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Abstract

We present new measurements of 27 gamma-ray energies ranging from 14 keV to 136 keV,
obtained using magnetic microcalorimeters for energy-dispersive spectrometry. The spectrometer
has eight pixels and achieves a high energy resolution between 15 eV and 30 eV across the entire
energy range. It faces a cryogenic source sampler with four movable sources, each containing a
mixture of radionuclides, including '*Yb and *’Co. Four gamma-ray lines from '°Yb and one
from >’ Co were used to calibrate the spectrometer and correct for its non-linearity in the energy
range 14 keV—130 keV. The gamma-ray energies, emitted through the decay of >’Co, '*Cd, !**Ba,
133Gd, 5*Eu, % Eu, '9°Yb, 179Tm, 2!°Pb, 2°Np, 2*! Am and 2**Am, have been reassessed. This work
significantly reduces the uncertainties upon previously reported gamma energies obtained by
energy-dispersive spectrometry using semiconductor detectors: the lowest absolute uncertainty
achieved is 0.13 eV at 105.3 keV, which corresponds to a relative uncertainty of 1.3 ppm. With
respect to the available literature, among the 27 measured gamma-ray lines, the uncertainties of
10 energies were reduced by a factor of 5, while those of 4 additional energies were reduced by

more than one order of magnitude.

1. Introduction

Precise gamma-ray energies below 200 keV with
uncertainties well below 0.5 eV are needed to cal-
ibrate the energy scale of low temperature detec-
tors (LTDs) and to correct their non-linearity [1—
3]. Indeed, LTDs are energy-dispersive spectrome-
ters (EDS) that can achieve very high energy res-
olution below 100 mK. Resolving powers of about
5000 have been demonstrated, equivalent to a full
width at the half-maximum (FWHM) energy resolu-
tion of 1.25 eV at 6 keV and 10 eV at 59.5 keV [1,4].
Such resolutions enable very precise measurements
of gamma-ray energies because the contribution of
the statistical uncertainty to the energy E is given

© 2026 The Author(s). Published on behalf of BIPM by IOP Publishing Ltd

by the equation (1):
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where o, is the standard deviation of the Gaussian
peak distribution, also given by the relation
FWHM = 2.35- 0y, and usually limited by the
detector resolution, and Ny, is the number of
counts in the peak of interest in the spectrum.

For this reason, LTDs are being developed and
deployed in a range of applications to decrease
the uncertainties on key quantities measured by
high energy resolution photon spectrometry, such as
line energies or emission intensities. Some of these


https://doi.org/10.1088/1681-7575/ae99e9
https://crossmark.crossref.org/dialog/?doi=10.1088/1681-7575/ae99e9&domain=pdf&date_stamp=2026-9-1
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-0970-1543
https://orcid.org/0000-0003-0474-3234
https://orcid.org/0000-0002-6034-5233
https://orcid.org/0009-0001-5685-0050
https://orcid.org/0009-0002-7047-3236
https://orcid.org/0000-0002-3303-128X
https://orcid.org/0000-0002-8265-8337
https://orcid.org/0000-0001-6971-5969
mailto:matias.rodrigues@cea.fr

10P Publishing

Metrologia 63 (2026) 055001

applications relate to the measurement of x-ray ener-
gies emitted by exotic atoms with targeted uncer-
tainties well below 0.5 eV [5-7]. Other applications
are related to metrology in order to improve the
databases, benchmark theoretical calculations of fun-
damental parameters, or improve materials analysis
[8-12].

However, while the energies measured by LTDs
are highly resolved, they are not accurate without
precise energy calibration in order to both convert
the histogram channel into an energy scale and cor-
rect the detector non-linearity. Indeed, LTDs are
intrinsically non-linear due to their working princi-
ple described below. For photon spectrometry appli-
cations, most of the employed technologies are based
on two types LTDs: magnetic microcalorimeters
(MMCs) and transition edge sensors (TESs) [13,14].
These detectors consist of an absorber tightly ther-
mally coupled with a thermal sensor. The energy E
deposited into the absorber by an incoming photon
is converted to a temperature elevation AT that is, in
a small signal approximation, given by:

AT=E/C )

where C is the total heat capacity of the detector.

The detector remains linear as long as it is in the
small signal regime, i.e. AT < Ty, where T is the
detector temperature equilibrium.

The thermal sensor, acting as a thermome-
ter, converts the temperature elevation AT into a
change of another measurable physical quantity, i.e. a
change of resistance AR for a TES or a change
of magnetization AM for an MMC. The detector
is weakly thermally coupled to the thermal bath
by a weak thermal link to recover its equilibrium
temperature T).

Achieving high energy resolution means to max-
imize the signal-to-noise ratio, the measurable sig-
nal being proportional to AT implies therefore min-
imizing C. Then, high energy resolution means large
AT that becomes non-negligible compared with T,
and the pulse heights are no longer in the small sig-
nal regime; a non-linearity appears because the spe-
cific heats of the materials contributing to the heat
capacity C are temperature dependent. For LTDs, a
high energy resolution is therefore inextricably linked
to a non-linearity. Added to this, there is a second
cause of non-linearity arising from the temperature
dependence of the sensor sensitivities. For MMCs, the
temperature sensitivity of the sensor magnetization,
OM/OT, varies as 1/T [14]; whereas for TESs, the vari-
ation of resistance with the temperature, 9R/JT, is
specific to each TES, depending on the shape of the
superconducting transition [15,16].

The non-linearity of LTDs can be corrected using
the well-known gamma-ray and x-ray energies [8,10],
which are recommended in the databases provided
by the evaluations of Helmer and van der Leun for
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gamma-rays and Deslattes et al for x-rays [17,18].
Regarding gamma-rays, the energies of the standards
are evaluated from the experimental data obtained
using two types of instrumentation: the wavelength-
dispersive spectrometers (WDS) and the EDS with
semiconductor detectors. WDS have a very high
energy resolution and their measurements can be
linked to the SI unit of the metre via the inter-reticular
distance of the diffraction crystals obtained by opti-
cal interferometry [19]. However, they have a low
detection efficiency and their measurements mainly
focus on gamma-rays emitted by radionuclides with
a relatively short half-life (less than a few hundred
days) in order to avoid handling large quantities
of radioactive materials. Two radionuclides stand
out due to the very low uncertainties of the emit-
ted energies: '°'Tb and the '°Yb [20,21]. However,
these radionuclides have short half-lives (6.89 (2)
days and 32.018 (5) days respectively), making them
unsuitable to calibrate LTDs during long time scale
measurements. Furthermore, these radionuclides are
difficult to purchase as they must be produced on
demand. EDS is mostly used to measure the energies
of radionuclides with longer half-lives. But, semi-
conductor detectors have a much poorer resolution
and must be calibrated using other standard ener-
gies determined by WDS. Consequently, the uncer-
tainties of the semiconductor-measured energies are
greater than those obtained by WDS. Therefore,
energy standards obtained by WDS are to be
preferred.

This study aims to present new gamma-ray energy
values below 200 keV with reduced uncertainties
for commonly accessible radionuclides, and to pro-
vide metrological redundancy to validate previously
reported energies derived from EDS using semicon-
ductors. Some recommended energies published in
the 2000 evaluation, obtained by Helmer himself,
have indeed been questioned [22].

2. The experimental method and set-up

To benefit from both high energy resolution and rea-
sonable detection efficiency, the energies of gamma-
rays were measured by energy-dispersive spectrome-
try with an LTD Among the LTD technologies, MMC-
based LTDs were favored due to their lower, smoother
energy non-linearity, which follows a second- or
third-order polynomial function of energy [14]. This
characteristic reduces the number of calibration ref-
erence lines required to correct the non-linearity and
diminishes both calibration uncertainties and poten-
tial systematic errors.

The radionuclides measured were selected on the
basis of the recommended values of Helmer and
von der Leun [17]. Their gamma-ray energies can
be classified in two groups: those that serve to cali-
brate the MMC detector, and those to be reassessed
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Table 1. Summary of the gamma-ray data of the radionuclides measured during this work. Energies with an asterisk * indicate the
calibration lines e,. Energies and decay data are from DDEP (Decay Data Evaluation Project) [23], excepted for the 14.4 keV/
gamma-ray energy emitted by *”Co, calculated as the mean value of measurements in the [24-26] (see section 4.2). The first column
indicates which method (WDS or EDS) the recommended value originates from. The column [Run; Source] shows when (Run) and
where (Source S;) the radionuclides were measured in the present study. The Radioactive solution column describes the nature of the

solution employed to produce the source.

Main energies® /

Radioactive

Intensities per solution

Method Radionuclides Decay mode Half-life keV 100 decays medium—carrier [Run; Source]
WDS  '9Yb — '¥Tm EC 32.018 (5)d 63.12044 (4)" 44,05 (24) Irradiated foil of ~ All
93.61447 (8)" 2.571 (17) 169
109.77924 (4)" 17.36 (9)
118.18940 (14) 1.87 (1)
130.52293 (6)°  11.38 (5)
177.21307 (6) 22.32 (10)
7Co —+>Fe  EC 271.81 (4)d 14.412492 (19)°  9.18 (12) HCl All
122.06065 (12) 85.49 (14) 0.1 mol 11—
136.47356 (29) 10.71 (15) CoCl,
13Gd — Eu EC 240.4 (10) d 69.67300 (13) 2.42(7) HCl [R1&2; S1]
97.43100 (21) 29.0 (8) 0.5mol 17— [R1; S4]
103.18012 (17) 21.1(6) GdCls
2¥Np — *Pu 8- 2.356 (3) d 61.460 (2) 1.29 (2) HCl—none [R1&2; S4]
106.125 (2) 25.9 (3)
EDS 19Cd — 1¥Ag  EC 461.9 (4)d 88.0336 (10) 3.66 (5) HCl10.1 mol1~!'— [R1&2; S3]
CdCl;
133Ba —+ 13Cs  EC 10.539 (6) a 53.1622 (18) 2.14 (6) HCl [R1; S4]
79.6142 (19) 2.63 (19) 0.1 mol 17—
80.9979 (11) 33.31 (30) BaCl,
I55Eu — °Gd  3- 4,753 (14) a 26.531 (21) 0.316 (22) HCI [R1&2; S2]
45299 (1) 1.31(5) 0.5mol 1~!'—
60.0086 (10) 1.22 (5) EuCl;
86.5479 (10) 30.7 (3)
105.3083 (10) 21.1(6)
20pp — 210B]  B- 2223 (12) a 46.539 (1) 4.252 (40) HNO;3 [R1&2; S1]
1 mol I~ '—none
2 Am — 2'Np « 432.6 (6) a 26.3446 (2) 2.31(8) HNO; [R1&2; S1]
33.1963 (3) 0.1215 (28) I moll—1—
59.5409 (1) 35.92 (17) EuCl;
M Am — 2Np « 7.367 (23) x 10% a 43.53 (2) 5.89 (10) HCI 1 mol 1! [R1&2;S1]
74.66 (2) 67.2 (12) -none

aThe energies in keV unit, given the table 1, are based on the conversion factor wavelength to energy of 1.23984244 x 107° eV-m, the

same as used by Helmer and van der Leun in [17].

that could potentially serve as future energy stan-
dards. The selected radionuclides, their characteris-
tics and their main emitted energies are summarized
in table 1. The calibration radionuclides were cho-
sen based on the following criteria: energies below
200 keV, measured by WDS with uncertainties below
0.2 eV, having reasonably large emission intensities
(>1 per 100 decays), and having half-lives longer
than 10 d. The radionuclides selected to reassess their
gamma-ray energies must be commercially available
and have half-lives greater than a few hundred days.
They must also emit gamma-rays below 200 keV with
also reasonably large emission intensities larger than
1 per 100 decays. The radionuclides selected to correct

the detector non-linearity or to check the energy cali-
bration are *’Co, '>>Gd and '®Yb (table 1). Cobalt-
57 is of particular interest for calibration purposes
as it emits a gamma ray at a very low energy of
14.4 keV. Ytterbium-169 emits many gamma rays
between 60 keV and 200 keV having energies with
very low uncertainties. Moreover, '®Yb was preferred
to 161 Tb, because in addition to having a longer half-
life, it provides an absolute measurement linked to the
SI unit of wavelength through the interstitial lattice
spacing of the spectrometer crystal [19,20]. In con-
trast, the gamma rays of '*' Tb were measured relative
to the 79Tm gamma-ray energy at 84 keV also mea-
sured in [20]. This relative measurement also leads
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to larger uncertainties on the recommended values
of 11Th.

A dedicated experimental setup has been designed
to measure selected radionuclides. It comprises two
mechanical stages: one supports the MMC spectrom-
eter and the other supports a cryogenic source sam-
pler. The MMC spectrometer was designed using
MMC chips that were microfabricated on a silicon
wafer (figure 1) [27]. Each chip contains several layers
corresponding to different materials and functionali-
ties. The paramagnetic sensor is made of silver doped
with 475 ppm of enriched erbium-168. The paramag-
netic sensor’s change in magnetization is read out by
a planar, meander-shaped pick-up coil. Two of these
pick-up coils, made of niobium, are connected in par-
allel to form, below 9.3 K, a closed superconduct-
ing circuit through which a permanent current circu-
lates. This creates a local magnetic field that magne-
tises the sensor covering the pick-up coils. These are
connected to the input coil of a two-stage supercon-
ducting quantum interference device (SQUID) sen-
sor, which converts changes in magnetic flux in the
input coil into changes in voltage with a very low
noise level. In addition to the niobium electrical bond
pads used to connect the coils and inject the perma-
nent current, a large gold bond pad on the chip ther-
mally connects the chip to the thermal bath via gold
wires (figure 1). The sensor is connected to this ther-
mal gold pad via a thermal link formed by a gold
film strip dimensioned to produce pulses with a decay
time constant of around 1 ms at 20 mK.

To increase the total detection efficiency with-
out compromising energy resolution, the MMC com-
prises eight gold-based absorber pixels. Each absorber
pixel is a rectangular parallelepiped with an area of
0.75 x 1.5 mm? and a thickness of 50 ym. The
absorbers were glued to the sensors of four MMC
chips using Stycast 1decay time constants expressed
266 epoxy [27]. Each MMC chip is read out by a
two-stage SQUID sensor. Two absorbers on the same
MMC chip produce pulses of opposite polarity in the
input coil of the SQUID.

The MMC and SQUID chips sit on two sepa-
rate copper parts, which act as thermal baths to pre-
vent power dissipation from the SQUID from increas-
ing the temperature of the MMC sensors. The cop-
per holders and chips are enclosed in a lead super-
conducting electromagnetic shield with an opening
above the MMCs to allow photons to pass through
towards the absorbers. A 1 mm-thick beryllium win-
dow is positioned in front of the absorbers to block
alpha particles and absorb most of the electrons emit-
ted during radionuclide decay.

The stage holding the cryogenic source sampler
comprises a rotary motor with a copper arm sup-
porting a tray containing four source slots (figure 2).
Using a source sampler has several advantages: the
sources can be changed while maintaining the same
working conditions for the detectors, SQUIDs and
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MMLC chip thermal bath Absorber

position \

Pick-up coil
Ag:Er

’n\‘ﬁ' /sensor
Au bonding: IIJ__ Thermal

wires / link

Au thermal
<~ pad

Input coil \_ Al bonding
Read-out wires
squp 7 i

squip )O'OO'OJ‘

array.

SQUID chip thermal bath

Figure 1. On the left, the scheme of the MMC chip con-
nected to the two-stage SQUID chip, both sitting on

their respective thermal baths. On the right, the scheme

of the final MMC chip layout. For details, see also [27]. The
dashed lines represent the position of the rectangular gold
absorbers.

MMC and
5QUID stage \‘w

Superconducting
lead shield

Position of the
absorbers
Source tray

Optical fiber of the
motor encoder

Ratary cryogenic
motor

Source stage

Figure 2. On the left, photograph of the two experimental
stages mounted on the mixing chamber of the wet dilu-
tion refrigerator. On the right, photograph of the MMC
spectrometer mounting with its different chips.

cryostat. Consequently, the detector exhibits practi-
cally identical non-linearity with each source. At the
same time, it enables the sources to be positioned as
close as possible to the absorbers inside the cryostat,
thereby maximizing detection efficiency and mini-
mizing the required activity for measurement. It also
reduces spectral interference between energy peaks
by placing the appropriate radionuclides in separate
source slots. The motor is driven by piezoelectric ele-
ments and can rotate endlessly. Its position is read
by an optical encoder and fiber with an accuracy of
approximately 0.43°. Switching between two sources
takes around six hours to prevent the cryostat from
heating above 400 mK.

Each of the four sources contains a mixture of
several radionuclides, which are listed in table 1.
At least two of these radionuclides are dedicated to
energy calibration: ’Co, '°Yb and/or >*Gd. These
mixtures were chosen to minimize spectral inter-
ference between the peaks of interest; their spec-
tra as they would occur in the detector were calcu-
lated using Monte Carlo simulations, in particular for
peak interference due to detector artefacts like photon
escapes.
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The sources were prepared from radioactive solu-
tions, the compositions of which are given in table 1.
All the radionuclides, except '*Yb, were available in
the laboratory or commercially. Ytterbium-169 was
produced at GIP ARRONAX using a C70XP cyclotron
[28]. A foil of ' Tm with a thickness of approximately
100 pm was exposed to a uniform deuteron beam
with an energy of 14.4 MeV and an intensity of 40 nA
for a duration of 1 h and 15 min [22]. The impurity
activities were determined by conventional gamma-
ray spectrometry, the most dominant radionuclides,
with half-lives longer than '%°Yb, are '*Tm decaying
to 8Er, 132Ta decaying to '¥*W and 7Tm decaying
to 7Er. In the MMC spectrum, only two gamma-ray
lines (79.8 keV from '*Tm and 84.3 keV from 7°Tm)
and two Ko x-ray lines (48.2 keV and 49.1 keV from
Erbium) were detected without interfering with other
lines. As '®Yb must be present in all energy spectra,
a piece of irradiated thulium with the desired activity
was cut out and fixed to the beryllium window.

Two measurement sessions were carried out
under different conditions, the conditions for the sec-
ond session being updated based on feedback from
the initial session. These sessions are subsequently
referred to as R1 and R2. During the two sessions, the
output voltage of the SQUID electronics was recorded
continuously after amplification and application of a
low-pass filter with a cut-off frequency of 100 kHz
to prevent aliasing. The data were digitized at a sam-
pling frequency of 500 kHz with a resolution of 16 bits
using two Innovative Integration P25M cards, each
with two input channels.

During the first session (R1), we encountered sev-
eral issues:

- Only four of the eight pixels were working.

- The DC voltage levels of the SQUID output shifted
abruptly into a range where the amplifier was
no longer linear for certain pixels. This occurred
despite the temperature of the unregulated dilu-

tion refrigerator being relatively stable at around
16.5 mK.

- For one pixel, the slew rate of the SQUID electron-
ics was too slow to follow pulses larger than 100 keV,
resulting in a change of the SQUID working point.
The corresponding energies were unusable for cali-
bration, resulting in poor non-linearity correction.
This was due to imperfect electromagnetic shield-
ing of the SQUID array in the preamplifier SQUID
stage, which reduced the V-® (voltage vs magnetic
flux) characteristic.

These problems were solved by applying some
changes during session R2. The temperature of the
detector stage was regulated to 17 mK in order to
maintain the voltage level within a narrower range
and keep the amplifiers within the linear range.
Although the baseline voltage variations were smaller,
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Figure 3. Left, the averaged pulses of the four operating
absorbers of the first session. The inset shows a closer
view of the pulse rise. Right, the averaged pulse of one of
the absorbers (blue curve) fitted with a two-exponential
function (red curve).

they were faster, which leads to a degradation in
resolution for peaks at energies above 50 keV. The
magnetic shielding of the MMCs and SQUIDs was
improved by reducing the aperture of the lead shield
and adding a high-permeability shield. Six of the eight
pixels were operational.

For each session, data were recorded over a period
of two weeks, i.e. approximately 3.5 d per source.
Following analysis, the spectra had 4.6 x10° and
12.3 x10° counts respectively for the first and second
sessions.

3. Detector characterization and
performances

3.1. Pulses, noises and energy resolutions

The detector and its four working pixels were char-
acterized during the session R1; the second session
showed very similar performance in terms of MMC
sensitivity, noise, and energy resolution. Figure 3
shows the averaged and normalized pulses from each
of the four operating absorbers, expressed in units of
®y/keV. These pulses p (f) were perfectly fitted by a
two-exponential function given by equation (3).

pl)=A (e tmm/m_emtowrm) (3)

where A is the sensitivity in units of @/ keV,

t is the time,

to is the time at which the energy is deposited in the
absorber,

7y and 74 are respectively the rise and the decay time
constants expressed as a fraction of 1/e of the pulse
height.

These fitting parameters are summarised in
table 2. Figure 3 shows that the pulses have very sim-
ilar characteristics, except for the rise time, 7. The
latter varies because the absorbers are glued to the
sensor, which is a non-reproducible method; never-
theless, this parameter has little impact on the energy
resolution. The slight variability in sensitivity (A)
is mainly caused by differences in absorber mass of
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Table 2. Characteristics of the four operating absorbers during the session R1.

Sensitivity A
Pixel of R1 / m®y/keV T4 / ms T | us AE. | eV AEep | eV

1 6.98 1.50 10.7 15.0 14.8

2 6.82 1.29 2.33 15.1 15.8

3 6.79 1.62 15.2 15.2 15.3

4 6.72 1.42 5.41 14.9 16.2
and the modeled total noise spectral density derived
5 v iE=EEE from the detector parameters and the experimen-
] —E ot Ol tal working conditions [30]. On the other hand, the
"5 Sl L/ AgEr experimental resolution AE,;, is calculated based on
3 T = Total noise the measured signal responsivity and the measured
JRT total noise spectral density. Table 2 summarizes these
B :\ energy resolutions for each absorber of session R1.
;ﬂ \\"\%_ These resolutions are very close to each other, mean-
t.*“-w.:_- ] ing that the MMC performances can be predicted
- | . I with confidence, it also means that the 50 Hz sig-

10! 10° 10° 10*

Frequency /Hz

Figure 4. Comparison between the experimental noise
spectral density of the magnetic flux (solid lines), which
was measured at the readout of two SQUID channels, with
the calculated noise (black dashed line). The calculated
noise consists of several contributions (gray lines). The
gray dotted line represents the SQUID noise; the dashed-
dotted lines correspond to the 1/f noise of the Ag:Er sensor;
and the gray dashed line shows the contribution from
thermodynamic fluctuations in the internal energies of the
MMC.

around 10%. The variability in the constant 74 is likely
to be dominated by uniformity in the microfabrica-
tion process over the wafer surface. The calculated
sensitivity, using the parameters of the microfab-
ricated superconducting flux transformer and the
thermodynamic properties of the MMC materials, as
well as some operating parameters, is 6.81 m®y/keV,
in very good agreement with the experimental ones
[29,30].

In addition to the signal, the measured noise was
compared with the expected level of noise. The total
noise comprises the noise from the SQUID and its
electronics, as well as the noise from the detector
(figure 4). Of these, the white noise level of the SQUID
electronics was higher than expected, by about a fac-
tor of two, at 0.65 11 ®y/Hz"2. This led to a 20% degra-
dation in the expected resolution. Taking this extra
noise level into account, we observed good agreement
between the experimental and calculated noise spec-
tral densities.

The calculated and the expected experimental
FWHM energy resolutions, respectively AE.,® and
AE.,, were compared. The calculated resolution
AE,, is based on the modeled signal responsively

6 For the calculation of AE,, some experimental parameters have
been included (time constants, absorber mass and SQUID white
noise) [30, 44]

nal and its harmonics observed in figure 4 have little
impact on the resolution.

3.2. Pulse height analysis

The recorded streams of data for each channel con-
tain both positive and negative pulses that corre-
spond to the two absorbers of one MMC chip. The
arrival times of the pulses are identified using a band-
pass filter and both positive and negative triggers. An
extendable dead time is then applied, and the height
of the pulses arriving during the live time is esti-
mated using two filtering methods. The first method
uses an optimal filter (OF), while the second uses a
template fit (TF) scaled on the pulse using the least
squares method. The energy resolutions obtained at
peaks below 30 keV (figure 5) are very close to the
expected resolution AE,. However, while the energy
resolution degrades slowly with energy for R1, it
increases quickly for R2 using the OF. This degrada-
tion increases the statistical uncertainty of the mea-
sured energies. To maintain a targeted uncertainty of
or < 0.1 eV, the counting statistics would need to
be increased significantly, as shown in figure 5 and
on the right-hand y-axis. The reason for the resolu-
tion degradation during R2 is the temperature regu-
lation using a PID controller. While this allows the
DC voltage level to be kept within a range of less
than 0.2 V, well below the full range of the pream-
plifier (3 V), it introduces relatively fast tempera-
ture variations within this range, with a period of
about 30 s which causes the pulse baselines to become
unstable. In the frequency domain, this manifests as
low-frequency components that act as non-stationary
noise for the OF, meaning that the OF is therefore no
longer optimal for estimating the pulse amplitudes.
As an alternative, the pulse heights of R2 were esti-
mated using the TF method. Figure 5 shows that the
resolution degradation is mitigated because the slope
of the pre-trigger baseline was corrected by applying a
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Figure 5. Energy resolution as the full width at half max-
imum as a function of the energy with two methods (OF
and TF) used to estimate the pulse height. The right y-axis
shows the required counting statistics to achieve a statisti-
cal uncertainty contribution of 0.1 eV.

linear fit to the pre-trigger pulse baseline, and because
fewer pulse samples were used (768 vs 8192 sam-
ples for the OF). Using the TF method for R2 gives a
resolution with a similar energy dependency to that of
R1 with OF, although the resolution is slightly worse.

3.3. Pulse height drift correction
There is a drift of the pulse height as a function of
time due to the temperature fluctuations of the ther-
mal bath. It is mandatory to correct them to reach the
resolutions shown in figure 5. For R1, the drift was
corrected by fitting a spline function to the estimated
pulse height of the 122 keV events (*’Co) as a func-
tion of time. Then the spline function was applied to
all the pulse heights as a weight to correct the drift.
This method cannot be applied for R2 because the
period of the temperature drift is comparable to the
inverse of the 122 keV pulse rate per pixel (~30 s),
which is insufficient for sampling the temperature
drift. In this case, the linear correlation between the
pre-trigger baseline level and the pulse height was
used to establish a drift correction; indeed, the pre-
trigger baseline level as well as the pulse height both
vary linearly with the bath temperature at the first
order. For this session, the drift correction was estab-
lished from the baseline level for the 63 keV events.

3.4. Pulse selection and rejection

The final step in processing the pulse data involves
rejecting pile-up and anomalous pulses, which can
introduce artifact spectral features into the energy
spectra. This is achieved through pulse shape discrim-
ination, whereby a full template pulse is scaled to the
triggered pulses using a least squares method, sim-
ilar to the TF method described above. The result-
ing mean square error (MSE) is then calculated.
Figure 6 shows the estimated pulse energy by OF as
a function of MSEgrg. Several pulse populations can
be clearly distinguished; lower MSEgry values indi-
cate that the pulse shape conforms to the model.
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Figure 6. Estimated energy of the detected pulses as a
function of the MSEgry, C is a scaling constant. Some
pulse populations are identified as follow. Populations 1—
4 involve photon hits in the absorber: (1) regular pulses to
be selected, (2) pile-ups between two regular pulses, (3)
ADC saturations, (4) change of the SQUID working point.
Populations 5-7 involve photon hits outside the absorber:
(5) sensor hits, (6) hits in the silicon substrate of the MMC
chip, (7) supposed to be hits in the silicon substrate under-
neath the sensor.

Population 1 comprises the regular pulses selected for
measuring photon energies and represents about 60%
of the triggered events. The other populations dis-
played in figure 6 are rejected.

4. Energy calibration and non-linearity
correction

4.1. Energy estimation
Once the pulse heights have been determined and the
regular events selected, the temperature drifts are cor-
rected and a linear calibration is performed by multi-
plying the pulse heights by the tabulated energy of the
events used for drift correction: 122.06065(12) keV
and 63.12044(4) keV for R1 and R2, respectively. The
pulse energy after linear calibration is called ej;,.

The entire set € of pulse energies consists of
40 datasets €;j such as € = {€) 1,..., €ps}, where P is
the total number of working pixels (i =1, ..., 4 pixels
forRlandi=>5,...,10 for R2) and S = 4 is the num-
ber of sources. Each dataset ¢; ; contains a number M; ;
of pulse energies ey ;  x:

€ij= {elin,i,j,h Clin,ij,25 > elin,i,j,M;,j}~

For each dataset ¢; ;, the peak energy must be esti-
mated using the pulse energies ey ;jx forming the
peak. In energy-dispersive spectrometry, the standard
approach is to analyze the energy spectrum by fitting
aregion of interest (ROI) in the histogram with repre-
sentative functions. This method has the advantage of
distinguishing the peaks of interest from other spec-
trum features, or distinguishing overlapping peaks, by
choosing the appropriate functions. It is ideal when
the spectrometer exhibits a nearly Gaussian response
function at full energy peaks (FEPs), in which case
the peaks can be fitted with a Gaussian function for
gamma lines.

In the MMC spectra, however, the peaks have
asymmetric tails on both sides of the centroid.
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Figure 7. Histograms of gamma rays at three energies, with a square-root scaling of the Y-axis. The blue line shows the fit of a
Gaussian function and the red line shows the fit of the background with a linear function. The histograms at the bottom show
the corresponding residuals between the experimental data and the fit.

These tails may have multiple origins, such as an
overcorrection of temperature fluctuations, thermal
crosstalk between pixels on the same chip or ther-
mal crosstalk between the substrate and the sensors
[31]. Since the source is not collimated, many pho-
tons may interact with the substrate or with micro-
fabricated structures of the MMC chips near the
Sensors.

Figure 7 shows three gamma-ray peaks in differ-
ent energy regions that have been fitted with Gaussian
functions. The resulting residuals clearly show asym-
metric tails. Furthermore, the spread and intensity
of the tails increase with energy. Using a Gaussian
function with two tails greatly reduces the residuals.
However, the correlation between the fitting parame-
ters and their variances increases. Each tail is indeed
an exponential function with two fitting parame-
ters representing its amplitude and slope. Therefore,
seven parameters are required to fit a single gamma-
ray peak, as opposed to three when using a simple
Gaussian. We observed that the centroid of the peaks
shifts by a few hundred meV depending on whether
the peak is fitted using a Gaussian or a two-tailed
Gaussian function. These shifts are not accounted for
in the estimated uncertainty, which could result in
systematic errors.

As an alternative, a more basic processing method
was used to determine the peak energies. Given the
MMC’s high energy resolution, peak interferences are
rare. Thus, processing the spectrum by fitting the
function is not essential for most gamma-ray lines.
The basic method involves selecting a narrow ROI
around a peak without interferences. The mean value
erorij and the standard deviation o, , . of the pulse
energies present in the ROI are then calculated. Pulse
energies, e ; ik that do not respect the criteria of
equation (4) are rejected.

}elin,i,j,k — &potij| < Ceut - Terori (4)

where Cy is a cut-off parameter used to reject ener-
gies that are far from the mean value, éroy i, i.e. the
peak centroid.

Then, the median &, ;; = med (ehn’i,j’k) is cal-
culated for the remaining number of events eji ; ; x.
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Figure 8. Estimated energy of the pulse events, ejin, i, x>
present in the ROI of different gamma-ray lines and sat-
isfying the condition of equation (4) as a function of the
cut-off parameter Cey. In red data, the energy &, ; ; is esti-
mated using the median of the pulse energies ejin i j k. In
blue data, the energy is estimated using the mean of the
pulse energies ejin i j k-

Using the median to estimate the energy mitigates
the contribution of the tails and background by
excluding outliers. Figure 8 shows the obtained ener-
gies ejy;; for three different gamma-ray lines as
a function of C.y. It also compares the energies
when the mean value (blue) is used instead of the
median (red). The median energies, eji ;> are less
sensitive and less dependent on C.y than the mean
values.

However, using the median introduces increased
statistical uncertainty, with a standard deviation
approximately 1.253 times greater than that of the
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mean for a Gaussian distribution’. Nevertheless, a
larger oyt value can be used for the median compared
to the one used for the mean, taking a larger number
of events N, into account. A value of C.; = 2 was
used. For the gamma-ray lines, which have a distri-
bution close to a Gaussian, the statistical uncertainty
contribution, Otz ;> associated with the median
energies ey, ; j, is given by:

1.253 X 0z, ;

NCllt (5)

Ostat,yn,ij ~
where o5, , . is the standard deviation of the selected
energles eﬁn,i,j,k.

A Type B uncertainty, oror, was estimated from
the dispersion of the data in figure 8. This is related
to the dependence of the energy on the choice of Cy;.
oror wWas estimated to be 3.5 x 1072 eV and was cho-
sen as energy independent.

4.2. Non-linearity correction

To correct the non-linearity, we opted for four gamma
lines of '®°Yb and for the 14 keV gamma-line of
>’Co, all of them were obtained by WDS experiments
linked to the SI unit of meter. The 14 keV gamma-
ray line appeared particularly useful, as it provides a
calibration point in the low-energy range where only
few gamma-ray lines are available. The recommended
value of the 14 keV gamma line is derived from the
difference between the 136 keV and 122 keV measure-
ments made by Borchert, i.e. 14.41295 (31) keV [32].
However, this value does not align with three more
recent and precise measurements [24—26], in which
the wavelength was measured with an accuracy of up
to 0.19 pm (i.e. 2.7 meV) by directly comparing it
with the lattice spacing of a silicon single crystal refer-
ence. Despite their results being inconsistent because
of very low uncertainties, they have a maximum devi-
ation of only 19 meV between each other, and they
are lower by about 420 meV than the recommended
value. Therefore, we decided to take the calibration
energy at 14 keV as the mean value of the three mea-
surements with an uncertainty corresponding to the
maximum deviation within the dataset, i.e. 14.412492
(19) keV. This uncertainty has no real impact on the
calibration because, the corresponding weight of this
line will be dominated by the uncertainties oro; and
Ostat 3y, (S€€ €quation (6)).

Despite the fact that Ko x-ray energies are well
known and intense in the obtained spectra, the x-rays
were not used for the non-linearity correction for the
following reasons:

- X-rays have a Voigt profile with an energy-
dependent natural line width that dominates the
detector Gaussian width above 20 keV,

7 The factor 2]/ = 1.253 is applicable when the median is cal-
s

culated for large samples of normally distributed data.
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Figure 9. Second order polynomial functions fyoly,;,1 estab-
lished for each dataset ¢;,, to fit the energy difference
A&y i,1 during the measurement of the source 1. The
datasets of the run R1 are from i = 14, red to yellow solid
lines, and the datasets for run R2 from i = 5-10, green
solid lines. The circles represent the experimental data;
their uncertainties are much smaller than the circles and
are not shown.

- X-ray energies depend on the chemical environ-
ment; most of the measured x-rays are emitted
by rare earth elements. Sumbaev demonstrated
that, for these elements, the energies of Ko transi-
tions can differ by up to 0.5 eV between different
compounds [33].

- X-ray energies could depend on how the atomic
vacancy is created, even though this is not clearly
demonstrated. The tabulated energies originate
from atomic photo-ionization and not nuclear
decay [34].

Based on the method exposed in section 4.1, the
median values &, ;; have been calculated for the
five calibration lines of each set ¢;;. Then, the non-
linearity deviations, i.e. A&in ;; = @lin,i,j — €cal, are fit-
ted by polynomial functions f; ; ; (figure 9), where
ecal 1s the calibration energy listed in table 1. The
data points, Ay, ;j, representing the deviations are
weighted by the inverse of the quadratic sum of the
variances,

2 _ 2 2 2
Clin,ij UStat7E]ill,i,j + O + ORor (6)

where o,_, is the uncertainty of the tabulated energy
(table 1).

Figure 9 shows the f,g,;1 functions established
for each ¢;; dataset of the S; source, which was
measured during the two sessions R1 and R2. The
non-linearity is visually well described by a second-
order polynomial. Each dataset has its own function
that differs from the others due to variations in the
thermodynamic properties of the MMC absorbers.
Additionally, it can be seen that session R2 is more lin-
ear than R1 due to the lower sensitivity of the MMCs
during this measurement (see table 2).

These differences mean it is essential to correct
each dataset individually using its own function. It



10P Publishing

Metrologia 63 (2026) 055001

M Rodrigues et al

Dataset ¢ ;
RMSE =039 (37)

02 — . Dataset e,
o1 { -
- ataset

ataset
MSE =12 (9)

ataset e

Dataset ¢;;

Dataset e
RMSE = 2.8 (39)

ataset e,
AMSE = 3.1 (40)

0 2 a0 6 50 10 120 1

0w s 1
Energy / keV Energy / keV

Figure 10. Residuals between the polynomial function f,1y,;,; and

root MSE (RMSE) of the fit is given in eV. For the dataset €;,; the

aset € 2
- RMSE =031 (34)

“RMSE =14 (17)

~-{RMSE = 055 (50)

datasets ¢; ;. The dash-dotted lines are the 68% prediction intervals of the calibration polynomial functions. For each data set the

Dataset ;4
JRASE =024 (40)

Dataset .5 1
MSE = 0.48 (44)
o

et e

—Dataset ¢ atas
RMSE =1 (6)

0
IRMSE = 120 (90)

MSE = 0.6 (5)

Dataset ;5

13)
I

ataset ¢

ataset ¢

“lRMSE = 1.0 (16)

aset gy 2 ataset o1
MSE = 1.2 (16) MSE = 0.4 (6)
o :

<E

“Dataset ez 01

taset €4
ISE =2.6 (28)

001

0 6 120 1o

0 W w0
Energy / keV

0w s
Energy keV

the non-linearity deviation Ag, ; ; obtained for the different

number of calibration points was insufficient to fit Agj ; ;.

was also decided that the datasets would be recali-
brated after each change of source. A total of 40 cali-
bration functions, f,oly,i j were established.

Figure 10 plots the residuals between the func-
tions fooly,i; and the energy differences, Aéy, ; ;. For
most datasets, the residuals are close to zero within
the uncertainty range, which confirms the appropri-
ateness of the second-order polynomial correction
for non-linearity. Furthermore, 68% prediction inter-
vals are calculated from these residuals. These inter-
vals will be used to determine the uncertainty associ-
ated with the non-linearity correction. It can be seen
that the intervals correctly cover the dispersion of the
residuals, even though they are not compatible with
zero.

The RMSE of the residuals is also calculated to
evaluate the quality of the fit, taking into account
the number of degrees of freedom. In some cases,
datasets with large RMSE can be explained. For the
four datasets ¢, ;, the slew rate of the SQUID electron-
ics was insufficient to correctly measure large pulses
with energies above 90 keV leading to poor non-
linearity correction.

Some calibration points have residuals that are
not consistent with zero, and this occurs more fre-
quently with the 130 keV line. Possible reasons for
these biases include:

— gain non-linearity in the SRS preamplifier between
the SQUID electronics and the acquisition card.
Certain preamplifiers exhibit greater non-linearity
deviations when the lines correspond to signals
at the edge of the preamplifier’s range. This is
likely the cause of the discrepancies observed in

the residuals of the datasets ¢, ; and € j, which
share the same preamplifier showing a linearity
issue.

— variations in detector sensitivity and gain, which
are themselves caused by temperature fluctuations
in the cryostat and small jumps in the gain. Since
the highest energies are also the most sensitive to
these variations, imperfect correction for these fluc-
tuations leads to biases that increase with photon
energy.

— the peak tails; these are themselves partly a conse-
quence of the previous point, the tails increase with
the photon energy,

— at a lesser extent, the integral non-linearity of the
acquisition card.

This non-linearity could be corrected by increas-
ing the degree of the polynomial function; however,
given the small number of calibration points, this
reduces the degrees of freedom of the fit and could
introduce systematic errors. Therefore, we opted to
use a quadratic function by default, provided the
prediction interval covers these residuals. Pixels with
poor linearity will potentially be rejected by the anal-
ysis presented in the next section.

5. Method to assess the energies

5.1. Energies of the datasets and statistical analysis
A statistical method was implemented to assess the
energies by analyzing the different datasets ¢;;. To
determine the energy of each gamma-ray line in
a dataset ¢;j, the same method as described in

10
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section 4.1 was used. Specifically, events ey, ; jx are
selected within a narrow ROI around the line with
a cut-off parameter C,; = 2 (see equation (4)). The
energy is then the median &, ; ; of the selected events
composing the ROI reduced by Cy. Finally, ey, ; ; is
corrected for non-linearity using the function fqy,; ;
and equation (7).

Bpoly i = &lin,irj — fpoly,iyj (Glin,i) - (7)

The associated variance aézpolv ,, is the quadratic sum
of three components:

o the statistical uncertainty component of Type A,
given by Otz ; = Ostat,z,,;,; and equation (5),

o the Type B uncertainty, 0z, is introduced by
the non-linearity correction with the polynomial
function fpoy,ij. The standard deviation, oca ),
corresponds to the prediction interval resulting
from the residuals between Aey;, and the polyno-
mial function foly,; ;> see figure 10,

e the Type B uncertainty, ogror introduced by the
selection method.

For each gamma-ray line and a given source Sj, there
are a maximum up to ten energies €yly,;j from the
corresponding ten datasets ¢; ;. Figure 11 shows exam-
ple of energies ep,ly,;; for different gamma-ray lines,
dataset ¢, j, and sources S;. For some lines (i.e. 26.
keV or 88.0 keV), €,o1y,i ; presents relatively large dis-
persion, that is in most cases covered by their associ-
ated uncertainties. In a few cases, some values é,qy,;
are clearly outliers; they have been excluded on the
basis of a Z-score greater than 3. There are only few
excluded data points, in average much less than one
per gamma-ray line and dataset, because generally the
data at the margin have also large prediction intervals
for the non-linearity correction.

The data have also large differences in their
respective uncertainties often largely dominated by
the Type B uncertainty due to the non-linearity cor-
rection. Therefore, the data dispersion of ép,y,; do not
correspond to what is typically measured, i.e. exper-
imental data with close Type A uncertainties, shar-
ing the same Type B uncertainty. Here, the data dis-
persion is more similar to what is found in datasets
of data evaluations or interlaboratory comparisons.
Therefore, to estimate the energies and their uncer-
tainties from each dataset, we applied statistics used
for data evaluations or intercomparisons [35]. This
approach requires the assumption that the measure-
ments for each pixel are independent which is not
strictly guaranteed: the pixels share several measure-
ment devices, the calibration sources and the analy-
sis methodology. In particular, they are measured by
the same models of MMC chip, SQUID electronics,
preamplifiers and acquisition cards. These DAQ (data
acquisition system) devices may share measurement
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Figure 11. Example of energies ép,1y,; from the 10 datasets
€;,j for two gamma line energies per source S;; the light
green error bars represent the total uncertainty with a cov-
erage factor of k = 1. The dark green error bars represent
the Type B uncertainties. The blue line shows the reassessed
energy E,, ; calculated using equation (8) and the energies
€poly,i- The blue band represents its uncertainty at k = 1.
There is no excluded outlier in these datasets.

characteristics and errors that will be correlated when
we analyze the entire dataset. Since non-linearity cor-
rection is the main correction to our measurement, it
is the most likely source of potential correlation and
bias. However, when analyzing the residuals of the cal-
ibration in figure 10, the correlation between pixel
residuals in the same column is not obvious, i.e. for
the same source S; (datasets ¢;; with j constant and
i=1,...,10).

This is illustrated in the figures presented in the
appendix A, where each residual at a given energy is
associated with a probability density following a nor-
mal distribution with a variance given by equation (6)
and a mean value of e, + Agjy, ;. The sum of these
pixel probability densities is compared with that of
the calibration line®. For datasets within a column
in figure 10, the maxima of the summed probabil-
ity density functions of the ten pixels coincide with
the maximum of the calibration line density. Any
correlation in the errors would manifest as a shift
between these maxima. Such an effect is observed in

8 It is worth noting that there are no significant differences between
the envelope of the sum of the probability density functions and the
sum of the probability density functions weighted by the uncer-
tainty weights.
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appendix B when examining the sum of the probabil-
ity densities of pixels across different sources (datasets
€ijwithifixedandj =1,..., 4)), clear biases appear
for pixels €j9; and, to a lesser extent, for pixel €4 ;.
This is because they share the same electronic devices,
which appear to exhibit a stronger non-linearity than
those of the other pixels.

It can therefore be considered that the variabil-
ity from the measurement conditions among differ-
ent pixels is sufficient to treat the measurements as
independent. Potential correlations between pixels
are masked by variability among the: 1- electronic
components (even if they are of the same model), 2-
temperature correction methods in run R1 and R2, 3-
sensor sensitivities (see table 2), and 4- the baseline
level of pulses.

The resulting assessed energy E,, j of a transition is
the result of a weighted average over the values éqy,;
given by equation (8).

. i Epoly,ij X Wij
EW:M

J > i Wij
2

where w;  is the weight of a dataset i equal to 1/ T3 oy

The Type A and the Type B uncertainties of E,, j,
respectively o . and op . are calculated using
the corresponding uncertainties of the non-excluded
k energies epoly,ij- The Type A uncertainty o, , is

a weighing of the statistical uncertainties oy, Bpoly 1
given by equation (9)

1
o L2
OA By = kak,j\/% (Wk,j Ustat,'époly’k’j>~ (9)

Type B uncertainty o, ., cannot be estimated
by weighting the type B uncertainties ocag; and
orol, because the measurement of €,qy,;; is based
on the same method and some type B uncertain-
ties are incompressible and common to all mea-
surements, such as uncertainties on calibration lines
O, OF ogor. Their contributions cannot be reduced
by multiplying the number of pixels. Instead, the
type B uncertainty, o g, , is evaluated according to
equation (10), which provides a conservative estimate
than equation (9).

(8)

1
. 5
Op,E,; = min ([Ugal,ékyj + 0}2101} ) (10)

Figure 11 shows the reassessed energies E, ; (blue
line) and the associated uncertainties (blue band).
Since the counting statistics are similar among the
pixels, the averaged value E,, ; is essentially weighted
by Type B uncertainties. It is therefore necessary to
ensure that these uncertainties are not underesti-
mated due to hidden contributions. First, underesti-
mated uncertainties lead to inconsistent datasets; this
can be verified by comparing the so-called internal
variance and external variance of the dataset [36].
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After removing outliers, all datasets ¢; ; are found to
be consistent.

Furthermore, an underestimation of Type B
uncertainties, when they are dominant, may manifest
asa discrepancy between the weighted average and the
arithmetic average. Here, 77% and 85% of the arith-
metic averages are in agreement with the weighted
averages within their uncertainties for K = 1 and
K = 2, respectively. Most of the discrepant data (8%)
concern the 136 keV lines, which are at the limit of
the calibrated energy range. There is good agreement
between these two averages confirming that the Type
B uncertainties are correctly estimated and support-
ing the assumption that the data can be considered
independent.

Other evaluation approaches were explored based
on the Paul-Mandel statistical procedure [37,38].
This procedure consists of checking the consistency
of a dataset; if the dataset is found to be inconsistent,
the uncertainties are increased iteratively until consis-
tency is achieved. This procedure yielded results com-
patible with E,, ; (equation (8)) within uncertainties,
and the associated uncertainties are comparable to, or
even smaller than, those obtained using equations (9)
and (10).

5.2. Validation of the method
The consistency of the assessed energies, Ewyj,
obtained using the method detailed in section 5.1,
was verified in different ways:

1. comparing the measured energies E,, ; with some
recommended values that have been measured by
WDS but are not currently used for calibration,

2. comparing the gamma line energies, E,j, of
radionuclides present in different sources Sj,

3. comparing the gamma line energies E,, ;, with dif-
ferent gamma-transition cascade paths, where the
decay scheme allows.

Figure 12 compares the assessed energies E,;
obtained from different sources S; with the recom-
mended values based on precise WDS data. These
energies relate to lines other than those used for
calibration’, enabling an independent comparison.
Almost all of the E,, ; energies are in agreement with
the recommended values at k = 1.

Furthermore, the Ew, j energies are consistent with
each other at k = 1, meaning that the results are
reproducible from one source to another. Regarding
the transition 71,0 of the >’ Co decay, the gamma-ray
line cannot be re-assessed directly because it is a cal-
ibration line. However, it can be obtained indepen-
dently by subtracting the energies of the lines y2,0 and

9 In the case of the 14.4 keV energy, the measured energy is deduced
by the difference between the 136.5 keV and the 122.1 keV lines,
independently of the calibration line at 14.4 keV.
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Figure 12. Reassessed energies EW,]- for different sources

S;j (colored data points). The gray lines are the recom-
mended energies and the dashed gray lines represent their
uncertainties [17]. The blue lines represent the final results
Ef in table 3, and the dashed blue lines represent their
uncertainties. Uncertainties are given with a coverage fac-
tor of k = 1. The dotted red line shows the value used for
the calibration at 14.412492 (19) keV, and its uncertainty is
smaller than the line width.

v2,1. The first panel of figure 12 shows this difference
obtained for the four sources measured. For three of
the sources, the values agree at k = 1 with the rec-
ommended value and with the calibration value of
14.412492 (19) keV (all values agree at k = 2), whereas
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the recommended value itself does not agree with the
calibration value.

Several other measured gamma-ray energies can
be verified through gamma cascades between differ-
ent gamma-excited levels. This is the case for tran-
sitions in '°Eu, ?*!Am and '*’Ba. Figure 13 shows
the case of three gamma transitions of »’Np fol-
lowing the decay of *! Am, involving 71,0, 72,0 and
~v2,1. A good agreement is achieved for the three
energies between the different cascade combina-
tions. The difference between 2,0 and 2,1 results
in a lower uncertainty for 1,0 than the direct
measurement of y1,0.

The gamma transition cascades of °>Gd in the
decay '>°Eu are particularly useful for checking the
detector linearity, as the transitions cover a broad
energy range from 18 keV to 105 keV with well-
spaced gamma-ray energies. The cascades involve
three excited levels and six gamma-ray energies to
reach the ground state. Good agreement is verified for
all the energies and for the different cascade combina-
tions.

6. Results

For a given transition, the final energies Ef provided in
this work are equal to the assessed energies obtained
in the previous section when only one value, E,, j, has
been measured. When several energies E,, ; are avail-
able for a transition—either because the radionuclide
was present in multiple sources S;, or because the
gamma energy can be deduced from various gamma-
excited levels—the final value E is the weighted aver-
age of the measured values E,, ;. If the set includes val-
ues EWJ- from different sources, then the type B uncer-
tainty cannot be lower than the minimum value of
the type B uncertainty of the E,, j values because these
uncertainties may be correlated. The results are given
in table 3, which also shows the energies Ew,j used to
compute Ef and the level combinations when they are
derived through a gamma cascade.

Figure 12 compares the final energies E¢ (blue
lines) for some selected transitions with the rec-
ommended ones, which were established using data
from wavelength dispersive spectrometry and evalu-
ated by Helmer and van der Leun [17]. As discussed
in section 5.1 regarding the energies E,, ;, all of the
present measured energies E are consistent with the
recommended values, except for the 72,1 and the
71,0 transitions of the >’ Co decay, where a slight dis-
agreement is observed at k = 1, though this remains
compatible at k = 2.

Table 3 summarizes the results of the gamma-ray
energies Er compared with the recommended values
Eec. Most of the recommended values E,. are identi-
cal to those recommended by the DDEP (Decay Data
Evaluation project [23],) and the ENSDF (evaluated
nuclear structure data file [39],), as well as those from
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Table 3. Results of the energies obtained in this work compared with the recommended energies Ey.. for the different measured radionuclides.* The Type A and Type B uncertainties are detailed, as are the energies EW, j used to

compute Erec. The recommended values are from the DDEP, except for '*>Eu where both DDEP and ENSDF recommended values are presented.

Recommended Energy of Relative Percentage Percentage Deviation Reassessed Level
Initial level Final Level Levels v i,f energy, Erec this work, uncertainty contribution of contribution of Ef —Erec energies, Combinations
Parent Daughter JiTt Jfrt [23] / keV Ef [ keV / ppm Type A (%) Type B (%) / eV E,jl keV® vif Source §;
7Co Fe 3/2- 1/2- Y10 14.41294 (31)F 14.4120 (5) 48.3 4.7 95.3 —0.9 (6) 14.4116 (8) 2,1-2,0 S1
14.4125 (8) 2,1-2,0 S2
14.4120 (10) 2,1-2,0 $3
14.4120 (8) 2,1-2,0 S4
5/2- 3/2- v2,1 122.06061 (12)F 122.06107(30) 2.4 1.3 98.7 0.46 (32) 122.06110 (30) 2,1 s1
122.06098 (30) 2,1 s2
122.06111 (41) 2,1 $3
122.06113 (33) 2,1 S4
5/2- 1/2- v2,0 136.47351 (29)F 136.47309 (45) 3.3 6.1 93.9 —0.4 (5) 136.47271 (49) 2,0 s1
136.47342 (47) 2,0 s2
136.4731 (6) 2,0 $3
136.4732 (5) 2,0 S4
19¢q 19Ag 712+ 1/2- v1,0 88.0336 (10) 88.03321 (22) 2.5 51.6 48.4 —0.4 (10) 88.03321 (22) 1,0 S1
133Ba 133Cs 5/2+4 5/2+ v2,1 79.6142 (19) 79.61723 (37) 4.7 69.3 30.7 3.1(19) 79.61723 (37) 2,1 S4
5/2+ 72+ Y1,0 80.9979 (11) 80.99649 (22) 2.7 11.9 88.1 —1.4(11) 80.99649 (22) 1,0 S4
5/24 712+ v2,0 160.6120 (16) 160.6136 (5) 3.1 39.4 60.6 1.5 (17) 160.6117 (20) 2,0 S4
160.6137 (5) 2,1+1,0 S4
153Gd 153Ey 5/2- 5/2+ ~2,0 97.43096 (21)F 97.43057 (20) 2.0 30.2 69.8 —0.39 (29) 97.43069 (20) 2,0 S2
97.43035 (28) 2,0 S4
3/24 52+ ~3,0 103.18008 (17)F 103.18026 (23) 2.2 35.5 64.5 0.18 (28) 103.18022 (24) 3,0 s2
103.18034 (33) 3,0 S4
54y 1549m 24+ 0+ ~1,0 123.0706 (9) 123.0726 (7) 6.0 68.3 31.7 2.1(12) 123.0726 (7) 1,0 S3

(Continued.)
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Table 3. (Continued.)

Recommended Energy of Relative Percentage Percentage Deviation Reassessed Level
Initial level Final Level Levels ~ i,f energy, Erec this work, uncertainty contribution of contribution of Ef —Erec energies, Combinations
Parent Daughter Jirt iy [23] / keV Ef [ keV / ppm Type A (%) Type B (%) /eV Eyjl keV® ~if Source §;

155Eu 15Gd 2/3+ 5/2+ 73,2 18.7630 (20) 18.76397 (22) 11.9 38.0 62.0 1.0 (20) 18.7637 (6) 3,2 S3
18.7630 (20)” 18.76395 (34) 3,1-2,1 S3
1.0 (20)* 18.7645 (6) 3,0-2,0 S3
18.76393 (40) 3,0-1,0-2,1 S3
5/2+ 5/2- 72,1 26.531 (21) 26.53464 (17) 6.3 60.3 39.7 4(21) 26.53469 (19) 2,1 S3
26.527 (21)" 8 (21)* 26.5341 (5) 2,0-1,0 S3
26.5350 (7) 3,1-3,2 S3
324 5/2- 73,1 45.2990 (10) 45.29860 (17) 38 28.9 71.1 —0.4(10) 45.29864 (20) 3,1 S3
45.2989 (10)* —0.3(10)" 45.29862 (36) 3,0-1,0 S3
45.2983 (6) 32421 S3
5/2- 3/2- ~1,0 60.0086 (10) 60.01022 (19) 3.1 29.4 70.6 1.6 (10) 60.01023 (24) 1,0 S3
60.0089 (10)” 1.3 (10)* 60.01021 (33) 3,0-1,0 S3
60.0105 (7) 3,0-3,2 2,1 S3
524 3/2- 72,0 86.5479 (10) 86.54458 (16) 1.9 25.6 74.4 3.3 (10) 86.54438 (25) 2,0 )
86.5463 (10)* —1.7 (10)* 86.54457 (20) 2,0 S3
86.54491 (34) 2,1 +1,0 S3
86.5452 (7) 3,0-3,2 S3
86.54436 (44) 2,0 54
3/2+ 3/2- 73,0 105.3083 (10) 105.30880 (13) 1.3 50.9 49.1 0.5 (10) 105.3092 (7) 3,0 S52
105.3087 (10)” 0.1 (10)* 105.30883 (27) 3,0 S3
105.30885 (31) 3,1+1,0 S3
105.3086 (7) 32421410 S3
105.3082 (6) 2,0 + 3,2 S3

(Continued.)
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Table 3. (Continued.)

Recommended Energy of Relative Percentage Percentage Deviation Reassessed Level
Initial level Final Level Levels v i,f energy, Erec this work, uncertainty contribution of contribution of Ef —Eec energies, Combinations
Parent Daughter JiTt Jfrt [23] / keV Ef / keV / ppm Type A (%) Type B (%) /eV E,jl keV® vif Source §;
169yh 169Tm 9/2- 7/2- ~11,8 93.61444 (8)1 93.61436 (32) 3.4 56.7 43.3 —0.07 (33) 93.61436 (32) 11,8 S3
5/2+ 124 2,0 118.18936 (14)1 118.18941 (23) 2.0 74.5 25.5 0.06 (27) 118.18919 (39) 2,0 s1
118.18965 (33) 2,0 s2
118.1892 (5) 2,0 S3
118.1895 (9) 2,0 S4
170 m 170gy 2+ 0+ ~1,0 84.25471 (8)1 84.25493 (36) 43 83.1 16.9 0.22 (37) 84.25510 (42) 1,0 S2
84.2545 (6) 1,0 S4
210pp 2104 0- 1- 1,0 46.5390 (10) 46.53818 (15) 3.2 15.3 84.7 —0.8 (10) 46.53818 (15) 1,0 S2
Np 39py 7/2- 7/2+ ~8,6 61.4600 (20)* 61.45635 (36) 5.8 82.2 17.8 —3.6 (20) 61.45635 (36) 8,6 S4
7/2- 5/2+ ~4,2 106.1250 (20)F 106.11781 (25) 2.3 25.0 75.0 —7.2(20) 106.11781 (25) 4,2 S4
2 Am Z7Np 5/2- 712+ 2,1 26.34459 (20) 26.34555 (11) 4.0 29.3 70.7 0.95 (23) 26.34557 (11) 2,1 s2
26.34511 (42) 2,0-1,0 $2
72+ 5/24+ 1,0 33.19629 (30) 33.19477 (21) 6.4 36.7 63.3 —1.52(37) 33.19507 (35) 1,0 s2
33.19460 (27) 2,0-2,1 S2
5/2- 5/2+ 2,0 59.54088 (10) 59.54023 (14) 2.4 13.0 87.0 —0.64 (17) 59.54018 (15) 2,0 s2
59.54064 (40) 2,1 + 1,0 S2
M Am ZNp 5/2- 712+ ~3,1 43.530 (20) 43.53221 (18) 42 37.0 63.0 2 (20) 43.53221 (18) 3,1 S4
5/2- 5/2+4 ~3,0 74.660 (20) 74.66461 (16) 2.2 125 87.5 5 (20) 74.66461 (16) 3,0 S4

The superscript symbol * indicates data are from ENSDE. The superscript symbol

T indicates recommended values evaluated with data measured using WDS.

3According to the CODATA constants, we used the most recent conversion factor of 1.239841984 x 10~° eV.m for wavelength units to energy units in our results, as well as the reccommended values. The recommended values of

Helmer and van der Leun used a conversion factor of 1.23984244 x 10~° eV-m, they were updated in this table according to the recent conversion factor [43].

> When a gamma-ray energy is calculated through different gamma-ray transitions, the recoil energy, even small at these energies, was taken into account.
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Figure 13. Reassessed energies E,, ; of gamma-ray lines compared with sums or differences of gamma transitions for 2! Am
(green) and '>>Eu (blue). The parity and the nomenclatures of the transitions are detailed in table 3. Uncertainties are given

with a coverage factor of k = 1.

Helmer and van der Leun [17], except for the gamma
rays of ">>Eu [40]. The column ‘Deviation (Eq—Ee)’
and its associated uncertainty allow us to judge the
agreement between the values: when the uncertainty
is smaller than the deviation, the result of the present
work is not compatible with the recommended value
at a coverage factor of k = 1. While our data are
in good agreement with the recommended values
established using WDS data (*’Co, 1°*Gd, '*°Yb and
170Tm), there is clear disagreement with some val-
ues established using EDS data. These include 2! Am
(gamma rays of »’Np) and '*>Eu (gamma rays of
153Gd) and **Np (gamma rays of 2°Pu).

For 2*!Am, the recommended gamma-ray ener-
gies of 26.3 keV and 59.5 keV are particularly accu-
rate for EDS measurements using semiconductors.
The 33 keV value is derived from the difference
between these two gamma-ray energies. These val-
ues are based on measurements performed by Helmer
in 1993 which disagreed with the recommended val-
ues at the time of 59.5364 (10) keV [41]. In 2020,
Kim et al measured this gamma-ray line at 59.5393
(4) keV using high energy resolution MMCs [22],
which is clearly incompatible with that of Helmer, but
is almost consistent with our own measurement of
59.54026 (14) keV at k = 2.
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Regarding the '°°Eu, the reccommended energies
from ENSDF and DDEP differ. Our measurements
tend to validate those from ENSDF, with which bet-
ter agreement is found. This is particularly evident
for the gamma ray 72,0 at 86.5 keV, where signifi-
cant discrepancies are observed with the DDEP value.
Interestingly, the 86.5 keV has intense escape peaks
from the Ko x-ray escapes of the gold absorber in
our spectra, and the escape peak energies confirm our
FEPs value [18].

For '*Ba, the 72,0 transition at 160.6 keV can
be measured directly, as well as through the summed
cascade of the 72,1 gamma-ray transition and the
~1,0 gamma-ray transition. Despite the low statistics
in the spectrum representing a major contribution to
the uncertainty, there is good agreement between the
two values (see table 3).

For **Np, there is a significant discrepancy
between the current result and the recommended
value for the gamma-ray line y4,2. The latter is
likely constrained by a WDS measurement with an
uncertainty of 2 eV [42]. However, few details are
available regarding the uncertainty budget of this
measurement.

The uncertainties of the final energies E are in
the order of 0.2 eV, which greatly improves upon the
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energies previously determined by EDS with semi-
conductor detectors, except for 24! Am. In this case,
however, there is a clear discrepancy between the dif-
ferent measurements, namely those from Helmer and
Kim, and the present result [22,41]. For 243 Am, the
uncertainties on two measured gamma-ray energies
have been improved by two orders of magnitude.

As shown in table 3, our results are frequently
dominated by the Type B uncertainty associated with
the non-linearity correction using the polynomial
function f;1y.; ;. This uncertainty is a combination of
the calibration energy uncertainty, o, the uncer-
tainty in determining the energy in a ROI, ogror,
and the statistical uncertainty in the calibration line
ROI, 0. However, the Type B variance of the non-
linearity correction is larger than the quadratic sum
of 0., and oror and Oyt

As discussed in section 4.2, another uncertainty
component o originates from multiple sources of
non-linearity, such as:

— the pre-amplifier, which is probably the case in
figure 10, for the datasets € j,

— the integral non-linearity of the analogue-to-
digital conversion of the acquisition card,

— the temperature drift correction when the tem-
perature change cannot be considered small com-
pared to the base temperature, or when the drift is
over or under corrected.

Figure 14 shows the absolute and relative contri-
butions of the different uncertainty components. The
uncertainty oey is clearly the dominant one over the
entire energy range. Based on this observation, the
results presented can be improved so that the statis-
tical and the calibration energy uncertainties become
the dominant factors in future experiments. The non-
linearity from the DAQ could be reduced by precisely
calibrating the preamplifiers and by using an 18-bit
data acquisition card. In addition, the peak tails can
be reduced by mitigating the thermal crosstalk within
the MMC chips and by achieving better control over
sensitivity drift due to temperature fluctuations. This
last point is probably the most difficult to address.

7. Conclusions

A high-energy-resolution MMCs spectrometer has
been developed to accurately measure gamma-
transition energies below 150 keV. The spectrom-
eter has eight pixels and achieves a FWHM energy
resolution ranging from 15 eV to 30 eV. This allows
negligible statistical uncertainties to be reached for
the measured gamma-ray lines.

The non-linearity of the detectors was corrected
using five well-known gamma-ray lines emitted by
Co and '®Yb between 14 keV and 130 keV.
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Figure 14. Absolute and relative uncertainty contributions
from the non-linearity corrections; o, is the uncertainty
of the calibration lines, oo is the uncertainty due to the
analysis method, and on the calibration lines, o, is the
statistical uncertainty and oey is the uncertainty from
unidentified extrinsic contributions.

This was achieved using a second order polynomial
function.

New experimental gamma-ray energies have been
obtained for 27 transitions and 12 radionuclides
(57Co, 19Cd, 133Ba, ' Gd, '%Eu, 155Eu, '©Yb, 17Tm,
20pp, 239Np, 2! Am and 2**Am). For most of these,
the uncertainty is in the order of 0.2 eV, cor-
responding at best to a relative uncertainty of
1 ppm. This uncertainty is primarily due to the
non-linearity correction and some extrinsic uncer-
tainties, possibly arising from non-linearities in the
DAQ and electronics. This could be improved in
the future through measurements carried out with
a more linear and better-characterized acquisition
system.

The energies measured in the present study are in
good agreement with those measured by wavelength
dispersion spectrometry, which is renowned for its
accuracy, linearity and link to an absolute energy
scale. In addition, the present measurements were val-
idated by comparing gamma transition energies at
different energy levels.

These measurements greatly improve the accu-
racy of around 20 gamma-ray energies that were
previously determined using semiconductor detec-
tors. These energies relate to radionuclides with rel-
atively long half-lives, which are difficult to mea-
sure using wavelength-dispersive spectrometry due
to their low detection efficiency. Therefore, we have
demonstrated the capabilities of low-temperature
detectors in measuring the gamma-ray energies of
radionuclides precisely up to 140 keV, which can be
used for the energy calibration of other spectrome-
ters, especially in the development of different fields
of fundamental physics. These new energy values are
now available for data evaluation to improve uncer-
tainties in the tables.
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Appendix A

For each source S;, the residuals of the pixels i from the datasets ¢; ; in figure 10 are shown in panels (a) as
probability densities following a Gaussian distribution, centered at ec, 4+ Aéjip ;j and with a variance crézﬁn,iyj
(equation (6)). The amplitude of the Gaussian for each pixel i is weighted by the inverse of its variance. The
second panels (b) for a given source compares the sum of the pixel probability densities (in red) with that of

the calibration line (in green), centered at e., and with variance aﬁc ,- Good agreement is observed between the

maxima of these two probability densities for the different energies and sources.
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Appendix B

For each pixel i, the residuals of the different sources S; from the datasets ¢;; in figure 10 are summed as
probability densities (red) following a Gaussian distribution, centered at ec, + Aeyiy ;j and with a variance
Ué;n,,-,]— (equation (6)). The amplitude of the Gaussian for each pixel 7 is weighted by the inverse of its variance.
The sum of the pixel probability densities (in red) is compared with that of the calibration line (in green),
centered at e, and with variance o . For certain energies and pixels, clear discrepancies between the maxima
of these two probability densities indicate the presence of a measurement bias.

Dataset €5, € {1,...,4}

2 D 0.1 | 0.1 [ 0.08 { |
2 al ) 006 | | |
g | 0.08 [ " | 0.08 I |
~ 015 0.05 | 006
= | | I [
(] | 0.06 i) 0.04 | 0.06 ‘
< o1 | \ I I 0.04 | I
= | 0.03
£ 0.04 0.04 | |1
z 0.02 | |
005 | | 0.02 |
£ ez 0.01 | L |
0 Y o | i, ||
14412 144122 144124 14.4126 63.12 63.1204 631208 93.612 03.613 93.614 03.615 93.616 109778 100779 10078 130.521 130.522 130,523 130524
Energy [ keV' Encrgy / keV Energy [ keV Energy / keV Energy / keV
Dataset £1;,7 € {1,...,4}
o 02 I 0.1 \ i) 0.1 AY 0.08
; ‘ " 0.06 | 1
Tos [ | 18 0.05 \ Lo [ 0.06
’E 0.08 | ) 0.04 | 0.06 O
< 01 | o [ / | 0.04
£ . 0.04 ) | 0.04 [ |
= =) 0.02 | j
£ 005 - 0.02
£ 002 oor | 0.02
0 0 0 0 0
14.412 14.4124 14.4128 6312 631202 63.1204 03.1206 93613 93.614 93.615 100.779 109.7794 109.7708 130,522 130.5225 130523 130.5235
Energy / keV Energy / keV Energy / keV Energy / keV Energy / keV

Dataset £;,7 € {1,...,4}

. 02 I 0.1 0.08 |
= A 0.06 | i
< | |
008{ || |
~ | 051 [ { 5 | |
= 0.15 | 0. ‘ | | .‘ 0.06 ‘
% | ooaf || 0.06 | il
= 01 | | \ 0.04 | |
0.03 )
:, { | ! 0.4 I |
= [ | | |
= 0.02 | | \
0.05 i ) 0.02 | i)
2 . - oo2| [ | . |
2 0.01 \ . |
- : k
[ 0 0 - 04 0 -
14.412 14.4124 MA128 6312 621202 63.1204 93.614 93,615 93.616 109779 1097795 109.78 130.521 130,522 130,523
Energy / keV Energy / keV Energy [ keV Energy | keV Energy / keV
Dataset &3,5 € {1,...,4}
. 02 \ 0.1
1 I 0.06
< |
~015 | .08 005
% 0.06 0.04
E L2 [ 0.03
2 [ 0.04
E = 0.02
E 005 [l
H 0.02 001
-9
0 o 0 L
14,412 14.4124 14,4128 63.12 63.1202 63.1204 63,1206 93,612 93,614 93.616 109.778 109.779 10978 130522 130.523 130.524
Energy / keV Energy / keV Energy [ keV Energy [ keV Energy / keV
Dataset £, j € {1,...,4}
w5 03 0.1 I
= 0.06
< |
~01 0.08 0.05 |
z 0.06 0.04 |
'g 0.1 |
. 0.03
= 0.04 |
- 0.02
248 0.02 I
g 0.01 =t
a - |
0 0 o 0 o
14.412 144124 144128 6312 63.1202 63.1204 63.1206 93.612 93.613 93.614 95.615 93.616 109.778 109.7785 109.779 109.7795  130.522 130.523 130.524 130.525 130.526
Energy / keV Energy / keV Energy / keV Energy / keV Energy / keV

Dataset g6,5 € {1,...,4}

5 W f 0.1 \ 0.08 ]
B 0.06 | |
= 0.08 A
S0 0.05 Il 0.06 !
'% 0.04 0.06{ |

|
< 01 S 0.04 t
& 0041 [0}
2 0.02
00 o | [ 0.02

2 0.01 002

2
0 0 0 0 0 .
14412 144122 144124 14,4126 63.12 631202 63.1204 63.1206 63.1208 93.612 93.614 93.616 109.779 109.7795 109.78 109.7805 130521 130.522  130.523  130.524
Energy [ keV Energy / keV Energy [ keV Energy /[ keV Energy / keV

20



I0OP Publishing

Metrologia 63 (2026) 055001

M Rodrigues et al

Dataset €7,j € {1,.--, 4}
01 » Y I ] 01
0.06
0.08 0.05 0.08
0.06 0.04 } 0.06
003 |
0.04 | 0.04
0.02 i
02 .02
0.0 i ‘ 0.0:
0 0 0 0 0
14412 14.4122 144124 14.4126 6312 63.1202 63.1204 63,1206 93613 93614 93615 93616 109778 109779 109.78 130.521  130.522  130.528  130.524
Energy / keV Energy / keV. Energy / keV Energy / keV Energy [ keV'
Dataset 5,5 € {1,..., 4}
0.1 I ] ] 01 | - 1 oosf
0.06
0.08 { 0.05 0.08 0.06 {
0.06 | 0.04 0.06
0.03 0.041
004 | 0.04
0.02
0.02 |
2 | 0.02 |
: A ) )
0 0 0 -A— 0
6312 63.1204 63.1208 93.612 93,614 93.616 109.778  100.779  109.78 130.52 130522 130524
Energy [ keV Energy / keV Energy [ keV Energy | keV
Dataset €q;,7 € {1,..., 4}
0.1 B T - 0.08 |
0.06
0.08 | 0.05 0.06 |
0.06 | 0.04
0.03 0.04 ¢
004
0.02
s 0.02 t
. 0.01
0 = 0 0 A o ___.—A
10412 104122 144124 14.4126 6312 63.1202 63.1204 63.1206 93.613 93,615 93,617 109.779 109.7795 109.78 109.7805 130.52 130.521 130.522 130.523
Energy / keV Energy / koV Energy / keV Energy [ keV' Energy / koV
Dataset €10,5 € {1,..., 4}
01 L 008
0.06 | =
=
0.05 | 0.08 4 ~ 0.06
0.04 | 0.06 | z
£
| < 004
0.04 2
0.02 | = on
2| o e
0.01 | Lo 2
-9
0 ) ol 0 | . |||
14412 144122 144124 144126 63.12 1204 63.1208 93612 03.614 93616 93.618 100.779 10078 100.781 109782 130.516 130.518 522
Energy [ keV Energy / keV Energy / keV Energy / keV Ei

ORCID iDs

Matias Rodrigues @ 0000-0003-0970-1543
Martin Loidl ® 0000-0003-0474-3234
Lucille Chambon & 0000-0002-6034-5233
Quentin Drenne @ 0009-0001-5685-0050
Michael Miiller @ 0009-0002-7047-3236
Sebastian Kempf @ 0000-0002-3303-128X
Etienne Nigron © 0000-0002-8265-8337
Ferid Haddad @ 0000-0001-6971-5969

References

o

[1] Sikorsky T et al 2020 Measurement of the 2* Th isomer

energy with a magnetic microcalorimeter Phys. Rev.
125 142503

[2] Yamaguchi A et al 2019 Energy of the 2?*Th nuclear

Lett.
[10]
clock

isomer determined by absolute y -ray energy difference

Phys. Rev. Lett. 123 222501

[3] Paul N, Bian G, Azuma T, Okada S and Indelicato P

2021

Testing quantum electrodynamics with exotic atoms Phys.

Rev. Lett. 126 173001
(4

(11]

Krantz M, Toschi F, Maier B, Heine G, Enss C and Kempf S

2024 Magnetic microcalorimeter with paramagnetic tem-
perature sensors and integrated dc-SQUID readout for

high-resolution x-ray emission spectroscopy Appl. Phys.
Lett. 124 032601

Pfifflein P et al 2025 Quantum electrodynamics in strong
electromagnetic fields: substate resolved K « transition
energies in heliumlike uranium Phys. Rev. Lett. 134 153001
Okumura T et al 2025 Few-electron highly charged muonic
ar atoms verified by electronic K x-rays Phys. Rev. Lett.
134 243001

Ohayon B et al 2024 Towards precision muonic x-ray
measurements of charge radii of light nuclei Physics

6 206-15

Fowler ] W et al 2017 A reassessment of absolute ener-
gies of the x-ray L lines of lanthanide metals Metrologia
54 494-511

Rodrigues M, Loidl M and Pierre S 2023 Determination
of absolute Np L x-ray emission intensities from 4! Am
decay using a metallic magnetic calorimeter Metrologia
60 025005

Kim G-B, Hummatov R, Kempf S, Flynn C, Cantor

R, Fleischmann A, Boyd S T P, Enss C and Friedrich S
2018 Consistent measurements of 2>U gamma emis-
sions using metallic magnetic calorimeters with ultra-
high energy resolution J. Radioanal. Nucl. Chem.

318 803-8

Yoho M D et al 2020 Improved plutonium and ameri-
cium photon branching ratios from microcalorimeter
gamma spectroscopy Nucl. Instrum. Methods Phys. Res. A
977 164307

21



https://orcid.org/0000-0003-0970-1543
https://orcid.org/0000-0003-0970-1543
https://orcid.org/0000-0003-0474-3234
https://orcid.org/0000-0003-0474-3234
https://orcid.org/0000-0002-6034-5233
https://orcid.org/0000-0002-6034-5233
https://orcid.org/0009-0001-5685-0050
https://orcid.org/0009-0001-5685-0050
https://orcid.org/0009-0002-7047-3236
https://orcid.org/0009-0002-7047-3236
https://orcid.org/0000-0002-3303-128X
https://orcid.org/0000-0002-3303-128X
https://orcid.org/0000-0002-8265-8337
https://orcid.org/0000-0002-8265-8337
https://orcid.org/0000-0001-6971-5969
https://orcid.org/0000-0001-6971-5969
https://doi.org/10.1103/PhysRevLett.125.142503
https://doi.org/10.1103/PhysRevLett.125.142503
https://doi.org/10.1103/PhysRevLett.123.222501
https://doi.org/10.1103/PhysRevLett.123.222501
https://doi.org/10.1103/PhysRevLett.126.173001
https://doi.org/10.1103/PhysRevLett.126.173001
https://doi.org/10.1063/5.0180903
https://doi.org/10.1063/5.0180903
https://doi.org/10.1103/PhysRevLett.134.153001
https://doi.org/10.1103/PhysRevLett.134.153001
https://doi.org/10.1103/PhysRevLett.134.243001
https://doi.org/10.1103/PhysRevLett.134.243001
https://doi.org/10.3390/physics6010015
https://doi.org/10.3390/physics6010015
https://doi.org/10.1088/1681-7575/aa722f
https://doi.org/10.1088/1681-7575/aa722f
https://doi.org/10.1088/1681-7575/acb99f
https://doi.org/10.1088/1681-7575/acb99f
https://doi.org/10.1007/s10967-018-6182-9
https://doi.org/10.1007/s10967-018-6182-9
https://doi.org/10.1016/j.nima.2020.164307
https://doi.org/10.1016/j.nima.2020.164307

10P Publishing

Metrologia 63 (2026) 055001

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

Wessels A, Becker D T, Bennett D A and Carpenter M H
2023 Using gamma-ray microcalorimeters to lower
uncertainty in non-destructive analysis measurements
through improvement of nuclear reference data Ann. Meet.
Proc. INMM

Ullom ] N and Bennett D A 2015 Review of superconduct-
ing transition-edge sensors for x-ray and gamma-ray spec-
troscopy Supercond. Sci. Technol. 28 084003

Kempf S, Fleischmann A, Gastaldo L and Enss C 2018
Physics and applications of metallic magnetic calorimeters J.
Low Temp. Phys. 193 36579

Cabrera B 2008 Introduction to TES physics J. Low Temp.
Phys. 151 82-93

Bandler S R, Figueroa-feliciano E, Iyomoto N, Kelley

R L, Kilbourne C A, Murphy K D, Porter F S, Saab T and
Sadleir ] 2006 Non-linear effects in transition edge sen-
sors for x-ray detection Nucl. Instrum. Methods Phys. Res. A
559 817-9

Helmer R G and van der Leun C 2000 Recommended stan-
dards for y-ray energy calibration (1999) Nucl. Instrum.
Methods Phys. Res. A 450 35-70

Deslattes R D, Kessler E G, Indelicato P, de Billy L, Lindroth
E and Anton ] 2003 X-ray transition energies: new approach
to a comprehensive evaluation Rev. Mod. Phys. 75 35-99
Deslattes R D and Henins A 1973 X-ray to visible wave-
length ratios Phys. Rev. Lett. 31 972-5

Kessler E G, Jacobs L, Schwitz W and Deslattes R D 1979
Precise y-ray energies from the radioactive decay of '7*Tm
and '®Yb Nucl. Instrum. Methods 160 4357

Jeckelmann B, Beer W, De Chambrier G, Elsenhans O,
Giovanetti K L, Goudsmit P F A, Leisi H ] and Riietschi A
1985 A new determination of the 25.7 keV wavelength stan-
dard in the decay of ' Tb Nucl. Instrum. Methods Phys. Res.
A 241 191-8

Kim G B, Boyd S T P, Cantor R H, Voyles A S, Morrell J T,
Bernstein L A and Friedrich S 2020 A new measurement of
the 60 keV emission from Am-241 using metallic magnetic
calorimeters J. Low Temp. Phys. 199 1055-61

Kellett M A and Bersillon O 2017 The decay data evaluation
project (DDEP) and the JEFF-3.3 radioactive decay data
library: combining international collaborative efforts on
evaluated decay data EP] Web Conf. 146 02009

Lucht M 2005 The Wavelength of the 14.4 keV Méssbauer
Radiation in *’Fe: A Novel Length Standard for Atomic
Scales Doctoral Thesis Universitit Hamburg

Xiaowei Z, Yoda Y and Imai Y 2000 Precision wave-

length measurement of the 14.4 keV Mossbauer photon J.
Synchrotron Radiat. 7 189-95

Shvyd’ko Y V et al 2000 'y -Ray wavelength standard for
atomic scales Phys. Rev. Lett. 85 495-8

Miiller M, Rodrigues M, Beyer J, Loidl M and Kempf S 2024
Magnetic microcalorimeters for primary activity standard-
ization within the EMPIR project primA-LTD J. Low Temp.
Phys. 214 26371

(28]

(29]

(30]

(31]

(32]

(33]

[34

(35]
(36]
(37]

(38]

(39]
(40]

(41]

(42]

(43]

(44]

M Rodrigues et al

Haddad F, Ferrer L, Guertin A, Carlier T, Michel N, Barbet
J and Chatal J-F 2008 ARRONAX, a high-energy and high-
intensity cyclotron for nuclear medicine Eur. J. Nucl. Med.
Mol. Imaging 35 1377-87

Herbst M, Barth A, Fleischmann A, Gastaldo L, Hengstler D,
Kovac N, Mantegazzini F, Reifenberger A and Enss C 2022
Numerical calculation of the thermodynamic properties of
silver erbium alloys for use in metallic magnetic calorime-
ters J. Low Temp. Phys. 209 1119-27

Fleischmann A, Enss C and Seidel G M 2005 Metallic mag-
netic calorimeters Cryogenic Particle Detection ed C Enss
(Springer) pp 151-216

Iyomoto N et al 2009 Heat sinking, crosstalk, and temper-
ature uniformity for large close-packed microcalorimeter
arrays IEEE Trans. Appl. Supercond 19 557-60

Borchert G L 1976 Precision measurement of y-ray energies
from the decay of >’ Co,*°Co,"*’Cs,'*?Eu,'>3Sm and *®Au Z.
Naturforschung A 31 387-9

Sumbaev O I 1978 Shift of K x-ray lines associated with
valency change and with isomorphous phase transitions

in rare earths Sov. Phys.-Usp. 21 141-54

Schnopper H W 1967 Atomic readjustment to an inner-shell
vacancy: manganese K x-ray emission spectra from an Fe-
55 K -capture source and from the bulk metal Phys. Rev.
154 118-23

Helmer R G, Browne E and Bé M-M 2002 International
decay data evaluation project J. Nucl. Sci. Technol. 39 4558
Winkler R 1992 Data Fitting and Evaluation Techniques for
Radioactive Decay Data (Brookhaven National Laboratory)
Paule R C and Mandel J 1982 Consensus values and weight-
ing factors J. Res. Natl Bur. Stand. 87 377

Badikov S A and Chechev V P 2012 Procedure for statisti-
cal analysis of one-parameter discrepant experimental data
Appl. Radiat. Isot. 70 18502

ENSDF database n.d. (December 1st 2025, Version) (avail-
able at: www.nndc.bnl.gov/ensdf/citations.pdf)

Nica N 2019 Nuclear data sheets for A=155 Nucl. Data
Sheets 160 1-404

Helmer R G 1993 y-ray energies for calibration from the
decay of 'Tb, 72Hf + 72Lu, and 2*' Am Nucl. Instrum.
Methods Phys. Res. A 330 434-8

Borner H G, Barreau G, Davidson W E, Jeuch P, Von Egidy
T, Almeida J and White D H 1979 High precision measure-
ments of some gamma transitions in 227 Ac, 228 Th, 2*! Pa,
232y, 23Pa, 2Np, 2*°Pu and 2** Am Nucl. Instrum. Methods
166 251-5

Mohr P J, Tiesinga E, Newell D B and Taylor B N 2024
Codata internationally recommended 2022 values of the
fundamental physical constants (available at: https://tsapps.
nist.gov/publication/get_pdf.cfm?pub_id=958002)
Rodrigues M, Pabinger A, Lausberg S, Loidl M, Censier

B, Bouchard J, Fleischmann L, Fleischmann A and Enss

C 2009 Metallic Magnetic Calorimeters for Gamma-ray
Spectrometry AIP Conf. Proc. 1185 583

22


https://doi.org/10.1088/0953-2048/28/8/084003
https://doi.org/10.1088/0953-2048/28/8/084003
https://doi.org/10.1007/s10909-018-1891-6
https://doi.org/10.1007/s10909-018-1891-6
https://doi.org/10.1007/s10909-007-9632-2
https://doi.org/10.1007/s10909-007-9632-2
https://doi.org/10.1016/j.nima.2005.12.149
https://doi.org/10.1016/j.nima.2005.12.149
https://doi.org/10.1016/S0168-9002(00)00252-7
https://doi.org/10.1016/S0168-9002(00)00252-7
https://doi.org/10.1103/RevModPhys.75.35
https://doi.org/10.1103/RevModPhys.75.35
https://doi.org/10.1103/PhysRevLett.31.972
https://doi.org/10.1103/PhysRevLett.31.972
https://doi.org/10.1016/0029-554X(79)90197-6
https://doi.org/10.1016/0029-554X(79)90197-6
https://doi.org/10.1016/0168-9002(85)90532-7
https://doi.org/10.1016/0168-9002(85)90532-7
https://doi.org/10.1007/s10909-020-02412-7
https://doi.org/10.1007/s10909-020-02412-7
https://doi.org/10.1051/epjconf/201714602009
https://doi.org/10.1051/epjconf/201714602009
https://doi.org/10.1107/S0909049500003757
https://doi.org/10.1107/S0909049500003757
https://doi.org/10.1103/PhysRevLett.85.495
https://doi.org/10.1103/PhysRevLett.85.495
https://doi.org/10.1007/s10909-024-03048-7
https://doi.org/10.1007/s10909-024-03048-7
https://doi.org/10.1007/s00259-008-0802-5
https://doi.org/10.1007/s00259-008-0802-5
https://doi.org/10.1007/s10909-022-02739-3
https://doi.org/10.1007/s10909-022-02739-3
https://doi.org/10.1007/10933596_4
https://doi.org/10.1109/TASC.2009.2017704
https://doi.org/10.1109/TASC.2009.2017704
https://doi.org/10.1515/zna-1976-3-427
https://doi.org/10.1515/zna-1976-3-427
https://doi.org/10.1070/PU1978v021n02ABEH005519
https://doi.org/10.1070/PU1978v021n02ABEH005519
https://doi.org/10.1103/PhysRev.154.118
https://doi.org/10.1103/PhysRev.154.118
https://doi.org/10.1080/00223131.2002.10875138
https://doi.org/10.1080/00223131.2002.10875138
https://doi.org/10.6028/jres.087.022
https://doi.org/10.6028/jres.087.022
https://doi.org/10.1016/j.apradiso.2012.02.028
https://doi.org/10.1016/j.apradiso.2012.02.028
https://www.nndc.bnl.gov/ensdf/citations.pdf
https://doi.org/10.1016/j.nds.2019.100523
https://doi.org/10.1016/j.nds.2019.100523
https://doi.org/10.1016/0168-9002(93)90572-Y
https://doi.org/10.1016/0168-9002(93)90572-Y
https://doi.org/10.1016/0029-554X(79)90583-4
https://doi.org/10.1016/0029-554X(79)90583-4
https://tsapps.nist.gov/publication/get_pdf.cfm?pub_id=958002
https://tsapps.nist.gov/publication/get_pdf.cfm?pub_id=958002
https://doi.org/10.1063/1.3292409
https://doi.org/10.1063/1.3292409

	Sub-eV uncertainties on gamma-ray energies using a magnetic microcalorimeter—potential new reference energies
	1. Introduction
	2. The experimental method and set-up
	3. Detector characterization and performances
	3.1. Pulses, noises and energy resolutions
	3.2. Pulse height analysis
	3.3. Pulse height drift correction
	3.4. Pulse selection and rejection

	4. Energy calibration and non-linearity correction
	4.1. Energy estimation
	4.2. Non-linearity correction

	5. Method to assess the energies
	5.1. Energies of the datasets and statistical analysis
	5.2. Validation of the method

	6. Results
	7. Conclusions
	Appendix A 
	Appendix B 
	References


