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Abstract
In this report, we describe procedures to validate beta spectra by means of liquid scintillation
counting techniques. The procedures can provide valuable information about the quality of
theoretically computed or experimentally determined beta spectra. In addition, the TDCR-Čerenkov
technique is proposed to check the beta spectrum of 36Cl with a higher maximum energy. For 36Cl
and 99Tc, the report also comprises a detailed review about beta spectrum measurements in the
literature.
The analysis presented in this report shows the effect of improved beta spectra on absolute activity
measurements and underpins the need for an extended research in this field to obtain better
experimental data as well as better calculation tools for further radionuclides.

1 Introduction
The aim of the EMPIR project MetroBeta is to improve techniques for the calculation of beta
spectra (WP1) and to measure beta spectra by means of various techniques (MMCs, magnetic
spectrometers and Si(Li) detectors). A key motivation for the project comes from the fact that
accurate and reliable beta spectra are mandatory as input for liquid scintillation (LS) counting
techniques in radionuclide metrology.
The two most important LS techniques are referred to as the CIEMAT/NIST efficiency tracing
(CNET) and the triple-to-double coincidence ratio (TDCR) technique, respectively. Both techniques
are based on the same model, which is often referred to as the free-parameter model (Grau
Malonda, 1999). When carrying out an activity standardization of a given (beta emitting)
radionuclide one expects that:
1. The outcome of both methods is consistent.
2. The results (within one method) are consistent when varying the counting efficiency within
certain limits.
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If at least one of these expectations is not met, there must be an error. Potential reasons are:
-

The model is false (e.g. the statistical model is not fulfilled, wrong assumptions for the
computation of the ionization quenching function, value of Birks’ constant kB).

-

The counters are not operating in an adequate way (e.g. dead-time problems, wrong
threshold adjustment, false setting for the coincidence resolving time, PMT asymmetry).

-

Problems with sample stability and/or radioactive impurities.

-

The nuclear decay data used for the calculation are false.

In the case of beta emitting radionuclides, the latter mainly comprises the beta spectrum shape and
its maximum energy.

2 Experimental details
All LS and Čerenkov measurements were carried out in counters at PTB. Two custom-built TDCR
counters were used. One is referred to as M27 (Nähle et al., 2010) and is equipped with the MAC3
coincidence unit (Bouchard and Cassette, 2000). The system and its electronics are shown in Figure
1.

MAC
3
Figure 1: The TDCR system M27 (left) and its electronics including the MAC3 unit.
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Figure 2: The TDCR system M29 (left) and its 4KAM coincidence module.

The second TDCR counter M29 makes use of an FPGA-based coincidence module referred to as
the 4KAM (Nähle et al., 2014) which employs the dead-time and coincidence logic of the MAC3
module, i.e. it is also a live-timed system with extendable dead-time. M29 is equipped with an
automated sample changer (Marganiec-Gałązka et al., 2018), the setup is shown in Figure 2.
Both systems are equipped with three Hamamatsu R331-05 photomultiplier tubes (PMT)
surrounding the LS vial to be measured. The optical chambers have slightly different geometries,
but all are built with the diffuse reflecting material OP.DI.MA (ODM98) produced by Gigahertz
Optik GmbH. The discriminator thresholds were adjusted just below the single electron peak.
The CIEMAT/NIST measurements were carried out using two commercial counters. One is a
Wallac 1414 GuardianTM liquid scintillation spectrometer. The guard detector of this counter was
switched off by disconnecting its high voltage supply. The second is a TriCarb 2800 TR
spectrometer.
The LS samples were prepared with 15 mL of Ultima GoldTM. In most cases, about 1 mL of
distilled water was added (about 0.5 mL in the case of 63Ni). Then, weighed portions of the
radioactive solution were added. Most measurements were carried out using 22 mL standard glass
vials. In the case of 63Ni, 22 mL PE vials were used.
Čerenkov samples were always prepared using PE vials. Here, 12 mL of water (or diluted acids)
were used.
Each sample series also comprised a background sample. The measurements were carried out in
such a way to ensure statistical uncertainties in the order of about 0.1% or lower. Measurements
were also repeated after some days to ensure sample stability.
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The radioactive solutions were checked for potential radioactive impurities by means of gamma-ray
spectrometry. Also, long-term LS measurements as well as LS spectra were analysed when
possible. In this work, radioactive impurities were found to be negligibly small.

3 Results
3.1 Case 1 - 63Ni
The study of 63Ni was already presented prior to the MetroBeta project (Kossert and Mougeot,
2015). Here, some important aspects are summarized since these are important to understand the
concept of beta spectrum validation by means of LSC. In addition, the example demonstrates the
importance of beta spectra and, thus, it is a key motivation for this EMPIR project.
Nickel-63 is a pure beta emitter with an allowed transition and a maximum energy of about 67 keV.
Hence, the above-mentioned LSC methods are well suited for activity standardization.
The analysis of experimental data obtained from TDCR and CNET, however, revealed
discrepancies when using beta spectrum calculation as used in common LSC efficiency calculation
tools (Figure 3). In the following, we call the spectrum from such a calculation the classical beta
spectrum, which means, that screening corrections and the atomic exchange effect are not taken into
account. Figure 4 shows two important phenomena when using this classical beta spectrum:
1) There is a trend in the CNET data when varying the counting efficiency.
2) The results of CNET and TDCR do not agree.
The discrepancies cannot be explained with a choice of the kB parameter for the ionization
quenching. Here, kB = 0.0075 cm/MeV was used.
The situation only improved when using a more realistic approach for the beta spectrum calculation
which accounts for screening and atomic exchange effect (Mougeot and Bisch, 2014). In this case,
no significant trend was found for both methods and the results of TDCR and CNET are in
agreement. The two different beta spectra are shown in Figure 3. The results for the determined
activity concentration with both parameterizations are shown in Figure 4. It must also be
emphasized that there is a significant change in the mean activity concentration which demonstrates
the importance of the beta spectrum. It should be noted that the improved calculation method is
strongly supported by the experimentally determined beta spectrum using MMCs (Loidl et al,
2014).
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Figure 3: Computed beta spectra for 63Ni. The classical spectrum was calculated without any
correction whilst the screening correction and the exchange effect were taken into account for the
other spectrum as described by Mougeot and Bisch (2014).

Figure 4: Activity concentration of the 63Ni solution as a function of the 63Ni counting efficiency
when using a kB parameter of 0.0075 cm/MeV.
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Further details about the 63Ni study were described by Kossert and Mougeot (2015). The authors
also analysed the outcome when using another beta spectrum calculation. Interestingly, this also led
to agreement between both methods without any significant trend when varying the efficiency, but
the activity concentration was found to be higher. This shows that there are limitations of the
validation method which, in this case, cannot judge which of the parameterization is better (more
realistic). Hence, it would be desirable to study a radionuclide, for which the activity can be
determined independently without any knowledge about the beta spectrum. This was achieved by
studying 60Co which will be discussed in the next section.

3.2 Case 2 - 60Co
The beta decay of 60Co is accompanied with gamma-ray transitions. Hence, this radionuclide is
usually standardized by means of coincidence counting techniques. Within the MetroBeta project, a
solution was measured by means of two 4πβ-γ coincidence techniques: One using a proportional
counter (PC) as beta detector, the other using an LS counter as beta detector. The results of both
methods agree and can be considered to be model-independent in the sense, that they do not require
any information about the beta spectrum shape.

Figure 5: Computed beta spectra for

60

Co. The classical spectrum (dashed line) was calculated

without any correction, whereas the second spectrum (dotted line) takes the atomic exchange effect
and screening correction into account.
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Figure 6: Relative deviation between the activity concentrations determined from individual 60Co
LS samples and a reference value (blue solid line at 0) obtained as mean of two coincidence
counting methods. The LS data were analysed with the classical beta spectrum (top) and a beta
spectrum taking atomic exchange effect and screening corrections into account (bottom). In both
cases, kB = 0.0075 cm MeV-1 was used.
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In addition, CNET and TDCR measurements were carried out using various counters.
When using the classical beta spectrum for the dominant allowed beta transition (blue dashed curve
in Figure 5), one observes a significant trend when varying the counting efficiency and the LSbased result are not in agreement with the coincidence counting result, which is represented as the
blue solid line in Figure 6. Again, the situation only improves, when using a beta spectrum which
was calculated taking screening and atomic exchange effect into account.
When changing the parameter kB from 0.0075 cm/MeV to 0.0110 cm/MeV, the determined activity
concentration increases for TDCR while it decreases for CNET. Hence, the mean value is rather
robust which demonstrates the advantage when using both techniques rather than just one of them.
In the case of 63Ni, (Figure 4) one can also see, that using just one method might not be sufficient.
Assume that a laboratory is just applying the TDCR method and used the classical beta spectrum. In
this case, the results are in agreement (no trend when varying the efficiency), but the results can be
wrong.
The detailed analysis of this study, which was made during this project, can be found in the open
access article published by Kossert et al. (2018).

3.3 Case 3 - 36Cl and the TDCR Čerenkov method
The beta transition of 36Cl is of 2nd forbidden nature and has a maximum energy of 709.53(5) keV
(nuclear data from Bé et al. (2013)). The beta minus branch dominates with a probability of
98.1(1)%. The electron-capture branch to the ground state of 36Ar has a probability of only 1.9(1)%
and its detection efficiency in LS counting is very low. A very weak beta plus branch
(0.00157(30)%) is neglected in the following. Hence, the overall LS counting efficiency of 36Cl is
mainly defined by its beta minus transition. Due to the rather high maximum energy, (small)
variations of the beta spectrum shape have a rather low influence on the computed counting
efficiency. On one hand, this can be considered as an advantage since the activity standardization
by means of LS counting is expected to be robust. On the other hand, this means that LS counting is
not an adequate tool for a validation of beta spectra with rather high electron energies. When using
an aqueous sample for Čerenkov counting, the situation changes: The counting efficiency is rather
low, the EC-decay is not detected at all and the sensitivity to changes of the beta spectrum shape
above the Čerenkov threshold is high. Thus, the TDCR-Čerenkov method (Kossert, 2010; Kossert
et al. 2015) is used as a validation tool for 36Cl in this work.
The beta spectrum of 36Cl has been measured and analysed in several works. A set of letters to the
editor concerning 36Cl has been published in 1949 (Townes and Aamodt, 1949; Wu et al., 1949; Wu
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and Feldman 1949; Longmire et al. 1949) in the journal Physical Review. Wu and Feldman (1949)
describe a first measurement of the beta spectrum by means of a magnetic spectrometer which has
been carried out using rather thick sources (≥0.3 mg/cm2). At that time, information about change of
spin and parity was not available. The measurements were discussed by Longmire et al. (1949) and
later also by Wu and Feldman (1951). Results of new measurements with thinner sources (thinnest:
0.08 mg/cm2) were presented somewhat later (Feldman and Wu, 1952) and Wu (1955) stated λ=0.6
for this measurement parameterizing the shape factor as p2+ λq2.
Fulbright and Milton (1951) measured sources (area density between 0.2 mg/cm2 and 5 mg/cm2)
with a pressurized proportional counter and could only get data in a range from about 180 keV to
680 keV. Behrens and Szybisz (1976) state a shape factor q2 for this work.
Johnson et al. (1956) measured the spectrum by means of a 4π plastic scintillator. The energy
calibration has been performed using internal conversion electron emission of known energies and
validation measurements were carried out using 32P. From a “preliminary fitting” the authors obtain
λ=0.57±0.03, but they also state λ=0.6 from other fits. Daniel (1968) adopted λ=0.57±0.03 as the
final result of Johnson et al. (1956). We have extracted the experimental data of Johnson et al
(1956) and then applied an energy calibration. The result with the computed beta spectra using
λ=0.57 and λ=0.6 are shown in Figure 7. For all beta spectra we adopt Emax=709.53 keV. In several
original works, somewhat higher maximum energies (e.g. 714 keV) were reported.

Figure 7: Beta spectrum of 36Cl computed with shape-factor functions from various references (see
text).
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The beta spectrum was also measured and analysed by Willet and Spejewksi (1967) using a 4π
semiconductor detector which was described in more detail by Spejewski (1966). From a fit
procedure with one parameter they obtained S(W)=(W-W0)2+2.11∙p2 which corresponds to p2 + λ∙q2
with λ=1/2.11=0.47. This fit, however, showed discrepancies to the experimental data at higher
energies. A better description of the experimental data was obtained when using S(W)=1-1.0∙W0.24/W+0.42∙W2 as shape factor function which is also used in following. The corresponding
spectrum (Figure 7) shows somewhat higher probabilities for high-energy electron emissions.
Reich and Schüpferling (1974) used a 4π Si(Li) detector for the measurement of the beta spectrum
of 99Tc. The setup was tested with 36Cl and several shape-factor functions were derived assuming
various maximum energies (see Table 1 in Reich and Schüpferling 1974).
Figure 8 shows the spectrum when using one of their parameterizations (S(W)=1-0.981∙W0.232/W+0.378∙W2 and Emax=711 keV).

Grau Carles and Grau Malonda (1995) (see also Grau Malonda and Grau Carles, 1998) developed a
free-parameter method based on Čerenkov counting in LS counters with two PMTs. The method
requires reference measurements of at least two radionuclides (assuming their beta shapes are
known) to determine the free parameter and a parameter to describe the anisotropy of the Čerenkov
light. When computing the counting efficiency of 36Cl with any of the above-mentioned shapefactor functions, they obtained large deviations (>10%) between calculated and experimentally
determined efficiencies. Only when using a shape-factor function more similar to theoretical
calculations from Sadler and Behrens (1993), the agreements was good. Grau Malonda and Grau
Carles (1998) state a shape-factor function S(W)= 0.2527- 0.4568∙W + 0.3203∙W2 (which
corresponds to S(W)= 1- 1.808∙W + 1.267∙W2) as result from their Čerenkov measurements. The
corresponding spectrum is shown in Figure 8. For the theoretical shape-factor function related to
Sadler and Behrens (1993) they state S(W)= 1- 1.875∙W + 1.375∙W2 (see, e.g. Table 2 in Grau
Carles, 2005) which yields a beta spectrum very similar to their experimental finding. It should be
noted, that their method has a large model dependence. For some measurements they used glass
vials which increases the anisotropy effect. This effect is even increased when using a setup with
180° between the PMTs. Hence, this pioneering method cannot be considered a shape-factor
determination. Kossert et al. (2011) found large discrepancies with such a beta spectrum shape
when applying the improved TDCR-Čerenkov technique (Kossert et al., 2014).
Grau Carles (2005) developed another method based on LS spectrometry. In this case, the LS
spectrometer must be calibrated in terms of energy using various beta emitters for which the beta
spectrum shape is assumed to be known (model dependence). In addition, the method requires great
care to allow for quenching. With the cutoff-energy yield method Grau Carles (2005) obtained a
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shape-factor function S(W)= 1- 1.167∙W + 1.267∙W2. The spectrum (Figure 8) is similar to those
derived from other measurement techniques.

Figure 8: Beta spectrum of 36Cl computed with shape-factor functions from various references. The
spectrum according to Willet and Spejewski (1967) is shown again, to make a comparison with
Figure 7 possible.
The first measurement of the 36Cl beta spectrum using MMCs was carried out by Rotzinger et al.
(2008) (see also PhD thesis Rotzinger, 2006). The final result is based on a source with about 17 Bq
for which the area density can be assumed to be low. With the MMC spectrometer, Rotzinger et al.
(2008) achieved a very good energy resolution (orders of magnitudes better than in all previously
mentioned measurements) as well as a rather low threshold of only 5 keV. An experimental
spectrum was provided to DDEP evaluators (Bé, private communication) from which a shape-factor
function was derived. The provided spectrum, however, corresponds to the outcome of an analysis
technique which is suffering from significant pile-up effect. As a consequence, the spectrum has
non-negligible entries above the maximum beta energy. In contrast to this, the spectrum published
by Rotzinger et al. (2008) was derived using two different analysis techniques on one (sic!) data set.
One technique is suppressing pile-up and used to define the high-energy part of the final beta
spectrum. However, this technique yields a lower energy resolution and hence, the second technique
was used in the low-energy region.
Kossert et al. (2011) extracted the spectrum from a figure in Rotzinger et al. (2008) and derived 11.326∙W +0.6328∙W2 as a shape-factor function.
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Figure 9: Beta spectrum of 36Cl computed with shape-factor functions from various references. The
spectrum according to Willet and Spejewski (1967) is shown again, to make a comparison with
Figures 7 and 8 possible.
For various applications it is desirable to identify the “best” or most realistic beta spectrum from the
above-mentioned spectra. To this end, the spectra are discussed in more detail.
Table 1 compiles some information on the experimentally determined beta spectra. An important
information is the energy range which is covered by the experiment. Most measurement techniques
are suffering from a high lower limit due to the measurement technique and/or the area density of
the sources. The widest energy range is covered when using MMCs. This is certainly an advantage
over other methods. Reich and Schüpferling (1974) reached a lower limit of 20 keV when using a
4 Si(Li) detector. This is similar to 30 keV obtained by Willett and Spejewski (1967) who also
used a 4 Si(Li) detector.
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Table 1: Shape-factor functions for 36Cl as derived from several references.
Shape-factor

Method

Energy

Area

Emean in

range

density

keV

Reference(s)

mg/cm2
q2
p2+ 0.6∙q2

Proportional

180 keV –

0.2 mg/cm2

counter

680 keV

to 5 mg/cm2

Magnetic

105 keV –

Thinnest:

spectrometer

640 keV

165.0

Fulbright and
Milton (1951)

301.8
2

0.08 mg/cm

Feldman and
Wu (1952) and
Wu (1955)

p2+ (0.57±0.03)∙q2

4 plastic

89 keV –

9, 19, and

scintillator

630 keV

20 g/cm2

303.8

Johnson et al.
(1956)

plus zapon
film of less
than 8
g/cm2 in
S(W)=1-1.0∙W-

4 Si(Li)

0.24/W+0.42∙W2

30 keV –

Not stated

309.9

680 keV

Willett and
Spejewski
(1967)

1.58∙p + q

Two matched

105 keV 660

Sastry

(=p2+0.633∙q2)

Si(Li)

keV

(1972)

2

2

299.7

Sastry (1972)

304.9

Reich and

detectors
(~4), sum of
signals
recorded
S(W)=1-0.981∙W-

4 Si(Li)

0.232/W+0.378∙W2

20 keV - 680 Not stated
keV

Schüpferling

(as one example)
S(W)= 1- 1.167∙W
2

+ 1.267∙W

(1974)
Liquid

66 keV –

scintillation

400 keV

n.a.

305.3

Grau Carles
(2005)

spectrometry
1-1.326∙W

MMC

6 keV - Emax

low

+0.6328∙W2

309.6

Rotzinger et al.
(2008), Kossert
et al. (2011)
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Another important parameter is the area density of sources. Corresponding data are also listed in
Table 1 when available. The area density defines the attenuation and self-absorption of beta
electrons within the source. To demonstrate this effect, some simple Monte Carlo simulations were
made using the EGSnrc simulation tool (Kawrakow, et al. 2018). As geometry, a simple NaCl
sphere with radius r within a large Au cube ~ 1m3 was simulated. The beta electrons start in the
centre of this sphere assuming an arbitrary input spectrum (Figure 10) according to an isotropic
point source geometry. The beta electrons may lose part of their energy in the NaCl sphere and, thus
have somewhat reduced energy when leaving the NaCl sphere into the Au cube where their
remaining energy is deposited. Corresponding energy deposition spectra of the electrons in the Au
cube are shown in Figure 10 for different values of r and ~106 electron samples. The spectra show
remarkable changes. A radius of 0.05 mm already leads to a significant shift towards lower
energies. This effect is getting larger when the radius is increased.
It is to be noted that the MC simulations are only a rough approximation and used for a qualitative
study. In a real experiment the activity should be (homogenously) distributed within the sample
which is also different from an ideal sphere.

Figure 10: Beta spectrum of 36Cl computed with a simple MC simulation assuming that beta
particles start in the centre of NaCl sphere with radius r. The blue spectrum corresponds to the
assumed start spectrum without any absorption (r=0).
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In Figure 11, the beta spectrum according to Fulbright and Milton is shown again. The spectrum is
based on measurement data obtained at about 180 keV or higher. It appears likely that this shape,
which differs from other experimentally determined spectrum shapes, is deformed due to
attenuation and self-absorption effects. Some of their measurements have been carried out with very
large area densities and they obtained data only above 180 keV.

Figure 11: Beta spectrum according to Fulbright and Milton (1951) compared to a spectrum with
r=0.5 mm from Figure 10.

The effect of attenuation and self-absorption was also investigated experimentally in this work. To
this end, we prepared a Na36Cl source from a solution with rather high salt concentration of 40 g
NaCl∙L-1. A droplet of 10 mg of the solution was deposited on a source backing and then dried. The
area of the final source is about 15 mm2. The dried source corresponds to about 400 g NaCl and
the salt crystals were clearly visible. For comparison: A perfect NaCl sphere with a radius r=0.1
mm as assumed in one of the MC simulations corresponds to 9 g NaCl.
Figure 12 shows the measured spectrum together with spectra from the MC simulation for r=0 and
r=0.1 mm, respectively.
In early 2019, further sources were prepared using a lower salt concentration and varying 36Cl
activities (see Table 2). As shown above, a simple drying process is not well suited as the salt may
form crystals (and/or crystallites) with too large thickness. Consequently, attenuated or even fully
stopped electrons would distort the measurements leading to a modified beta spectrum. In order to
avoid salt accumulation and to have thin and homogenous sources, a seeding agent, Ludox, was
added when depositing the droplet of the radioactive source. This also leads to a larger area of the
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dried radioactive material with no salt accumulation and considerably lower source thickness.
Figure 13 shows the measured spectra with a magnetic spectrometer for different sources as listed
in Table 2. Increasing the amount of salt in the source, leads to more deformed recorded spectra.
This is in agreement with the findings from the Monte Carlo study discussed above. Moreover, the
result obtained using Ludox and a low activity of about 6.6 kBq (=low salt content) is also in
reasonable agreement with the beta spectrum derived from Rotzinger et al. (2008).

Figure 12: Beta spectrum from a preliminary magnetic spectrometer measurement from this work
compared to MC spectra from Figure 10.

Table 2: different sources used to measure the effect of salt thickness on the spectrum measurement
Source type

Activity in kBq

NaCl mass in g

Simple drying

83

33∙10-4

Simple drying

40

16.5∙10-4

Drying with Ludox

45

18∙10-4

Drying with Ludox

6.6

2.6∙10-4
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Figure 13: Beta spectrum from magnetic spectrometer measurements from this work with the
different sources defined in Table 2. For the low NaCl concentration, the salt quantity in the source
is proportional to the activity.

From the discussion above, we have seen that a low threshold and a good energy resolution are
important. Hence, it might be worth to have a closer look at the data obtained by Willett and
Spejewski (1967) by means of a Si(Li) detector. We have digitized their experimental data using
Figure 3 in their original paper. Although the digitization process is of limited precision, we
obtained a valuable data set. The data were used to make a shape-factor fit using the same
parameterization as used by Willett and Spejewski, i.e. S(W)=k(1+AW+B/W+CW2), where k is just a
scaling factor (no physical meaning). The parameter A was fixed to be A=-1. The outcome of the fit
procedure is shown in Figure 13 together with a residual plot. The parameters (B=-0.2425 and
C=0.4095) are in agreement with the result stated by Willett and Spejewski (1967) (see Table 1).
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Figure 14: Experimental data from Willett and Spejewski (1967) (digitized from their Figure 3)
with a shape-factor fit yielding S(W)=k(1-W-0.2425/W+0.4095W2) (top) and a corresponding
residual plot (bottom).

Willett and Spejewski (1967) discuss in detail the effect of a distortion of the recorded spectrum due
to the finite energy resolution of the detector (see also Wortman and Cramer, 1964). This effect
leads to an overestimation of counts at high energies, whereas the impact at medium energies is
negligible. Hence, we have only used data between 70 keV and 670 keV when fitting a shape-factor
function or making (pseudo) Kurie plots.
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The concept for Kurie plots (Kurie et al., 1936) is based on the assumption that the beta spectrum is
described by

N (W )dW 

g2
F ( Z ,W ) pW (W0  W ) 2 dWC (W )
3
2

(1)

We assume, that we have measured data N(W) and rearrange the equation to get
N (W )
 K (W0  W )
F ( Z , W ) pWC (W )

(2)

i.e. we obtain a linear function. In the case of an allowed spectrum, we have C(W)=1. In this case,
the left-hand side of Equation 2 does not depend on the maximum energy W0. Hence, the Kurie plot
(i.e. a linear fit of the data) can be used to determine W0.
In the case of 36Cl, we must account for the shape-factor function C(W) as it exhibits a strong
deviation from unity due to the second forbidden non-unique nature of the transition. However, in
the present study, we have access to an experimental shape factor S(W) (see Table 1) which is not
identical to C(W). Indeed, S(W) includes all other physical phenomena that have an effect on the
spectrum shape, such as radiative corrections and atomic effects, whereas C(W) only takes into
account the coupling of lepton dynamics and nuclear structure. Hence, the corresponding plot is not
a Kurie plot in a strict manner. For sake of simplicity, we call it a pseudo Kurie plot. The main
difference is that we replace C(W) in the left hand-side of Equation 2 by S(W), which was
determined from a previous fit procedure. For this procedure, it was necessary to define W0.
However, the two fits were repeated using the outcome from the previous fit (i.e. W0 from the
pseudo Kurie plot for a shape factor fit or vice-versa). After a few iterations, the changes (compared
to the previous iteration) are much smaller than the obtained uncertainties from the fit procedure.
Now, we can analyse the pseudo Kurie plot using the experimental data from Willett and Spejewski
and the shape-factor from Figure 14. The plot is shown in Figure 15 and the result for the maximum
beta energy is (709.5±0.7) keV.
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Figure 15: Pseudo Kurie plot using experimental data from Willett and Spejewski (1967) and a
shape-factor function from a fit of this work (see text and Figure 14).

Willett and Spejewski did not mention any correction for potential energy loss due to emission of
bremsstrahlung. Hence, we applied an unfolding algorithm which was developed within the scope
of the MetroBeta project (publication in preparation). The procedure requires information about the
geometry of the detector system to apply Monte Carlo simulations of quasi monoenergetic bins
(uniformly distributed within an energy bin). Using the simulation results, the response matrix of
the detector system can be calculated. After this, the experimental data are fed to an unfolding
algorithm yielding the “true” beta spectrum via response matrix inversion. The procedure does not
require an a priori knowledge about the beta spectrum. Figure 16 shows that the bremsstrahlung
correction is of minor importance for the measurement data of Willett and Spejewski (1967). After
correction, the data do however, agree slightly better with the MMC measurement result of
Rotzinger et al. (2008). This analysis is essentially qualitative, since we do not have detailed
information about the geometry (e.g. activity distribution, material that could cause self-absorption
etc.). Still, to quantify the errors formally one may use the residual vectors i.e. the vectors
containing the bin-wise height differences of the measured and unfolded histogram compared to the
reference spectrum, respectively. The so called ℓ1-error corresponds to summing the absolute values
of the corresponding residual vector elements.
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Figure 16: The spectrum extracted from Willett and Spejewski (1967) was unfolded in this work to
investigate the influence of bremsstrahlung. The unfolded spectrum is in slightly better agreement
with Rotzinger (2008), but the difference between original and unfolded spectra is moderate: while
there is a large systematic deviation below 100 keV, the bremsstrahlung skew is rather small
(Silicon has a Z value of only 14, simulation yields a total energy loss in the absorber of
approximately 0.2%) but becomes visible above 100 keV. The relative ℓ1-error correction of the
unfolding algorithm is approximately 24% over the entire energy range and 39% above 100 keV.
Validation by means of the TDCR-Čerenkov method
Three Čerenkov samples and one background sample were prepared using 12 mL of 0.1 M HCl in
PE vials. The solution was standardized by means of LS counting using the TDCR method and
CIEMAT/NIST efficiency tracing. The final result corresponds to a mean value of these two
methods and is used to calculate experimental Čerenkov counting efficiencies εD and εT for double
and triple coincidences using the corresponding net counting rates.
These Čerenkov counting efficiencies were then computed with the most recent improved TDCRČerenkov model as published by Kossert et al. (2014). The calculations were carried out taking into
account PMT asymmetries (three free parameters instead of just one), the wavelength-dependent
quantum efficiency of PMTs and the wavelength dependent refractive index of the sample material.
The latter was approximated by using a parametrization for the wavelength-dependent refractive
index for water which was then renormalized to match the refractive index of 0.1 M HCl at 589 nm
(n=1.341). The anisotropy parameter was selected to be α=1.18. With these assumptions the results
were found to be good for the high-energy beta emitters 90Y, 32P, and 89Sr (Kossert et al., 2014).
Table 3 contains a summary of results for the 3 samples using the shape-factor parameterizations
discussed in Table 1. The table contains the calculated counting efficiencies εD,calc and εT,calc as well
as the relative deviation Δ between experimentally determined counting efficiency εD,exp and the
calculated efficiency εD,calc.
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The lowest deviations are found when using the result according to Willett and Spejewski (1967) or
the MMC-result from Rotzinger et al. (2008). Of course, the TDCR-Čerenkov method has a model
dependence and we must take uncertainties into account. A rough estimation yields a relative
standard uncertainty in the order of 2.5%. Hence, the method cannot be used to judge which of the
two parameterizations is better. However, the other shape-factor parametrizations used in Table 3
yield larger deviations and, consequently, most of them can be ruled out. Although the TDCRČerenkov method cannot be used to determine a shape-factor, the method indicates that the true
beta spectrum of 36Cl must be close to those with low values for Δ.
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Table 3
Results of the TDCR-Čerenkov method for various beta spectrum shapes. The right column
contains the relative deviation Δ= (εD,calc- εD,exp)/εD,exp.
Shape-factor

Reference(s)

Sample
No.

q

2

p2+ 0.6∙q2

TDCRexp

εD,exp

εD,calc

εT,calc

TDCRcalc

Δ in %

Fulbright and

1

0.3660

0.2174

0.0565

0.0207

0.3661

-74.01

Milton (1951)

2

0.3691

0.2201

0.0571

0.0211

0.3691

-74.05

3

0.3646

0.2173

0.0563

0.0205

0.3646

-74.10

Feldman and

1

0.3660

0.2174

0.2066

0.0756

0.3661

-4.97

Wu (1952)

2

0.3691

0.2201

0.2083

0.0769

0.3691

-5.35

(1955)

3

0.3646

0.2173

0.2059

0.0751

0.3646

-5.23

Johnson et al.

1

0.3660

0.2174

0.2090

0.0765

0.3661

-3.87

(1956)

2

0.3691

0.2201

0.2108

0.0778

0.3691

-4.25

3

0.3646

0.2173

0.2084

0.0760

0.3646

-4.12

and Wu
p + (0.57±0.03)∙q
2

2

S(W)=1-1.0∙W-

Willett and

1

0.3660

0.2174

0.2176

0.0797

0.3661

0.09

0.24/W+0.42∙W2

Spejewski

2

0.3691

0.2201

0.2194

0.0810

0.3691

-0.32

(1967)

3

0.3646

0.2173

0.2169

0.0791

0.3646

-0.17

Sastry (1972)

1

0.3660

0.2174

0.2040

0.0747

0.3661

-6.16

2

0.3691

0.2201

0.2057

0.0759

0.3691

-6.52

3

0.3646

0.2173

0.2034

0.0742

0.3646

-6.41

Reich and

1

0.3660

0.2174

0.2120

0.0776

0.3661

-2.51

0.232/W+0.378∙W

Schüpferling

2

0.3691

0.2201

0.2137

0.0789

0.3691

-2.90

(as one example)

(1974)

3

0.3646

0.2173

0.2113

0.0770

0.3646

-2.77

S(W)= 1- 1.167∙W

Grau Carles

1

0.3660

0.2174

0.2097

0.0768

0.3661

-3.53

+ 1.267∙W2

(2005)

2

0.3691

0.2201

0.2115

0.0781

0.3691

-3.90

3

0.3646

0.2173

0.2091

0.0762

0.3646

-3.78

Rotzinger et

1

0.3660

0.2174

0.2186

0.0800

0.3661

0.53

al. (2008),

2

0.3691

0.2201

0.2204

0.0813

0.3691

0.13

3

0.3646

0.2173

0.2179

0.0794

0.3646

0.27

1.58∙p2+ q2
(=p +0.633∙q )
2

2

S(W)=1-0.981∙W2

1-1.326∙W
+0.6328∙W

2

Kossert et al.
(2011)
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3.4 Case 4 - 99Tc
The beta transition of 99Tc is also of second forbidden non-unique type. According to Be et al.
(2011) the maximum energy is 293.8(14) keV which is much lower than in the case of 36Cl. Hence,
several measurement techniques are suffering from the problem that they can only cover a small
portion of the overall energy range. Taimuty (1951) reported on measurements using a double thin
lens magnetic spectrometer (Van Atta et al., 1950) and could determine the maximum energy
(“0.292±0.003 MeV”) while a determination of the beta shape was difficult. This is likely due to
rather thick sources (author’s comment: “Because of the source thickness used, however, these
results should be verified with a thinner source when higher specific activity material becomes
available”).
Feldman and Wu (1952) used the magnetic spectrometer which was also used for 36Cl. They
covered a wider energy range starting at about 50 keV (their Figure 9). Wu (1955) stated a shape
factor λ≈2 (i.e. a shape-factor function λq2+ p2) and Behrens and Szybisz (1976) stated q2+
(0.50±0.13)∙p2 for this measurement.
Snyder and Beard (1966) used a plastic scintillation instrument to measure 94Nb and 94mNb. The
instrument was tested using other radionuclides, one of them being 99Tc. The Fermi-Kurie plot was
found to be linear “down to approximately 50 keV” when using λq2+ p2 with
λ=2.05±0.15.
Reich and Schüpferling (1974) used a 4 Si(Li) and obtained two shape-factor parameterizations
(see Table 4). Interestingly, the beta spectra based on these shape-factor functions differ
significantly at low energies (see Figure 17), which underlines the drawback of measurement
techniques not covering the low-energy region.
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Figure 17: Comparison of computed beta spectra using various shape-factor functions for 99Tc.
Here, Emax=293.8 keV was used for all spectra.

None of the above-mentioned instruments could be used to measure the low-energy part (e.g. below
50 keV) with high precision. In the work of Snyder and Beard (1966) 99Tc was measured only to
check the instrument performance.
The main goal of Reich and Schüpferling (1974) was to measure 99Tc and they used 36Cl to test
their system. A comparison of their 36Cl spectrum and the spectra of other experiments (e.g. Willet
and Spejewski or Rotzinger) indicates that there are significant differences. Thus, one may wonder
if their 99Tc beta spectrum is realistic.
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Table 4: Shape-factor functions for 99Tc as derived from several references.
Shape-factor

Method

Energy

Area density

Reference(s)

> 0.17 mg∙cm-2

Taimuty (1951)

range
~ q2+ p2

Magnetic

> 140 keV

spectrometer
q2+ (0.50±0.13)∙p2

Magnetic

plus Nylon film
> 50 keV

spectrometer

q2+ (0.49±0.04)∙p2

Plastic

0.05 mg∙cm-2 to

Feldman and

0.15 mg∙cm-2

Wu (1952) and

plus collodion

Wu (1955),

films of about

Behrens and

0.02 mg/cm'

Szybisz (1976)

> 50 keV

Snyder and

scintillation

Beard (1966)

detector
13.97W+1.15/W+3.05W2

4 Si(Li)

55 keV to

1 g∙cm-2 to 20

Reich and

250 keV

g∙cm-2

Schüpferling

or

(1974)

q2+0.54∙p2

Deliverable 7

- 27 of 37 -

Figure 18: Preliminary results of measurements carried out within this project using the magnetic
spectrometer at CHUV. The red curve represents the calculated beta spectrum using C(W)=k
(q2+0.54∙p2); here: k≈40573.
The presented literature survey and the discussion indicate a need to measure the 99Tc beta spectrum
with improved precision. Within this project, two techniques were applied: Measurements using a
magnetic spectrometer at CHUV and MMC measurements at LNHB and independent MMC
measurements at PTB.
Preliminary results of the magnetic spectrometer measurements are shown in Figure 18. The data
agree with spectra shown in Figure 17. As an example, one parameterization according to Reich and
Schüpferling (1974) is also shown in Figure 18. A determination of a shape-factor function using
the experimental data is difficult due the limited energy range and the rather large uncertainties.
Hence, it also difficult to determine the maximum energy using a pseudo Kurie plot, since the result
depends to a large extent on the shape-factor used.
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The preliminary results of the MMC measurements are shown in Figure 19. The spectrum obtained
at LNHB (red) has an excellent energy resolution showing sharp peaks from the external 133Ba
reference source plus Pb fluorescence and Au escape peaks.
The shape of this spectrum agrees with that of the magnetic spectrometer and that of Reich and
Schüpferling at high energies (> 100 keV). At low energies, the shapes differ significantly. The
preliminary MMC result from PTB shown in Figure 19 has a worse energy resolution which can be
identified by the rather wide peak of the 241Am reference source. The spectrum, however, agrees in
general with that of the LNHB.

Figure 19: Experimentally determined beta spectra (preliminary) from this work. The data shown in
red were obtained at LNHB using MMCs. The data shown in black were also obtained using MMCs
at PTB. The data from the magnetic spectrometer at CHUV are shown in blue. The magenta line
corresponds to a spectrum using a shape-factor function from Reich and Schüpferling (1974).

In the following, the MMC spectrum from LNHB will be used for an analysis of LSC data. To this
end, the spectrum was first modified to remove the photon peaks. Then, a shape-factor function was
determined. It was not possible to find an appropriate shape-factor function which describes the
entire spectrum. Hence only the high energy part of the spectrum between 100 keV and 290 keV
was used. The fit result is shown in Figure 20. When using the determined shape-factor function, it
was possible to make a pseudo Kurie plot (Figure 21). This is required to determine a maximum
energy which was found to be 295.1 keV. This result is slightly higher than the evaluated DDEP
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value (293.8 keV, Bé et al., 2011) and lower than the value 297.5(9) keV stated in the AME2016
atomic mass evaluation (Huang et al., 2017).

Figure 20: The MMC-based spectrum from LNHB was used to determine a shape-factor function
for the high-energy part. This function is needed to determine the maximum energy by means of a
Kurie plot (see Figure 21).
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Figure 21: (Pseudo-) Kurie plot using the MMC-based spectrum from LNHB and the shape-factor
function from a fit (only high-energy part of the spectrum, Figure 20).

The resulting beta spectrum, i.e. the spectrum between ~0 keV and 295.1 keV measured by means
of MMCs after removal of the photon peaks, was then used to analyse a set of experimental LS
data. In addition, the shape-factor q2+0.54∙p2 according to Reich and Schüpferling (1974) with a
maximum beta energy of 293.8 keV (according to Bé et al. 2011) was used. The results are shown
in Figure 22. When using the Reich and Schüpferling spectrum the activity concentration
determined using the Wallac CNET counter is a bit higher than that obtained from TDCR-M27. The
agreement between these two counters is much better when using the MMC based beta spectrum. It
should, however, be noted that the situation looks slightly different when using a TriCarb 2800 TR
for CNET. In this case, the agreement appears to be better when using the Reich and Schüpferling
spectrum. It is difficult to judge which of the commercial counters gives the better answer (at PTB
usually the Wallac counter is the preferred system). Hence, we can just calculate a mean activity
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concentration of all CNET results. The outcome (see Table 5) shows, that the relative deviation is
slightly lower when using the MMC-based beta spectrum.
In general, the MMC-based spectrum yields slightly lower values for the activity concentration. For
this study on 99Tc, the effect is very low when applying the TDCR method.
Table 5: Activity concentration of a 99Tc solution determined by CNET using a Wallac (W) and a
TriCarb 2800 TR (T1) counter and by TDCR using M27 of PTB. Two beta spectra were used for
the analysis.
Method/Counter

a in kBq/g

rel. deviation

a in kBq/g

rel. deviation

when using

between result

when using

between

MMC-based

and TDCR

R+S-based

result and

beta

TDCR

beta spectrum

spectrum
CNET/W

169.1

0.10%

169.6

0.29%

CNET/T1

168.7

-0.16%

169.1

0.00%

CNET/W+T1

168.9

-0.03%

169.4

0.14%

TDCR/M27

168.9

169.1

Figure 22: Activity concentration of a 99Tc solution as a function of the counting efficiency when
using a kB parameter of 0.0075 cm/MeV.
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4 Discussion
The analyses presented in this report demonstrate that
-

Beta spectra are important and have a significant influence on activity standardization
results. This is of particular importance when no other method can be used.

-

LS methods and the TDCR-Čerenkov method can be used as valuable tools to validate beta
spectra in many cases.

-

When applying LSC for activity determination, it is recommended to apply CNET and
TDCR when possible. In addition, an efficiency variation is very important.

-

Beta spectrum measurements are very important. Here, a wide energy range (i.e. low
threshold) should be achieved. A good energy resolution helps to avoid distortions.
Attenuation and absorption effects are to be reduced. MMC measurements appear to be the
best approach.

Moreover, the analysis presented in this report shows the effect of improved beta spectra on
absolute activity measurements. When using incorrect beta spectra, the determined activity can be
significantly biased. For 63Ni, this bias can be in the order of about 1%, which is larger than the
uncertainty estimated in some NMIs/DIs when standardizing this radionuclide by means of LS
counting (see, e.g. Cassette et al., 1998; Collé et al. 2008). In the case of 99Tc, the influence of the
beta spectrum is lower. However, the effect is in the order of about 0.3% for CNET and of about
0.12% for TDCR. In a comparison exercise on the same set of TDCR data, three participants
estimated overall relative standard uncertainties of 0.25% or lower. The lowest estimated
uncertainty was 0.14%. Hence, the effect of the beta spectrum must be considered as being
significant.
The beta spectrum also matters when standardizing 60Co by means of LS counting. Here, the effect
can be in the order of 0.5%. For 36Cl the bias can even be several 10%, when applying the TDCRČerenkov method.
An important conclusion is that this study underpins the need for an extended research in the field
of beta spectra to obtain better experimental data as well as better calculation tools for further
radionuclides.
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