Eur. Phys. J. C (2020) 80:376
https://doi.org/10.1140/epjc/s10052-020-7943-5

THE EUROPEAN ()]
PHYSICAL JOURNAL C e

updates

Regular Article - Experimental Physics

New limits on the resonant absorption of solar axions obtained
with a 1 Tm-containing cryogenic detector

A. H. Abdelhameed!, S. V. Bakhlanov?, P. Bauer!, A. Bento'’, E. Bertoldo', L. Canonica!, A. V. Derbin?,

I. S. Drachnev?, N. Ferreiro Iachellini!, D. Fuchs', D. Hauff!, M. Laubenstein®, D. A. Lis*, I. S. LomskayaZ,
M. Mancuso', V. N. MuratovaZ, S. Nagorny>, S. Nisi, F. Petricca!, F. Proebst!, J. Rothe! , V. V. Ryabchenkov®,
S. E. Sarkisov®, D. A. Semenov?, K. A. Subbotin®, M. V. Trushin?, E. V. Unzhakov?%, E. V. Zharikov*

1 Max-Planck-Institut fiir Physik, 80805 Munich, Germany

2 NRC Kurchatov Institute, Petersburg Nuclear Physics Institute, 188309 Gatchina, Russia

3 INFN, Laboratori Nazionali del Gran Sasso, 67010 Assergi, Ttaly

4 Prokhorov General Physics Institute of the Russian Academy of Sciences, 119991 Moscow, Russia
3 Physics Department, Queen’s University, Kingston, ON K7L 3N6, Canada

6 NRC Kurchatov Institute, 123182 Moscow, Russia

7 Departamento de Fisica, Universidade de Coimbra, P3004 516 Coimbra, Portugal

Received: 5 February 2020 / Accepted: 17 April 2020 / Published online: 7 May 2020

© The Author(s) 2020

Abstract A search for resonant absorption of solar axions
by '®Tm nuclei was carried out. A newly developed
approach involving low-background cryogenic bolometer
based on Tm3Al501; crystal was used that allowed for sig-
nificant improvement of sensitivity in comparison with previ-
ous 'Tm based experiments. The measurements performed
with 8.18 g crystal during 6.6 days exposure yielded the
following limits on axion couplings: | gAy(gg Nt 331 N) =
1441074 GeV " and |gac (g% y + &5 y) < 2.81x 10716,

1 Introduction

Originally, axions were introduced as hypothetical bosons
produced by a spontaneous breaking of newly introduced
chiral symmetry at some energy scale f4 [1-3]. The ini-
tial model of “standard” axion assumed the symmetry-
breaking scale f4 to be similar to the electro-weak inter-
actions scale, but subsequently it was excluded by a series of
experiments (the extensive list can be found in correspond-
ing section of [4]). Afterwards, the initial axion model has
been expanded into two classes of “invisible” axion models:
hadronic (KSVZ) axion [5,6] and GUT (DFSZ) axion [7,8].
These models allow f4 to be arbitrary large, therefore reduc-
ing the expected axion mass and suppressing the axion inter-
actions with ordinary matter, effectively rendering it “invis-
ible”.

 e-mail: unzhakov_ev@pnpi.nrcki.ru (corresponding author)

The limit on the axion mass m 4 is obtained as a conse-
quence of the experimental limits on the effective coupling
constants of axion with photons (ga, ), electrons (g4.) and
nucleons (g4y). Axion coupling constants appear to be sig-
nificantly model-dependent, so in principle it is possible to
consider more general class of axion-like particles (ALPs)
with their masses and coupling constants being independent
parameters. Axions and ALPs remain suitable dark matter
candidates, motivating the experimental effort to search for
these particles.

The axion mass m 4 can be expressed through the proper-
ties of 77%-meson [9]:

My fr b4 172
ma= <(1+Z)(1+z+w)) : M

where m, and f; are respectively the pion mass and decay
constant, while z = m, /mg and w = m, /my are the quark
mass ratios.

In a laboratory environment axions could be potentially
observed via various processes with different axion cou-
plings. The Primakoff effect allows the conversion of axion
into a detectable photon inside strong magnetic fields (g4, )
or the axion decay into 2 y-quanta. Axion interaction with
electrons of atomic shells (g 4.) can cause axio-electric effect
(similarly to the photo-ionization) or Compton-like pro-
cesses. Finally, since the axion is a pseudoscalar boson it
can undergo resonant absorption or emission in nuclear tran-
sitions of magnetic type (gan)-
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The resonant absorption can be used for detection of
solar axions in experimental setup with a target contain-
ing a nuclide with magnetic type transition to the ground
state. The general idea behind this approach is that, due
to the presence of g4y coupling, the axions could be res-
onantly absorbed by the target nucleus N possessing the rel-
evant excited state. After the absorption, the excited nucleus
N* will consequently discharge, emitting the y-quantum:
A+ N — N* — N + y. The proposals for experiments
aimed for registration of monochromatic solar axions pro-
duced by >’Fe, "Li, 83Kr and '°Tm nuclei were originally
made in [10-13], correspondingly.

The main benefit of g 4 y-based detection technique comes
from the resonant nature of the absorption process, which
provides high reaction cross-section and, therefore, a possi-
bility of achieving competitive sensitivity even with a rela-
tively small-scale experimental setup. A “solid target + semi-
conductor detector” layout has been successfully employed
for previous axion searches with various targets ("Li [14],
169Tm [15], >’Fe [16]). On the other hand, >’Fe and '®*Tm
nuclei have low-energy excited states with significant conver-
sionratios (n ~ 1073 ), so the most transitions would actually
produce conversion or Auger electrons and characteristic X-
rays, instead of nuclear y-quanta. Intensive self absorption
of these particles inside the target material effectively limits
the usable target mass by several grams, thus constraining
the potentially achievable sensitivity of this approach.

A natural solution for this problem would be the intro-
duction of the target material inside the active volume of
the detector. This approach was implemented in experiments
with gaseous 8%Kr target and proportional counter located
at the underground facility of Baksan Neutrino Observa-
tory [17,18].

In this paper we aim to detect solar axions via the resonant
absorption by '%°Tm target, similarly to a series of previous
axion searches with '%Tm targets performed at Petersburg
Nuclear Physics Institute [13,15, 19]. The measurement pre-
sented here uses the recently developed approach with cryo-
genic bolometer based on Tm-containing crystal of a garnet
family (Tm3AlsOj2) [20]. We show a significant improve-
ment of the experimental sensitivity thanks to the inclusion
of 199Tm inside the active volume of the detector and demon-
strate the potential feasibility of this approach for a kg-scale
installation.

2 Axion rate estimation

The most intense source of axions for an experiment based
on Earth is constituted by the Sun. There are several expected
mechanisms of axion production that can take place inside
stars. Axions can be produced as a result of Primakoff
effect due to the axion—photon coupling (g4, ). The axion—
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electron coupling (g4.) allows for several axion-yielding
reactions: atomic de-excitation and recombination, electron—
nucleus and electron—electron bremsstrahlung and Compton-
like scattering. Finally, stellar cores possess high enough tem-
peratures for the thermal excitation of low-energy nuclear
levels of magnetic type (~ 1 keV scale), which could emit
axions during the de-excitation (g4 coupling).

2.1 Solar axion flux

The axion-photon coupling is determined by the following
expression [21,22]:

204 + z)) o @

o E
= — | — — = C
84 = 2n (N 31+2)) 2nfa

where o &~ 1/137 is the fine structure constant and E/N is
the ratio between electromagnetic and color anomalies. The
value of E/N depends on the particular axion model: in case
of DFSZ-axion E/N = 8/3 while in the original KSVZ
model E/N =0 [21].

The differential energy spectrum of Primakoff axions is
calculated [23-25] based on the radial distributions of tem-
perature and electron density provided by the standard solar
model (SSM). The shape of Primakoff axion spectrum cal-
culated for nominal value g4, = 107 19GeV~! is presented
in Fig. 1. The continuous flux has a maximum at ~ 4keV
and becomes negligible at energies beyond 20keV. In case
of 'Tmasa target, the axion flux at 8.41 keV would remain
relatively significant at about ~ 10% of its maximum value.

The axion—electron coupling depends significantly on the
type of axion model. In case of DFSZ axion the direct cou-
pling to leptons is allowed and the constant g4, depends on
electron mass m, as:

cos? - e 3)
=—-cos" B-—
8Ae 3 fA
where S is an arbitrary angle.
In KSVZ model axions can not interact with leptons
directly, but the coupling via the radiative loops remains pos-
sible [22]:

n n—
N m, 3 l4+z4+w m,

3a2nme E _  fa
8Ae = - N —

2 4 A
+Z+w1 @)
ZﬂfA

where the QCD cutoff scale A &~ 1GeV. Consequently, in
this case the axion—electron coupling is suppressed by a fac-
tor o,

The expected flux of axions produced in the Sun via
the axion-electron coupling (g4.) is calculated using cross-
sections for Compton processes [26,27] and bremsstrah-
lung [28], SSM data on the electron gas density, temperature

distribution and concentrations of various elements [19,29].
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Fig. 1 The calculated energy spectra of solar axions produced due to
the axion—photon [25] and axion—electron couplings [30]. The spectra
are calculated in assumption of massless axion (m4 = 0) for nominal
gay and ga. values relevant to the range of experimental sensitivity

A recent work [30] also includes the axion production via
the processes of atomic recombination and de-excitation,
which adds additional linear structure on top of the continu-
ous Compton/bremsstrahlung spectra.

The shape of total g4.-related axion spectrum (together
with Compton and bremsstrahlung components) calculated
for the nominal value of g4, = 107! is given in Fig. 1. At
lower energies below ~ 5keV bremsstrahlung axions con-
stitute the most part of g4, axion flux, while above ~ 5SkeV
Compton axions become dominant.

It is important to note that for both axion couplings the
value of solar flux @4 at a given axion energy E4 appears
to be proportional to the square of the relevant coupling con-
stant:

Dar(Ea) o< Cay - g3, )

where C4y is a constant determined for a given axion cou-
pling gx.

2.2 Resonant absorption of axions by atomic nuclei

The cross-section for the resonant absorption of incident solar
axions with energy E 4 is expressed in a similar fashion as the
conventional y-ray absorption, corrected by emission prob-
ability wa /w, . The axion absorption rate for 19Tm can be
presented as [13]:

ddy WA
Ry = oo, I —2(Ey = 841 keV) [ 24 6
A = TTO0y dEA( A e )<a)y> (6)

where 0y, is the maximum cross-section of y -ray absorption,
I" is the width of energy level, w4 and w, are respectively
the probabilities of axion or photon emission.

The probability ratio wa/w, was calculated in [31,32]
using the long wave approximation:

0 3 2 3
oa _ | ! 8anB + &an <P_A) 7
w, 2mal+82| (no—0.5)B+nu3—n Dy

where p, and ps are respectively the photon and axion
momenta; o = Up +y ~ 0.88and 3 = pp —u, =~ 4.71
are the isoscalar and isovector nuclear magnetic momenta,
B and n are parameters derived from the nuclear matrix
elements of a particular target isotope. In case of '°Tm,
using the one-particle approximation, these parameters can
be approximated as § ~ 1.0 and n = 0.5, yielding the
expression for wa /w, as [13]:

WA 2
— = 1.03(gay + gan) (Pa/py)*. ®)
14

In the framework of KSVZ axion model, the axion—
nucleon coupling g4y consisting of the isoscalar g% y and
isovector gi" n terms can be expressed through the fa
value [21,22]:

0 my l+Z+2wi|
=——|2S+QB3F -D)——Mm— 9

SN A[ ( e ®

and

3 my 1—z

3= Nl (FyD)— 10

San 2fa [( )1+z+w:| (10)

where my = 939MeV is the nucleon mass, z and w are quark
massratios, and F, D, § are axial and singlet coupling param-
eters. The values of F and D are experimentally obtained
from the observations of hyperon semi-leptonic decays [33]:
F = 0.462 £ 0.011 and D = 0.808 + 0.006, for various
solar axion fluxes.

The singlet coupling parameter S represents the contribu-
tion of quarks to the polarization of the nucleon. The experi-
mental restrictions on the value of S, obtained in [34,35], are
(0.27 < § < 0.41). Nevertheless, in further calculations we
assume S = 0.5 for convenience of result comparison, since
this value is commonly used in previous works and in other
experiments.

The model independent expression for the rate of axion
absorption by '%Tm nucleus (6) then can be derived from
flux expression (5) and w4 /w, ratio (8):

2
Ry =Cax- g4, &%y +83n) - (Pa/py)’ (11)

1, 1

where counting rate R4 is expressed here in atom™" - s
units. The constant C 4, has a cumulative value defined by
axion model parameters, properties of target nucleus, etc.
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— in case of '®Tm target C4y, = 104 and Cp, = 2.76 x
10° [13,30].

Then, using the relations between axion mass m 4 and
axion—nuclei coupling gan (9, 10) it becomes possible to
express the absorption rate as a function of axion coupling
g4x and m 4 (in eV units):

Ry = C1/4x : g124x : m.»24 . (PA/Py)3
(Cly, =408 x 1077, €}, =1.03 x 1077 (12)

Finally, by employing expressions for m (1), g4, (2) and
g4e (3, 4) we obtain the dependence of axion absorption rate
R4 directly on the axion mass m 4 (in eV units):

Ry = Chy-my - (pa/py)’
(C}, =6.64 x 10772, C)f, =8.08 x 107°") (13)

The total number of expected “axion” events is determined
by the target mass (i.e. number of '*Tm nuclei), detector
efficiency and total live time of the measurement. The detec-
tion probability of the resulting “axion” peak depends on the
background level and on the energy resolution of the exper-
iment.

3 Cryogenic bolometer and experimental setup

Inarecent work [20], we demonstrated the possibility to oper-
ate a cryogenic bolometer based on the thulium-containing
crystal Tm3Al501;. This first prototype showed promising
results, but the energy threshold achieved was rather far from
meeting the minimum benchmark to be sensitive to the res-
onant absorption of solar axions in '%Tm.

In order to improve the energy threshold and the energy
resolution of a cryogenic bolometer based on a Tm3AlsO12
crystal the type of phonon sensor has been changed, replac-
ing the Neutron Transmutation Doped (NTD) sensor with a
Transition Edge Sensor (TES). First, the same Tm3Al5012
crystal used in [20] has been processed with dichloromethane
(CH»Cly) in order to remove the glue and the NTD sensor.
After that, a CRESST-like TES [36] has been evaporated on
the crystal surface.

The TES is constituted by a thin strip of tungsten with
two large aluminum pads partially overlapping the tungsten
layer. These aluminum pads have two different features: they
serve as phonon collectors and bond pads. These pads are
connected via a pair of 25 um aluminum bond wires through
which the bias current is injected. The tungsten film is also
connected by a long and thin strip of gold to a thicker gold
bond pad on which a 25 um gold wire is bonded. This bond
serves as thermal link between the sensor and the heat bath
at ~ 10mK.

On the same surface, but separated from the TES, we also
evaporate a heater. The heater is made of a thin strip of gold

@ Springer
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Fig. 2 Left Tm3AlsO; crystal after the TES deposition. It is possible
to see two large aluminum phonon collectors (light gray) evaporated on
top of a darker strip of tungsten. Closer to the upper edge of the crystal
surface there is the heater made of a thin strip of gold with two aluminum
pads deposited on top. Right A sketch of a similar TES design [37]

with two aluminum pads deposited on top. These pads are
also bonded with a pair of 25 um aluminum bond wires
through which a tunable current can be injected to main-
tain the TES at the desired temperature. The heater is also
used to inject artificial pulses in order to monitor the detector
response over time and to refine the energy calibration during
the data analysis.

We would like to highlight that this is the first time a TES is
directly evaporated on a crystal containing '°Tm. In Fig. 2
we show the crystal after the TES deposition along with a
sketch of the TES design.

After the TES deposition, the crystal was placed inside a
copper holder where it was held in position by a pair of CuBe
clamps. Inside the holder, we place a *>Fe X-ray source with
activity of ~ 0.4Bq at a distance of ~ Imm from one of
the crystal surfaces. This X-ray source is used for the energy
calibration of the detector. Finally, the holder is mechanically
coupled to the coldest stage of a Leiden Cryogenics dilution
refrigerator located in an above-ground laboratory at the Max
Planck Institute for Physics (MPP) in Munich, Germany. It
has to be noted that in this laboratory there is no shielding
against environmental and cosmic radiation.

A temperature of ~ 10mK has been maintained over the
course of the whole run at the coldest stage of the dilution
refrigerator. The TES has a critical temperature T¢c = 23mK,
thus the operating point is stabilized around this value inject-
ing an appropriate current through the heater. The readout
of the TES is obtained with a commercial SQUID system,1

1" Applied Physics System model 581 DC SQUID.
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combined with a CRESST-like detector control system [38].
The start of the run has been reserved for a first energy cal-
ibration with a 3’Co source placed outside of the dilution
refrigerator. After this initial calibration, we have collected
background data for solar axion search.

4 Data analysis and results

The background data acquisition has lasted for 6.60 days
of total measurement time. To precisely evaluate the effec-
tive measurement time in the region of interest we created
a copy of the data where we blindly inject simulated pulses
of 8.41 keV with a rate of 1.6 mBq, ~ 1000 times smaller
than the total rate observed from environmental radioactiv-
ity. The data with the simulated pulses were triggered and
analyzed in the same way as the background data collected,
hence the fraction of survived simulated pulses corresponds
to the survival probability of a hypothetical signal.After the
trigger, the effective measurement time in the energy region
of interest is 3.89 days, with a significant reduction to the
respect of the total measurement time. This is due to the trig-
ger dead time, which is naturally high in an above-ground
experimental setup.

One stability cut and two quality cuts are applied to the
data, with the effective measurement time further reduced to
3.86 days. The stability cut rejects the periods of time when
the detector is not in the desired working point, while the
quality cuts reject pile-up events and artifacts in the data. The
quality cuts are based on two different pulse shape parame-
ters. The overall exposure is equal to 31.6g- day with a '%°Tm
exposure of 19.2g- day.

The acquired spectrum of events in 3 — 20 keV energy
interval is presented in Fig. 3.

The energy calibration has been performed using a com-
bination of the injected heater pulses and the characteristic
peak induced by the presence of the >>Fe source. The injected
heater pulses have three different amplitudes and are continu-
ally sent throughout the data acquisition. Using this informa-
tion we can monitor the stability of the detector and correct
for any unwanted drift of the operating point. The energy res-
olution of the detector is not sufficient to resolve K1, Ky2
and Kgi13 characteristic X-ray lines of Mn induced by the
33Fe source, thus in the spectrum only a single peak centered
around 5.895 keV is visible.

There is no significant excess of events in the vicinity of
8.41 keV. Hence, in order to determine the upper limit on the
number of events in the “axion peak” a maximum likelihood
method has been employed. The fit function is chosen as a
sum of exponential background, three Gaussians describing
Ku1, Ka2, Kg X-rays of Mn and the expected “axion” peak,
all with the same energy resolution o':

—— Bestfit
X-ray components
---- 'Axion' peak (2 X Sjim)
| Data

104 .

103 -

102

Counts /0.1 keV / 3.86 days

10! ; ; ; ;
50 7.5 10.0 12,5 15.0 17.5 20.0

Fig. 3 Spectrum of events obtained during the live time of 3.9 days
by Tm3AlsO1, bolometer in 3 — 20 keV energy interval with 0.1 keV
binning. The result of fitting by model (14) is presented by solid line.
The presumed “axion” peak with area S = 2 x §j;;, is shown by the
dashed line (the area is increased to improve visibility)

4 Y
(E—4) _ (Ei—E)
NE)=a+b-E+c-e d +E Sie 202 (14)
i=1

The shape of the unresolved Mn X-ray peak is described
by sum of three Gaussians, representing K1, Ko7 and Kg
lines. All Gaussian positions, including the axion peak, are
set relative to the position of the brightest K line (Eqp).
The intensities of K1, Kg and axion peak are free, while the
intensity of the K, is set relatively to Sy1. In total, there are
9 free fit parameters: 4 background coefficients (a, b, c, d)
and 5 peak parameters (0, Eq1, So1, Sg, Sa). The exponen-
tial model of the background fails below t5 keV, so in order
to avoid the introduction of additional parameters we chose
to raise the lower border of fit interval to 4.6 keV, since this
non-linear background should not make any significant con-
tribution at 8.31 keV. The best fit with reduced chi-squared
criterion x%/Npor = 171.1/(154 — 9) = 1.18 is presented
in Fig. 3 by a solid line. The determined energy resolution
amounted to o = 0.370 keV.

In order to determine the upper limit on the 8.41 keV peak
intensity a standard approach of x2-profiling was employed.
The value of x? is determined for different fixed values of
Sa while the other parameters remain unconstrained. The
obtained probability function P(x?) is normalized to unity
for S4 > 0. The upper limit estimated in this manner is
Siim = 128 at 90 % confidence level.

@ Springer
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The upper limit on the amount of measured “axion” events
Siim depends on the detection efficiency €, the number of
169Tm nuclei N7, the measurement time 7', and axion res-
onant absorption rate R4 calculated in Sect. 2.2:
€ Nry-T-Ra =< Siim (15)
In case of Tm3Als501; crystal the detection efficiency is € &~
1 since the target material is located inside the active volume
of the detector. The number of target '*Tm nuclei in 8.18
g Tm3Al501; crystal is N7, = 1.77 x 10%2. The exposure
time left after the application of data selection cuts is equal
to T = 3.86 days and R4 is the axion resonant absorption
rate for 1Tm defined earlier by expressions (11, 12, 13).
In accordance with these equations and in assumption that
(pa/py )3 2 1, which holds for axion masses below ~ 2keV,
our measurement yields the following limits on axion-photon
coupling:

)gAy - (gan + giN)} <144 x 107" Gev™!

|gaymal <231 x 1077 (16)
and axion—electron coupling:
)gAe - (ghw + g;ZN)‘ <2.81x107'°

lgaemal < 4.59 x 1077 eV (17)

The axion mass m 4 here is expressed in eV units and g4,
is expressed in GeV~! units, while g4e and g4y are dimen-
sionless.

The exclusion plots for the axion parameter space are
given in Figs. 4 and 5 along with comparison with other
experiments and astrophysical bounds. The limit obtained
in this work significantly exceeds the best previous result
achieved with 1 Tm target [15]. The g, limit obtained with
83Kr [18] still remains unsurpassed, although the current lim-
its achieved with only 8.18 g crystal and 3.86 days of live
time are competitive, and show potential due to the scalability
of the experiment.

It should also be noted that the particular values of '°°Tm
nuclear matrix elements make it a favorable axion target,
since the probability ratio wa/w, never vanishes for any
combination of model parameters, unlike the case of S7Fe
and 33Kr nuclei [16].

5 Conclusions
In this work we present the first successful investigation of

the resonant absorption of solar axions in '9°Tm employing a
cryogenic bolometer. The cryogenic bolometer is constituted
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Fig. 5 Axion-electron coupling g4, limits obtained in current work
in comparison with other experiments (axio-electric effect on Si [43],
LUX [44]) and astrophysical bounds (red giant cooling rate [45])

by a 8.18 g Tm3Al501; crystal with a TES directly evapo-
rated on the crystal surface. We have collected data for 3.86
days of effective measurement time with a '*Tm exposure
equal to 19.2 g - day. From the data acquired, we set compet-
itive limits on the axion coupling constants to electrons and
photons.



Eur. Phys. J. C (2020) 80:376

Page 7of 7 376

The technology presented in this paper allows for a
straightforward scaling of the experiment which would
enable a drastic increase of the collected exposure. Further-
more, the reduction of the background rate in the region of
interest would translate into a considerable improvement on
the sensitivity to solar axion absorption. Since the back-
ground rate reduction can be effectively achieved with a
dedicated underground experiment, we are confident in an
improvement of the presented results in the near future.
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