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Introduction
This deliverable gives the measurements of beta spectra shapes of radionuclides P-32, Cl-36, Sr89, Sr-90, Y-90, Tc-99, Pm-147, Lu-176, Rb-87 and additionally Tl-204, within the Working
Package 3 of the MetroBeta project. The spectra were measured by three measurement
techniques based on semiconductor Si(Li) spectrometer, solid scintillator crystals and magnetic
spectrometer. These three techniques are described in details in the deliverable D3: “Summary
report on the improved measurement techniques for silicon detectors (Si(Li)), solid scintillator
crystals (LaBr3/CeBr3) and magnetic spectrometers for measurements of beta spectra”. In what
follows the comparison of the measured spectra with Si(Li) for P-32, Cl-36, Sr-89, Sr-90, Y-90, Pm147 and Tl-204 with Monte Carlo simulation are given in section 1. The section 2 gives, the
measurements with solid scintillator crystals for Lu-176 and Rb-87 and comparison with theoretical
or previous measurements. Finally, in section 3, the measurement results for magnetic
spectrometer for Cl-36, Tc-99, Co-60, Cs-134, Cs-137 and Tl-204 spectra and the comparison with
previous measurement or theoretical predictions are shown.
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1 Beta spectra measured with Si(Li) spectrometer
The beta spectra were measured of radionuclides P-32, Cl-36, Sr-89, Sr-90, Y-90, Pm-147, and
additionally Tl-204. The measured spectra were compared with spectra calculated by Monte Carlo
method using MCNP code. Because of insufficient agreement between measured and calculated
spectrum for Cl-36, additional spectrum of Tl-204 was measured.
Measured spectra for individual radionuclides are in the Figures 1 to 7. Good agreement between
measured and calculated spectra is for all radionuclides except Cl-36. The difference for Cl-36 was
very probably caused by the sample shape with too much active mass, because of long half-live of
the radionuclide and amount of activity needed for measurement.
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Figure 1: Measured (exp) and calculated (MCNP) beta spectra of Pm-147
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Figure 2: Measured (exp) and calculated (MCNP) beta spectra of Tl-204
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Figure 3: Measured (exp) and calculated (MCNP) beta spectra of Sr-89
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Figure 4: Measured (exp) and calculated (MCNP) beta spectra of Y-90

Figure 5: Measured (exp) and calculated (MCNP) beta spectra of Sr-90 (Y-90)
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Figure 6: Measured (exp) and calculated (MCNP) beta spectra of P-32

Figure 7: Measured (exp) and calculated (MCNP) beta spectra of Cl-36
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2 Beta spectra measured with solid scintillator crystals
This document section was prepared in June 2019 by F. Quarati of Gonitec BV to summarise key
results in terms of measured beta spectra with solid scintillator crystals.
Originally, the task was intended to focus exclusively on measurements of Lu-176 however,
measurements of Rb-87 took place as well within this task. Both nuclides are long-lived primordial
nuclides and undergo beta decay transitions of the non-unique kind with half-lives of over 1010
years.
Lu, and hence Lu-176, is present in a wide range of solid scintillator crystals (SSCs) therefore
preliminary measurements and investigations were devoted to select the most performing SSC
compounds and to establish the most effective measurement technique for Lu-176 beta
spectroscopy. Tested SSCs include LSO (Lu2SiO5), LuAG(LuAl5O12), LuAP (LuAlO3) and LuYAG
((Lu0.75Y0.25)3Al5O12). LSO and LuAG were then chosen for advanced measurements of Lu-176 also
in reason of the complementarity of their scintillator characteristics.
Lu-176 presents a rather complex beta decay which includes a cascade Hf-176 de-excitation
emissions of gamma rays and conversion electrons (CE). The most probable beta transition of Lu176 has a relative probability of 99.6 % and an end point energy of about 600 keV. This beta
transition has been the main focus of the task however measurement of the less probable
transition (0.4% relative probability) was also performed and analysed.
In order to establish the most effective measurement technique for Lu-176 a number of criteria
were considered as the capability to detect sufficient counting statistics in practical acquisition
times (typically no more than a few weeks) and the ability to trigger efficient gamma/beta
coincidence. The above led to the need of using relatively small samples of the order of 1 cm 3 and
to the need of detecting the beta in coincidence with the emission of the lowest de-excitation of Hf176 corresponding to 88 keV. The latter condition, in turn, required the development of dedicated
post-processing analytical techniques able to unfold the 88 keV signature from the acquired beta
spectrum shape. Available literature on spectrum unfolding and de-convolution techniques was
used to develop the needed analytical tools however numerous adaptations to specific Lu176/SSC characteristics had to be implemented from scratch. The final results turned out at the
end very satisfactory, however in the meantime, in order to mitigate the risks of uncertain outputs,
measurements of Rb-87 were undertaken as well.
Rb-87 measurements were performed using two prototype samples of RbGd2Br7. Being Rb-87 a
pure beta emitter no conditional coincidences are possible and the measurements have to deal
with unavoidable presence of background affecting the lower energy part of the spectrum, below
10 keV. Efforts led again to satisfactory results both in terms of measurements of beta spectrum
shape as well as in the point of view of advancing the SSC technique.
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The main task achievements in terms of measured beta spectra are listed below and detailed one
by one in the following pages. Details on the measurements and associated experimental and
analytical techniques along with advances in the SSC technique applied to beta decay
spectroscopy are reported in the relevant Good Practice Guide.


Experimental shape factors of Lu-176 main beta transition



Experimental end point evaluation of Lu-176 main beta transition



Measurement and evaluation of the less probable beta transition of Lu-176



Experimental shape factor of Rb-87 from 12 keV to end point with high accuracy



Experimental shape factor of Rb-87 from 2 keV to end point



End point evaluation of Rb-87

Figure 8: Key parts of the experimental setup used for performing solid scintillator crystal (SSC) beta decay
measurements. From top left and clockwise: 1) Pb-castle used to reduce effects of environmental radiation and a
research photomultiplier assembly including its preamplifier; 2) larger Pb-castle able to accommodate a 4″×3″ NaI(Tl) for
gamma/beta coincidences and electronics for spectroscopic measurement acquisition; 3) SSC samples of RbGd 2Br7
sealed in quartz ampoules for protection against hydration; 4) and SSC sample of LSO (Lu2SiO5).
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Experimental shape factors of Lu-176 main beta transition
Figure 9 shows the spectrum of Lu-176 main beta transition collected with the LuAG sample with
dimension of 8×8×8 mm3 and using an advanced experimental setup consisting of a specifically
designed pen-type PMT allowing fitting inside a well-type NaI(Tl) scintillator detector for enhanced
coincidence counting efficiency (nearly full solid angle). Both, the as measured spectrum and the
resulting spectrum after application of dedicated analytical unfolding techniques are shown.
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Figure 9: As measured and unfolded beta spectrum of Lu-176 main beta transition collected with a 8×8×8 mm3 LuAG.

The spectrum is recorded as a convolution of the beta plus 88 keV corresponding to
gamma/electron conversion. Based on the data of Figure 9 experimental shape factors of Lu-176
are parametrised as: 1 - 0.463 W - 0.751 W -1 + 0.085 W 2 + 0.276 W -2.
The shape factors (and the end point reported in the next section) led to the experimental spectrum
reported in the Figure 10 along with the computational spectrum from [1].
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Figure 10: Effect of the experimental shape factors on the computational beta spectrum of Lu-176 main beta transition.
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Experimental end point evaluation of Lu-176 main beta transition
Confirmed by measurement with both LSO and LuAG and with samples of different sizes, the
endpoint of Lu-176 is found at an energy slightly larger than that obtained by atomic mass
evaluation [2], i.e. 601.6 keV vs 597.3 keV. The end point is determined with the Kurie plot shown
in Figure 11 referring to the same 8×8×8 mm3 LuAG sample as above. Measurements with a
3×3×1 cm3 LSO (Figure 12) led to an end point of 601.0 keV. The bottom part of Figure 11 shows
in terms of linear fit residuals how the end point value by atomic mass evaluation, albeit just few

[ N(E) / pWFC(W)exp ]½

keV smaller, is incompatible with the present experimental data.
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Figure 11: Kurie plot and end point determination of Lu-176 main beta transition with data from the 8×8×8 mm 3 LuAG
sample.
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Figure 12: Similar to Figure 11, Kurie plot and end point determination of Lu-176 main beta transition but with data from
the 3×3×1 cm3 LSO sample.
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Measurement and evaluation of the less probable beta transition of Lu-176
The SSC technique used above can be applied as well to the detection of the low probability beta
transition of Lu-176, however the counting rate for this transition get very low (~0.03 Bq) so that
even after a 30-day long acquisition still less than 100,000 events could be recorded. The collected
spectrum is shown in Figure 12 and the corresponding Kurie plot in the Figure 13. The end point
evaluation is in line with that of the main beta transition and is again a few keV larger than the
value reported by atomic mass evaluation, 200 keV vs 196.3 keV respectively.
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Figure 12: Measurement of the Lu-176 lower probability beta transition with a 8×8×8 mm3 LuAG sample. Acquisition
time is over 30 days for less than 100,000 counts. Blue dots are the spectrum as measured and green crosses the
unfolded spectrum.
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Figure 13: Kurie plot and end point determination of Lu-176 lower probability beta transition with data from the 8×8×8
mm3 LuAG sample. As well as in Figure 11 the residuals of the fit forced to the atomic mass evaluated end point (196.3
keV) are reported showing as starting at about 100 keV this fit tends to deviate from the experimental data.
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Experimental shape factor of Rb-87 from 12 keV to end point with high accuracy
Measurements of Rb-87 were performed with two SSC samples of RbGd2Br7. Because of the
relatively low Rb-87 count rate achieved by the crystals (several Bq) the lower energy part of the
spectrum (as shown in Figure 14) is affected by presence of electronic noise and by environmental
radiation recorded using a small CsI(Tl) SSC sample. High accuracy of the measurements can be
achieved only for energies above 12 keV where, as seen in Figure 14, there is no significant
background able to distort the beta shape.
Derived experimental shape factors are plotted in the Figure 15 along with best fit based on the
existing parametrization obtained in the energy range 65 keV to 180 keV [3], which is in good
agreement with the present work in that energy range. Beta spectrum shape from [3] and the
present work are also compared in Figure 16.
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Figure 14: Measured beta spectrum with RbGd2Br7 blue dots. Contribution of electronic noise is also shown along with
that of environmental radiation as measured with a CsI(Tl) SSC.

Present work
Energy range 12 keV to end point (282 keV)
q^4 + 0.355*q^2*p^2 + 0.008*p^4

C(W)

2

1

0

Grau Carles and Kossert
Energy range 65-180 keV
q^4 + 0.305*q^2*p^2 + 0.011*p^4

-1

1.0

1.2

1.4

1.6

Energy (keV)

Figure 15: Experimental shape factors for Rb-87 (data point) and their best fit covering the energy range 12 keV to end
point (green line). The shape factor parametrization from [3] is also reported in its actually detected energy range from 65
keV to 180 keV (orange line).
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Figure 16: Comparison of the present work shape factors and that from [3] on the computational beta spectrum in the all
energy range of Rb-87. The present work curve is offset by 0.05 for better visualization.

Experimental shape factor of Rb-87 from 2 keV to end point
More measurements were performed with emphasis on the ability to precisely characterize and
then subtract the noise and background affecting the lower energy region of the spectrum. A model
to correct for the scintillation non-proportionality of the response was included in the analytical tool
for spectrum unfolding. A shape factor parametrisation covering the energy spectrum from 2 keV to
the end point is then found as:
q4 + 0.348 q2p2 + 0.008 p4
It can be seen in Figure 17 that the very low energy part is not precisely fitted which can be due to
a combination of ineffective noise and background subtraction and/or unprecise scintillation nonproportionality of the response correction and/or non-inclusion in the available computational
spectrum of fine corrections as that for electron exchange effects.

4
Shape factors from 2.25 keV
q^4 + 0.348*q^2*p^2 + 0.008*p^4

C(W)

3

2

1

0

-1
1.0

1.1

1.2

1.3

1.4

1.5

Energy (keV)

Figure 17: Rb-87 shape factor obtained by dedicated measurements enabling noise and background subtraction in the
region below 12 keV.
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End point evaluation of Rb-87
End point evaluation for Rb-87 led to 282.2 keV with both SSC samples available. Figure 18
reports the Kurie plot for one of the two sample. The evaluated experimental end point is in good
agreement with that by atomic mass evaluation of 282,275 keV. Using the available shape factor

Residuals

Kurie plot
sqrt( N / p W F C(W) )

form [3] the present experimental data lead to an evaluation of the end point of 278.3 keV.
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Figure 18: Kurie plot of Rb-87 and derived end points with the shape factors of Figure 15 including that from [3].
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3 Beta spectra measured with magnetic spectrometer
With this measurement technique, the objective was to measure the beta spectra of Cl-36 and Tc99, two 2nd non-unique forbidden transitions for which we need additional experimental data to
compare with theoretical predictions. In the optimization of the magnetic spectrometer, additional
spectra were measured in order to validate the measurement set-up. Two allowed beta transitions,
Co-60 and Cs-134, as well as Cs-137 a 1rst unique transition, are measured. Their spectra shapes
are well known and the measurements confirm the good operation of the magnetic spectrometer
(figures 21 and 22). Additionally, the spectrum of Tl-204, a known 1rst unique transition, is also
measured in order to compute the spectrometer efficiency with energy up to 700 keV (figure 23).
The details of the magnetic spectrometer technique as well as the developments realized in the
framework of the MetroBeta project are described in details in the deliverable D3: “Summary report
on the improved measurement techniques for silicon detectors (Si(Li)), solid scintillator crystals
(LaBr3/CeBr3) and magnetic spectrometers for measurements of beta spectra”. All the measured
spectra are presented in the figures 19 to 23. The obtained shapes are compared with previous
measurements and/or theoretical predictions showing a good agreement.

Figure 19: Measured spectrum of Cl-36. The red line gives the fit value for the a shape factor S(W) = p0.(1 + p1.W + p2.W2) where
W is the electron total energy, p0, p1 and p2 are fit parameters. The obtained shape factor agrees with previous measurement from
[4].
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Figure 20: Measured spectrum of Tc-99. The black line corresponds to the calculated spectrum using the BetaShape software [1] and
the shape factor S = q2 + 0,54.p2 from [5] where p is the electron momentum and q the neutrino momentum.

Figure 21: Measured spectrum of Co-60 and Cs-134. The black dashed line gives the expected spectrum calculated with the
BetaShape software [1].
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Figure 22: Measured spectrum of Cs-137. The open dot give the measurement points and the black line gives the expected spectrum
calculated with the BetaShape software [1].

Figure 23: Measured spectrum of Tl-204. The black dots are the measured points, the dashed line with the open dots give the fit of
the measured data with a sixth order polynomial.
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