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Liquid Scintillation High Resolution Spectral Analysis

Grau Cales, A.; Grau Malonda, A.
28 pp. 20 fig. 107 refs.

Abstract:
The CIEMAT/NIST and the TDCR methods in liquid scintillation counting are based on the determination of the effi-
ciency for total counting. This paper tries to expand these methods analysing the pulse-height spectrum of radionuclides. 
To reach this objective we have to generalize the equations used in the model and to analyse the influence of ionization 
and chemical quench in both spectra and counting efficiency. We present equations to study the influence of different 
photomultipliers response in systems with one, two or three photomultipliers. We study the effect of the electronic noise 
discriminator level in both spectra and counting efficiency. The described method permits one to study problems that 
up to now was not possible to approach, such as the high uncertainty in the standardization of pure beta-ray emitter 
with low energy when we apply the TDCR method, or the discrepancies in the standardization of some electron capture 
radionuclides, when the CIEMAT/NIST method is applied

Análisis de Espectros de Alta Resolución en Centelleo Líquido

Grau Cales, A.; Grau Malonda, A.
28 pp. 20 fig. 107 refs.

Resumen:
Los métodos CIEMAT/NIST y TDCR en centelleo líquido se basan en la determinación de las eficiencias totales de 
recuento. En el presente trabajo se trata de ampliar estos métodos analizando los espectros de amplitud de los impulsos. 
Ello requiere la generalización de las expresiones de cálculo y permite analizar la influencia de las extinciones por io-
tización y química tanto en el espectro como en la eficiencia de recuento. Se desarrollan expresiones para el estudio de 
la influencia de la diferente respuesta de los fotomultiplicadores en sistemas con 1, 2 ó 3 fotomultiplicadores Se analiza 
la influencia del nivel del discriminador del ruido electrónico en el espectro y en la eficiencia de recuento. El método 
descrito permite estudiar problemas que hasta ahora no era posible abordar, tales como la elevada incertidumbre en 
la calibración de emisores beta de baja energía con el método TDCR, o las discrepancias en la calibración de algunos 
nucleidos que se desintegran por captura electrónica pura cuando se aplica el método CIEMAT/NIST.
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1. Introduction 

Liquid scintillation counting has become a universal method for radionuclide 
standardization. Due to the great advantage that represents the absence of self 
absorption and the possibility of correcting by well established procedures both 
ionization and chemical or colour quenching it has been possible to develop accurate 
computation models. 

Two methods compete in the activity determination of radioactive samples: 
CIEMATINIST and TDCR (Triple Double Counting Rate). The first one requires to 
obtain the counting efficiency of a tracer, usually tritium, and to calculate, by means of 
a model, the counting efficiency vs. the free parameter for tritium and the radionuclide 
to be standardized [1-5]. The TDCR requires to measure the radionuclide both in three 
and two coincidence photomultipliers and to calculate the ratio between the counting 
rates. A computation model allows one to calculate the counting efficiency vs. the triple 
and double counting rate and consequently to standardize directly the radionuclide [6-
10]. 

A great volume of work has been carried out in radionuclide standardization [11, 
48]. The most complete revision on measurement procedures, with abundant references, 
is given in [47]. Other works in the same line are given in [48, 49]. 

Many programs to compute the counting efficiency based in different models 
have been published [50-64], but no one of them allows us to calculate the radionuclides 
spectra. 

The analysis of experimental liquid scintillation spectra, obtained with two 
coincident photomultipliers, has been applied very little, in spite of the demonstrated 
capacity for radioactivity determination in radionuclide mixtures. The most tested and 
satisfactory method is the Grau CarIes method [65-76] based on the deconvolution of 
spectra. It has been applied to the decomposition of mixtures up to 10 radionuclides. 
Some of these mixtures like that of 14 C and 35 S with very close maximum beta energy 
[66] were considered impossible to obtain the activity of each radionuclide. 

Liquid scintillation counting systems permits to develop applications that present 
advantages with regards to other standardization methods: long half lives with 
uncertainties lower than other methods [77, 78]; beta spectra shape factor [79-82]; 
analysis of basic aspects of scintillation process and electron interaction with the 
scintillator [87-89]; analysis of problems related with the TDCR method [90-93] or with 
branching ratio determination [93]. 

In this paper we develop a procedure to calculate the spectra obtained with high 
resolution spectrometers. We compare the computed and the experimental spectrum for 
55 Pe obtained with two photomultipliers working in coincidence. We analyse the 

spectrum of 55Pe when this radionuclide is measured with 1, or 2 or 3 photomultipliers 
working in coincidence. The procedure is general and can be applied to any 
radionuclide decaying by beta-ray emission or by electron capture. 

Different problems without solution in the standardization of radionuclides by 
liquid scintillation counting can be approached applying the technique here described. 



2. Spectrometers with a single photomultiplier 

2.1 Single electron ("mono") pulse-height spectrum 

In order to investigate the pulse-height distributions, the spectrum of minimum 
reaction of a photomultiplier, i.e. of the single photoelectrons ("monos"), must be 
considered. It is generated by irradiating the photocathode directly by some weak source 
of incandescent light. The energy of one photon is not enough to produce more than one 
photoelectron. Fig. 1 shows a typical "mono" spectrum obtained by a RCA 8850 [94]. 
This photomultiplier has a first dynode made of GaP(Cs) with a high quantum yield 
which increases the amplification of the first stage. 
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Fig 1.- Spectrum of monos of a RCA 8850 photomultiplier specially selected 
by its spectral response. 

The typical "mono" spectrum can be split up into two parts: a nearly Gaussian 
peak and a remainder, the origin of which, according to Coates [95], is due to "edge 
effects". The noise of the photomultiplier and the Gaussian peaks are clearly separated 
by a valley. This is not the case for some high resolution photomultipliers in which the 
noise and Gaussian peaks are very close as it is shown in [96]. In this situation we can 
have a valley below the noise or perhaps only the noise and a Gaussian peak. As we will 
mention later either of this situations must be clarified to obtain accurate radionuclide 
standardization. Other photomultipliers, with low resolution, show a half Gaussian pulse 
distribution and noise. This situation will be not considered in this paper. 

2.2 Pulse-height distribution 

The pulse-height spectrum from a simple photomultiplier can be considered as a 
weighted sum over n distributions which correspond to the simultaneous arrival of n 
monos. When y?) is the monos distribution and Yi(2) the distribution due to two 

electrons emitted by the photocathode we have: 



n 

Y (2) = "y(1)y(1) 
1 L...J k l-k 

k=1 

(1) 

with the condition i - k ?: 1. When the number of channels of yP) is N, the number for 

Yi(2) will be 2N. When Y?) is normalized to 1, we have 

00 

LY?) =1 (2) 
i=1 

then Yi(2) is also normalized to 1. When the number of photoelectrons emitted by the 

photocathode is 3, the pulse-height distribution is 

n 

Y (3) = "y(1)y(2) 
1 L...J k l-k 

k=1 

(3) 

also normalized to 1. The emission of n photoelectrons by the photocathode is given by 
the distribution 

n 

Y en) = "y(1)y(k-l) 
1 L...J k l-k (4) 

k=1 

This equation permits to obtain the electron distribution for n = 2,3, ... due to uniform 
energy emissions. Fig. 4 shows these distributions for n = 1, 2, ... ,7, obtained from the 

monos distribution presented in Fig.I. The curious shape of Yi(2) and Y?) is due to the 

asymmetry of y?) . When n increases, spectra become symmetric and the centre of the 

peak is placed at n times the mean height of the y?) spectrum. 

In the case of a single photomultiplier and a source emitting electrons with 
uniform energy, the pulse-height distributions is given by the equation 

(5) 

where n is the number of electrons emitted by the photocathode following a Poisson 
statistical distribution with mean m. When E is the interacting electron energy, Q(E) 

is the ionization quench factor and A is the free parameter [100], the mean number of 
electrons at the photocathode is given by: 

ExQ(E) 
m =---=---'-----'--

A 
(6) 
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Fig 2.- Spectral photomultiplier response for n = 1, 2, ... ,10 electrons. For n > 1 

the response has been computed by the deconvolution of the spectrum of monos given 
in Fig. 1. We must emphasise the presence of two clear peaks. 

where Ex Q(E) is the particle effective energy. Fig. 3 shows spectra for seven 

mono energetic emissions with electron means m = 1, 2, 3, 4, 5, 7 and 10. For m = 1 and 

2 the monos is the predominant peak. For m = 4, predominant peaks are for 2 and 3 
electrons. For m = 10 we have only a broad peak. It is important to point up that for low 
energy electrons, the position of the peaks in the pulse-height spectra are not related 
with the energy of the interacting electrons. Here the electron energy modulates or acts 
statistically as a weight for the different peaks. 
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Fig 3.- Emission spectra due to a mono energetic radiation. The mean number of 
the electrons at the output of the photocathode is m = 1, 2, 3, 4, 5, 7, 10. 



The pulse-height spectrum is defined by a series given by: 

w 

S =" a yen) 
1 L...J n 1 

(7) 
n=l 

where i the channel number in the spectrum. This infinite summation must be truncated 
and the maximum value of n will depends on the problem. As a general rule, the 
number of spectral components will be the necessary to obtain the experimental 
counting efficiency of the problem. In other words, the accuracy of the counting 
efficiency fixes the number of spectral components. 

2.3 Spectrum of 55 Fe 

55 Fe is a radionuc1ide decaying by pure electron capture with emission of X-rays 
and Auger electrons of low energy. Fig. 4 shows the computed and experimental 
spectrum of 55 Fe obtained for a RCA 8850 selected by its high resolution [94]. The 
main discrepancies between experimental and computed spectrum are the following: 
difference between the heights of the first peak due to one electron emission and 
different response en the valley. The difference between peaks is due to the after-pulses 
[98]. To quantify the number of after-pulses in a spectrum is a difficult matter, however 
in this case the number of after-pulses is 12%. As the after-pulses are accumulated at 
low energies, the resolution has been modified and the peak is shifted to low energies. 
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Fig 4.- Experimental and computed spectra of 55 Fe for the photomultiplier 
RCA 8850. The spectrum of monos is given in Fig. 1. 

It is interesting to analyse the differences between the region of the spectrum 
previous to the first peak. The experimental spectrum shows an almost flat component 
whereas in the calculated one a minimum is observed with an increase of counts in the 
first channel. This difference is due to the discriminator that eliminates the noise of the 



photomultiplier and distorts the spectrum. In this case the problem is not important, but 
for systems with two or three photomultipliers in coincidence it must be taken into 
account to obtain the counting efficiency. This effect will be analysed with more detail 
in other paragraph. 

It is observed that both the second peak and the following ones fit perfectly in 
both spectra. 

2.4 Free parameter and kB 

We have applied a value of 1.32 keY/electron for the free parameter in the 
calculation of 55 Fe spectrum. The free parameter is directly related with the chemical 
quenching level in the sample as well as the light looses from the emission of the 
photocathode. Fig. 5 shows the spectra calculated for A =1.32, 2.32, 3.32, 5.32, and 
10.32 keY/electron, which correspond to increasing chemical quench. For 
A = 1.32 keY/electron we distinguish up to five peaks. The first and the second peaks 
are the most intense. When chemical quench increases (A. increases) the spectrum is 
loo sing counts in the superior part while the first and the second peaks increases. 
Chemical quench reduces the pulse-height distribution and consequently the spectrum 
seems to shrink. However, the peaks don't move, what diminish or increase is the height 
of them. 
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Fig. 5.- 55Fe spectrum for increasing values of the free parameter A 

The kB value introduced to correct for ionization quench has been analyzed in 
several papers [99-105]. Fig. 6 shows the spectra for three values of the kB, 0.0075, 
0.009 and 0.012 cmIMeY. The free parameter value has been fixed in A = 1.32 
keY/electron in all our computations. The second peak (emission of two photoelectrons) 



is practically the same for the three kB values. However, the first peak increases in 
intensity when the kB increases while the 3 and 4 peaks diminish as kB increases. 
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Fig. 6.- 55 Fe spectra for three different values ofkB 
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The question arising is the following: is it possible to obtain the same spectrum 
combining values of kB and values for the free parameter? The answer is positive. Fig. 
7 shows two spectra (indistinguishables) obtained with the following values: kB=0.0075 
cmlMeVand A = 1.5 keY/electron and kB=0.014 cm/MeV and A = lA keY/electron, 
respectively. The counting efficiency is the same in both cases (0.807). 
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Fig. 7.- 55Pe spectra for two different values of kB and the free parameter: 
kB = 0.0075 cmlMeV and A = 1.50 keY/electron and kB = 0.014 cmlMeV 
and A = 1.40 keY/electron. 

2.6 Spectra of 3H and 55Pe 

Pig. 8 shows the computed spectra of 3H and 55 Pe for a single photomultiplier. 
It is observed that although particle emission spectrum of both radionuclides is 
different: 3H has a continuous spectrum and 55Pe has a discrete one, the output of the 
photomultiplier is similar in form as was mentioned before. 
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Fig. 8.- Spectra of 3H and 55Pe. The position of the peaks is the same and the 
heights ones different. 



A controversy exists in relation with the optimal tracer in the CIEMATINIST 
method. Some authors use 3 H [1, 2] and others 55 Fe [106]. It is thought that tritium is a 
better tracer for beta emitters and 55 Fe for electron capture decaying nuclides. This is a 
logical conclusion when spectra with poor resolution are analyzed and we take into 
account the disintegration way. However, the question is: Why both radionuclides are 
good tracers for both forms of disintegration? The spectra in Fig. 8 explain clearly this 
last fact. The spectral forms produced by the photomultiplier for both disintegration 
ways are structurally similar. 

On the other hand, these spectra explain another important question: Why these 
tracers allow to calculate the counting efficiency of radionuclides with higher energies? 
The application of the tracer method in others detectors, e.g. proportional counters, 
imposes the condition of similar energy particles in both radionuclides. The problem for 
the standardization of radionuclides by liquid scintillation resides in the non linear 
response to low energy (below 10 keY) due to ionization quench [99]. The 
photomultiplier response in low energy is similar for all the radionuclides emitting 
electrons. The energy of the electrons emitted by the radionuclide only modulates the 
intensity of the spectral peaks but don't have any influence on the position of the peaks. 
Fig. 9 shows the spectrum Of125 I. We observe that for low energies the spectrum is 
similar to the spectra of 55 Fe and 3 H . 

Finally, another important observation: when the spectra mixtures 3 H - 55 Fe are 
analyzed applying the deconvolution method of Grau Carles [68], increasing chemical 
quench, the deconvolution is impossible due to the similarity of the spectral shapes. 
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Fig. 9.- Spectrum ofl-125. The low part of the spectrum is alike the spectra of 
'3H and 55Fe , . 

3. Spectrometers with two photo multipliers 

Commercial spectrometers have two photomultipliers placed in front of the 
sample with an angle of 180°. The photomultipliers are in coincidence, to reduce 
electronic noise and after-pulses, and in sum to recover the signal that has been 
distributed between both photomultipliers. 



Table la.- Statistical factors for two photomultipliers with equal response. 
(n] = n2 = n) 

Operation mode Statistical factor 
A),A2 

00 

"LP(n, 2n)(1- 2-n
) 

n=l 

A) +A2 
00 

"L P (n,2n) 
n=l 

A)A2 
00 

"LP(n, 2n)(1- 2)-n) 
n=2 

Table Ib.- Statistical factor for two photomultipliers with different response. enI *- n2 ) 

Operation mode Statistical factor 

Al 
00 00 

"LP(n, n) + n2) - e-"J "LP(n, n2) 
n=l n=l 

Al +A2 
00 

"LP(n,n) +n2) 
n=l 

AIA2 
00 00 00 

"LP(n, n) + n2) - e-"J "LP(n, n2) - e-n2 "LP(n, nJ 
n=2 n=2 n=2 

Tables la and lb show the statistical factors to compute the pulse-height 
spectrum. Table la gives the equations when the two photomultiplier have the same 
output [99]. In other terms the mean number of photoelectrons at the photocathode is 
the same (n] = n2 = n). Table 1 b presents, for the first time, the statistical factor to 
compute the pulse-height spectrum when the response of the photomultipliers is 
different (n] :f::- n2 ). 
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Fig. 10.- Spectrum for a mono energetic sample producing a mean of3 electrons 
at the photocathode output. 



The equation to compute the spectrum for two photomultipliers in coincidence 
when n] = n2 = n is: 

00 00 

Si (2n) = LLP(n,2n)(1-2]-n)Yi(n) (8) 
n=2 i=] 

where 2n is the mean number of photoelectrons distributed among the two 
photomultipliers. 

Fig. 10 shows a calculated spectrum taking m = 3 electrons. The peak of 
"monos" has disappeared due to the coincidence. We see two clear peaks. The first one 
corresponds to the coincidence of one electron from each photomultiplier. The second 
one corresponds to the emission of two photoelectrons from one of the photomultipliers 
and one photoelectron from the other photomultiplier. The hump on the first peak is due 
to the asymmetry of monos spectrum, see Fig. 2. Commercial spectrometers with two 
photomultipliers cannot be considered high resolution spectrometers because the 
spectrum of monos is very different from high resolution one shown in Fig. 1. We will 
analyse the behaviour of this type of spectrometers in a next paper. 

4. Spectrometers with three photomultipliers 

These spectrometers are not commercial and they are present in specialized 
radionuclide standardization laboratories. They use the well known TDCR (Triple 
Double Counting Rate) method. Fig. 11 shows three spectra of 55Fe: 
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Fig. 11.- Spectra of 55 Fe obtained with a spectrometer with 3 photomultipliers 
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1) Spectrum obtained with double coincidences (A] A2 + A] A3 + A2A3)' The equation 

used is: 

Si(3n) = LLP(n,3n)(1-31-n)Yi(n) (9) 
n=2 i=l 

2) Spectrum obtained with the coincidence of two photomultipliers (A1A2)' The 
equation is: 

S/3n) = L LP(n,3n)[I- 3-n (2n
+
1 -I)lY?) (10) 

n=2 i=l 

3) Spectrum obtained with the coincidence of three photomultipliers (A]A2A3)' The 

equation used is: 

00 00 

Si(3n) = LLP(n,3n)[I-31-n(2n -I)]Yi(n) (11) 
n=3 i=l 

where 3n is the mean number of photoelectrons distributed among the three 
photomultipliers. 

Table 2a. Statistical factor for three photomultipliers with equal response. 
(n] = n2 = n) 

Operation mode Statistical factor 

A];A2 00 

LP(n, 3n)(1- 3-n2n) 
n=] 

A] +A2 00 

L P(n,3n)(1-3-n) 
n=] 

A] +A2 +A3 00 

L P(n,3n) 
n=] 

A]A2 00 

LP(n, 3n)[I- 3-n(2 n
+] -1)] 

n=2 

A]A2 +A]A3 00 

LP(n, 3n)[I- 3-n(2 n + 1)] 
n=2 

A]A2 + A]A3 + A2A3 00 

LP(n, 3n)(1- 3]-n) 
n=2 

A] A2 A3 00 

LP(n, 3n)[I-3]-n(2n -1)] 
n=2 



Table 2a shows the equations to compute the statistical factor when the response of the 
three photomultipliers is statistically identical (nj = n2 = n3 = n) [99]. Table 2b shows 

the equations to compute the statistical factor when the three photomultipliers response 
is statistically different (nj 7:- n2 7:- n3 ). 

Table 2b. Statistical factor for three photomultipliers with different response. 
(nj 7:- n2 7:- n3) 

Operation mode Statistical factor 
Aj 00 00 

LP(n,~ +n2 +n3)-e-~LP(n,n2 +n3) 
n=j n=j 

Aj +A2 00 00 

L P( ) -Cnl+n2)LP( ) n, ~ + n2 + n3 - e n, n3 
n=j n=j 

Aj +A2 +A3 00 

LP(n,~ +n2 +n3) 
n=j 

AjA2 00 00 

L P( ) -(~+n2)LP( ) n,nj +n2 +n3 +e n,n3 
n=2 n=2 

00 00 

_e-nl LP(n, n2 +n3)-e-n2l LP(n, nj +n3) 
n=2 n=2 

AjA2 + AjA3 00 00 

LP(n,~ +n2 +n3)+e-(n2+Il:J)L P(n,nj) 
n=2 n=2 

00 

- e -nl L pen, n2 + n3) 
n=2 

AjA2 + AjA3 + A2A3 00 00 

L P( ) -(~+n2)LP( ) n, ~ + n2 + n3 + e n, n3 
n=2 n=2 

00 00 

-e-C~+n3)LP(n, nJ-e-cn2l+Il:J)LP(n, nj) 
n=2 n=2 

AjA2A3 00 00 

L P( ) -(~+n2)LP( ) n, ~ + n2 + n3 + e n, n3 
n=2 n=2 

00 00 

-e-C~+n3)LP(n, nJ-e-cn2l+Il:J)LP(n, nj) 
n=2 n=2 

00 00 

_e-nl LP(n, n2 +n3)-e-n2 LP(n, ~ +n3) 
n=2 n=2 

00 

e-ll:Jl LP(n, nj +n2) 
n=2 



We understand here by different response when the spectrum of monos has the 
same shape but different amplitude for each one of the photomultipliers response. This 
one is the habitual case in which the three photomultipliers belong to the same company 
and model. When the spectra of monos are different in shape the problem become more 
complicated and will not be considered here. 

An important point is the effect of the discriminator that eliminates 
photomultiplier electronic noise. This discriminator distorts the spectrum in the region 
of low energies. It is natural to suppose that a reduction of the efficiency takes place. 
Table 3 shows the discrepancies among the corrected and not corrected efficiency by 
the discriminator effect. The first column gives the TDCR. Columns 2, 3 and 4 show the 
discrepancies for 

Table 3.- Activity losses for the discriminator that eliminates the electronic noise and 
possible counts of the radionuc1ide spectrum. 

Discrepancia % 
TDCR 

Discrim. 10 canales Discrim. 20 canales Discrim. 30 canales 
0.341 0.21 0.70 1.52 
0.189 0.47 1.29 2.76 
0.130 0.51 1.65 3.42 
0.0989 0.58 1.86 3.83 
0.0794 0.61 1.97 4.10 
0.0666 0.65 2.08 4.29 
0.0572 0.68 2.14 4.44 
0.0502 0.70 2.23 4.55 
0.0457 0.72 3.01 4.64 

a discriminator level of 10, 20 and 30 channels, respectively. The first peak of 
coincidence is in channel 85. The positions of the discriminator in electrons are 0.24, 
0.47 and 0.71, respectively. Since the discriminator diminishes the counting rate, the 
final result is a reduction of the calculated activity. This activity reduction may explain 
the discrepancies in some percents for 55 Fe and H-3 described in several papers [32, 49, 
83, and 107]. 

5. Different Fe-55 spectra 

In this section we present the computed spectra of 55 Fe for different 
spectrometer systems y different number of active photomultipliers. The free parameter 
for all the computations is A = 1.32 KeV/electron. 



0.012 

0.010 

£ 0.008 
:.a 
ca 0.006 

.Cl e 
D.. 0.004 

0.002 

0.000 

0 50 

A1(1PM) 

100 150 

Channel 

200 250 300 

Fig. 12.- Spectrum of 55Pe computed for a system with a umque 
photomultiplier. 

A1(2PM) 

0,007 

0,006 

0,005 
>--

.Cl 
0,004 

ca 
.Cl 

0,003 e 
a.. 

0,002 

0,001 

0,000 

0 50 100 150 200 250 300 

Channel 

Fig. 13.- Spectrum of 55 Pe obtained with a photomultiplier with a system with 
two photomultipliers 



0,012 

0,010 

>- 0,008 
:!:: 

.c 
0,006 ctl .c 

0 ... 
c.. 0,004 

0,002 

0,000 

0 50 

A1+A2(2PM) 

100 150 

Channel 

200 250 300 

Fig. 14.- Spectrum of 55 Fe obtained with two photomultiplier working III 

addition with a system with two photomultipliers 

0,005 

0,005 

0,004 

0,004 
>-
~ 0,003 
:.c 

0,003 ctl 
.c 
0 

0,002 ... 
c.. 

0,002 

0,001 

0,001 

0,000 

0 50 

A1A2(2PM) 

100 150 

Channel 

200 250 300 

Fig. 15. Spectrum of 55 Fe obtained with two photomultiplier in coincidence 
with a system with two photomultipliers 



0,005 
0,005 
0,004 

>- 0,004 -.- 0,003 
:.c 
~ 0,003 
e 0,002 
c.. 0,002 

0,001 
0,001 

A1(3PM) 

0,000 +---~---~--~---~--~---==--~ 

o 50 100 150 

Channel 

200 250 300 
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coincidence in a three photomultipliers system. 

Fig. 12, 13 and 16 show the spectral response of one photomultiplier. The 
responses are quite different. The heights of the peaks are different: higher for Fig.12 
and lower for Fig. 16. In Fig. 12 we show the spectrum for a detector with only one 
photomultiplier. In this case all the emitted light is arriving to the photomultiplier. In 
Fig. 13 we show the spectrum for a detector with two photomultipliers, when only one 



of them is active. The emitted light is shared by the two photomultipliers, receiving 
each one only one-half of the light. In Fig. 16 the detector has three photomultipliers 
and the light received by one of them is one-third of the total. Fig. 17 and 18 show the 
spectra when the photomultipliers work in sum. In this case the first peak due to monos 
is reinforced compared with the second peak. Fig. 19 shows the spectrum for the 
coincidence of signals due to two photomultipliers. The peak of monos has disappeared. 
The small hump at the left of the principal peak is produced by the shape of the peak 
when n = 2 in Fig. 2. Fig. 19 shows the spectrum when the photomultipliers work in 
coincidence and addition. The firs peak has been reinforced for the photomultiplier 
addition process. Finally, Fig. 20 shows the spectrum for triple coincidence. In this case 
the peaks are produced by signals for n?: 3 in Fig. 2. The contributions of n = 3 and 
n = 4 are the most important. 

6. Conclusions 

In this paper we describe a procedure to calculate the spectrum obtained with 1, 
2 and 3 photomultipliers working in different coincidence ways. The emitter can be any 
radionuclide decaying by beta-ray emission or electron capture. The procedure has been 
applied to 55Fe and the contribution of the after-pulses has been quantified for a single 
photomultiplier. 

The influence of the free parameter and the kB in the spectrum peaks has been 
studied in the case of 55 Fe. We propose a procedure to fix the kB value and to obtain 
the same counting efficiency and the same spectrum when the free parameter is taken 
adequately. 

We give the equations to calculate the statistical factor for two or three 
photomultiplier spectrometers and different operation ways when the outputs of the 
photomultipliers are different. 

We have analysed the influence of the discriminators, which reduce the 
electronic noise, in the determination of the activity in a sample of 55 Fe. 

An important conclusion is that the position of the peaks, in the low energy of 
the spectra obtained by liquid scintillation, is not characteristic of the particles energy 
interacting with the liquid scintillator, but the response of the photomultiplier. 
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