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ABSTRACT
The need of precise measurements of the energy distribution of emitted β particles has been addressed
developing a specific detection system. An ultra-thin radioactive source, prepared on purpose, is
enclosed between two silicon detectors in a compact geometry with a quasi-4π sr solid angle. The
remaining distortions have been corrected with a dedicated deconvolution process based on mono-
energetic Monte Carlo simulations that are used to build the response matrix. The β spectra from 14C
and 204Tl decays have been measured and analysed. Extracted maximum energies are fully consistent
with the AME2020 recommended Q-values. A linear slope of a = -0.430 (23) MeV−1 that comes
from the weak magnetism term in 14C spectrum has been determined, in excellent agreement with the
theoretical predictions. Knowledge of the 204Tl spectrum has been extended down to 60 keV and a
shape factor (dq2 + �2p2) has been extracted with d = 1.075 (7).

1. Introduction
Beta (β) decays have always played a major role in fun-

damental physics. Being at the origin of the discovery of the
neutrino (ν), the study of this three-body disintegration re-
mains very relevant today. The energy distribution of β par-
ticles is still scrutinized in the search of new physics beyond
the Standard Model [1, 2] or to investigate the antineutrino
reactor anomaly [3]. A precise knowledge of β spectra is
also pivotal for other scientific communities like radionu-
clide metrology for standardizing activity measurements [4,
5], nuclear energy industry for decay heat calculations [6],
or nuclear medicine for internal vectorized radiotherapy [7].

Despite such a wide panel of applications, experimen-
tal knowledge on the shape of β spectra is quite limited. The
vastmajority of the studieswere performed before the 1970’s
with apparatuses that were struggling to achieve good accu-
racy. Most of the measurement limitations were due to the
escape of particles, to back-scattering, and to self-absorption
in the radioactive sources [8, 9]. In addition, these studies
were primarily focused on allowed and first forbidden β tran-
sitions, covering only a limited range among all the β transi-
tions [10].

Nuclear data wise, β decay properties have been calcu-
lated with the LogFT code [11] for the last 50 years in the
evaluations, either from ENSDF [12] or DDEP [13]. The
BetaShape code has been developed over the past decade
with improved models in order to provide more detailed and
accurate information [14]. Any allowed or forbidden unique
transition can be treated while forbidden non-unique transi-
tions, which are very sensitive to nuclear structure, are ap-
proximated as allowed or unique transitions of the same vari-
ation of total angular momentum [10]. Each transition type
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exhibits its own shape factor C(W ) that enters the definition
of the β spectrum:
dN
dW

∝ pW q2F (Z,W )C(W )R(Z,W )r(Z,W )dW (1)
where p and q are the β and ν particle momenta, respectively.
From the kinetic energy E of the β particle and me its restmass, one usually defines its total energy W = 1 + E∕me
and p =

√

W 2 − 1. The maximum transition energy E0 isdefined from the Q-value and the energies of the initial and
final nuclear states. Correspondingly, one thus defines W0from E0 and q = W0 −W . The Fermi function F (Z,W )
accounts for the static Coulomb field generated by the nu-
cleus, while R(Z,W ) stands for the radiative corrections
and r(Z,W ) for the atomic overlap correction. Recently,
a specific version of this code has been developed to include
realistic nuclear structure information for the study of the
first forbidden non-unique transitions in 151Sm decay [15].
However as shown in [10], many more high-precision mea-
surements of β spectra would be necessary to constrain and
validate the theoretical predictions.

To address this need, a dedicated detection system has
been developed recently at the Laboratoire National Henri
Becquerel (LNE-LNHB) to provide precise measurements
of the shape of β spectra. The setup has been optimized us-
ing Monte Carlo simulations to reach a quasi-4π geometry
by sandwiching a radioactive source between two silicon de-
tectors [16]. Special care has been taken to develop a proce-
dure reducing as much as possible the self-absorption in the
sources.

The apparatus, the procedure for radioactive source prepa-
ration and the Monte Carlo simulations are described in sec-
tion 2. The characterisation of the device has been performed
by measuring 109Cd and 207Bi sources and is presented in
section 3. To benchmark the detection system capability, the
β spectra from the 14C allowed decay and from the 204Tl first
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forbidden unique decay have been measured. The spectra
have been corrected from distortions due to various phenom-
ena: escape of particles, self-absorption in the source, dead-
layer, etc. A specific unfolding algorithm has been devel-
oped based on a complete Monte-Carlo simulation of the de-
tection system, detailed in section 4. Finally, the analysis of
the corrected spectra is presented in section 5: extraction of
the maximum energies and of the shape factors; comparison
with published measurements and theoretical predictions.

2. Detection system
We have developed an apparatus dedicated to the pre-

cise measurement of electron spectrum shapes, primarily for
β
− decays. Electron (back-)scattering is the physical phe-
nomenon that contributes most to the distortion of the mea-
sured spectrum. To minimize its influence, we have opti-
mized the setup to obtain a close to 4π geometrical accep-
tance in order to absorb as much as possible the emitted en-
ergy from the decay.

The detection system has been built upon two Si detec-
tors that were chosen for their good energy resolution and
easy handling. Passivated Implanted Planar Silicon (PIPS®)
detectors fromMIRION Technologies [17] have been selected
among those commercially available. Electron spectroscopy
benefits from their ultra-low dead layer in the entrance win-
dow, with a thickness equivalent to 50 nm Si, minimizing
any loss of kinetic energy before detection. The active vol-
ume, fully depleted, is a cylindrical Si crystal with 1 mm
thickness and 300 mm2 surface area. It is encapsulated by
the manufacturer in an aluminum housing with a 0.9 mm gap
between the metal surface and the silicon surface. The de-
tectors have been arranged in holders facing each other, the
radioactive source clamped in between and each preampli-
fier placed next to the radial connector for output signal (see
Figure 1 and 2). This configuration allows a collection of the
β particles in an almost 4π solid angle.
2.1. Optimization of geometry

The detector holder was designed with the SOLIDWORKS
software[18]. The main difficulty was to find the optimal
configuration to avoid any radioactive contamination of the
Si detectors while keeping them as close to each other as
possible to minimize the escape of scattered β particles. The
whole detection assembly is a four-piece copper holder con-
sisting of two parts for placing the detectors and two closing
plates. A specific notch in the center of both detector holders
enables a repeatable positioning of the radioactive source,
visible on Figure 2b.

Taking into account all the technical constraints, a dis-
tance of 2.5 mm between the two detectors was achieved
(Figure 1), which corresponds to a geometrical factor of 98.7%.
Monte Carlo simulations have been performed for this com-
pact geometry varying this distance and quantifying the in-
fluence on the β spectra [19].

Furthermore, the entire assembly is placed in an ultra-
vacuum chamber and cooled at 100 K with liquid nitrogen.

A copper finger is dedicated to cooling, on which the de-
tection assembly is fixed thanks to the cylindrical structure
visible on Figure 2c. A hole in the center of the holder, vis-
ible on the front edge on Figure 2a,b, serves as a chimney to
ensure fast vacuuming around the radioactive source.

Figure 1: Scheme of two planar detectors with a radioactive
source in middle.

Figure 2: 3D picture of the detection system. (a) An exploded
view of the pieces of the detection system. (b) Two detectors
in their respective detector holder. (c) The whole detection
system in measurement configuration. (d) A cut view in the
middle of the detection system.

2.2. Signal acquisition
Each detector is associated with a low-noise, fast rise-

time charge-sensitiveA1422H preamplifier fromCAEN [20].
We selected a model designed to be used up to 200 pF ca-
pacitance, well suited for out detectors of 31.5 pF, with a
sensitivity of 90 mV⋅MeV−1. The preamplifier is placed at a
3 cm distance from the detector, which significantly reduces
the cable capacitance and hence increases the signal-to-noise
ratio.

Data have been acquired with a nanoMCA labZY mod-
ule [21], which includes a real-time digital pulse processor
and a high-performance digital multichannel analyzer. This
module supports a variety of radiation detectors and takes
as input the signal from the preamplifier. Signal processing
can easily be optimized through various shaping parameters.
However, this module does not provide any list-mode possi-
bility that would allow for parallel acquisition of the signals
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from the two detectors. We thus decided to directly sum the
signals right after the preamplifiers. Even if the detectors
and preamplifiers are in principle identical, the signal analy-
sis on the oscilloscope showed a slight difference of gain for
an identical reference energy peak. To adjust this gain mis-
match between the two signals, an in-house passive mod-
ule was implemented that also sums up the signal without
adding any significant noise component. The gain adjust-
ment was performed very accurately by measuring the con-
version electron peaks at 481 keV and 975 keV from 207Bi
decay. The summed signal is then sent to the nanoMCA
module for acquisition.
2.3. Radioactive source preparation

Due to their small rest mass, β particles scatter very eas-
ily in the matter. The quality of the radioactive source is
thus of utmost importance in any precise measurement of a
β spectrum. It has been known for decades that the spec-
trum shape can be significantly distorted because of source
thickness or chemical crystallization [22, 23]. The self-
absorption of electrons in the source support has been al-
ready discussed in a previous study [19]. The film used as
support has to be as thin as possible, the radioactive deposit
has to be homogeneously distributed and the crystallization
has to be controlled to minimize crystals size.

A specific preparation technique has been developed to
produce ultra-thin radioactive sources perfectly suitable for
β spectrometry. The source support is a 0.7 µm thickMylar®
film glued on a stainless steel ring of 150 µm thickness. La-
tex microspheres of 70 nmmean diameter are electrosprayed
in the center of the film on a 10 mm diameter area, visible
in Figure 3. A drop of radioactive solution, prepared before-
hand with optimal concentration, is precisely weighed and
next deposited with a micropipette. The microspheres serve
as a seeding agent for the crystallization process and increase
the wettability of the film, what maintains the deposit at the
center and ensures its homogeneity during the drying pro-
cess. After many tests, the best source quality was found
to be obtained using a freeze-drying process [24], which al-
lows fast and homogeneous crystallization. The source is
eventually shielded with a second 0.7 µm thick Mylar® film
to prevent contamination. Typical activity of the source was
chosen around 1 kBq to limit dead time and possible pile-up
events. The source placement within the detection system is
shown in Figure 4.

Figure 3: A Mylar® film source support with electrosprayed
latex microspheres.

Figure 4: Experimental set-up with two PIPS® detectors
(300 mm2) in a configuration close to 4π geometry and pream-
plifiers fixed with Stycast® Epoxy glue.

2.4. Monte Carlo simulations
Simulations of the current setup have been performed

with the PENELOPE 2014 Monte Carlo code [25], which is
well known for its accurate model of photon, electron and
positron transport in matter, especially at low energy. A de-
tailed geometry was implemented including a complete de-
scription of the detectors with their dead layers, of the source
material and thickness, and of the copper holder.

Some parameters can influence the computational bur-
den of the simulation, but also its accuracy. The absorp-
tion energy Eabs fixes the minimum energy absorbed in the
material. The constant C1 allows for an adjustment of the
mean free path between two hard collisions, while the av-
erage fractional loss of energy between two hard collisions
can be adjusted with the constant C2. Finally, the energies
Wcc andWcr correspond to the cutoff energies of hard elastic
collisions and hard bremsstrahlung emission, respectively.
In the top panel of the Figure 5, a comparison of two simu-
lated β spectra is shown for the same geometry and the same
14C theoretical spectrum as input, but with different set of
parameters. The lowest energy values give in principle the
most accurate result, which is in excellent agreement with
the spectrum generated from the second set of parameters.

To quantify this agreement, one can look at the distribu-
tion of the standardized residuals. Let’s consider a set of n
measurements {yi}, a model resulting in n predictions {ytℎi }and the model error defined by their difference êi = yi−ytℎi .The unbiased variance estimates are given by

var(yi) =
n
∑

i=1

(yi − y)2

n − 1
and var(êi) =

n
∑

i=1

(êi)2

n − p − 1
(2)

with y the average of the measurements and p the number of
model parameters. In our analysis of β spectra, two parame-
ters constrain the model: the normalisation of the simulated
data to the experimental data and the maximum energy. The
standardized residuals are then defined by

ri =
êi

√

var(êi)
. (3)

If the predicted values from simulation, calculation or fit are
relevant, 99.7% of the standardised residuals must fall within
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Figure 5: Top panel is the comparison of different input pa-
rameters using the almost 4π geometry, with the example of
14C decay. Residuals between the two spectra given is plot-
ted as function of energy on the bottom left panel, and its
projection is represented on the bottom right panel.

±3, 95.4% within ±2 and 68.3% within ±1. For later use in
this work, we also define the disagreement parameter

(1 − R2) =
var(êi)
var(yi)

, (4)

where R2 is the coefficient of determination. The quantity
(1 − R2) thus estimates the global disagreement between a
measured spectrum and a modeled spectrum.

The residuals between the two spectra are given in the
bottom panels of Figure 5. One can clearly see that they are
uniformly distributed. We thus kept the second set of pa-
rameters with 1 keV energy cutoff for all our simulations,
increasing their computational speed and ensuring their ac-
curacy at the same time.

3. Characterization
The detection system has been investigated by analysing

the energy peaks from specific sources. The β spectra from
14C and 204Tl decays have been measured and compared to
their respective simulations.

Systematic background measurements have been carried
out to verify the absence of any radioactive contamination of
the detection system due to potential material leakage from
the sources. The background spectrum is mostly peaked be-
low 20 keV and its influence on the spectra measured with
radioactive sources can be considered as very little. In the
energy range of study, the background spectrum accounts

only for 0.095% of 14C data, and for 0.080% of 204Tl data re-
spectively. All the measured spectra presented in this work
are background subtracted.
3.1. Energy response

The energy response of our detection system was stud-
ied by measuring 109Cd and 207Bi radioactive sources pre-
pared on purpose. Their electron peaks cover a large range
in energy, from a few keV up to 1 MeV. The decay of 109Cd
is characterized by a single γ transition at 88 keV that is
highly converted [26]. Atomic Auger electrons are emitted
at 22.5 keV, as well as conversion electrons at 62.5 keV from
theK-shell and at 86.7 keV from theL-shell. In 207Bi decay,
the electron peaks of interest come from the conversion pro-
cess in the two main γ transitions at 570 keV and 1064 keV
[27]. The former gives electron peaks at 481.6 keV and
553.6 keV, and the latter at 975.6 keV and 1061.7 keV, from
theK- andL-shells respectively. The peaks were fitted using
the COLEGRAM software [28]. The energy calibration curve
was found very linear, as can be seen in Figure 6. The energy
resolution was established to be 9 keV (FWHM) at 62.5 keV,
and an energy threshold of 20 keV was determined.
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Figure 6: The energy calibration curve obtained from the con-
version electron peaks in 109Cd and 207Bi decays.

The calibrated spectrum of 207Bi was compared to a sim-
ulation in order to validate the implemented geometry. This
simulation was performed using the PenNuc module [25]
of PENELOPE, which automatically manages the cascade of
particles from the decay scheme (γ-rays, conversion elec-
trons) and the consecutive atomic relaxation (X-rays, Auger
electrons) based on DDEP data. The simulated spectrum
was enlarged with a Gaussian distribution of 9 keV FWHM,
as experimentally determined. The spectra are compared
in Figure 7 and have been normalised by integration in the
600-700 keV energy range. Good agreement is obtained,
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with a disagreement parameter (1 − R2) of 3.2%. This non-
negligible discrepancy is caused by a small disagreement in
the peak intensities. As the simulation is based on decay data
in which electron intensities are not measured but calculated,
a slight difference with our measurement was considered to
be reasonable.
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Figure 7: Comparison between the simulated spectrum and
the measured spectrum of 207Bi decay.

3.2. Measurements
The first β spectrum that has been measured is from 14C

decay, which exhibits a single allowed transition with a max-
imum energy of E0 = 156.476 (4) keV [29] and a half-life
of T1∕2 = 5 700 (30) a [30]. It is compared to the result of
a simulation in Figure 8, for which a theoretical spectrum
from BetaShape was used as input as in section 2. The sim-
ulated spectrum has been normalized to the measurement by
integration between 25 and 145 keV. Both spectra are in ex-
cellent agreement with a disagreement parameter (1 − R2)
of only 0.016% in this energy range.

The second β spectrum is from 204Tl, which decays at
97.08 (13)% through a single first forbidden unique transi-
tion, and at 2.92 (13)% via an electron capture of the same
nature [31]. The β transition energy is 763.75 (18) keV [29].
Again, a theoretical spectrum from BetaShape was used as
input for a simulation. The simulated spectrum has been nor-
malized to the measured spectrum in the 100-750 keV re-
gion and their comparison is given in Figure 9. Good agree-
ment is obtained, with a disagreement parameter (1 − R2)
of 0.33%. However, a discrepancy between simulation and
measurement can be noticed below 100 keV. The contribu-
tion of the electron capture branch is a possible explanation,
as it leads to the emission of Auger electrons and X-rays
between 53 and 83 keV. Our energy resolution is not suf-
ficient to clearly distinguish the different peaks of low inten-
sity, which could result in extra counts like a bump in the
measured spectrum.
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Figure 8: Comparison between the measured (black) and sim-
ulated (red) spectra of 14C decay.
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Figure 9: Comparison of the measured spectrum (black) of
204Tl with the simulated spectrum (red). The input of the sim-
ulation is the theoretical spectrum calculated from BetaShape.

These two measured spectra still suffer from distortion
due to the detection system. Before analysing them further,
it is necessary to correct this effect in order to retrieve the
kinetic energy spectrum of the β particle as emitted at the
nucleus.

4. Deconvolution process
The measured spectrum results from the convolution of

the initially emitted spectrum with the response of the de-
tection system, which includes the effect of the source itself.
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In order to recover the spectrum free of distortion, it is nec-
essary to determine the response function and to unfold the
measured spectrum. The approach used in this study is based
on the matrix inversion method, which has been used in sev-
eral previous studies (see e.g. [32, 33]). The unfolding pro-
cess is presented below and has been adapted from the work
of Paulsen et al. [33], who provided detailed mathematical
justifications.
4.1. Method

The solution is exactly as long as the problem is notmath-
ematically ill-posed. The objective is to determine how the
content of a given energy bin [Ei, Ei+1[ is spread over the
other bins, and what has been done with mono-energetic
simulations. The response matrix of the detection system
has thus been built independently of the knowledge of the
β spectrum. The unfolded, initially emitted spectrum has
then been obtained by applying the inverse of this matrix to
the measured spectrum.

An identical binning ofΔE = 1 keV has been considered
for all our spectra, which means intervals [Ei, Ei+1[ with(Ei+1-Ei) = ΔE starting from E0 = 0 keV. The first bins in
the measured spectrum are empty due to the threshold ap-
plied to cut the electronic noise. Maximum energy has also
been fixed beyond which it is reasonable to consider that no
physical information is present, typically a few keV beyond
the maximum energy of the β spectrum.

These considerations determine the dimensions of the
vectors for the measured and emitted spectra, and of the ma-
trix for the response function. The latter is a square matrix
and the measured spectrumM(Ei) results from the multipli-
cation of the responsematrixR(Ei+ΔE,Ei) of the detectionsystem by the initially emitted spectrum S(Ei):
⎛

⎜

⎜

⎜

⎝

M(E0)
⋮
⋮
⋮

M(EN )

⎞

⎟

⎟

⎟

⎠

=

⎛

⎜

⎜

⎜

⎝

R(E0 + ΔE,E0) ⋯ R(EN + ΔE,E0)
⋮ ⋮
⋮ ⋱ ⋮
⋮ ⋮

R(E0 + ΔE,EN ) ⋯ R(EN + ΔE,EN )

⎞

⎟

⎟

⎟

⎠

×

⎛

⎜

⎜

⎜

⎝

S(E0)
⋮
⋮
⋮

S(EN )

⎞

⎟

⎟

⎟

⎠

(5)
Each column of the response matrix quantifies how the

content of an energy bin is distributed over the other bins.
The initial particles emitted with a kinetic energy in the in-
terval [Ei, Ei+1[ fall in the corresponding bin S(Ei). Theypartly contribute to the measured number of counts in all the
bins with a weight given by the response matrix elements.
The latter have been obtained fromMonte Carlo simulations
considering a series of mono-energetic primary events, one
per energy bin. As electrons always loss a small amount of
energy in the detector dead layers, what prevents full-energy
deposition, only the bins with an energy lower than the pri-
mary energy have a non-null content (see Figure 10). All
the matrix elements below the diagonal are null and all the
diagonal elements are strictly positive. The response matrix
is therefore triangular and invertible by construction. In ad-
dition, each column of the matrix has been normalised to
unity, what keeps information about the absolute number of
counts.
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Figure 10: Normalised histogram resulting from a Monte Carlo
simulation with primary electrons of 30 keV kinetic energy.

4.2. Validation
Before applying the algorithm to themeasured spectrum,

it was validated using simulations. Different “measured”
spectra – i.e. M(Ei) vectors – were generated by simulation
and the unfolding process was then applied to retrieve the
original input spectra – i.e. S(Ei) vectors. To minimize the
possible statistical effects of the method, the response ma-
trix was generated from mono-energetic pulse simulations
with five million primary events for each energy bin. In all
the cases performed, the initial spectrum was retrieved with
good accuracy down to 10 keV. As the energy threshold of
our detection system is above 10 keV, it was concluded that
the unfolding process can be confidently applied to our mea-
surements.

It has to be highlighted that this method requires the use
of a reliable Monte Carlo model to achieve a trustworthy de-
convolution. The accuracy and reliability of our simulations
has already been discussed in detail in section 3. In addition,
it worth mentioning that the quasi-4π geometry dramatically
reduces the magnitude of the unfolding correction and there-
fore, its contribution to the final uncertainty.

5. Analysis
The deconvolution process described above has been ap-

plied to the measured spectra from 14C and 204Tl decays.
5.1. 14C decay

The 14C decay is an allowed transition that exhibits an
unusual long half-life. It is a clear sign of an accidental can-
cellation of the nuclear matrix elements that are generally
dominant in such a transition [34]. The question then arises
about how much its β spectrum shape is influenced.

On the theory side, different studies concluded that this
cancellation increases relatively the influence of the weak
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magnetism term. This term appears in the β decay formalism
when the nucleons are assumed to have a spatial extension
[35]. It adds a dependency in the shape factor linear in the
kinetic energy of the β particle:

C(E) = 1 + aE (6)
The most precise studies available in the literature gave con-
sistent values of a, presented in Table 1. Themost recent one
from [36] solved a long-standing discrepancy in the A = 14
system.

It is noteworthy that these studies considered a numeri-
cal Fermi function F (Z,W ) determined for a nucleus mod-
eled as a uniform charged sphere, or equivalently an ana-
lytical Fermi function for a point nucleus with corrections
to account for its finite size. In the present work, we have
considered three types of Fermi functions: i) F0 (analyti-
cal) for a point nucleus; ii) F0L0 (numerical) for a uniform
charged sphere; and iii) F0L∗0 (numerical) which also in-
cludes a screened potential from [37] that takes into account
the screening effect due to the atomic electrons.

The β spectrum was investigated with different measure-
ment techniques over the past 70 years (see e.g. [38, 39,
40, 41, 42, 8]). The two most precise studies ([41, 8]) ex-
tracted a maximum energy slightly lower than the recom-
mended value, totally dominated by a single high-precision
measurement from [43]. However, their extracted shapes are
not consistent, as can be seen in Table 1. In [41], a detailed
analysis of a measurement carried out with a 14C-doped ger-
manium detector led to a slope consistent with theory. The
shape factor used in [8] is different:

C(E) = 1 + �(E0 − E) (7)
but a and � can easily be deduced from one another:

� = −a∕(1 + aE0) (8)
The measurement was performed with a wall-less gas pro-
portional counter and led to a slope significantly far from
the theoretical predictions.

The measured spectrum of 14C presented in Figure 8
has been unfolded from the remaining distortions of the de-
tection system with the method described in the previous
section. It is compared in Figure 11 to a high-precision
measurement performed by Metallic Magnetic Calorime-
try (MMC) several years ago at LNHB [46]. The original
200 eV energy binning of the MMC spectrum has been de-
graded to match our 1 keV binning. The peaks at low energy
are from 55Fe and 109Cd external sources used for energy cal-
ibration. The MMC spectrum has been normalized to our
measured spectrum by integration in [25,150] keV. Excel-
lent agreement has been found in this energy range with a
disagreement parameter (1 −R2) equal to 0.043%. The cor-
responding residuals are well distributed around zero within
2σ.

When analyzing a measured β spectrum, the maximum
energy and the spectrum shape are somehow correlated be-
cause of the q2 dependency (see Eq. 1). We followed a stan-
dard procedure in the literature to extract a shape factor from

Table 1
Linear slope in 14C shape factor from precise theoretical and ex-
perimental studies, compared with the results from the present
work. SM stands for shell-model and CVC for the conserved
vector current hypothesis.

Study a in MeV−1 Comment

[44] -0.386 CVC from exp. not certain

[45] -0.37 (4) SM, ×2 difference with CVC

[36] -0.43 SM, consistent with CVC

[41] -0.45 (4) 14C-doped Ge detector

[8] -1.038 (28) Wall-less prop. counter

This work -0.430 (23) Si detector, with F0L0

This work -0.526 (30) Si detector, with F0L∗0

our measurement. First, we have determined the maximum
energy from the Kurie plot. Next, the shape factor has been
fitted fixing the maximum energy. The uncertainties we are
reporting may be underestimated because they do not in-
clude the influence of the energy calibration, the source thick-
ness and the distance between the detectors.
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Figure 11: Unfolded 14C spectrum from this work (black) com-
pared to the MMC spectrum measured in [46], normalized be-
tween 25 and 150 keV (blue). Residuals are also given in the
energy range of the normalization.
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The Kurie plot is defined so that it contains mostly a lin-
ear dependency in neutrino momentum q close to the maxi-
mum energy. The shape factor term C(W ) is thus supposed
to equal unity. From Eq. 1, one has:

√

Nexp
pW F (Z,W )

= Kq ×
√

r(Z,W ) (9)

where K is a constant and Nexp is the number of counts in
the bin with energy W . The atomic overlap correction has
to be kept in the fit as it depends on the maximum energy
[47]:

r(Z,W ) = 1 − B′′∕q (10)
The quantity B′′ = )2B(G)∕)Z2 is the second derivative of
the total electron binding energy of the atom in its ground
state and is energy independent. Its value can be estimated
from the fit given in [47]. For 14C, one gets B′′ = 92.14 eV.

The maximum energy is given when the electron takes
all the available energy from the decay, i.e. q = W −W0 = 0.The denominator has been convoluted with a Gaussian dis-
tribution of 9 keV FWHM to account for the energy resolu-
tion of our detection system. A reasonable energy range of
[30,150] keV has been considered to determine the central
value in order to minimize the influence of a possible non-
linearity at the edge of the measured spectrum. To estimate
an uncertainty due to the energy range, the lower limit has
been varied from 25 to 90 keV and the upper limit from 145
to 155 keV. The uncertainty component due to the fit has
been included and we have also considered the variation due
to the different Fermi functions. The maximum energy from
our measurement is then E0 = 156.49 (43) keV. This value
has been obtained with the most precise Fermi function that
includes screening. Neglecting the overlap correction in the
fit would have decreased E0 by about 40 eV.As our maximum energy is very consistent with the rec-
ommended AME2020 Q-value, the extraction of the shape
factor has been done by fixing E0 to the latter. The theoreti-cal spectrum has been calculated as in Eq. 1 without C(W ),
next convoluted with a Gaussian distribution to account for
the energy resolution, and then normalized to the measured
spectrum. The shape factor has been determined by fitting
the bin-per-bin ratio of measured to theoretical spectra. A
slight non-linear trend has been found, most probably due
to our assumption of a constant Gaussian distribution. The
maximum energy range to constrain at best the quadratic
polynomial fit is [25,145] keV. The lower limit has been var-
ied up to 50 keV and the upper limit from 135 to 150 keV to
quantify the influence of the boundaries of the chosen inter-
val. Eventually, a linear coefficient a = -0.430 (23) MeV−1
has been determined. The experimental spectrum is shown
in Figure 12 together with an allowed theoretical spectrum
and the adjusted spectrum. Excellent agreement has been
found from 25 to 156 keV with a disagreement parameter
(1−R2) equal to 0.0014%. The corresponding residuals are
well centered around zero within 2σ.
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Figure 12: Adjusted 14C spectrum (dashed red) on the un-
folded quasi-4π Silicon spectrum from this work (black). The
shape has been fitted between 25 and 145 keV starting from
an allowed shape (doted blue). Residuals are also given in the
energy range from 25 to 156 keV.

Employing the analytical Fermi function F0 instead of
F0L0 does not change the extracted shape. However, con-
sidering the screened Fermi function F0L∗0 removes about
half of the non-linearity in the ratio spectrum. The linear
coefficient is then significantly increased, as shown in Ta-
ble 1.
5.2. 204Tl decay

The reference 204Tl experimental β spectrum is from
Flothmann et al. [48] and was measured more than 50 years
agowith a 4π Si(Li) β spectrometer from 190 to 675 keV.Our
measurement presented in Figure 9 has an energy thresh-
old much lower but the previously observed discrepancy
with the simulation slightly complicates the analysis below
100 keV. As mentioned before, it most probably comes from
X-rays and Auger electrons. However, the deconvolution
process only accounts for electrons and the detection system
is not able to discriminate between photons and electrons.
Looking closely at the measured spectrum in the low energy
region, one can clearly distinguish peaks above a continuous
spectrum, which is consistent with the expected contribution
of the electron capture branch of 204Tl decay. In Figure 13,
these peaks have been fitted and removed from the beta spec-
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trum, which has then been unfolded.
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Figure 13: Removing peaks in 204Tl β spectrum that are due
to the contribution of the electron capture branch in the decay.

This corrected, unfolded spectrum is presented in Fig-
ure 14. It has been cut at 60 keV because its shape is ques-
tionable below due to the removal of the peaks above. It is
compared to the spectrum built with the experimental shape
factor determined in [48]. The twomeasurements are consis-
tent in their common energy range, an agreement quantified
below in the shape factor analysis.

The theoretical shape factor of this first forbidden unique
transition depends on the momenta of both the β and ν par-
ticles:

C(W ) = q2 + �2p2 (11)
where �2 is an energy-dependent parameter calculated from
theCoulomb amplitudes of the relativistic electronwave func-
tions [35]. As the � momentum depends on E0, the Kurie
plot Eq. 9 has to be modified in order to introduce C(W ) in
the fit:

√

Nexp
pW F (Z,W )

= K
√

(q2 − B′′q) × (q2 + �2p2) (12)

with B′′ = 340 eV for 204Tl from the fit given in [47].
The energy resolution of the detection system has been

taken into account as in the analysis of 14C spectrum. A rea-
sonable energy range of [650,760] keV has been considered
when fitting the Kurie plot to determine the central value of
the maximum energy. The dominant uncertainty component
is from the fit because of the statistics of the measurement.
The uncertainty due to the energy range has been estimated
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Figure 14: Adjusted 204Tl spectrum (red) on the corrected,
unfolded quasi-4π Silicon spectrum from this work (black).
Adjusted spectrum determined in [48] is shown in their mea-
sured energy range (blue) for comparison. The shape from
this work has been fitted between 100 and 700 keV starting
from an allowed shape. Corresponding residuals are given at
the bottom.

by varying the limits between 500 and 763 keV. The uncer-
tainty due to the choice of the Fermi function was found to
be negligible, and the central value has been determinedwith
F0L∗0. The maximum energy from our measurement is then
E0 = 763.7 (22) keV, fully consistent with the recommended
AME2020 Q-value.

As in the analysis of the 14C spectrum shape, the shape
factor has been extracted fixingE0 to theAME2020Q-value.
The method is identical and the shape factor from [48] has
been considered:

C(W ) = dq2 + �2p2 (13)
with d the parameter to be adjusted. In a first attempt, the
spectrum has been fitted in the same energy range as in
[48], i.e. in [190,675] keV, with an analytical Fermi func-
tion F0 and without radiative corrections. Remarkably, the
same value d = 1.097 has been obtained. A larger energy
range has next been considered from 100 to 700 keV, what
avoids the influence of possible non-linearities at the edge
of the spectrum. The total uncertainty has been determined
by adding in quadrature the fit uncertainty, the variation ac-
cording to the Fermi functions and to the use of the radiative
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corrections, and a component due to the energy range. The
latter has been estimated by considering the energy range of
[48] as a lower limit and a wide range from 60 to 750 keV as
an upper limit. Considering F0 and no radiative corrections,a value d = 1.095 (7) has been determined, fully consis-
tent with the result of d = 1.097 (8) from [48]. A slightly
better adjustment has been obtained, especially at low en-
ergy, considering F0L0 and no radiative corrections, with a
value of d = 1.075 (7). This adjusted spectrum is shown in
Figure 14 with the corresponding residuals in the fit energy
range. The agreement with the measured spectrum is excel-
lent, with a disagreement parameter (1 − R2) = 0.0096%.
The residuals are well centered around zero within 2σ but
a slight non-linear trend can still be observed, which would
needed further investigation.
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Figure 15: Corrected, unfolded 204Tl β spectrum compared to
different theoretical calculations.

Finally, we compare in Figure 15 our measurement to
theoretical predictions calculated according to different as-
sumptions. A usual approximation in the treatment of first
forbidden unique transitions is to set �2 = 1 [10], which is
clearly not able to reproduce the experimental 204Tl spec-
trum. Calculating the spectrum as in Eq. 1 without atomic
effects leads to a rather good description but part of the low-
energy counts are missed. A more elaborated calculation
has been performed including the atomic screening and ex-
change effects. The latter gives the most significant contri-
bution and has been calculated as in [1]. If part of the dis-
crepancy is filled in, atomic effects do not seem be sufficient.
The 204Tl β transition appears to be very sensitive to the �2parameter and thus to the relativistic electron wave functions
of the continuum states. If the experimental shape is con-

firmed at low energy, a more accurate theoretical description
could be needed.

6. Conclusion
A detection system has been developed to precisely mea-

sure the shape of β spectra from at least 25 to 850 keV. As
electrons highly diffuse in the matter, the geometry has been
optimized up to a quasi-4π sr solid angle: the emitted parti-
cles from the radioactive source deposit their kinetic energy
within two Silicon detectors in a very compact configura-
tion. Ultra-thin radioactive sources have been prepared on
purpose in order to minimize self-absorption. An unfolding
method based on mono-energetic Monte Carlo simulations
has been implemented to correct the measured spectra from
the remaining distortions. The device has been characterised
by the conversion electron peaks from 109Cd and 207Bi de-
cays.

The 14C and 204Tl β spectra have been studied. The mea-
sured, unfolded spectra have been compared to precise mea-
surements available in the literature and excellent agreement
has been found in the common energy ranges. The max-
imum energies have been extracted and are fully consistent
with the recommendedAME2020Q-values, though less pre-
cise. Analysing the 14C spectrum, a linear slope has been
determined to be a = -0.430 (23) MeV−1, fully consistent
with the best theoretical predictions of the weak magnetism
term. Regarding 204Tl, the knowledge of the spectrum has
been extended from 63% in [48] to 92% in this work, down
to 60 keV. A shape factor (dq2 + �2p2) has been extracted
with d = 1.075 (7). A slight discrepancy with theoretical
predictions has been highlighted at low energy.

A tenuous non-linear trend in the residuals, though sta-
tistically hardly meaningful, is still present and would de-
serve further investigation. One of the possibilities could be
to improve the correction of the influence of the radioactive
source, what would require a better knowledge of the crystal
sizes and distribution. The influence of the energy resolution
is also quite large on the analysis. This could be solved by
replacing the PIPS detectors by two Si(Li) detectors in the
same configuration. The other advantage would be to have
thicker active volumes that would allow a total absorption
of electrons up to 3 MeV of kinetic energy. Finally, adding
a γ-ray detector in coincidence is foreseen in order to tidily
select the transitions of interest in complex decay schemes.
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