is the same in both the sample
used for the efficiency determination and the mixed sample.
The accuracy function, appropriately, provides a conven-
ient measure of the accuracy of the determination. It
equals (or can be corrected to equal) one, when the system
is "well-behaved," and deviations from unity indicate di-
rectly relative errors.,

The equation for the accuracy function, because it is a
function of six counting rates, can be used to estimate the
effect of random statistical errors in specific gross
counts on the precision of the determination. The vari-
ation in the accuracy function as a result of statistical
variation in a given counting rate can be estimated as the
product of the partial differential of the accuracy func-
tion with respect to that counting rate and the estimated
error in the counting rate. The estimated error in the
counting rate resulting from random statistical errors
can be approximated as the product of the counting rate and
the relative standard deviation of the gross count that was
accumulated to determine that counting rate. A convenient
estimate of the standard deviation of the gross count is
its square root. The sum of the absolute values of the
relative error in the accuracy function caused by random
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Table IV.

Summary of Equations Used For Dual Isotope Analysis

G
c1,1 _ Sc1,1 E S1,2 Cc1,2 E
t. D. D = CcL1 t. D. D = ¢l,2
c1cl ¢l c1cl c1
°p,1 %,1 E Spo S0 & ®q,1 ¢
0. - - Tt tD. T -~ T . - Ml
P P pp  plp M
°M,2 ¢ c E.. .D E. .D
EmLm = "M,2 M,1 = "Cl,1°Ccl + "p,1°P
M
D E
“u,2 = Ec1,2%1 + Bp,20p
D* E
cl = “m,1fp,2 - O, 2% 1

E E E
c1,1%,2 - Be1,2B 1

Substituting for efficiency terms and dividing by DCl
yields the accuracy function:

A D#* c C C C AC

£1=_¢l = M,1P,2 - M,2°P,1 ; AA =]3A M,1(+
D
cl cc1,1cp,2 - cc1,2cp,1 aCM,l
3a_ “Cm,2l+[sa %Cer,1l|+|oa 2%1,2|+|ea 2% 1|+
]
cM,2 BCc1,1 acc1,2 aCp,l
I AC ] A
C C
A P,2 ; M,1 = M,l\/GM,l , etoc.
aCP 2 G
- ! - M,1
Variables; Subscripts;
G: gross counts Cl: chlorine
C: counting rate P: phosphorous
t: time of count 1l: channel 1
D: disintegration rate "known" 2: channel 2
D*: experimentally determined M: mixture

disintegration rate
accuracy function
counting efficiency

M|
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errors in the six counting rates provides an estimate of
error based solely on the statistics of the system. Such
an error estimate is quite useful in the selection of opti-
mum channel combinations.

Chlorine-36 was obtained from the Isotopes Division at
Oak Ridge National Laboratory, and the phosphorous-32 was
prepared by irradiation of ammcnium phosphate ({(dibasic)
in the Oak Ridge Research Reactor. Conventional 478 count-
ing techniques were used to determine absoclute disintegra-
tion rates. The basic instrumentation used was a Packard
Tri-Carb Liquid Scintillation Spectrometer (3000 series),
All data were collected with the instrument operating in a
coincident pulse height distribution mode. Counts were
taken at preset times to yield between 10° and 10° gross
counts in most counting situations. Background, which
was determined to be approximately 10 counts per minute
over the entire single channel analyzer range for the ex-
perimental conditions used, was considered negligible in
all cases. Samples were prepared to give a total volume
of about 8 ml of aqueous solution and were counted in
standard glass counting vials at 1° C.

To accumulate a set of data, five different solutions
were prepared, one of each of chlorine-36 and phosphorous-
32 separately and three mixtures of the two in which the
activity ratios were approximately one to one, one to ten,
and ten toc one. The solutions containing only one isotope
were used to determine counting efficiencies in selected
channels, and the mixtures were counted to determine the
accuracy of the methecd.

The major variable parameters in the determination of
two isotopes in a mixture are the gain and discriminator
settings for the two single channel analyzers. The ad-
justment of these variables defines the two channels which
are used to assay the mixture. While methods for the se-
lection of optimum gain and channel combinations have been
reported for dual tracer studies with liquid scintillation
systems, it was not readily evident that these methods
could be extended to Cerenkov counting systems. For ex-
ample, a useful technique to optimize gain settings in
dual tracer liquid scintillation systems utilizes an
"efficiency isotope A vs, efficiency isotope B" plot for
varying gain settings (37). However, when this technique,
known as an Engberg plot, was applied to the phosphorous-
32/chlorine-36 Cerenkov system, it provided relatively
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little guidance. (It should be noted that an Engberg plot
for carbon-14 and tritium in liguid scintillation solutions
prepared at the same time worked well for that combination
of isotopes.) Experience indicated that a practical gain
setting was one which allowed the entire spectrum of phos-
phorus-32, the stronger Cerenkov emitter, to be included
completely in the range spanned by the single channel ana-
lyzer.

A more complex problem was that of selecting optimum
channels for the simultaneous determination of the two iso-
topes. Any given channel may include a certain portion of
each isotope's response spectrum, and thus it is possible
to describe a channel in terms of the efficiencies that it
defines for the two isotopes or in terms of the ratio of
these efficiencies. In selecting channels, a variety of
criteria may be applied. A channel may be set to maximize
the chlorine/phosphorous efficiency ratio. Another chan-
nel may be set to minimize this ratio. Instead of counting
efficiencies, ratios of other terms such as the figure of
merit, which is the product of counting rate and effi-
ciency, may be the basis for selecting channels. Another
possibility is to select a channel which excludes entirely
the lower energy B~ emitter, and counts only the stronger
one. Selecting combinations of channels provides even more
possibilities. Two channels may be selected so that they
have a common boundary, no boundary, or boundary overlap.

To evaluate which combinations of which channels might
be promising for application to the chlorine-36/phosphor-
ous-32 Cerenkov system, an error analysis based on a num-
ber of different semi-hypothetical counting situations was
initiated. The efficiencies of each isotope separately
were determined over the whole range of the single channel
analyzer in one-half volt increments. By surming the effi-
ciencies of appropriate groups of increments, it was pos-—
sible to predict efficiencies for both isotopes in hypo-
thetical channels. Eight such channels were selected, and
the efficiencies of phosphorous and chlorine associated
with them were calculated. Each of these efficiencies was
multiplied by 5 x 105. The resulting numbers were assumed
to correspond to counts that would be tallied for a speci-
fic isotope in a given channel if it were exposed to a
solution of that isotope that yielded five hundred thousand
disintegrations over any arbitrarily selected time period.
The numbers themselves provided estimates of counts that
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might actually be cbserved in efficiency determinations for
the particular isotope in selected channels. BAdding the
phosphorous and chlorine numbers for a channel predicted
the count for a mixture of the two with a one-to-one ac-
tivity ratio. Counts were also predicted for one-to-ten
and ten-to-one activity ratios, so that each hypothetical
channel had five numbers associated with it--one for chlo-
rine, one for phosphorous, and one for each of three mix-
tures. By selecting combinations of these eight hypotheti-
ical channels it was possible to predict the errors in
statistics for a particular combination of channels.

Of the twelve different combinations of these eight
channels that were examined, the one for which the lowest
errors on the basis of statistics were predicted, was a
pair of channels with a common boundary in which the chlo-
rine-36 efficiency was 3.0% in the lower channel and 0,53%
in the upper channel, and the phosphorous-32 efficiency in
the lower channel was 12.7% and in the upper channel 18.0%,
An effort was made to duplicate these channels in the lab-
oratory and to correlate the predicted and observed errors
for the laboratory situation. The combination of channels
found experimentally which closely approximated the hypo-
thetical combination was a pair for which the phosphorous
efficiencies were 13.0% in the lower channel and 17.7% in
the upper channel. The chlorine efficiencies were 2.58%
and ,42% in the lower and upper channels respectively.
Table V lists the predicted and observed errors for two
combinations in laboratory trials. Another combination of
hypothetical channels which was selected as being relative-
1y good with respect to predicted error was also nearly
duplicated in actual counting conditions, and these chan-
nels too showed roughly the same correlation between pre-
dicted and observed error It must be remembered that pre-
dicted errors are maximum errors predicted on the basis
of random errors in counting statistics while the observed
errors reflect errors from all sources, such as errors in
pipetting and variations in instrument response.

The data in Table V show that the largest error observed
in any determination of phosphorus is <3%. The greatest
observed error for chlorine (excluding the 10:1 P/Cl ratio)
is <5%. Of course, predicted and observed errors can be
reduced by extending the counting period.

In a preliminary way, we have applied this computer sim-
ulation technique to the more common situation of counting
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Table V.
Comparison Of Experimental And Predicted Results For
Two Isotopes

Condition # 1

Activity Phosphorous—-32 Chlorine~-36
Ratio % Of Error % Of Error
Sample (p/C1) Observed Predicted Observed Predicted
1 1:1 1.59 0.28 2.88 2.81
2 1:10 1.42 0.84 3.05 1.03
3 10:1 1.06 0.26 55.80 18.45
1 1:1 1.85 0.28 1.69 2.85
2 1:10 2.09 0.84 3.43 1.04
3 10:1 2.23 0.25 13.77 22.03

Condition # 2

Activity Phosphorous-32 Chlorine=-36
Ratio % Of Error % Of Error
Sample (P/C1) Cbserved Predicted Observed Predicted

1 1:1 1.50 0.40 3.25 3.89
2 2.12 0.39 4.39 4.16
3 1.80 0.39 0.07 4.03
4 1.36 0.40 1.70 3.95
5 1.85 0.39 0.99 4.07
1 1:10 2.78 1.23 1.23 1.50
2 2.78 1.23 1.33 1.49
3 1.95 1.24 2.50 1.49
4 2.40 1.24 1.88 1.50
5 2.24 1.23 1.62 1.50
1 10:1 1.55 0.36 0.02 34,03
2 2.19 0.35 32.51 50.32
3 1.64 0.36 8.70 31.85
4 1.61 0.36 12.32 38.89
5 1.63 0. 36 18.79 42.16
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carbon-14 and tritium in organic scintillators. Over wide
ranges of activity ratios and absolute activity levels,
predicted and observed errors are in very close agreement.
Thus, in our opinion, the computer simulation is generally
applicable to the general problem of counting multiple iso-
topes that exhibit a continuous emission function. The
great advantages of the method are the speed with which
predictions can be obtained and the accuracy of those pre-
dictions.
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