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CHAPTER 15

Dynodic Efficiency of Beta Emitters

F. Ortiz, A. Grau, and J.M. Los Arcos

INTRODUCTION

In liquid scintillation counting measurements'-3 of beta emitters, contrasted
models give us efficient detection through a study of internal processes in the
vial and the response of the photocathode. Many of these models use a figure
of merit of the system as a parameter.48

Other models explain the dynodes response in a photomultiplier as a set of
electrons reaching the first dynode. In this way we can get the electron distri-
bution at the output of any dynodic stage in the photomultiplier.92

For each electron set that enters the first dynode, however, there is always a
nonzero probability of nondetection in the dynodes. This leads to a lower
efficiency at the dynode output than at the photocathode.

The present paper has studied the efficiency loss through the dynodic stages
for 3H and '4C and applied it to the standardization of '4C via the efficiency
tracing method.78 First, a model for the electron multiplication loss is
described, then the efficiency loss through dynodes is computed for 3H and
'4C, for a single tube and for two tubes in coincidence.

Experimental quench curves for '4C have been compared to the theoretical
predictions.

NON DETECTION PROBABILITY MODEL

It is assummed that the electron production process, at the output of the
photocathode, is governed by the Poisson statistics. If N electrons are expected
in the average, the probability of obtaining n electrons is:

P(n) =
NnN

n!

The number n of electrons that leaves the photocathode is multiplied
through sucessive dynodes, the amplification being typified by means, of a free

(I)
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parameter, G, the dynodic gain. This parameter is defined as the number of
electrons that come out from a dynode when a single electron comes into the
dynode.

Statistically, there is a nonzero probability of having no electrons at the
output of the Kth dynodic stage when n electrons arrive at the first dynode.
This nonzero probability follows this iterative expression:'2

PK(fl,O) = exp(-G n) exp[G n PKI(l,O)]; K > 1 (2)

PK(n,O) = exp(-G n); K=1 (3)

where n = the number of electrons that leaves the photocathode
K = the order of dynodic stages
G = the dynodic gain

The nondetection probability leads to a dynodic detection efficiency lower
than the photocathode efficiency, because when n electrons leave the photo-
cathode with probability 1, the total sum of the emission probabilities at the
Kth dynodic output is 1 - PK(fl,O).

DETECTION EFFICIENCY

Single photomultiplier tube

Beta emitters have an emission spectra given by the Fermi distribution:

N,(E) = C F(Z,E) . (E, - E)2 (E + l)(E2 + 2E)"2 (4)

where N(E)
= the number of particle beta with energies between E, E

+ dE
E. = the maximum kinetic energy of beta particles in the ith

energy band
C = the shape factor13

F(Z,E) = the relativistic expression of the Coulomb factor'4
(all in m0c2 units)

When a radionuclide is dissolved in a scintillation liquid, its beta particles
transfer almost all their energy to the scintillator, that is, convert to light. This
light emission is partially detected by the photocathode of the photomultiplier
tube. The number of electrons that leave the photocathode is a function of the
beta particle energy.
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The average number of electrons that can be expected when a beta particle is
emitted in the energy band (E, E + dE), is:

E
E-Q(E)

(5)

where E = the beta particle energy
Q(E) = the ionization quench factor

M = the figure of merit, or energy necessary to produce an
electron at the photocathode

A good aproximation for Q(E) is Equation 7:

Q(E) = 1 - 0.9624 e°5457; E > 10 keY (6)

Q(E) = 0.1253 Ln(E) + 0.4339; 0.1 keY < E < 10 keY (7)

According to that, mean value r electrons could be obtained with probability:

P(r,E) - r!

N(E)r eN(E)
(8)

The detection efficiency at the output of the photocathode for a single tube
and for a unique beta particle in the ith band is:

Ef1 = P(r,E) (9)
r

For all the particles in the ith energy band, the probability for having electrons
is:

P1(r) = P(r,E) N(E) (10)

and the detection efficiency for the ith energy band at the output of the
photocathode is:

= P(r) (11)
r

Therefore the efficiency for the whole spectrum at the output of the photo-
cathode for a single photomultiplier tube is:

Ef = Efi (12)
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Now the detection efficiency for a beta emitter of the Kth dynodic stage output
of a single photomultiplier tube can be analyzed. When a beta particle in the
ith energy band is emitted, the r electrons that leave the photocathode with
probability P(r,E) will have a nonemission probability at the Kth dynode given
by:

P1(r,O) = PK(r,O) P(r,E) (13)

and summing up for all the electrons that leave the photocathode when a beta
particle in the ith energy band is emitted, we arrive at:

PKI(0) = pKfr,O) P(r,E) (14)
r

Therefore, the efficiency at the output of the Kth dynode for this single beta
particle in the ith band is:

EKI = (E P(r,E)) - PKI(0) (15)
r

For the N(E) particles in the ith band, the nondetection probability at the
output of the Kth dynode is:

PKI(0) = PKI(0) N(E) (16)

and the efficiency of detection for this band will be:

EK = Ef1 - PK(0) (17)

Finally the detection efficiency of the Kth dynodic stage output of a single
photomultiplier tube for the whole beta emitter spectrum is:

EK = E, (18)

Two Photomultiplier Tubes in Coincidence

The previous procedure can be easily extended for a system composed of
two photomultiplier tubes in coincidence. Both tubes are assummed to be
identical so the detection efficiency at the output of the photocathodes for a
beta particle emitted in the ith-energy band for that coincidence system is:

= (E P(r,E))2 (19)
r

and for N(E) particles in the energy band we will have:

E'f1 = E'f1 N,(E) (20)



Table 2 gives the efficiency at the output of the 12th dynode for 3H, for high
gain and two photomultiplier tubes in coincidence.
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Therefore the photocathode efficiency for the whole electron spectrum at the
output of the system of two tubes in coincidence is:

E'f = E' (21)

Now the detection efficiency at the output of the Kth dynode for two tubes in
coincidence can be analyzed. For a single beta particle in the ith energy band
the detection efficiency is:

E'Kl = (EKI)2 (22)

and for all electrons in the ith energy band we will have:

E'K, = N(E) (23)

Finally, the detection efficiency for a beta spectrum at the output of the Kth
dynodic stages for two tubes in coincidence will be:

(24)

RESULTS

Non detection probability

The nondetection probability has been studied for the following
parameters:

The dynodic gain varying, from 1 to 10 with step 1, the number of dynodic
stages 12, and the number of electrons injected into the first dynode, from 1 to
19 with step increment 2.

Table 1 shows the nondetection probability for the 12 dynodic stages and for
the 1, 3, 5, 7, 11, and 19 electrons injected into the first dynode. The dynodic
gain is 1 or 2.

In Figure la, the nondetection probability is plotted vs the dynodic stage.
For 1, 5, 11, or 19 electrons injected and a dynodic gain 1, in Figure lb. the
nondetection probability is plotted vs dynodics gain

Detection Efficiency for Beta Emitters

Two different photomultiplier tubes with 12 dynodes have been simulated:

low gain, G has a value of 7 in the first dynode and a value of 2 in the others.
high gain, G has a value of 30 in the first dynode and a value of 3 in the
others.
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Table 1. Nondetection Probability in Successive Dynodic Stages and Different Number of
Electrons Injected into the First Dynode

Figures 2a, 2b, 2c, and 2d show the plot of the efficiency vs figure of merit
at the photocathode, at the 12th dynode with high gain and with low gain.
Figures 2a and 2b are for 3H and 2c and 2d are for '4C.

Figures 3a, 3b, 3c, and 3d plot the difference between the efficiency at the
output of the photocathode and the efficiency at the output of the 12th dynode
as a function of the figure of merit for high and low gain.

Table 3 shows the efficiency variation from the photocathode to the 12th
dynode for different values of the figure of merit at low and high gain, for 3H,
for a single photomultiplier tube, and for two photomultiplier tubes working
in coincidence.

Figure 4 plots the composed and the experimental efficiency vs quenching
for 3H and 'C.

Table 4 contains the numerical values shown in the Figure 4.
Figure 5 shows the efficiency for low quantum yield at the photocathode for

The points are computed and the line corresponds to the experimental
data.

The experimental values data have been obtained with a set of quenched
standards for 3H and '4C, in a L.K.B. 12 19 Rackbeta spectral liquid scintilla-
tion spectrometer.

STAGE 1 ELECT. 3 ELECT. 5 ELECT. 7 ELECT. 11 ELECT. 19 ELECT.

01 0.37 0.05 0.01 0.00 0.00 0.00
02 0.53 0.15 0.04 0.01 0.00 0.00
03 0.63 0.24 0.10 0.04 0.00 0.00
04 0.69 0.32 0.15 0.07 0.01 0.00
05 0.73 0.39 0.21 0.11 0.02 0.00
06 0.76 0.45 0.26 0.15 0.03 0.01
07 0.79 0.49 0.31 0.19 0.05 0.01
08 0.81 0.53 0.35 0.23 0.07 0.02
09 0.83 0.57 0.39 0.26 0.10 0.03
10 0.84 0.60 0.42 0.30 0.13 0.04
11 0.85 0.62 0.45 0.33 0.15 0.05
12 0.86 0.64 0.48 0.36 0.17 0.06

DYNODIC GAIN: 1

01 0.13 0.00 0.00
02 0.17 0.01 0.00 Nondetection probability < 1.E-4
03 0.19 0.01 0.00
04 0.20 0.01 0.00
05 0.20 0.01 0.00
06 0.20 0.01 0.00
07 0.20 0.01 0.00
08 0.20 0.01 0.00
09 0.20 0.01 0.00
10 0.20 0.01 0.00
11 0.20 0.01 0.00
12 0.20 0.01 0.00
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Figure la. Nondetection probability vs dynodic gain.
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Figure lb. Nondetection probability vs dynodic stage.
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Figure 2b. 3H: Efficiency vs Figure of merit, two photomultiplier tubes in coincidence.

Figure 2a. 3H: Efficiency vs Figure of merit, a single photomultipller tube.
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Figure 2c. 14C: Efficiency vs Figure of merit, a single photomultiplier tube.
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Figure 3b. Difference of efficiencies at the photocathode and at the 12th dynode for 3H, two

photomultiplier tube.
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Table 3. Efficiency for 3H in Photocathode and Successfive Dynodes

Two Photomultiplier Tubes in Coincidence

A Single Photomultiplier Tube

Table 4. Quenching Curve for '4C Theoretical Values

PHO: Photocathode; HG.: 12th Dynode high gain; L.W.: 12th Dynode low gain

STAGE FOT. 2TH DY. 4TH DY. 6TH CY. 12TH DV.

F.M.
0.25 84.81 84.21 84.10 84.09 84.09*
1.00 57.25 55.74 55.45 5544 5544*
5.00 12.49 11.63 11.47 11.46 11.46*
10.0 4.32 3.97 3.91 3.91 3.91* HIGH GAIN
15.0 2.16 1.97 1.16 1.15 1.15*
20.0 1.29 1.18 1.16 1.15 1.15*
25.0 0.86 0.65 0.58 0.56 0.56*

0.25 84.81 83.04 82.13 81.99 81.96*
100 57.25 52.89 50.77 50.44 50.38*
5.00 12.49 10.16 9.19 9.04 9.01*
10.0 4.32 3.39 3.01 2.96 2.95* LOW GAIN
15.0 2.16 1.66 1.47 1.45 1.44*
20.0 1.29 0.99 0.87 0.86 0.85*
25.0 0.86 0.65 0.58 0.56 0.56*

STAGE FOT. 2TH DY. 4TH DY. 6TH CV. 12TH DY.

F.M.
0.25 89.03 88.61 88.53 88.53 88.53
1.00 69.44 68.33 68.11 68.11 68.10*
5.00 29.54 28.44 28.23 28.22 28.22*
10.0 16.93 16.21 16.07 16.06 16.06* HIGH GAIN
15.0 11.85 11.31 11.21 11.21 11.21*
20.0 9.11 8.69 8.61 8.60 8.60*
25.0 7.39 7.05 6.98 6.98 6.98*

0.25 89.03 87.80 87.16 87.06 87.04*
1.00 69.44 66.20 64.60 64.35 64.30
5.00 29.54 26.47 25.09 24.89 24.85*
100 16.93 14.23 14.05 13.92 13.89* LOW GAIN
15.0 11.85 10.38 9.75 9.65 9.63*
20.0 9.11 7.95 7.46 7.38 737*
25.0 7.39 6.44 6.04 5.98 597*

FIGURE OF MERIT EFFICIENCY FOR 14C

0(E) EFFICIENCY 3H FOT. H.G. L.G. FOT. H.G. L.W.

451.61 58.33 0.97 0.91 0.77 95.23 95.24 95.25
434.61 54.18 1.11 1.04 0.89 94.67 94.69 94.66
394.12 47.15 1.40 1.31 1.11 93.54 93.57 93.57
351.88 38.05 1.85 1.74 1.47 91.79 91.79 91.82
309.94 27.41 2.61 2.47 2.10 88.88 88.82 88.79
250.72 15.86 4.19 3.94 3.33 82.95 82.95 82.99
206.16 09.03 6.27 5.90 4.99 75.47 75.45 75.49
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DISCUSSION

The results of the previous section show that the nondetection probability
falls down very quickly when the number of electrons reaching the first dynode
grows. It also falls with the increase of the dynodic gain. However, this nonde-
tection probability is greater for the latest dynodic stages.

The model developed allows efficiency computation in any dynodic stage
that is lower than the efficiency at the photocathode, as a function of the
figure of merit for a single photomultiplier or for a two photomultiplier system
working in coincidence. The computed efficiencies do not vary significantly
after the 4th or 5th dynodic stage.

The model permits obtaining the quenching curve of a nuclide from the
experimental quenching curve of another nuclide. It does this by using the
figure of merit efficiency function for both nuclides, at the photocathode or at
the output of any dynodic stage. The computed values are the same regardless
of the case considered.
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