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INTRODUCTION

Nowadays most users of scintillation counters expect automatic processing of raw
data in order to calculate the absolute activity in their samples and possibly to
perform further analysis of results. The techniques which have been described
include:

simple production of counts per unit time within a calculator in the counter
(for example, continuously during counting as in the Packard 3375, which also
computes the standard deviation of the counts, or at the end of counting as in
the Nuclear Chicago Mk. II);
on-line' computation by either a small computer built into the counter (as in

the Intertechnique SL4O) or by a desk-top calculator such as the Olivetti
Programma 101, or Diel calculator as used with the Tracerlab Corumatic 2000;
transfer of data to a large computer, followed by processing the data as a
batch-job, either off-line or by direct access via an on-line time sharing
terminal.
The main advantages of the large computer are that the data can be readily

stored and edited, and, because of the speed and storage capacity of the machine,
more sophisticated and extensive processing of the data can be performed.

The kinds of data reduction which users require depend upon the type of
experiments they perform and, in any environment where there are a number of
users of one machine, there may be a wide variety of demands. Descriptions of
a number of programs, written for large computers have appeared in the literature.
Most have been written in high level languages such as FORTRAN or ALGOL, and
thus can be used with only minor modification at most computer installations.
Many of these programs have been cited in the review by Spratt,' other and more
recent examples are those of Johnson et al. ;2 Barber and Bourne;3 Stanley;
Assailly et al.;' Ayrey and Evans;6 Deterding;7 Haissig and Schipper;8 Yund et al. ;
Cramer et al.;' ° Hansen and Carroll;'' Forker and Wycoff;' 2 Boeckx et
O'Toole and Osburn.'4 These programs have usually been written for a particular
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application and with the needs of a few users in mind. They thus have the following
disadvantages: (1) the format of the data expected by the program relates to one
counter; (2) it is assumed that all of a given batch of data is to be processed in the
same way; (3) the instructions concerning which samples are to be proccssed,
methods of quench correction and degree of further data reduction are often not
self-explanatory. The user is often required to provide instructions in a numerical,
abbreviated form, a scheme which is not easy to remember nor provides a reliabl.c
system in a multi-user environment.

GENERAL FACILFflES OF THE PROGRAM

In order to overcome some of these disadvantages we have written a program in
FORTRAN IV (for the IBM 360/370 Gi and H extended compilers and using list-
directed READ routines), which provides very general facilities for processing
scintillation counter data, according to simple self-explanatory instructions
supplied by the user. The program which compiles in about 150K and runs in
approximately 92K bytes of main store, performs the following functions:
1. reads data, from paper tape, cards, magnetic tape or disc, as required, in

a format which is specified by the user;
2. translates users' instructions;
3. outputs a copy of instructions and raw data to facilitate data checking;
4. calculates and outputs counts per minute (c.p.m.) for each sample for each

channel and also channels ratios if requested;
5. performs subtraction of background from samples. If determination of

efficiency is by the External standard Channels Ratio (ECR) method (sec below),
quench corrected backgrounds may be determined by reference to a set of
quenched backgrounds.' 5, 1 When the Sample Channels Ratio (SCR) method is
used, quench corrected background subtraction is not used, but a mean back-
ground is used;

6. calculates disintegrations per minute (d.p.m.) for samples containing up to
three isotopes. The following methods of computation can be selected:
I. counting efficiencies for each isotope, which are assumed constant for

a set of samples, are supplied by the user;
counting efficiencies, assumed constant for a set of samples, are computed
from samples containing reference amounts of activity;
quench correction for a set of samples is applied by SCR or ECR methods.
In the SCR and ECR modes, the curves relating counting efficiency to
channels ratio are described by second order polynomials. The co-
efficients of the polynomials may either be calculated by the program from
sets of reference standards or supplied by the user. Optionally, quenched
coefficients which have previously been computed or supplied may be nor-
malised by reference to a 'reference' standard or standards.' Using the
ECR mode, d.p.m. for three mixed isotopes may be computed from counts
in three channels. In the SCR mode, d.p.m. are calculated assuming no
overspill of the lower energy isotope into the ratio channels used for the
high energy isotope18-2° and d.p.m. for a maximum of two mixed isotopes
can be calculated;

7. d.p.m. for each isotope are corrected for decay during the time elapsed since
the first sample began counting. The time elapsed during sample transfers,
etc. in the sample changer is allowed for. Assumed values for individual
counters are selected when the user specifies the format of the data input;

8. the mass of each labelled species in each sample is computed, if the specific
activity of each isotope is provided;
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9. additional subroutines can be called to perform further arithmetical procedures
according to individual requirements. The basic program does not have to be
altered because further subroutines communicate with values already computed
via 'common blocks' of the program.

FORMAT OF INSTRUCTIONS

The instructions allow the user to subdivide the data file into groups by sample
pot number, each group being considered as one data set. Each data set may be
processed in different ways according to the users' requirements by instructions
punched on corresponding groups of cards, called instruction sets.

Each of the types of instruction card has as its first argument a name or an
alias which reflects the nature of the instructions it contains. This name is then
followed by further arguments, which provide information required for the instruc-
tions to be executed. The cards are as follows

Card First Argument Function of Instruction Card

1 separation card between instruction sets.

2 'OPTIONS' defines the counter used and format of data, for
'0' example 'NCl' defines 'one-line' output format

from a Nuclear Chicago Mk. II counter.

3 'TITLE' allows the addition of a title for the currently
selected data Set on the card following.

4 'ISOTOPES' defines the isotopes present in the currently
'I' selected data set and the channel optimised for

that isotope. Options for channels are 'A' 'B'
'C' and for isotope names '3H' '14C' '32P' '35S'
'45CA' '1251' '1311'.

5 'SAMPLES' defines the position (from the pot numbers on
the scintillation counter output) of the currently
selected data set.

6 'BACKGROUND' defines the position of background pots for the
'BG' currently selected data set. If quenched back-

ground correction using ECR is required, the
location of background pots is provided on the
'MODE' card, and this card is ignored.

7 'MODE' defines the way in which d.p.m. are to be cal-
'M' culated for the currently selected data set. Per-

mitted options which are specified by the second
argument on this card are;
'READ' - reads the counting efficiencies of each
isotope in each used channel;
'CALC' - calculates the counting efficiencies of
each isotope in each used channel from specified
pots containing reference material;
'SCR' Sample Channels Ratio method;
'ECR' External standard Channels Ratio method.

8 'REFERENCE' this card is optional and allows 'normalisation' of
'R' quench correction coefficients by reference to a

'reference' standard.
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The arguments on the 'MODE' cards (cards 7,9 in the example)
signify:

'B/C' - ratio of channel B over channel C
- quench coefficients to be computed from standards,

then for each isotope
- location of first pot containing standard (e.g. 234)
- number of standards in quenched set (e.g. 8)
- d.p.m. in standard (e.g. 10000)
- time elapsed since standard was calibrated (e.g. 0)

then for backgrounds
- location of first pot containing background

(e.g. 250)
- number of backgrounds in quenched set (e.g. 8)

Fig. 1. An example of two instruction Sets for processing a data set by
the ECR and SCR modes.

1 '' /
2 'OPTIONS' 'Nd' /

3 'TITLE' /

TEST RUN OF QUENCH SET PLUS SAMPLES

4 'ISOTOPES' '3H' 'A' '140' 'B' /

5 'SAMPLES' 176 187 /
6 'BACKGROUND' /

7

8

'MODE' 'ECR' 'S' 234 8 10000 0, 218

'*' /

8 10000 0, 250 8 /

9

10

'M' 'SCR' 'B/C' 'S' 234 8 10000 0,

'*' /

218 8 10000 0, 250 8 /

9 'ADD' this card is optional and defines additional
'A' subroutines provided by the user.

In order to process a single data set, one instruction set, consisting of cards
1-7 must be present, cards 8 and 9 are optional. To process several data sets
or one data set in several ways, further instruction sets are provided. Only
instruction cards which are to be changed are added; the other cards may be
omitted, in which case the values of the arguments on these cards, which were
defined for the previous data set, remain unchanged. Figure 1 shows an example
of two instructions for the calculation of d.p.m. by the ECR and then SCR modes
on one set of data, and Fig. 2 the output format for d. p.m.

Card Instruction
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DISCUSSION

General
We have found, in a multi-user environment, that the processing of scintillation
counter data by computer is made much simpler and more reliable for most
users by the provision of a program which allows input of instructions in a
simple and self-explanatory format. A similar approach has recently been
implemented in a program in PLAN4 for a 'pseudo-on-line' system using the
ICL1900.2'

Our program as it is presently implemented allows the choice between the two
commonest methods of quench correction, SCR and ECR. The comparison of
results produced by the two methods permits detection of inhomogeneity in sample
preparation as suggested by Bush. 22

It would be desirable to add further subroutines to provide options for quench
correction by the so-called parabolic curve-fitting chaimels ratio method,23 and
by the SCR method in the presence of overspill by the technique of Hansen and
Carroll.' ' These routines could easily be added and would be invoked by new
calling arguments on the 'MODE' card, e.g. 'PARA' and 'SCRi', without inter-
ference with the rest of the program. Implementation of the Hansen and Carroll
techniques would also allow quench correction of backgrounds using SCR as
suggested by Stanley,2 again without alteration to other options.

Concerning error calculations

Scintillation counting finds most use in the measurement of isotopes used as
markers of molecules in physical, chemical and biological experiments. The
experimental errors associated with typical experiments derive from:

inherent variability in the experimental system, e.g. biological variation;
inaccuracies in conducting the experimente.g. pipetting, weighing, etc.
up to and including the preparation of sample for scintillation counting;
error due to the random nature of radioactive decaythis is assumed to follow
the Poisson distribution model, although will not do so if the counter is in-
sufficiently stable - see Matthijssen and Goldzieher,25 cited by Spratt;'
errors due to machine instability, irregularity of sample vials and vial
positioning;
errors in performing quench correction by external standard due to irregularity
of sample vials and positioning of external standard.
It is obviously desirable to attempt an estimate of errors associated with the

most significant error terms and as far as counting is concerned it is advisable
to estimate both errors due to counting statistics for each sample and the error
associated with fitting quench correction curves; the latter also being compounded
of errors due to pipetting of the standards and counting statistics. It is probably
most informative if these errors are presented separately as ± 95% confidence
limits and then an attempt is made to combine them to give an estimate of the
overall 95% confidence limits for the counting process. In this way, the major
source of error, viz, sample counting or curve fitting, can easily be identified.
Furthermore, it is probably advisable to calculate the error which is apparent
in repeated counting of each sample and to compare it with the theoretical counting
statistics. In this way machine drift may be detected.7

Concerning errors in counting statistics

It is obviously straightforward to compute errors associated with the counts
accumulated in each channel and to combine these with the errors in counting
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the background in each channel, to give a net channel count rate error.1 26

Remembering that in combining errors, the following rules apply, where 2(A)
is the variance of A, and a(A) is the standard deviation of A.

If C = A±B

then a2(C) = a2(A) +a2(B)

I 2(A) 2(B)
and (C) =

B

Let sample gross count = S; background count B; sample counting time =
background counting time = TB; sample gross count rate = SCPM; background
count rate = BCPM; and let net count rate = NCPM.

SCPM = S/T

and BCPM = B/TB

We wish to find the variance in the net count rate, and hence the standard
deviation and 95% confidence interval.

Now NCPM = SCPM - BCPM

from (3) and (4) NCPM = S/Ts B/TB

Using (1) to combine variances

2(NcpM) = a2(S/T) +2çB/T)

Now c2(S/T) is simplified by combining variances as in (2).

Thus 2(S/Ts) = (s/T8)2

but T2
because the counter time is sufficiently precise. Therefore

2(S/Ts) = (S/Ts)2 ()

Ts

Likewise a2(B/T) -
TB

and a(C) =J0(A) +a2(B)

If C = AxBorC=A/B

then - A B
G2(4) a2(A) a2(B)

2(C)
2 [c2(A) a2çB)1= +j
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Substitute in Eqn. (5). Hence

c2(NCPM) 2(S) p2(B)
T TB2

For the Poisson distribution, o2(S) = S, c2(B) = B. Therefore

2(NCPM) =
S B

2
S B

SCPM BCPM
T8 TB

Hence also O(NCPM) and ± the 95% confidence limit (CI) where CI = 1.96
a(NCPM). In practice the 2aerror is often used, being the 95.45% confidence
limit, which is slightly more conservative.

Concerning the error In interpolating a quench correction curve

Determination of d. p. m. by ECR and SCR involves quench correction curves,
which are often represented by a polynomial relating counting efficiency to channels
ratio. The errors associated with interpolation of such a curve arise from counting
statistics for the standards and also because, whatever the order of the polynomial,
it may not represent the real behaviour of the machine. This is so even within the
range of standards, let alone in extrapolated regions beyond. Some authors con-
sider that other functions, for example logarithmic, give a better representation
of machine performance. 6,7 We will consider the error associated with fitting a
second order polynomial although the treatment is general,27 allowing handling of
high order polynomials, and is performed in the program by an IBM supplied
subroutine,

Let E = a0 + a1R + a2 (R)2 (6)

where E is the efficiency and H is the ECR.
Assume we have n standards and thus produce n values of E and R given by e

and ra. The coefficients of this curve are generated by the method of least
squares, i.e. minimising the sum of squares of the observed values (= e) from the
expected values (= E) predicted by Eqn. (6). That is, we choose the values of aj

which minimise Q = (eiEj)2

1)

which is Q (e1 - a0 - a1r - a2r2)2
i=1

The values of a1, a2 are given by the solution of the set of simultaneous equations

a1 C11 a2 C12 = e1 (7)

a2 C21 + a2 C22 Dc2 (8)
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where

and s2 is the residual variation of the regression.

Fortunately in solving Eqns. (7) and (8) for a1 and a2 if the matrix

= a2()+ (;_ )2 a2()

-e )a (a2)

2-
(E - ) (E2 - e2) Coy (a1 a) (10)

0(e) - (11)a

where cli (ri- ) (ri- )

C12

=

) (r? - r2)

c21 - r2) (r_ r1)

n 2222
C22 = (r. - r ) (r. - r

Del = (e- ) (r- )

1=1

D02
=

) (r r2)

and a0 = e-a1r-a2r2 (9)

Now in any subsequent determination of E from a single value of R we may deter-
mine an error in E from
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DPM NC PM
E

Thus a2(DPM) = (DPM)2 +)]
This case is straightforward, but notice that if the net background count rate is
determined from a quench corrected background, then a2(BCPiVI) is determined as
in Eqn. (12) and

a2(NCPM)
SCPM +a2(BCPM)T5

Double isotope case. In this case the combination of errors by the methods already
discussed becomes more complicated. Assume the ECR method is used and that
in counting the sample overspil occurs from the low energy sample channel, A, to
the high energy sample channel, B. Let be the counting efficiency for isotope i
in channel j. Then

is inverted to give

l/D = C11 C12

c21 c22

then the terms are proportional to the variances and covariances of the
coefficients a1, a2 as follows:

2a (a1) S2 C11

02(a2) s2 C22

2 c12C0V (a1 a2)

2
= S

Hence from Eqns. (10) and (11)

a2(E)
2

(E )2 s2 c11
n

2 22 2 22F(E -e) S C

+2(E -) (E2_e2)s2 C12 (12)

In the program, this error calculation is performed for each determination of
counting efficiency and the 95% confidence interval (CI) calculated from

CI = t2o(E)
where the value of t, Student's t for n - 2 degrees of freedom, is calculated by
the program.

Concerning the combination of errors of counting statistics and Interpolation of
quench correction curves

Single isotope ease. In this case
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(CPMA) = E1A (DPM1) +E2A (DPM2)

(CPMB) = E1B (1JPM1) + E2B (1)M2)

DPM1 E2B(CPMA) - E2A (CPMB) (13)
E1A E2B - E2A E1E

E1B (CPIA) - E1A (CPMB)
DPM2

- E2A E1B - E2B E1A
(14)

The values of 2(Ejj) are computed for the four quench correction curves as usual
for each sample and the net count rate errors for CPMA and CPMB are also known.
Hence by the use of Eqns. (1) arid (2) for combinations of errors, a2(DPM1) and
2(DPM2) could be computed.

From inspection of Eqns. (13) and (14), however, it is clear that the expression
for 2(DPM) is arithmetically cumbersome and does not apparently have a general
form. The computation would probably best be performed by the use of two sub-
routines for combining errors. This has not so far been implemented.
General consideration. The computational untidiness associated with estimation
of propagated errors could probably be overcome by the use of special techniques28
such as (1) rounded interval arithmetic, (2) unnormalised arithmetic, (3) nor-
malised floating point arithmetic with an index of significance, (4) automatic
controlled precision arithmetic. Certainly some compilers have been written
for rounded interval arithmetic in high level language such as Algol 60.29 It is
generally held, however, that measurement of propagation of errors by these
teclhniques may yield excessively pessimistic estimates.
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DISCUSSION

E . B. Mueller: Does your program average multiple countings of recycled
samples?

D.E. BoWer: Not at the moment but this option can be added and would, I think,
be a desirable addition.

E .B. Mueller: I believe that the statistical variation in multiple countings is more
important than the expected statistical error for a single counting.

D.E. Bowyer: I would not say more important in general, but certainly valuable
for detecting erroneous counts due to machine malfunction, etc. during one count-
ing period. The problem in everyday work in association with experimentalists,
biologists at any rate, is persuading them to do repeated counting.

L.A. Wegner: Why do you restrict the polynomial fit to the second order? Using
a modified Nuclear-Chicago program (which makes available fits of up to the order
n 10) the experience of our laboratory is: performing the fitting routinely for
three different types of Liquid Scintillation Spectrometers, in most cases the 'best'
polynomial fit (With a minimum n) is achieved with values of n: -44n 6.

D.E. Bowyer: You must be aware that the results produced by using higher-degree
fits may not be correct in the regions between the points used for fitting.

L.A. Wegner: There may arise difficulties of this kind. But if one eliminates fits
with 'oscillating' behaviour and only permits the use of functions with monotonic
behaviour (inside of the interval of approximation) the difficulties mentioned will
not occur.

D.E. Bowyor. I agree that the use of higher order polynomials will probably give
a mathematically better fit to the experimental points as judged by the residual
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variation of the regression. The point at issue, however, is whether this computed
curve is a better representation of the real behaviour of the machine. It is
generally agreed that the oscillatory solution produced by a high order polynomial
does not represent the real relationship between efficiency and, say, ECR. The
problem is to find a balance between representation of machine behaviour and a
mathematically defined best-fit, by least squares, to the experimental points.
This, of course, depends upon the machine performance as determined, for
example, by the vial variation, vial geometry and reproducibility of positioning of the
external standard as discussed by Stanley P.E. Stanley in Liquid Scintillation
Counting, Vol. 2, (Ecis. B. Scales, M.A. Crook and P. Johnson) Heyden and Son,
London, 1972, p.285 }. We believe that the countth.g conditions and range of quench
correction standards should be chosen so that the quench correction curve shows,
by graphing of repeated counts, neither maxima nor minima, thus avoiding the
possibility of multiple solutions. The presence of a graphing routine for quench
curves in a program is obviously very desirable for this reason. The usefulness
of the computed curve as a representation of the machine behaviour may then be
judged by testing for a significant difference between observed values produced by
repeated (i.e. recycled) counting of standard(s) and the value predicted from the
curve (F). This is simply achieved by an F test of the ratio of the variances of the
curve fitting, a 2(E), to the variance associated with repeated counting, a 2(S). If
there is no significant difference, then obviously the curve at that point is accept-
able. If there is a significant difference, on the other hand, it would be necessary
to compute a new curve, using a higher order polynomial, and to test at the point
of interpolation again. We have not so far implemented this technique in our pro-
gram, but it is obviously simple enough and assuming a reproducible, constant
error for each counter, associated with repeated, recycled counting of a standard,
the relevant values of c2 (S) for each machine could be invoked by the OPTIONS
card which also defines data format and transfer times of the samples during
sample changing.
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