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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 ¢°Co and 134Cs are performed to validate
the energy calibration and the good performance of the spectrometer.

The two measured spectra of 9°Tc 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 3¢Cl, 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 3¢Cl 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.
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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 BIm thickness [3] is glued (figure 2). To test
the source support, a drop of around 10 pl 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 pl 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).
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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 Sidetector 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).
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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 out-
scattered 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 maA,
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.
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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 Py, P1 and P; are parameters to be determined [1]:

Page: 7/18



A 'E€ 'E& 'E |
m is the electron mass (=511keV).

Using the conversion electrons from 109Cd (62.5 keV), 137Cs (624 keV), 133Ba (45, 240, 266, 320 keV),
207Bj (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 Py, P1 and P».

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).

Counts

- Constant 382.516 +4.424
Mean 344511426

400[

Sigma 273742 +2393

350

300

250

200

150

100

50
WMJ
obv v b b b b b Loy il

33000 33500 34000 34500 35000 35500 36000 36500
Current (0.1*mA)

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.
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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 AT/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 = [1.2,3548. The
energy dependence of the resolution is obtained from the fit on the following relation, where po, p1 and

p2 are tree free parameters:

b b
4

Results shown in the figure 9 give an energy resolution of 1.8% at 1 MeV.
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Figure 9: Energy resolution BT/T measured with the electrons conversion of 109Cd, 133Ba, 137Cs and
207B4j.

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 204T], 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.
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Figure 10: Theoretical and measured spectra of 204T1 (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 6°Co, 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 beta-
minus transition with energy end point at 317.32 * 0.21 keV. The remaining transitions are unique 2nd
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 204T1 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
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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 3¢Cl 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 beta-
minus 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 ?°Tc 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].
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Figure 13: Left: Reconstructed spectrum of %°Tc (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 3¢Cl
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 BL 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 massin ny

Simpledrying 83 33710

Simple drying 40 16.5-10
Drying with Ludox 45 18 10
Drying with Ludox 6.6 2.6%10
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== ow NaCl concentration - 40 kBq

== low NaCl concentration drying with ludox - 45 kBg

=== low NaCl concentration drying with ludox - 6.6 kBq

= Rotzinger 08
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T [kev]

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 3¢Cl 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



N in arbitrary units

© Recontructed data of Cl-36

Rotzinger 08 O 80
w
=
o

60

B

E,pox = 709.7 + 3.7 keV

W
S

50

40

30

20

=]

PRI Y
100

L L 1
200

T S|
300

L P 1
400

L L |
500

‘GDOI — I?DO
T (keV)

o
OTTTTT

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 Bm 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
36(C] 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 3¢Cl 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 Bm
thickness on which a radioactive drop is deposited. Using the conversion electrons from 199Cd, 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 9°Tc 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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Figure 1: Top view of the spectrometer
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

Figure 4: Electrons interaction in the detector. Backscattering, out-scattering and dead layer of the
detector result in distortions of the initial energy spectrum.

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.

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).

Figure 8: Signal from the amplifier for conversion electrons of 137Cs at 624 keV.

Figure 9: Energy resolution BT/T measured with the electrons conversion of 19°Cd, 133Ba, 137Cs and
207B4j.

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

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 6°Co (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.

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

Figure 14: Beta spectrum of 3¢C 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.

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.
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