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1 Introduction
This deliverable is based on the WP3 developments in experimental techniques for the
measurement of the beta spectra at higher energy, up to a few MeV. Three experimental methods
were developed based on different techniques:


Si(Li) spectrometer



solid scintillator crystal technique



magnetic spectrometer

2 Measurement of beta spectra
2.1

Si(Li) spectrometer

The aim is to improve primary activity measurements (the becquerel) and radionuclide purity
measurements of P-32, Cl-36, Sr-89, Sr-90, Y-90 and Pm-147 by the precise measurement of beta
spectra. A precise characterisation of the Si(Li) detector was performed through Monte Carlo
calculations of the detection efficiency for activity measurements of pure beta-emitting
radionuclides.
2.2

Solid scintillator crystal techniques

The aim is to develop a modern solid scintillator crystal technique compliant with metrological
requirements and apply it to beta spectrum measurements of Lu-176.
2.3

Magnetic spectrometer

The aim is to measure the beta spectral shape using a magnetic spectrometer. The spectrometer
was developed for the measurement of high energy spectra and is optimised to reduce the energy
threshold to ~10-20 keV.

Annexes
Annex 1: Good practice guide on beta spectra measurement using Si(Li) detectors
Annex 2: Good practice guide on improved beta spectra measurements using a magnetic
spectrometer
Annex 3: Good practice guide on improved beta spectra measurements using solid
scintillator crystals
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Abstract
Beta-spectrometry with Si(Li) detectors is a modern technique allowing improvement of methods
for activity of radionuclides measurement and therefore metrological traceability. Determination of
pure beta radionuclide impurities in samples for absolute activity measurement is very difficult,
especially if also pure beta radionuclide is measured.
In nuclear medicine the number of radionuclides used for diagnosis is steadily increasing and
accurate measurement of radiochemical purity of administered radiopharmaceuticals is very
important for radiation protection of patients.
This guide focuses on beta-spectrometric measurement using Si(Li) detector, and special
collimator for pure beta impurities in pure beta radionuclides determination. Monte Carlo (MC) model
for MCNP code was created describing the whole measuring geometry including the detector, the
collimator and lead shielding, and also the measured sample. The MC model was validated using
standard sources traceable to the National standard for activity of radionuclides, and then used for
measured beta spectra calculation. For minimum detectable activities of radionuclide impurities,
mixed samples were prepared with different levels of impurity in measured radionuclide, and mixed
spectra MC calculated. Both experimental and calculated spectra were compared and detection limits
for impurity concentration determined.
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1. Introduction
Beta-spectrometry with Si(Li) detectors is a modern technique allowing improvement of methods
for activity of radionuclides measurement and therefore metrological traceability. Determination of
pure beta radionuclide impurities in samples for absolute activity measurement is very difficult,
especially if also pure beta radionuclide is measured.
In nuclear medicine the number of radionuclides used for diagnosis is steadily increasing and
accurate measurement of radiochemical purity of administered radiopharmaceuticals is very
important for radiation protection of patients.
This guide focuses on beta-spectrometric measurement using Si(Li) detector, and special
collimator for pure beta impurities in pure beta radionuclides determination. Monte Carlo (MC) model
for MCNP code was created describing the whole measuring geometry including the detector, the
collimator and lead shielding, and also the measured sample. The MC model was validated using
standard sources traceable to the National standard for activity of radionuclides, and then used for
measured beta spectra calculation. For minimum detectable activities of radionuclide impurities,
mixed samples were prepared with different levels of impurity in measured radionuclide, and mixed
spectra MC calculated. Both experimental and calculated spectra were compared and detection limits
for impurity concentration determined.
This guide summarises the work performed in the framework of the EMPIR 2015 16SIB10
‘MetroBeta’ project and covers the following objectives:


Characterization of the Si(Li) detector and the measurement geometry model creation for
MC calculations of single and mixed beta spectra using MCNP code
 Validation of the detector’s model using radionuclide standard sources with traceability to
the National standards for activity of radionuclides
 Measurement and calculation of single beta spectra of the radionuclides P-32, Cl-36, Sr-89,
Sr-90, Y-90, Pm-147 and Tl-201
 Measurement and calculation of mixed beta spectra of the radionuclide mixtures P-32/P33 and Y-90/Sr-90/Sr-89
 Comparison of measured and calculated spectra
 Determination of detection limits for concentration of impurities in the measured
radionuclide
The method described in the guide allows determination of pure beta impurities content in pure
beta radionuclide before absolute activity measurement, or radiopharmaceutical administration to
patient, and for other relevant purposes.
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2. Measuring geometry
2.1 Si(Li) detector with shielding and electronics
The CMI’s spectrometric laboratory uses an SLP Series Lithium-Drifted Silicon Low-Energy Photon
Spectrometer model SLP-06165P-OPT-0.5 (Ortec®; [1]) for both X-ray spectrometry and beta
spectrometry. Nominal detector parameters are as follows: active diameter 6 mm, sensitive depth 5
mm, absorbing layers: Be 0.0127 mm, Au 20 nm, and Si 0.1 mm. Resolution at 5.9 keV is 160 eV (fullwidth at half maximum). The detector is installed inside a 5 cm thick lead shielding. For measurement
of X-ray sources, a stand made of acrylic glass is inserted into the shielding fixing the measurement
position of the sources. For measurement of beta sources, the acrylic glass stand is replaced with a
special collimator and source holder made of aluminium alloy. Its presence significantly reduces
scattered radiation and allows a better description of the beta particle beam.
The signal processing equipment comprises the ORTEC pre-amplifier model 239POF and the
CANBERRA module DSP 9660. The detection of β particles results in pulses from the pre-amplifier that
considerably exceed the level which is usual in X-ray detection and therefore it is necessary to include
a 10:1 signal attenuator between the pre-amplifier and DSP. Beta spectra were analysed using the
GENIE software.

2.2 Collimator and source holder
The collimator and source holder shape is in the Figure 1a. The source holder is screwed on the
bottom part of the collimator and collimator is screwed on the Si(Li) detector. Dimensions of the
collimator and source holder were optimized by MC calculations and are shown in the Figure 1b.
Diameter of the collimator aperture is 4 mm. The collimator significantly reduces scattered radiation
and allows better description of the beta particle beam.
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Figure1a: Collimator and source holder

Figure 1b: Collimator and source holder dimensions
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3. Radionuclide sources preparation
Typical beta sources measured with the detector are produced by dropping a radionuclide solution
onto a 0.1 mm thick polyethylene terephthalate (PET) foil in aluminium ring. Radionuclide material is
located in the centre of the foil activity ranges from 50 to 100 kBq. Distance between the source and
the detector end cap is 35 mm. A special tool for the PET foil preparation is in the Figure 2 and its
dimensions in the Figure 3.

Figure 2: The tool for PET foil preparation (lower part, PET foil, upper part, ball)

Figure 3: Dimensions of the tool
After dropping the activity on the foil and drying, a microscope was used for activity distribution
imaging and the source structure included in the MC model.
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4. MC calculations
4.1 MCNP model
Description of the crystal and the construction elements provided by the detector manufacturer
was confirmed using X-ray radiography with a defectoscopic film sheet (Structurix D5 Pb
Vacupac, AGFA) and a Timepix detector equipped by 300 µm thick Si sensor. Timepix is a single
photon counting semiconductor pixel detector with 256×256 square pixels 55 µm in size [2]. The
sensitive area is about 2 cm2, so the Si(Li) detector had to be imaged in several steps. The
radiography also allowed to determine other parameters not provided by the manufacturer, and to
obtain an accurate picture of the detection system inner construction, especially the shape of the
crystal and its position within the cap, and the cryostat structure. The film was exposed to 60 kV
RQR4 X-ray radiation quality for 280 s delivering the total air kerma of 4 mGy at a distance of 1.5 m
from the X-ray source. The Timepix detector was exposed to unfiltered 150 kV X-ray beam. Each
imaging sequence took 100 s. The response of each individual pixel was calibrated by direct
thickness calibration method using Al filters up to 52 mm thick [3].
The MC model consisted of the Si(Li) detector and its cryostat, collimator, shielding, and an
appropriate source on a stand (Figure 4). MC simulations were performed using the generalpurpose MC code MCNPX™ in version 2.7.E [4]. Continuous-energy photoatomic data library
MCPLIB84 [5] and electron condensed-history library el03 with 1 keV and 10 keV energy cut-off
were used for photon and electron transport, respectively. The el03 tables are based on the
Integrated TIGER Series 3.0 and their description is provided in [6].
For beta spectra calculation only, to sufficiently sample electron energy and angular straggling
in materials between the source and the detector in condensed-history electron transport, values of
two parameters influencing the straggling were modified – efac in PHYS:E card and ESTEP on
material card. The efac controls stopping power energy spacing and it was changed from the default
value of 0.917 to 0.96 [4]. The parameter ESTEP defines the number of electron sub-steps per
energy step [4] and it was increased to 30, 200, and 100 in sensitive silicone, insensitive silicone,
and gold, respectively. Also, ESTEP value was increased in the air and in the material of the source.
Their value depended on the end point of a calculated beta spectrum.
In addition, the efficiency of beta spectrum calculation was increased by implementation of two
variance reduction methods: cell-by-cell electron energy cut-off and source bias. Cell-by- cell
energy cut-off for electrons was used for aluminium alloy outer collimator, except for its small part
close to an aperture, by setting an ELPT card [4] to 300 keV. This method suppressed tracking of low
energy electrons in parts of the geometry from which they cannot contribute to the detector
spectrum. The exponential source bias with the parameter a=1 [4] allowed to emit the electrons
from the source preferentially towards the detector increasing the probability to contribute to the
detector spectrum.
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Figure 4: Visualizations of the MC model of the Si(Li) detector. Left - set-up for beta spectra
measurement; centre – set-up for MC model validation; right – detail of the detector. Colours
distinguish different materials. Main parts of the set-up are numbered as follows: 1 – Si crystal, 2 –
crystal cover and inner collimator, 3 – Be entrance window in the cryostat cover, 4 – acrylic glass
stand, 5 – photon source, 6 – beta source, 7 – aluminium alloy holder of beta sources and outer
collimator.
Parameters of the Si(Li) detector
Figures 5 and 6 show a radiogram of the Si(Li) detector obtained with the film and the Timepix
detector, respectively. The radiogram from the Timepix is composed of 15 individual exposures.
Both radiograms clearly show shapes of individual parts of the detector that is necessary for the
development of a precise MC model. A schematic drawing of the Si(Li) detector with parameters
obtained from the radiograms and then used in the MC model is presented in Figure 7. The
following thicknesses of insensitive volumes of the Si crystal were defined in the MC model: 500
µm at the rear, 175 µm on the side, and 0.1 µm at the front. In addition, there is an additional
attenuation layer at the Si front made of 0.02 µm of gold foil.

Figure 5: Si(Li) detector radiogram obtained with a film. Image is in inverse colours. The arrow
points to the Si crystal.
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Figure 6: Si(Li) detector radiogram obtained with a Timepix detector. Image is in inverse
colours. The arrows point to the entrance window in the end cap (the bottom one) and to the Si
crystal.

Figure 7: A schematic drawing of the Si(Li) detector and dimension obtained from radiograms and
used in the MC model. Dimensions are given in millimetres.
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4.2 Validation of MCNP model
The MC model of the Si(Li) detector was validated by comparison of experimental and calculated
full-energy peak (FEP) detection efficiencies. Experimental FEP efficiencies were determined in the
energy range from 5 to 136 keV using point-like sources with a range of X-ray and -ray emitting
radionuclides (see Table 1) prepared in CMI and traceable to the Czech national standard for
activity of radionuclides. The calculated FEP efficiencies were obtained using the detector pulseheight tally of type F8 [4] for monoenergetic source photons of the energy matching the measured
sources. The particles were emitted from the source into a cone oriented towards the detector crystal
to increase computational efficiency. The outer aluminium collimator was removed for these
measurements. The sources were placed on an acrylic glass stand and positioned on the detector
axis at a distance of 63.5 mm from the end cap. The part of the MC model outside the cryostat was
modified appropriately to match the geometry of the measurement. The MC simulation was
stopped when the statistical standard uncertainty of the FEP efficiency reached 0.2%.
The net peak areas were calculated by the total peak area method with a step function for
continuum subtraction [7]. True coincidence summing corrections were negligible. The combined
standard uncertainty of the experiment consists of the uncertainty of the net peak area, the
source activity, and the photon yield. All these components are presented in Table 1. The
uncertainty of the photon yield was taken from [8]. The standard uncertainties for dead- time
measurement and for random summations were negligible. The standard uncertainty of the relative
difference between experiment and simulation was obtained according to [9], section 5.1.2,
assuming no correlation between uncertainty components.
Results of the comparison of the calculated and the experimental values of the FEP efficiencies
are summarized in Table 1 and visualized in Figure 8. For all measured photon energies,
relative differences vary within ±5% which the authors consider to be an acceptable result with
respect to uncertainties of the experimental efficiency values. Therefore, the MC model of the
Si(Li) detector is validated and can be used for beta spectra simulations.
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Table 1: Comparison of experimental (ηE) and calculated (ηC) values of full-energy peak
efficiency. E is photon energy, u(A), u(Y), and u(S) are experimental relative standard
uncertainty of source activity, photon yield, and peak area, respectively, u(ηE) is experimental
relative combined uncertainty, and RD is a relative difference obtained as RD = ηC / ηE -1. Calculated
relative standard uncertainty is always 0.2% and it consists of the statistical uncertainty of the
calculation only.
E (keV)

ηE

u(A) u(Y) u(S) u(ηE)

C

Nuclide

Line

RD

Mn-54
Co-57

Cr Ka
Fe Kα

Co-57

Fe K'β1

Pb-210

Bi Lα1

10.84 3.581E-04 1.5% 5.8% 0.2% 6.0% 3.479E-04 (-2.8 ± 5.8)%

Am-241

Np La1

13.95 3.593E-04 1.9% 1.0% 0.6% 2.2% 3.575E-04 (-0.5 ± 2.2)%

Co-57


Ag Kα2

14.41 3.671E-04 1.2% 1.6% 0.2% 2.0% 3.579E-04 (-2.5 ± 2.0)%

Cd-109
Cd-109

Ag Kα1

22.16 3.593E-04 1.5% 3.6% 0.3% 3.9% 3.440E-04 (-4.3 ± 3.7)%

Ba-133

Cs Kα2

30.63 2.467E-04 1.0% 2.6% 0.1% 2.8% 2.478E-04

(0.5 ± 2.8)%

Ba-133

Cs Kα1

30.97 2.372E-04 1.0% 1.1% 0.1% 1.5% 2.432E-04

(2.6 ± 1.5)%

Eu-152

Sm Kα2

39.52 1.487E-04 1.0% 2.4% 0.4% 2.6% 1.471E-04 (-1.1 ± 2.6)%

Eu-152

Sm Kα1

40.12 1.362E-04 1.0% 2.6% 0.3% 2.8% 1.420E-04

(4.2 ± 2.9)%

5.41 2.122E-04 1.0% 5.3% 0.3% 5.4% 2.192E-04 (3.3 ± 5.6)%
6.40 2.732E-04 1.2% 1.5% 0.1% 1.9% 2.710E-04 (-0.8 ± 1.9)%
7.06 2.935E-04 1.2% 1.9% 0.3% 2.2% 2.939E-04

(0.1 ± 2.3)%

21.99 3.488E-04 1.5% 3.7% 0.6% 4.1% 3.452E-04 (-1.0 ± 4.0)%

Am-241



59.54 4.603E-05 1.9% 1.1% 0.4% 2.2% 4.823E-05

(4.8 ± 2.4)%

Eu-152



121.78 5.185E-06 1.0% 0.2% 3.1% 3.3% 5.233E-06

(0.9 ± 3.3)%

Co-57



122.06 5.468E-06 1.2% 0.2% 0.6% 1.3% 5.197E-06 (-5.0 ± 1.3)%

Co-57



136.47 3.777E-06 1.2% 0.7% 1.9% 2.4% 3.651E-06 (-3.3 ± 2.3)%

Figure 8: Relative difference (RD) between measured (ηE) and calculated (ηC) full-energy peak
efficiencies for photons from 5 to 136 keV, determined as RD = ηC/ ηE -1.
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5. Measurement and calculation of beta spectra
Beta spectra for Pm-147, P-32, Sr-89, Sr-90, Y-90, Tl-204 and Cl-36 were measured using Si(Li)
detector and collimator described in Section 2. The sources preparation is described in Section 3.
In Section 4, validated model of the measuring geometry for MCNP code is described for MC
calculation of beta spectra.
Measured beta spectra and calculated beta spectra are shown in the Figures 9 to 15.

Pm-147 exp(red) MCNP(black)
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Figure 9: Measured (exp) and calculated (MCNP) beta spectra of Pm-147
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Tl-204 exp(red) MCNP(black)
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Figure 10: Measured (exp) and calculated (MCNP) beta spectra of Tl-204
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Figure 11: Measured (exp) and calculated (MCNP) beta spectra of Sr-89
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Y-90 exp(red) MCNP(black)
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Figure 12: Measured (exp) and calculated (MCNP) beta spectra of Y-90

Figure 13: Measured (exp) and calculated (MCNP) beta spectra of Sr-90(Y-90)
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Figure 14: Measured (exp) and calculated (MCNP) beta spectra of P-32

Figure 15: Measured (exp) and calculated (MCNP) beta spectra of Cl-32
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Good agreement between measured and calculated beta spectra for radionuclides Pm-147, Tl-204,
Sr-89, Y-90, Sr-90 and P-32 demonstrates suitability of created MC model for calculation of beta
spectra of pure beta radionuclide mixtures. The model can be used for radionuclide impurities
concentration or minimum detectable activities determination, especially for absolute activity
measurement, or purity of radiopharmaceuticals control.
There is a significant disagreement between measured and calculated beta spectra shape of Cl-36.
The reason probably is that the transition with Emax = 709 keV is non-uniquely 2nd forbidden
transition and the form factor differs from one and strongly depends on the energy. The approximate
expression for the form factor was used given by Preston [10].

6. Minimum detectable activity (MDA) determination
Minimum detectable activities have been determined for mixtures P-32/P-33 and Sr-89/Sr-90/Y90. The results can be used to reduce uncertainty at absolute activity measurement and/or for
radionuclide impurities determination in radiopharmaceuticals.

6.1 MDA for P-32/P-33 mixtures
The phosphorus radioisotopes are used for diagnosis and treatment in nuclear medicine, and in
biochemistry and molecular biology. The determination of the P-32 as impurity in P-33 and P-33 as
impurity in P-32 is crucial for activity measurement and therefore radiation protection of patients.
Both, absolute activity measurement and measurement at nuclear medicine clinics are not
spectrometric and depend directly on accurate determination of the impurity content.

MDA for P-32 in P-33
For determination of MDA for P-32 in P-33, a solution was used with radionuclide purity declared
by the producer and better than 0.5%. From this solution, a source was prepared of P-33 nominal
activity 100 kBq, and spectra acquired (see Figure 16).
EFS P33 1691-05 20180222
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Figure 16: Beta spectrum P-33 with the impurity P-32
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Activities of P-33 (Eβmax= 249 keV) and P-32 (Eβmax= 1710 keV) were calculated from ROI(P-33) =
15 to 240 keV and ROI(P-32) = 270 to 1700 keV. Measuring efficiencies were determined
experimentally using standard sources for P-33 and P-32 traceable to The Czech National standard,
and calculated using validated model of measuring geometry and MCNP code.
From measured spectrum (Figure 16), P-32 concentration in P-33 was calculated
A(P-32)/A(P-33) = 0.23%, which was in agreement with the producer declaration (˂ 0.5%).
Based on these measurements, minimum detectable activity for impurity P-32 in radionuclide P-33 is
estimated better than 0.1%.

MDA for P-33 in P-32
For determination of MDA for P-33 in P-32, five sources P-32 were prepared with different levels
of P-33 activity 0.5%, 1%, 1.5%, 2% and 3%. Spectra of these mixed sources were acquired and
evaluated. No difference was found between the source with only P-32 radionuclide and the mixtures
up to 1.5% of P-33. First level for evaluable determination of P-33 concentration was 2%. The pure P32 beta spectrum is in the Figure 17. Mixed spectrum with 1.8% activity of P-33 is in the Figure 18.
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Figure 17: Pure P-32 beta spectrum

EFS P32 mix 1690-07
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Figure 18: Mixed beta spectrum P-32 with 1.8% P-33
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Activity of P-33 was determined from the difference between the ROI integral and the continuum
of a parabolic fit at an interval of 85 keV to 240 keV. Measuring efficiencies for P-32 and P-33 in the
ROI were calculated using MCNP code and validated model of measuring geometry. Determined
content of the impurity P-33 in the radionuclide P-32 was 2.3(7)% what was in a good agreement with
the true content 1.8(5)%.
Based on these measurements, minimum detectable activity for impurity P-33 in radionuclide P-32
is estimated at 2%.

6.2 MDA for Sr-89/Sr-90/Y-90 mixtures
Radionuclides strontium-89 and Y-90 are used for therapy and diagnosis in nuclear medicine, and
radionuclide standards with Sr-90 are used for calibration of measurement instruments in radiation
protection and environmental contamination. The determination of the Sr-90 as impurity in Sr-89 and
Y-90 is crucial for activity measurement and therefore radiation protection of patients. Both, absolute
activity measurement and measurement at nuclear medicine clinics are not spectrometric and depend
directly on accurate determination of the impurity content.

MDA for Sr-90 (Y-90) in Sr-89
For determination of MDA for Sr-90(Y-90) in Sr-89, five sources P-89 were prepared with different
levels of SR-90(Y-90) activity from 0.1% to 3%, 1.5%, 2% and 3%. Spectra of these mixed sources
were acquired and evaluated. It was evident that evaluable determination of Sr-90(Y-90)
concentration in Sr-89 was 0.1%. The pure Sr-89 beta spectrum is in the Figure 19.Mixed spectrum
with 0.1% activity of Sr-90(Y-90) in Sr-89 is in the Figure 20.
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Figure 19: The pure Sr-89 beta spectrum
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Sr-89 + 0.1% Sr-90
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Figure 20: Mixed beta spectrum Sr-89 with 0.1% Sr-90(Y-90)
Activities of Sr-90(Y-90) and Sr-89 in the mixture were traceable to the Czech National Standard
and calculated concentration A(Sr-90)/A(Sr-89) was 0.10%. Detection efficiencies were calculated in
the ROI 600 keV to 1500 keV for Sr-89 and 1500keV to 2300 keV for Sr-90(Y-90) using MCNP code and
validated model of measuring geometry. Concentration A(Sr-90)/A(Sr-89) was determined at 0.12%.
Based on these measurements, minimum detectable activity for impurity Sr-90 (Y-90) in
radionuclide Sr-89 is estimated at 0.1%.

MDA for Sr-90 in Y-90
For determination of MDA for impurity Sr-90 in radionuclide Y-90, five sources Y-90 were
prepared with different levels of Sr-90 activity 0.5%, 1%, 1.5%, 2% and 3%. Spectra of these mixed
sources were acquired and evaluated. No difference was found between the source with only Y-90
radionuclide and the mixtures up to 1% of Sr-90. First level for evaluable determination of Sr-90
concentration was 2%. Pure and mixed spectrum with 2% activity of Sr-90 is in the Figure 21.
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Y-90(black), Y-90+2% Sr-90(Y-90)(red)
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Figure 21: Pure beta spectrum Y-90 and mixed beta spectrum Y-90 with 2% Sr-90
Activity of Sr-90 was determined from the difference between the ROI integral from 100 keV to
540 keV in pure Y-90 spectrum and mixed spectrum. Activity of Y-90 was calculated from the ROI
560keV to 2300 keV. Measuring efficiencies were calculated using MCNP code and validated model of
measuring geometry. Determined content of the impurity Sr-90 in the radionuclide Y-90 was 2.0(2)%
what was in a good agreement with the true content 1.9(2)%.
Based on these measurements, minimum detectable activity for impurity Sr-90 in radionuclide Y90 is estimated at 2%.

MDA for Sr-89 in Sr-90(Y-90)
For determination of MDA for impurity Sr-89 in radionuclide Sr-90(Y-90), five sources Sr-90(Y-90)
were prepared with different levels of Sr-89 activity 0.5%, 1%, 1.5%, 2% and 3%. Spectra of these
mixed sources were acquired and evaluated. No difference was found between the source with only Sr90(Y-90) radionuclide and the mixtures up to 1.5% of Sr-89. First level for evaluable determination of
Sr-89 concentration was 2%. The pure Sr-90(Y-90) beta spectrum and mixed spectrum with 2%
activity of Sr-89 is in the Figure 22.
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Figure 22: Pure beta spectrum Sr-90 (Y-90) and mixed beta spectrum Sr-90(Y-90) with 2% Sr-89
Activity of Sr-89 was determined from the difference between the ROI integral from 100 keV to
1490 keV in pure Sr-90(Y-90) spectrum and mixed spectrum. Activity of Sr-90(Y-90) was calculated
from the ROI 1500 keV to 2300 keV. Measuring efficiencies were calculated using MCNP code and
validated model of measuring geometry. Determined content of the impurity Sr-89 in the radionuclide
Sr-90(Y-90) was 2.2(2)%, which was in a good agreement with the true content 2.1(2)%.
Based on these measurements, minimum detectable activity for impurity Sr-89 in radionuclide Sr90(Y-90) is estimated at 2%.

7. Lessons learnt








Determination of pure beta impurities content in pure beta radionuclides is very important for
absolute activity measurement and radiochemical purity of radiopharmaceuticals determination.
Si(Li) beta spectrometry is suitable method for determination of pure beta impurities content in
pure beta radionuclides.
A precise and validated model of measuring geometry including the source description must be
created for MC calculations e.g. using MCNP code.
Special collimator must be used to reduce scattered radiation and allow better description of the
beta particle beam.
PET foil is suitable for sources preparation and special tool allowing location of radioactive
material in the foil center.
Use of tetraethylene glycol for homogenisation of the sample was inappropriate, better results
were achieved by inclusion of source description in the MC model.
It is very difficult to determine impurity Sr-89 content in radionuclide Sr-90 (Y-90). The results are
nor reproduceable.
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8. Conclusion
A Si(Li) spectrometer was characterized by X-ray radiography and the obtained detector
parameters were used for preparation of an MCNPX™ input file usable for Monte Carlo calculations
of beta spectra. The MC model was validated using a set of point-like standard sources with Xray and -ray emitting radionuclides. Measured and calculated full-energy peak efficiencies agreed
within ±5%.
The MC model was used for calculation of beta spectra mixtures and minimum detectable
activities determination, especially for radionuclides Sr-89, Sr-90, Y-90, P-32 and P-33. The results
permit to decrease the uncertainty of absolute activity measurement of pure beta radionuclides and
radionuclide impurities determination in radiopharmaceuticals. Achievable minimum detectable
activities are shown in the Table 2.
Table 2: Minimum detectable activities for P-32/P-33 and Sr-89/Sr-90/Y-90 mixtures.
Radionuclide

Impurity

MDA, %

P-33

P-32

0.1

P-32

P-33

2

Sr-89

Sr-90(Y-90)

0.1

Y-90

Sr-90

2

Sr-90(Y-90)

Sr-89

2

9. Further reading






Absolute activity measurement using primary equipment, usually declared as national standard, is
the highest level of traceability chain ensuring correctness and accuracy of radionuclide activity
measurement. As this measurement is not spectrometric, radionuclide impurities must be always
determined. This determination is very difficult for pure beta impurities, where no gamma lines
are available, especially for strontium, yttrium and phosphorus isotopes.
In nuclear medicine, determination of radionuclide impurities is very important for radiation
protection of patients, especially for strontium-90 in radiopharmaceutical yttrium-90, because
strontium-90 is one of most dangerous radionuclides imitating calcium in bones.
Using experimental measurement and MC calculations, the developed method allows
determination of pure beta impurities in pure beta radionuclides and reducing detection limits for
strontium, yttrium and phosphorus isotopes (Sr-90, Sr-89, Y-90, P-32 and P-33).

Acknowledgements
This work was supported by the European Metrology Programme for Innovation and Research
(EMPIR) joint research project 15SIB10 "Radionuclide beta spectra metrology" (MetroBeta;
http://metrobeta-empir.eu/) which has received funding from the European Union. The EMPIR
initiative is co-funded by the European Union's Horizon 2020 research and innovation programme
and the EMPIR Participating States.

Page: 23/25

References
[1] ORTEC AMETEK-AMT, USA. https://www.ortec-online.com.
[2] X. Llopart, R. Ballabriga, M. Campbell, L. Tlustos, W. Wong, Timepix, a 65k programmable pixel
readout chip for arrival time, energy and/or photon counting measurements, Nucl Instrum Methods
Phys Res A, Vol. 581 (2007). DOI: 10.1016/j.nima.2007.08.079.
[3] J. Jakubek, D. Vavrik, S. Pospisil, J. Uher, Quality of X-ray transmission radiography based on
single photon counting pixel device, Nucl Instrum Methods Phys Res A, Vol. 546 (2005). DOI:
10.1016/j.nima.2005.03.045.
[4] D.B. Pelowitz et al., MCNPX™ 2.7.E Extensions - A General Monte Carlo N Particle Transport Code,
Los Alamos National Laboratory, report LA-UR-11-01502 (2011).
[5] M.C. White, Further Notes on MCPLIB03/04 and New MCPLIB63/84 Compton Broadening Data For
All Versions of MCNP5, Los Alamos National Laboratory, report LA-UR-12-00018 (2012).
[6] X-5 Monte Carlo Team, MCNP - A General Monte Carlo N-Particle Transport Code, Version 5,
Volume I: Overview and Theory, Los Alamos National Laboratory, report LA-UR-03-1987 (2003).
[7] Genie 2000 Gamma Acquisition & Analysis software V3.2.1, Aug 26, 2009. Canberra, USA.
[8] DDEP Decay Data Evaluation Project, available online:
http://www.nucleide.org/DDEP_WG/DDEPdata.htm.
[9] JCGM 100:2008 Evaluation of measurement data — Guide to the expression of uncertainty in
measurement, JCGM 2008.
[10] M. A. Preston: Physics of the nucleus, 1962.

List of abbreviations and definitions
Si(Li) detector

lithium drifted silicon detector

DSP

Digital Signal Processor

MC calculations

Monte Carlo calculations

MCNP code

Monte Carlo N-Particle code

EMPIR

European Metrology Programme for Innovation and Research

MDA

minimum detectable activity

ROI

region of interest

List of figures
Figure 1a: Collimator and source holder
Figure 1b: Collimator and source holder dimensions
Figure 2: Special tool for the PET foil preparation
Figure 3: Dimensions of the tool
Page: 24/25

Figure 4: Visualizations of the MC model of the Si(Li) detector
Figure 5: Si(Li) detector radiogram obtained with a film.
Figure 6: Si(Li) detector radiogram obtained with a Timepix detector.
Figure 7: A schematic drawing of the Si(Li) detector and dimension obtained from radiograms and used
in the MC model.
Figure 8: Relative difference between measured and calculated full-energy peak efficiencies for
photons from 5 to 136 keV.
Figure 9: Measured (exp) and calculated (MCNP) beta spectra of Pm-147
Figure 10: Measured (exp) and calculated (MCNP) beta spectra of Tl-204
Figure 11: Measured (exp) and calculated (MCNP) beta spectra of Cl-36
Figure 12: Measured (exp) and calculated (MCNP) beta spectra of Sr-89
Figure 13: Measured (exp) and calculated (MCNP) beta spectra of Y-90
Figure 14: Measured (exp) and calculated (MCNP) beta spectra of Sr-90
Figure 15: Measured (exp) and calculated (MCNP) beta spectra of P-32
Figure 16: Beta spectrum P-33 with the impurity P-32
Figure 17: Pure P-32 beta spectrum
Figure 18: Mixed beta spectrum P-32 with 1.8% P-33
Figure 19: Pure Sr-89 beta spectrum
Figure 20: Mixed beta spectrum Sr-89 with 0.1% Sr-90(Y-90)
Figure 21: Mixed beta spectrum Y-90 with 1.5% Sr-90
Figure 22: Mixed beta spectrum Sr-90(Y-90) with 3% Sr-89

List of tables
Table 1: Comparison of experimental and calculated values of full-energy peak efficiency.
Table 2: Minimum detectable activities for P-32/P-33 and Sr-89/Sr-90/Y-90 mixtures.

Page: 25/25

1st June 2016 – 31st May 2019

JRP EMPIR 15SIB10: MetroBeta
Radionuclide beta spectra metrology

Good practice guide, D3 - Annex 2

Good practice guide on beta spectra measurement using magnetic
spectrometers

Deliverable Number:

D3 – Annex 2

Deliverable Type:

Good practice guide

Participants:

CHUV

Delivery Date:

May 2019
Page: 1/18

TABLE OF CONTENTS
ABSTRACT .................................................................................................................................................................................. 3
1. INTRODUCTION ................................................................................................................................................................... 4
2. THE DOUBLE FOCUSING MAGNETIC SPECTROMETER .......................................................................................... 4
2.1 SOURCES PREPARATION .........................................................................................................................................................................4
2.2 SI DETECTOR AND ACQUISITION SYSTEM ............................................................................................................................................6
2.3 CALIBRATION AND RESOLUTION MEASUREMENT ..............................................................................................................................7
2.4 EFFICIENCY ..............................................................................................................................................................................................9
3. VALIDATION MEASUREMENT...................................................................................................................................... 10
4. MEASUREMENT OF BETA SPECTRA........................................................................................................................... 11
4.1 MEASUREMENT OF 99TC SPECTRUM ................................................................................................................................................. 12
4.2 MEASUREMENT OF 36CL SPECTRUM ................................................................................................................................................. 12
5. LESSONS LEARNT ............................................................................................................................................................. 14
6. CONCLUSION ...................................................................................................................................................................... 15
REFERENCES ........................................................................................................................................................................... 16
LIST OF FIGURES ................................................................................................................................................................... 17
LIST OF TABLES ..................................................................................................................................................................... 18

Page: 2/18

Abstract
In this good practice guide, we describe the developments achieved on a double focusing magnetic
spectrometer since a previous preliminary study. The goal is to have a complementary techniques to
the others used in the MetroBeta project like Metallic magnetic calorimeter, Si(Li) spectrometer and
Solid Scintillator crystal. The objective is finally to measure the beta spectrum of 99Tc and 36Cl for
which there a need to have a measurement of better accuracy.
Several improvements are presented, the optimisation of the source support to reduce the scattering
or backscattering which distort the measured spectrum, the implementation of a new acquisition
system and the choice of the detector. The energy calibration method using conversion electrons from
109Cd, 137Cs, 133Ba, 207Bi and the resolution are shown and a resolution of 1.8% is obtained at 1 MeV. As
the efficiency depends on the energy, it was experimentally measured using 204Tl which cover an
energy range up to 700 keV. Beta spectra measurements of 60Co and 134Cs are performed to validate
the energy calibration and the good performance of the spectrometer.
The two measured spectra of 99Tc and 36Cl are presented and give reasonable agreement with previous
measurements. The maximum energy is found to be 293.6 ± 2.8 keV and 709.7 ± 3.7 keV respectively
for 99Tc and 36Cl, which is in agreement with the recommended values from Decay Data Evaluation
Project.
Despite the good performance of the spectrometer some improvements have to be realised to obtain a
better accuracy of the spectrum measurements. For instance, the implementation of a cooling system
for the detector or the usage of slits in front of the detector would allow reducing the threshold at low
energy and improving the energy resolution.
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1. Introduction
Magnetic spectrometers where developed in the 1950’s for nuclear physics studies. With the retreat of
the nuclear physics studies in the 1970s, this technique was abandoned and almost no development
has been done since. In the framework of the MetroBeta project a double focusing magnetic
spectrometer has been set up for the measurement of beta emitters. The aim of this work is to develop
an additional measurement technique independent and complementary to the others used in the
MetroBeta project (Metallic Magnetic Calorimeter, Si(Li) spectrometer, Solid Scintillator Crystal). In
the following, we describe the development of the source support to minimize scattering which could
distorts initial spectrum, the acquisition system and the obtained performance of the spectrometer.
The validation of the measurements is obtained using known beta spectra for allowed transition like
60Co-60 and 134Cs. Finally the measured spectrum of 99Tc and 36Cl and presented.

2. The double focusing magnetic spectrometer
The operation principle of the spectrometer is described in [1]. It consists to focalize electrons using a
dedicated magnetic field in both vertical and horizontal planes. The curvature of the electron
trajectory at the reference radius is 18 cm and the deflection angle is 180°. The electrons are collected
at the focal point on a Silicon detector. The energy of the electron is selected by the magnetic field
value, which can be controlled by changing the current in the coils. The magnetic field can be increased
up to 0.1 Tesla allowing measuring a kinetic energy of the electron up to 5 MeV.

Figure 1: Top view of the spectrometer

2.1 Sources preparation
The source support is designed to avoid as much as possible the scattering of the electrons. The
scattered electrons and especially the backscattered one, can enter in the spectrometer and can be
focalized on the detector with a different energy with respect to their initial energy. This will modified
the initial energy spectrum we have to measure. For the source support, we first used a metal ring
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on which a Vyns film [2] was deposed. Unfortunately, this type of source was not robust enough in the
vacuum chamber and the film was broken during the measurement. Finally, the source support
consists of a square of 3 cm side made into Plexiglas of 1 mm thickness. A hole of 1.5 cm diameter is
drilled in its center. On the bottom face, a Mylar foil of 0.5 m thickness [3] is glued (figure 2). To test
the source support, a drop of around 10 μl of radioactive solution of 137Cs was deposited on the center
of the Mylar and dried. The measurement of the 624 keV peak of the conversion electron was
measured versus time with the spectrometer to check the stability. A drift in the energy position peak
was observed (figure 3). To make the Mylar support conductive to avoid accumulation of charges, the
top face of the support was sprayed with a graphite conductive paint. The results given in figure 3
show the stability of the energy peak position when the support is first recovered with the conductive
paint and then the drop is deposited.
Each source is weighted with a MettlerAE 240 balance before and after the drop deposition to know
the mass of the dispensed liquid and hence its activity. The source is finally put in an airtight container
with silica gel for drying. The diameter of the dried drop is around 3-4 mm. The radioactive solutions
used to prepare the sources are in hydrochloric or aqueous form. In the case of 36Cl, a drop of 10 μl of a
seeding agent, Ludox [4], is added before and after the radioactive drop deposition, in order to avoid
crystallization of the salt. This can create too large thickness sources, which can attenuate the
electrons and distort the measured spectrum (see section 4).

Figure 2: Plexiglas source support (right) with Mylar, sprayed with conductive paint (left).

Figure 3: Drift of the 137Cs conversion electron peak position versus time measurement. The black dots
give the peak position with the source without paint. The red dot give the peak position with the same
source sprayed above with conductive paint. The blue dots give the peak position for the final source
support where the Mylar source is sprayed with the conductive paint and the drop is deposited after
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2.2 Si detector and acquisition system
The focused electron in the spectrometer has to be measured at the detector position. In order to
improve the previous set-up [1], a new acquisition system has been study in the aim of measuring the
energy deposited in the detector, to reject electron with energy outside a defined energy window.
When the electrons cross matter, they undergo many scatterings, which prevent a full energy
deposition especially if the detector is too thin and with a small active surface (figure 4). Even with a
large and thick detector and because of the backscattering it is impossible to have always the whole
energy deposited. In addition, as the backscattering depends on the electron energy, the efficiency of
the detector is also depending on the energy of the impinging electron (Guerro, 2014).

Figure 4: Electrons interaction in the detector. Backscattering, out-scattering and dead layer of the
detector result in distortions of the initial energy spectrum.
The deposited energy in a silicon detector will have the spectrum shown in figure 5, which
corresponds to electrons with kinetic energy of 624 keV. The peak at 0.5 Volts corresponds to the full
energy deposition in the detector while the continuous tail corresponds to the backscattered or outscattered electrons, which escape the detector without deposited fully their energy.
In the previous measurements [1], the acquisition was performed by steps of current in the coils which
determines the magnetic field intensity and therefore the kinetic energy of the electrons focalized on
the detector. For each magnetic field settings, the rate was given by a direct counting of the electrons
reaching the detector and depositing energy above the electronic threshold of the acquisition system.
This method is not optimized as we don’t take into account the energy of the electron. A new system
has been developed which measures the amplitude of the signal in the detector which is proportional
to the deposited electron energy.
To have a better signal measurement, it would be worth to consider only electrons which deposit its
whole energy in the detector. This will give a smaller efficiency but a better signal quality reducing
background. The method consists in counting only electrons which are in a window around the
expected peak energy value.
The output voltage of the detector is recorded with the National Instrument PCI-6115 DAQ board [6],
which is driven by a Labview program. In this program, the maximum of the signal amplitude (in
Volts) is recorded and corresponds to the deposited energy.
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A compromise has to be find in the choice of the Silicon detector. It must be thick to have enough
energy deposited, but thick detectors have more noise and therefore have higher energy threshold. We
have tested a 5 mm thick detector which gives an energy threshold around 100 keV which is too high
for our measurements. The final detector used is a 1 mm thick detector with totally depleted surface
barrier silicon model BA-24-50-1000 from Ortec company. It allows to reduce the energy threshold to
60 keV and is able to fully stop electrons with energy up to around 600 keV.
The final acquisition records each electron focused in the detector and depositing a signal value V
above the electronic threshold. Therefore for each value of the current I, we have a list of V values from
which an offline selection is performed.
To compute the final spectrum, for a given current and therefore for a given energy, the corresponding
electron number is taken as the number of electrons depositing energy inside an energy window. The
size of the window covers the full-deposited energy peak and is fixed at 25 keV for all the energies.
For all the measurements, the spectrum is reconstructed point by point using current steps of 50 mA,
starting from 850 mA which corresponds to 62 keV. Due to the detector noise and to the electronics
used to amplify the signal, it was not possible to reduce this energy threshold. An improvement can be
obtained using a cooling system but it was not foreseen in the hardware at the construction of the
experiment and is therefore difficult to install.

Figure 5: Deposited energy spectrum in the Si detector for conversion electrons from 137Cs at 624 keV,
obtained from the output of the amplifier. The peak corresponds to the fully deposited energy and the
tail on the left corresponds to the backscattered and escaping electrons.

2.3 Calibration and resolution measurement
The energy selection is performed with the magnetic field which is set with the current in the coils.
The relationship between the current I and the kinetic energy T is given by the following relation,
where P0, P1 and P2 are parameters to be determined [1]:
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𝐓 = √𝐏𝟎 . 𝐈𝟐 + 𝐏𝟏 . 𝐈 + 𝐏𝟐 − 𝐦
m is the electron mass (=511keV).
Using the conversion electrons from 109Cd (62.5 keV), 137Cs (624 keV), 133Ba (45, 240, 266, 320 keV),
207Bi (481, 975 keV) the energy calibration curve can be obtained from a fit. For each energy, the I
value is obtained from the mean of a Gaussian fit on the measured peak value (figure 6). The result of
the calibration is given on the figure 7 with the value of the three parameters P0, P1 and P2.
The acquisition will be performed using an energy selection (see section 2.2). Therefore, we need a
relation between T (keV) and the detector output signal V (Volts). Again, using the conversion
electrons and a Gaussian fit on the detector output value (figure 8), we obtain the signal value in Volts
from which the relation between T and V is obtained with a linear fit (figure 7).

Figure 6: Energy peak of the conversion electron at 624.218 keV from the 137Cs source versus current.
The second peak on the right corresponds to the conversion electrons from the lines between 655.67
and 656.412 keV.

Figure 7: Left: energy calibration curve T (keV) versus I (mA). Right: calibration curve between the
kinetic energy T (keV) and pulse signal V (Volts).
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Figure 8: Signal from the amplifier for conversion electrons of 137Cs at 624 keV.
The energy resolution T/T of the spectrometer is obtained using the sigma of the Gaussian fit of each
electron conversion peak and is defined as the Full Width at Half Maximum, FWHM = .2,3548. The
energy dependence of the resolution is obtained from the fit on the following relation, where p0, p1 and
p2 are tree free parameters:
∆T
p0 p1
=
+ + p2
T
√T T
Results shown in the figure 9 give an energy resolution of 1.8% at 1 MeV.

Figure 9: Energy resolution
207Bi.

T/T measured with the electrons conversion of

109Cd, 133Ba, 137Cs

and

2.4 Efficiency
The magnetic spectrometer has an energy-dependent efficiency increasing with the electron energy;
the global efficiency is obtained experimentally. To measure the 36Cl and 99Tc spectrum we must know
the efficiency for an energy range up to 700 keV. To compute this efficiency, we use the 204Tl, which is a
pure beta emitter with a maximum energy of 763 keV. The obtained spectrum is given in figure 10 as
well as the efficiency which is calculated as the ratio of the experimental data and the theoretical curve
given by Betashape software [7].
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The curves are normalized in order to have the efficiency always below 1, as we are interested on the
shape of the spectrum and not on its absolute value. The obtained relative efficiency curve is given in
figure 10.

Figure 10: Theoretical and measured spectra of 204Tl (left) and measured efficiency obtained with the
ratio of the two spectra

3. Validation measurement
In order to validate the efficiency calculation, a measurement is performed for 134Cs and 60Co, which
are both allowed beta minus transitions and their spectrum can be correctly calculated. 134Cs
disintegrates to three allowed beta-minus transitions at 99.58% with maximum energy at 658.39 ±
0.33 keV. The remaining transitions are non-unique 2nd forbidden with end point at 1454 keV and
contribute little in the spectrum and can be neglected. 60Co disintegrates by 99.88% to allowed betaminus transition with energy end point at 317.32 ± 0.21 keV. The remaining transitions are unique 2 nd
forbidden with maximum end points at 1490 keV with low probabilities and can be also neglected.
The measured spectra are given in figure 11 showing the compatibility between the reconstructed
spectra using the efficiency from 204Tl and the expected spectra shape calculated with the BetaShape
software [7].
The usual Fermi-Kurie plot [8] is shown in figure 12 to check the position of the end point energy. The
values of 318.6 ± 3.2 keV and 654.4 ± 7.2 keV are found respectively for 60Co and 134Cs, which are in
agreement with the DDEP values [9].
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Figure 11: Reconstructed beta spectra for 134Cs and 60Co using the efficiency described in section 2.4

Figure 12: Kurie plot for reconstructed data of 60Co (left) and 134Cs (right). For the 134Cs fit, the last
points (after 500 keV) have been removed since there are several conversion electrons produced in
this region, which deviate the points from the linearity.

4. Measurement of beta spectra
In this project the beta spectrum of the non-unique 2nd forbidden transition of 36Cl and 99Tc have been
measured. They are both almost pure beta emitters with low intensities of X-rays, gamma and Auger
electrons [9]. 36Cl disintegrates by 98.1% to beta-minus decay to ground state of 36Ar, 1.9% to electron
capture and 0.0015% to beta-plus to the ground state of 36S. In this work, 36Cl is considered as a pure
beta emitter since all other electrons emission (Auger) are below the energy threshold measurement.
The maximum energy of the beta transition is 709.53 ±0.05 keV [9]. 99Tc disintegrates by two betaminus emissions to 99Ru, mainly (99.99885 %) to ground state and very weakly (0.00145 %) to an
89.52 keV excited level. It is considered as a pure beta emitter since all other emissions are with small
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intensities and can be neglected. In this work, we consider only the main beta-minus transition which
the maximum energy is 293.8 ± 1.4 keV [9].

4.1 Measurement of 99Tc spectrum
The measured beta spectrum of 99Tc is presented in the figure 13 as well as the theoretical spectrum
calculated with the BetaShape software using the experimental shape factor C = q2 + 0.54p2, from [10].
Using these data, the linear fit of the Kurie plot is used to determine the maximum energy found at
293.6 ± 2.8 keV. Which is in agreement with the with DDEP value of 293.8 ± 1.4 keV [9].

Figure 13: Left: Reconstructed spectrum of 99Tc (open dot) and the theoretical spectrum (line)
calculated with the BetaShape software. Right: Kurie plot for 99Tc using shape factor from [10],
maximum energy is 293.6 ± 2.8 keV.

4.2 Measurement of 36Cl spectrum
To make the 36Cl sources, we first used a solution with high NaCl concentration (40g/L) with a specific
activity of 5 MBq/g. Taking an aliquot of 10 L, a source of 50 kBq have been realized and measured.
The obtained spectrum was far from the agreement compare to the expected shape from previous
measurement with Metallic Magnetic Calorimeter [11] (figure 14). Therefore, the effect of attenuation
and self-absorption was investigated experimentally as the source had a thick layer of salt clearly
visible by eyes. Several sources were prepared using a lower salt concentration and varying 36Cl
activities (see Table 1). As shown above, a simple drying process is not well suited as the salt may form
crystals 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, two 10 L drops of a seeding agent, Ludox [12] diluted at
0.03%, were added, before and after the droplet deposition of the radioactive source. This leads to a
larger area of the dried radioactive material with no salt accumulation and considerably lower source
thickness. Figure 14 shows the measured spectra for the different sources used (see table 1).
Increasing the amount of salt in the source, leads to more deformed recorded spectra. The result
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obtained using Ludox and a low activity of about 6.6 kBq is also in reasonable agreement with the beta
spectrum derived from Rotzinger et al. [11].
Table 1: 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

Figure 14: Beta spectrum of 36C obtained with the different sources defined in Table 1. For the low
NaCl concentration, the salt quantity in the source is proportional to the activity.

The final measured beta spectrum of 36Cl is presented in the figure 15 as well as the theoretical
spectrum calculated with the BetaShape software using the experimental shape from [11]. Using these
data, the linear fit of the Kurie plot is used to determine the maximum energy found at 709.7 ± 3.7 keV.
Which is in agreement with the with DDEP value of 709.53 ± 0.05 keV [9].

Page: 13/18

Figure 15: Left: Reconstructed spectrum of 36Cl (open dot) and the theoretical spectrum (line)
calculated with the BetaShape software using the experimental shape factor from Rotzinger et al [11].
Right: Kurie plot of 36Cl using shape factor from [11], maximum energy is 709.7 ± 3.7 keV.

5. Lessons learnt
We measured instability of the source with the drift of the energy peak position (section 2.1). We
observed that the source support must be conductive to evacuate the charges, which create local
electric field interacting with the emitted electrons. Here we used a Mylar film of 0.5 m thickness
glued on a plexiglass support. The solution adopted was simple to implement by painting the support
with a conductive metallic paint before depositing the radioactive drop. Instead of plexiglass, a
conductive metallic support could be used to avoid usage of paint. A further improvement can be done
by using a wider support with a bigger hole drilled in the middle to reduce the scattering of electrons
in the support itself.
We also observed the effect of too thick source layer after drying on the mylar. This only happened for
36Cl as the carrier was NaCl salt, which can crystalize and create large thickness, which absorbs partly
or totally the electrons before leaving the source area. The problem was solved by using a carrier with
lower NaCl concentration, by reducing also the source activity and by adding a seeding agent, Ludox,
which avoids salt accumulation and gives a thinner and homogenous source area (section 4.2). In
general and for all sources, the carrier must be as low concentration as possible, which means also that
it is difficult to make sources with high activity. Therefore, counting time, needed to reconstruct point
by point the beta spectrum, can be large. Typical time here for 36Cl is 2.5 hours per point.
The detector choice showed that it is difficult to use a detector with a large thickness, although we
need a detector able to stop or at least to record enough the deposited electron energy. We tested a 5
mm thick silicon detector it was not possible to have an energy threshold lower than 100 keV. A
compromise was found with a Silicon detector of 1 mm thick, which can fully stop electrons of 600 keV
and giving an energy threshold of 60 keV. Improvement can be realized with the implementation of a
cooling system which should sensibly diminish the noise and therefore the energy threshold. In our
set-up, it would require technical modifications of the hardware to implement such a cooling system
but this could be one of a future improvement needed to measure beta spectra, as the comparison with
theoretical calculation is interesting at low energy [13].
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In the different measured spectra presented in figure 11, 13 and 15, one can see there is large
fluctuations in the data points. This comes from instabilities of the detector itself or in the electronics,
although the supply voltage of the acquisition chain is filtered for parasitic frequencies. A particular
attention must be paid in the choice of the electronics. In our case, additional improvement would be
to replace the whole electronics as well as the detector. Currently a new detector, with 2 mm silicon
thickness, is under tests.
Finally, one of the drawback of this measurement technique is its long counting time which prevents to
have enough measurement points or limits the statistics, which diminishes the accuracy of the
measured spectra. As shown in figures 12, 13 and 15, the uncertainty of the end point is large. It comes
from the low number of points used to fit the curve. To have more measurement points more
acquisition time would be needed. The possible improvements is to have a detector with better energy
resolution, but also to use slits in front of the detector which will improve considerably the resolution
as shown in [1]. However, this will reduce the measurement efficiency and therefore increase the
counting time. Compromises have to be found between the available measurement times for the
accuracy needed.

6. Conclusion
In this work, we have implemented several improvements on the existing magnetic spectrometer. A
new acquisition chain has been set-up with a new detector allowing measuring the energy of the
focalized electrons. We have also developed a new source support using thin mylar film of 0.5 m
thickness on which a radioactive drop is deposited. Using the conversion electrons from 109Cd, 137Cs,
133Ba, 207Bi the energy calibration can be precisely measured as well as the energy resolution.
This work allowed understanding and solving the problem of the source support and the thickness of
the radioactive deposition. We also found the difficulty of running a thick silicon detector and a
compromise has to be found between the detector thickness and the low energy threshold needed. The
choice of the detector and the electronics is also an important point to study in order to achieve as
much as possible a low energy threshold. The implementation of a cooling system is a good solution to
reduce the detector noise and diminish the energy threshold.
As it is not possible to make high activity source, in order to have low thickness and to avoid energy
attenuation, the counting time is large as the spectrum is reconstructed point by point. Thus, it is not
possible to have too much measurement points. This prevent to have a good accuracy of the measured
spectrum, especially when we have to make a fit to obtain the maximum energy or the shape factor.
Improvement can be obtained by having a better resolution. This can be achieved by cooling the
detector but also using slits in front of the detector to reduce the focusing area.
The goal of the project is achieved with the measurement of the beta spectra of 99Tc and 36Cl. For both
isotopes, the obtained results agree and confirm previous measurements. However, we show that
there is possible rooms for improvement, allowing a better accuracy of the measured spectrum.
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About this document and the related task
This Good Practice Guide was finalized in July 2019 by F. Quarati of Gonitec BV to summarise
implementations and results achieved under the Project’s Task 3.2: Development of solid scintillator
crystal techniques for long-lived isotopes and application to Lu-176. Measurements and evaluations took
place in the laboratories of the research group on Luminescence Material, Radiation Science and
Technology Department, Faculty of Applied Science, Delft University of Technology, in The
Netherlands.
Original plans were intended to focus exclusively on measurements of Lu-176, however
measurements and evaluations of Rb-87 took place as well within the task.
Substantial efforts were dedicated to establish sources of uncertainties and systematic errors specific
to the solid scintillator crystal (SSC) technique. As major achievement, it is experimentally found that
beta spectra measured by SSCs are, at most, only marginally affected by small detector effects due to
beta particles escaping from the edges the sample. Moreover dedicated data analysis and spectrum
unfolding techniques were implemented to correct the experimental data for response function
distortions due of finite energy resolution and scintillation non-proportionality of the response.
Despite the wide availability of SSC based on Lu, and hence Lu-176, measurements of Lu-176 turned
out quite challenging in reason of its decay scheme involving a de-excitation emission cascade of
gamma rays, conversion electrons and x-rays, which required to establish a compromise for an
efficient and practical detection. Eventually, Lu-176 measurements could be successfully handled,
however at some point during the project and in order to minimise risks in the pursuit of advancing
the SSC technique, efforts were also devoted to Rb-87.
Under this Task the long-lived nuclide of Lu-176 and Rb-87 have now experimentally determined
shape factors over nearly all of their beta energy ranges, confirming the unique capabilities of the SSC
technique. Results with Rb-87 are found in good agreement with previous experiments and
evaluations; Lu-176 end point appeared a few keV larger than expected by atomic mass evaluations.
Details on Lu-176 and Rb-87 beta decay evaluations are found in the Project’s Deliverable D2:
Summary report on measured beta spectra [Deli2] along with results achieved in other Project’s Tasks
with Si(Li) and magnetic spectrometers. This document instead focuses on all the implementation of
the SSC technique which allowed to reach those evaluations.
Past results obtained on La-138 [Quara] were at the origin of the interest of the metrology community
in the SSC technique. Very recently that results have been validated by independent experiment with
Penning trap mass spectrometry at the Michigan University [Sandl] also highlighting the high level of
accuracy achieved then with SSC (i.e. LaBr3) and hence potentially with the present results.
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1. Introduction
The “term solid scintillator crystals (SSCs)” is used here instead of the most commonly used
“scintillators” or “scintillator detectors” in order to avoid any ambiguity with liquid scintillators also
part of the Project. Example of what falls under the SSC term are the well-known NaI(Tl) radiation
detectors. In the present context of SSC, beta spectroscopy is performed by means of pulse height
measurements of the intrinsic activity of the scintillator crystal, which then acquires the double role of
detection medium and radioactive source. The SSC technique was developed in the 1940’s and applied
to beta decay spectroscopy until the early 60’s when it was then abandoned. The past 20 years have
witnessed breakthrough achievements in research and engineering of SSCs and their readout
electronics fully justifying new and modernised applications of this technique.
One of the unique features of the SSC technique is its ability to effectively deal with the detection of
nuclides with half-life as long as billions of years. For instance, Lu-176 has a natural isotopic
abundance of 2.6% and T1/2 = 3.78 × 1010 years. Still, just 1 cm3 of a typical Lu-based SSC provides from
150 to 300 decays per seconds of Lu-176.
This Good Practice Guide is organised as follows. Firstly, SSC measurement techniques are presented.
Then, Lu-176 and the challenges related to its measurements are discussed inclusive of early beta
spectrum measurements. Actual Lu-176 and Rb-87 beta spectrum measurements are then reported
one after the other. Then, the developed spectrum unfolding techniques are presented and explained
with a particular emphasis on experiment for small detector effects evaluation followed by finite
energy resolution and non-proportionality of the scintillation corrections. Beta decay evaluations are
then summarised based on [Deli2], followed by conclusive remarks.

Gonitec BV
Good Practice Guide on Solid Scint. Crystals – MetraBeta D3 Annex – May 2019

Page: 4/24

2. SSC measurements techniques
The SSC used are characterised by an intrinsic presence of the beta emitting radio nuclide. Therefore
the beta spectrum measurements are basically self-counting pulse high measurements. Where
applicable, as in the case of Lu-176, an extra gamma-ray spectrometer is deployed to trigger
coincidence counting and therefore select specific class of events.
Key parts of the measurement setups used for SSCs are shown in Figure 1. In order to limit the effects
of environmental activity, beta spectrum measurements have been carried out using low-activity leadcastle shields. For the scintillation readout photomultiplier tubes (PMTs) were used including a
customised pen-type PMT used for the ultimate measurements of Lu-176.
Electronics, as shaping amplifiers and high voltage modules, were analogical of NIM standard. For Lu176 measurements, the use of a setup able to operate two synchronised analogical to digital
converters for coincidence matrix generation it would have been quite useful. Moreover, the ability to
generate a coincidence matrix would have substantially helped to explore in detail more aspects of Lu176 beta/gamma coincidence and the SSC intrinsic activity. Unfortunately, there was no availability
within the laboratory of such equipment and the budgetary constraints did not allow its procurement.
Instead, acquisitions have to proceed with a unique gate setting at a time, making them extremely
inefficient and time consuming.
Energy calibrations of the acquisition were performed using standard radioactive sources as Co-60,
Cs-137, Ba-133 among others. Given the typically week-long or longer acquisition times required for
Lu-176 and Rb-87, energy calibration sessions were performed several times before during and after
the acquisition in order to verify gain stability of the setup. While there have been cases of gain
variation during measurements, mostly because of seasonal temperature changes, the measurements
showed stable amplification gain. As a typical example, Figure 2 report the gain fluctuation observed
during an acquisition with RbGd2Br7 lasting nearly 9 days. Data refer to the 276 keV gamma-ray peak
position of Ba-133, the closet available to Rb-87 end point in terms of energy. Given that the energy
resolution of RbGd2Br7 at the end point is of the order of 6% FWHM and the observed peak position
variations are within ±0.1%, a correction for gain variation was deemed not necessary. Similar
situation applied to all others reported measurements with of SSCs.
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Peak relative position (%)

Figure 1 ‒ 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 3″×4″ NaI(Tl) for gamma/beta coincidences and electronics
for spectroscopic measurement acquisition; 3) SSC samples of LuAG used for the ultimate
measurement of Lu-176;
4) RbGd2Br7 sealed in quartz ampoules for protection against
hydration;
5) and SSC sample of LSO (Lu2SiO5).
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Figure 2 ‒ Gain stability of the acquisition measured at several intervals over a 9-day-long acquisition
with RbGd2Br7 sample 2 and the 276 keV peak of a Ba-133 radioactive source.
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3. Measurements of Lu-176
Lu-176 decay scheme is reported in Figure 3 and corresponds to a 1st non-unique forbidden
transition. One of the very few, if not the only one, measurement of Lu-176 beta spectrum is by Prodi
et al. in 1969 [Prodi]. Lu-176 presents a rather complex beta decay which includes a cascade of
daughter Hf-176 de-excitation emissions of both gamma rays and conversion electrons (CE). The most
probable beta transition of Lu-176 has relative probability of 99.6 %, end point energy of about 600
keV and a de-excitation cascade of 401 keV, 307 keV and 88 keV emitted as gamma rays with absolute
intensities respectively of 93.6%, 78.0% and 14.5%. 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.
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)
whose main characteristics are reported in Table 1. LSO and LuAP were then chosen for advanced
measurements of Lu-176 also in reason of their complementarity of scintillator characteristics.
The very first measurements were to observe and characterise intrinsic and extrinsic activity of Lu
based SSC. Figure 4 shows the gamma-rays emitted by several SSCs and detected by a NaI(Tl)
spectrometer. The numerous peak (about a dozen are resolved) are simply all possible combination of
88 keV, 202 keV, 307 keV and 401 keV characteristics of Lu-176 (see Figure 3). Differences between
SSCs are due to the specific gamma-ray escaping probabilities which, in turn, are due to the sample
specific attenuation coefficients and dimensions. Figure 5 report again the gamma-rays emitted by
several SSCs as collected by CeBr3. Thanks to the improved energy resolution of CeBr3 more
combination of lines are resolved.
There are two main aspect to be discussed based on the measurements above. Besides the Lu-176
gamma-rays, it is observed a quite intense and broad peak centred at about 54 keV. This peak is in part
a Lu-176 characteristic x-ray emission (Lu/Hf) but also have contribution from fluorescence of Lu/Hf
and Gd escaping the SSC. Actually, as seen in Figure 4, there are also minor contributions from the
residual environmental activity (Pb and other fluorescence).
Another important point from Figure 4 and Figure 5 is that the 88 keV, either alone or summed with
the other lines, does not contribute substantially to that spectra of extrinsic Lu-176 emissions. This is
logical if one keeps in mind 1) the only 14.5% gamma-ray yield of the 88 keV excited level (Figure 3)
and 2) the fact that 88 keV photons have a limited transmission within a dense Lu-based SSC (90% are
absorbed in 1 mm according to [NIST126]).
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Figure 3 – Radioactive decay scheme of Lu-176 from IAEA Live Chart of Nuclides. Note that AME2016
Q value is actually 1194.1 keV.

Table 1 – List of the Lu-based SSCs tested and used for beta spectra measurements.
Solid Scintillator Crystal

Composition

Dopant.

Density
3
[g/cm ]

Lu Activity
3
[Bq/cm ]

En. Res.
nPR [% at 32
[FWHM % at
keV]
662 keV]

LuAG
(Al-Garnet)

Lu3Al5O12

Ce or Pr

6.7

215

4.6

95

6

LuYAG
(Al-Garnet)

(Lu0.75Y0.25)3Al5O12

Pr

6.2

161

4.4

96

1

LSO (LuOxyorthosciilicate)

Lu2SiO5

Ce

7.4

295

10

57

3

LYSO (Lu/Y
Oxyorthosciilicate)

Lu1.8Y0.2SiO5

Ce

7.1

265

8.7

45

1

LuAP
Lu/Al perovskite

LuAlO3

Ce

8.3

300

8.3

87

1
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Figure 4 – Gamma-ray emission of various Lu-based SSCs (see legend, dimension are in mm) as
detected by a NaI(Tl) well-type detector (4 π solid angle). Resolved Lu-176 (Figure 3) lines are
indicated in keV.
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Figure 5 – Gamma-ray emission of LuAG, LSO and LYSO (dimension in the legend are in mm) as
detected by a 2x2 in. CeBr3 detector (2 π solid angle) compared to that of LuAG detected by NaI(Tl).
Energy resolution of CeBr3 allows improved line identification.
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One could make use of a large CeBr3 well-type spectrometer (or equivalent 4-π high energy resolution
setup) to achieve the detection of the whole cascade 88+202+307 keV and so trigger coincidences of
“pure” betas in the SSC. Nevertheless, because of the limited 88 keV transmission, this whole cascade
can only arise from decays occurring in the SSC within a shallow depth of less than 1 mm from its
edges. The results of this task show that in a 2 mm thick LuAG sample there are not substantial “small
detector effects” and the above approach can now be considered feasible. However, then, the obliged
choice was to trigger on 202+307 keV and to detect in the SSC a beta+88 keV. It should be note that
202 keV and 307 keV photons have as well a limited transmission probability inside a dense SSC with
the 90% absorbed within 0.8 and 1.8 cm, respectively, in case of LuAG [NIST126]. This poses a limit on
the maximum dimension of a SSC for triggering coincidence on the summed 202+307 keV gamma-ray
s of about 1.5 cm thickness. The first measurements were performed with 1 cm3 LuAG. From the
measurements used for Figure 4 follows that the count rate for 1 cm3 LuAG is about 160 count per
seconds corresponding to about the 75% of its evaluated activity, see Table 1. A much smaller sample
of LuAG, i.e. 5×4×1 mm3, achieved a count rate in the NaI(Tl) of 3.6 counts per second or 80% of its
evaluated activity. This showed that the extrinsic activity is mostly limited by efficiency of the welltype NaI rather than by self-absorption in the SSC up to 1 cm3 large samples.
Figure 6report the intrinsic activity of a LuAG 8×8×8 mm3 sample. In principle beta spectrum shape
and end point could also be extracted from such measurements of intrinsic activity, however the
complexity is far from trivial. A recent publication investigates LSO/LYSO intrinsic activity and reports
a plot similar to Figure 12 [Alva]; moreover it contains a number of information on the relative escape
probability of the various Lu-176 gamma-rays.

3.1 Beta measurements of Lu-176
The first measurements were performed with 1 cm3 LuAG to investigate the feasible configuration for
beta/gamma coincidence setup. It was found that such a crystal can provide about 30 counts per
second (cps) for the 202+307 keV sum peak when inside the well-type NaI(Tl) and still about 10 cps in
an almost 2π geometry. Note that with 10 cps allow collecting 1 million counts in one day long
acquisition. A practical setup with the SSC laying on a PMT and the coincidence detector mount on top
of it as close as possible was then considered feasible for the measurement although not ultimate.
The spectra of Figure 7 were collected in that configuration and with gate setting corresponding to
most combinations of gamma-ray emissions seen in Figure 4 and Figure 5. An interesting point is the
extremely low count rate achieved for the 88+202+307 keV sum, as expected by the consideration
above. Another important point is about the counts observed below 88 keV. Noise apart, this arises
from the 54 keV broad peak mentioned earlier. By triggering on the 202+307 keV the SSC potentially
detects the beta + 88 keV. However the 88 keV is likely to produce x-rays emissions and fluorescence
around 54 keV which escape the crystal and be detected by the NaI(Tl). Because of the low energy
resolution of NaI(Tl), these escapes can end up in the 202+307 keV energy window. Therefore there
are triggered coincidences when the SSC actually detects 88 minus 54 = 34keV plus the beta. It should
be stressed that both 54 keV and 34 keV are not sharp energies but rather centroid of broad emissions.
The 54 keV escaping the crystal can as well be lost in the material surrounding the setup, dead layers,
encapsulation etc. with equivalent consequences.
The “34keV plus the beta” events in the SSC are found to account from the 2 % to the 5 % of the total
events upon crystal size and actual experimental settings and to increase up to 10% for the thinner
samples tested, i.e. 1 mm thickness. By setting the coincidence gate to cover only the lower energy side
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of the 202+307 keV sum peak one can reduce that events by one third compared to a gate covering the
whole peak, however one cannot to fully suppress them because of the partial loss in surrounding
materials. According to the article by Alva-Sánchez et al. [Alva] 5% of 88 keV can escape from 1 cm3
SSC a value that does well compared to the observations. One could set the gate to cover the
54+202+307 keV and hence, in principle, detect only the “34keV plus the beta” events. However the
7% FWHM energy resolution of NaI(Tl), i.e. about 30 keV, will not allow a clear separation of
54+202+307 keV from 202+307 keV.
All the above makes Lu-176 measurements not straight forward and as mentioned before a
synchronised dual channel analogical to digital converter would have been extremely useful because
of its capacity of post-acquisition coincidence analysis.
Measurements of Lu-176 proceed with a number of experiments with different SSCs including 2
samples of LuAG (1 cm3 and 5×4×1 mm3), 3 samples of LSO (3×3×1 cm3, 1 cm3 and 10×10×1 mm3), 1
sample of LuAP (1 cm3) and 1 sample of LuYAG (5×5×1 mm3). As an example Figure 9 compares
spectra collected with two different SSC compounds and two samples of different sizes for each
compound. With the limit of low counting statistics, there are not obvious differences in the observed
in the end point regions. Some difference is found in the ratios “34 keV plus the beta” vs “88 keV plus
the beta” for the thinner samples, as reported above, due their limited capability to absorb the broad
54 keV x-ray emissions.
The measurement could then be further analysed for end point and beta spectrum shape evaluations.
For instance an important result was found concerning the non-proportionality of the response (nPR).
Its effects were much more observable on the beta shape measured with LSO as compared to LuAG
which is more proportional (see Table 1). More details on the nPR of LSO and LuAG are reported in
paragraph 5.2 . On the other end, plans were also made for advancing even further the quality of the
measurements. Being low count rate one of the limiting factors it was decided to implement an
optimum setup based able to dramatically increase the count rate for small crystal size. This was
developed as a pen-type PMT able to fit inside the well of the NaI(Tl) providing a nearly 4 π efficiency
for 202+307 keV sum peak coincidence. As a material of choice, also in reason of its low nPR, LuAG
was chosen.
Lu-176 measurements with LuAG and the pen-type PMT have been quite successful and fully
superseded even the previously optimized measurements. Two aspects of particular relevance are the
confirmed lack of observable small detector effects and the well consistent end point values measured
with two LuAG samples of 8×8×8 mm3 and 8×8×2 mm3. The lack of observable small detector effects
applied as well to ∅10×10 mm3 and ∅10×2 mm3; a picture of these two crystals is found in Figure 1.
Moreover the lower probability beta transition (0.4%) could also be measured and analysed. All these
key results and evaluations are reported in the earlier mentioned [Deli2] and not reported again
herewith. As an exception, the right hand of Figure 14 shows the comparison of LuAG measurements
with samples 8×8×8 mm3 and 8×8×2 mm3. A minor departure of from ideal mean can actually be
observed in proximity of the end point however its direction is the opposite of that expected in case of
small detector effects and corresponds to a slight excess of count observed by the smaller crystal, not
the other way around.
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Figure 6 – Observed intrinsic activity of a LuAG 8×8×8 mm3 sample (blue dots) and a simulated
intrinsic activity based on the results of this work (orange line). Discrepancy around 250 keV could be
due to backscatter radiation not taken into account in the simulation.
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Figure 7 – Lu-176 main beta transition measured with LuAG of 1 cm3 and in coincidence with all the its
main gamma-ray emission and their combination: 88 keV, 202 keV, 307 keV, 202 + 307keV and 88 +
202 + 307 keV and including no gate set (intrinsic activity) and environmental background radiation
barely observable.
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Figure 8 – One of the first Lu-176 beta spectra measured with LuAG 1 cm3. Blue open dots, raw
experimental data; orange crosses, modelled background of beta and residuals of the 88 keV level after
54 keV escapes (see text); green dots, the net beta spectrum after subtraction of that background.
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Figure 9 – Lu-176 main beta transition measured in 4 SSC samples (LuAG 1 cm3 and 5×4×1 mm3 and
LSO 1 cm3 and 10×10×1 mm3) and in coincidence with its 203+307 keV sum peak detected by CeBr3.
Same data are plot in the right and left panels with logarithmic y-axis in the left one. Because of low
efficiency geometry for 203+307 keV sum peak detection the count rate achieved with 1 cm 3 crystal
was less than 1 cps.
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4. Measurements of Rb-87
Rb-87, a pure beta emitter, has a natural isotopic abundance of 27.8% and half-life of 4.97 1010 years.
Measurements of Rb-87 were performed using two prototype samples of RbGd2Br7. This SSC was
discovered and studied in the late 90’s, see [Dorenbos] [Guillot]. It has a good energy resolution and
proportionality of the response and both features could be fully reproduced by experiments within
this task. Physical characteristics of the two samples are reported in Table 2. Their sizes apart, the
scintillation characteristics of the two samples were remarkably similar. Both showed an energy
resolution at 662 keV just above 4% FWHM, corresponding to a sigma of about 11.5 keV; at 300 keV,
near the beta end point, both showed a sigma of 8 keV. The nPR curve of the two sample was as well
characterised under this task and reproduced the already kwon behaviours, that can be summarised in
95.5 % nPR 32.2 keV for both samples.
RbGd2Br7, contrary to LuAG and LSO, is hydroscopic and samples were encapsulated in quartz
ampoules (see Figure 1). The quartz ampules helped as an extra shielding against low fluorescence
energy x-rays. This was tested using a custom CsI(Tl) SSC cut as to reproduce sample 2 (albeit with a
thickness of 1.5 mm instead) that when in the quartz ampoule showed less counts in the energy region
below 5 keV.
The count rate achieved with the two samples was 7.5 cps and 15.9 cps for sample 1 and sample 2
respectively. 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. The used setups and PMTs are customised for low noise however it
should be note that at the count rate of the order of 10 cps for the two samples, some noise “event” can
still occur. The noise rate in the channels corresponding to an energy range from 1 keV to 3 keV was as
low as 0.1 cps and decreased exponentially with increasing energy. Still at that mentioned count rate
of Rb-87 poses some issues. In turn these issues are extremely difficult to overcome because are
generated by uncontrollable rare noise events.
Figure 10 shows a Rb-87 beta spectrum, a pure noise spectrum and a spectrum of the residual
environmental background as measured by the above mentioned CsI(Tl), all collected with the use of a
low activity Pb castle and with the same setting. It could be concluded that above 12 keV there were no
event rate that could affect Rb-87 spectrum shape.
Some effort was devoted to improve the noise level of the setup by deploying different PMTs. In Figure
11 the result of one of this quest is shown. Despite totally different setting and readout the spectra are
found remarkably equal even at the energies below 5 keV. It would be rather unexpected hat noise
could be so similar in two different setup, however it cannot be demonstrate that the so well
overlapping shapes are due to real events. More investigation would be necessary.
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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Table 2 – Approximate physical shapes and dimensions of the two RbGd2Br7 samples.
Shape

Dimensions
mm

Volume
mm3

Sample 1

Tilted cylinder

∅ 3.3 × 2.4

20.5

Sample 2

Slab

14.0 × 3.0 × 1.0

42.0

10000

Rb-87 measured spectrum
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100
electronic noise

10
CsI(Tl) spectrum

1

0
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300

350

400

Energy (keV)

Figure 10 – Measurements for Rb-87 beta shape evaluation: intrinsic, self-counting spectrum of
RbGd2Br7 (blue solid dots); CsI(Tl) for residual environmental activity check (orange open dots);
acquisition of electronic noise, i.e. no SSC mounted (wine solid squares).
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Figure 11 – Left: comparison of intrinsic, self-counting spectra of RbGd2Br7 acquired with to fully
distinct PMT-based setups; right: comparison of intrinsic, self-counting spectrum of RbGd2Br7 and that
expected by theoretical/computational evaluations.
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5. Corrections and spectrum unfolding
Three sources of distortion affect the shape of beta spectra measured by SSC:
I) finite energy resolution
II) non-proportionality of the response (nPR)
III) and small detector effect(s)
In addition, the optimum approach for measurements of Lu-176 eventually implied the detection of
the betas summed with the 88 keV excited level of its daughter Hf-176 and required disentangling of
the two corresponding signatures.
Correction for finite energy resolution can be considered a rather standard spectrum unfolding
technique and was implemented for SSC based on available literature. A relatively simple correction
for nPR can be implemented by taking into account the nPR in the channel to energy calibration
procedure. Alternatively, nPR correction has also been included in the spectrum unfolding routine
together with finite energy resolution. Instead, understand and quantify small detector effects was a
crucial aspect of the present work in order to advance SSC technique.
This chapter will first discuss the latter source of distortion and related experiments. Specific aspects
challenges and solutions for the spectrum unfolding are reported further on.

5.1 Small detector effects
Small detector effects can be expected for beta particles emitted close to the crystal surface and
possibly escaping the detector volume and hence full energy detection. Moreover, during the process
of slowing down to rest, beta particle can also emit bremsstrahlung radiation which as well can escape
the detector volume and hence detection. A qualitative simple approximation of expected effects can
be made considering only three energy channels, i.e. lower energy, middle energy and higher energy,
along with three beta emission regions defined as the distance between the SSC surface of the place
where the beta decay occurs, i.e. region 1 >> beta range, region 2 ≈ beta range and region 3 << beta
range. Higher energy betas emitted in region 1 have the smaller probability of escaping and are mostly
fully detected. The small fraction of that betas that escape still deposit enough energy in the detector
to be detected mostly in the middle energy channel and for a much smaller amount in the lower energy
channel. Similar considerations repeated for the other energy channels and the other emission regions
led to the evaluation in Figure 4 referring to the expected distortion of arbitrary beta decay with a
straight line distribution. It can be observed that small detector effects correspond to a migration of
events from the higher and middle energy channels to the lower energy channel.
Along with betas escaping the crystal, bremsstrahlung emission during beta slowing down is also
possible. Bremsstrahlung yield increases with increasing beta energy and therefore is stronger for
beta emitted with maximum energy. However, at energy below 1 MeV, beta particle energy loss is
dominated by collision processes rather than by bremsstrahlung emission. Based on NIST data
[NIST126], one expects for Lu-176 that a beta of 600 keV produces a radiation yield1 of about 17 keV.

1 NIST definition of Radiation yield: average fraction of the initial kinetic energy of an electron that is converted to bremsstrahlung energy as a particle slows
down to rest, calculated in the continuous-slowing-down approximation.
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On the other hand, even a single 17 keV photon has 99% absorption probability within 0.1 mm of
LuAG or LSO and hence its escaping probability is marginal. The case of Rb-87 and RbGd2Br7 is
similar. A 300 keV beta has there a radiation yield of about 5 keV and a photon with that energy has
99% absorption probability within 0.05 mm of RbGd2Br7. Based on the above no measurable
bremsstrahlung related small detector effect are expected.
The approach to characterise small detector effects has been fully empirical and consisted in quantify
small detector effects by comparing beta spectra collected with SSCs of different sizes down to
dimensions comparable with that of the beta range at the energy of the end point. Simulation are as
well a possible approach to characterise small detector effects, however specific and detailed
competences are required, especially to simulate whole beta interaction with a SSC down to rest,
which were not available within the Task.
Based on NIST [NIST124] for LSO and LuAG, one expects a range of about 0.5 mm for 600 keV beta
particles in LSO and of about 0.3 mm for 300 keV beta particles in RbGd2Br7. However no specific
spectral shape differences could be measured even in the case of the thinnest SSCs used.
Figure 13 shows a comparison of beta spectra measured with the two RbGd2Br7. Based on their
physical dimensions and the 0.3 mm range above the partial volume of sample 2 potentially affected
beta escape is 1.5 times larger than that of sample 1.
While substantial small detector effects were not expected based on previous experience with
measurements of La-138 as well as with experience with measurement with small SSCs in the frame of
SSC R&D, the lack of measurable effects was not envisaged. In fact, beta particle probability to escape
the SSC volume decreases with energy hence one would expect measurable effects with a SSC volume
approaching the dimension of the beta range. However, as seen in the case of Rb-87, both SSC samples,
despite their different thicknesses and volumes, led to the same evaluation of end point and shape
factors. In turn, end point and shape factors measured here with SSCs are fully consistent with
expectations based on previous work and available evaluations. For Lu-176 and LuAG even the 2 mm
thin sample did not help to observe any small detector effect. Again the evaluations are consistence
one to each other for “small” and “larger” samples. Whereas it is rational to expect a SSC critical
volume which will no longer be able to efficiently absorb all betas and their energy and cause beta
spectrum shape distortions, the logical explanation of the present results is that that volume is
substantially smaller compared to the beta range.

Figure 12 – A beta spectrum (blue circles) deformed by small detector effects (red squares) as evaluated by a
simplified model of 3 energy channels and three beta emission regions within the SSC, see text for details.
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Figure 13 – Comparison of the beta spectra of Rb-87 measured with the two available crystals.
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Figure 14 – Comparison of the beta spectra of Lu-176 measured with four SSC samples of LuAG with
the advanced setup. Left ∅10×2 mm3 vs ∅10×10 mm3; right 8×8×2 mm3 vs 8×8×2 mm3.

5.2 Finite energy resolution and nPR
Correction for finite energy resolution can be considered a standard data reduction or unfolding
technique, however not totally trivial. It was originally introduced in the late 40’s [OwenP]. There are
nowadays some routine readily available offered by reputed institutions but still requiring dedicated
efforts to be used and mastered. Rather, it was considered more sensible to develop an approach
dedicated to SSC able to include a correction for nPR and eventually satisfactory results were achieved.
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Three main references were consulted [Berto], [Wortm] and [Magai]. While for all of them the core
procedure of unfolding is similar and based on [OwenP], i.e. a first guess is established for the true
spectrum based on the measured spectrum. This is then iteratively convolved with the response
function and compared to the measured spectrum which can then be in turn corrected, in case of
[Berto] and [Wortm] by subtraction, in case on [Magai] by ratios. The crucial parts of the whole
procedure are the actual first guess and its statistical noise, basically the quality of the acquisition and
the proper construction of the response function. Here an analytical approach was used and not one
based on simulations. With a properly implemented response function, results of unfolding do not
strongly depend upon the use of subtraction or ratio kind of corrections and, typically, a very few
iterations are more than enough to reach a stable convergence of the unfolded spectrum.
The first response function did not integrate the correction for nPR but only for finite energy
resolution. The first test to validate it was to convolve the Rb-87 computational spectrum and plot it
against the measured and unfolded ones. As seen the finite energy resolution does affects only the end
point region that constitutes a sort of discontinuity and not the other part of the spectrum where the
beta shape changes smoothly. Moreover finite energy resolution correction cannot account for the
discrepancy between the measured spectrum and the computational one.
In the case of Lu-176 a kind of discontinuity exists not only at the end point but as well because of the
88 keV emission which “offsets” the entire beta spectrum. The approach to correct for it was partially
that used for Rb-87 and partially based on constructing a first guess that once convolved shows
compatibility with the measured spectrum. Results are shown in Figure 16 – left and already include
the nPR correction. If one does not proceed as described above the results are those in Figure 16 –
right where artificial oscillations with negative counts tend to appear at energy below 88 keV. The
slight mismatch of measured and unfolded spectrum of Figure 16 – right is due to LSO strong nPR.
Scintillation nPR is an important aspect for scintillator R&D since it can crucially affect the energy
resolution. nPR is widely addressed in a large number of publications and here, as reference for nPR,
[Khody] and [Payne] were mostly used. As mentioned, one can correct for nPR by “simply” taking it
into account during the channel to energy calibration. However this has shown to work well with
scintillators with weak nPR (and hence good energy resolution) as LaBr3/CeBr3. [Quara]. While
RbGd2Br7 and LuAG show nPR comparable to LaBr3/CeBr3, LSO shows a much stronger one as seen in
Table 1. Moreover, as seen in [Khody] and [Payne], not only LSO nPR is stronger energies below 100
keV but it extends as well up to 400 keV. Therefore, in case of LSO, same sizable nPR distortion effect is
expected and need to be accounted for in measurement of Lu-176 beta spectrum shapes.
A response function was implemented to take nPR into account based on the data on nPR of [Khody]
and [Payne] successfully tested against gamma-ray calibration spectra and then applied to LSO.
Results are shown in Figure 16 – right. nPR affects the spectrum by a sort of migration of counts from
middle energies to low energies due to a progressive compression of channel width in terms of energy
that the developed unfolding technique successfully takes it in to account and corrects for it. In fact as
reported in [Deli2], unfolded LSO spectra led to same evaluation of shape factors and end point for the
main Lu-176 transition than the ones evaluated using LuAG, end points of 601.6 and 601.0
respectively.
Response function inclusive of nPR was also implemented for Rb-87 results did match completely with
that obtained by nPR correction based on channel to energy calibration. Uncertainties of nPR
correction concern the very low energy say below 5 keV since reliable data on nPR are not available
and measurements required specific facilities.
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Figure 15 Test of the response function for RbGd2Br7. Finite energy resolution correction only
concerns the near the end point region and cannot account for the differences between the
computational spectrum and the measured one (Figure 11 - right).
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Figure 16 – Lu-176 main transition measurement unfolding for both finite energy resolution and
correction for nPR; left: LuAG 8×8×8 mm3; right LSO 3×3×1 cm3.
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6. Beta decay evaluations
As reported in more details in [Deli2], Lu-176 and Rb-87 have now experimentally determined shape
factors, over nearly all of their beta energy ranges, and beta end points. For Lu-176, this includes both
its beta transitions of Figure 3.
Such evaluations rely on precise theoretical/computational beta spectrum for shape factors
determination and robust knowledge of Q values for end point evaluations. However, the knowledge
flow can be reversed and more precise Q values and theoretical/computational spectra can be
obtained from the experimental evaluation.
The present evaluations relied on theoretical/computational beta spectra made available by Project’s
partner X. Mougoet of CEA [BetaS]. Since for Lu-176 a substantial deviation of the experimental end
point was found, its evaluation required a more complex procedure. In fact, as experienced in previous
work on La-138, the actual end point has a somehow strong impact on the normalized beta spectrum
even for relatively small variation of few keV. For Lu-176, several theoretical/computational beta
spectra with different end points needed to be considered before reaching a fully straight Kurie plot
down to the experimental end point data.
Lu-176 and Rb-87 are both non-unique transition and their beta spectrum shapes potentially affected
by electron exchange effects at low energies. This Task developed experimental procedures and
unfolding techniques able to produce experimental data down to nearly zero energy and new
evaluation can be carried based on advanced theoretical calculations.

7. Conclusive remarks
Thanks to the resources made available by EURAMET, an interesting and challenging research could
be performed to advance the SSC technique. Unique experimental data on important Lu-176 and Rb-87
primordial nuclides have been made available by the efforts within the task.
Three fundamental aspects of beta decay metrology have been addressed and developed, all within the
task: 1) experiments, 2) spectra correction/unfolding and 3) nuclide evaluations. Each of these aspects
required specific skills and some of them needed to be specifically acquired. Results are found to be
rewarding.
The SSC technique has now being substantially advanced and it is ready to be further applied. As
mentioned, a recent publication offers an independent validation of the results already available for
La-138 [Sandl]. However, in a metrological point of view, it could be interesting to have more cross
validations including for beta shapes.
SSC technique is unique for long-lived nuclides but it is likewise well suitable for others. So far, SSC
measurements relied on pre-developed samples inclusive of a naturally occurring radionuclide. A
rational next step could be the development of a specific SSC for a specific radionuclide. If that nuclide
is measured with other technics, this will deliver further crucial instruments for radionuclide beta
spectra metrology.
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Acronyms
ADC – analogical to digital converter
cps – counts per seconds
nPR – non-proportionality of the response
PMT – PhotoMultiplier Tube
SSC – solid scintillator crystal

List of figures
Figure 1 ‒ 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 3″×4″ NaI(Tl) for gamma/beta coincidences and electronics for
spectroscopic measurement acquisition; 3) SSC samples of LuAG used for the ultimate measurement of
Lu-176; 4) RbGd2Br7 sealed in quartz ampoules for protection against hydration; 5) and SSC sample of
LSO (Lu2SiO5).
Figure 2 ‒ Gain stability of the acquisition measured at several intervals over a 9-day-long acquisition
with RbGd2Br7 sample 2 and the 276 keV peak of a Ba-133 radioactive source.
Figure 3 – Radioactive decay scheme of Lu-176 from IAEA Live Chart of Nuclides. Note that AME2016
Q value is actually 1194.1 keV.
Figure 4 – Gamma-ray emission of various Lu-based SSCs (see legend, dimension are in mm) as
detected by a NaI(Tl) well-type detector (4 π solid angle). Resolved Lu-176 (Figure 3) lines are
indicated in keV.
Figure 5 – Gamma-ray emission of LuAG, LSO and LYSO (dimension in the legend are in mm) as
detected by a 2x2 in. CeBr3 detector (2 π solid angle) compared to that of LuAG detected by NaI(Tl).
Energy resolution of CeBr3 allows improved line identification.
Figure 6 – Observed intrinsic activity of a LuAG 8×8×8 mm3 sample (blue dots) and a simulated
intrinsic activity based on the results of this work (orange line). Discrepancy around 250 keV could be
due to backscatter radiation not taken into account in the simulation.
Figure 7 – Lu-176 main beta transition measured with LuAG of 1 cm3 and in coincidence with all the its
main gamma-ray emission and their combination: 88 keV, 202 keV, 307 keV, 202 + 307keV and 88 +
202 + 307 keV and including no gate set (intrinsic activity) and environmental background radiation
barely observable.
Figure 8 – One of the first Lu-176 beta spectra measured with LuAG 1 cm3. Blue open dots, raw
experimental data; orange crosses, modelled background of beta and residuals of the 88 keV level after
54 keV escapes (see text); green dots, the net beta spectrum after subtraction of that background.
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Figure 9 – Lu-176 main beta transition measured in 4 SSC samples (LuAG 1 cm3 and 5×4×1 mm3 and
LSO 1 cm3 and 10×10×1 mm3) and in coincidence with its 203+307 keV sum peak detected by CeBr3.
Same data in right and left panels with logarithmic y-axis in the left one. Because of low efficiency
geometry for 203+307 keV sum peak detection the count rate achieved with 1 cm3 crystal was less
than 1 cps.
Figure 10 – Measurements for Rb-87 beta shape evaluation: intrinsic, self-counting spectrum of
RbGd2Br7 (blue solid dots); CsI(Tl) for residual environmental activity check (orange open dots);
acquisition of electronic noise, i.e. no SSC mounted (wine solid squares).
Figure 11 – Left: comparison of intrinsic, self-counting spectra of RbGd2Br7 acquired with to fully
distinct PMT-based setups; right: comparison of intrinsic, self-counting spectrum of RbGd2Br7 and that
expected by theoretical/computational evaluations.
Figure 12 – A beta spectrum (blue circles) deformed by small detector effects (red squares) as
evaluated by a simplified model of 3 energy channels and three beta emission regions within the SSC,
see text for details.
Figure 13 – Comparison of the beta spectra of Rb-87 measured with the two available crystals.
Figure 14 – Comparison of the beta spectra of Lu-176 measured with four SSC samples of LuAG with
the advanced setup. Left ∅10×2 mm3 vs ∅10×10 mm3; right 8×8×2 mm3 vs 8×8×2 mm3.
Figure 15 Test of the response function for RbGd2Br7. Finite energy resolution correction only
concerns the near the end point region and cannot account for the differences between the
computational spectrum and the measured one (Figure 11 - right).
Figure 16 – Lu-176 main transition measurement unfolding for both finite energy resolution and
correction for nPR; left: LuAG 8×8×8 mm3; right LSO 3×3×1 cm3.

List of tables
Table 1 – List of the Lu-based SSCs tested and used for beta spectra measurements.
Table 2 – Approximate physical shapes and dimensions of the two RbGd2Br7 samples.
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