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Axions with an energy of 8.4 keV emitted in the M1 transition in *Tm nuclei in the Sun are sought in the

A+ "Tm - 9Tm* - '"“Tm + (y,e) (8.4 keV) reaction of resonant absorption by '*Tm nuclei on the

Earth using a Tm3AlsO;, thulium garnet crystal as a bolometric detector. The flux of monochromatic 8.4-keV
axions has been calculated. New constraints on the axion—nucleon coupling constants have been obtained

and, as a result, new upper bounds on the axion mass mESVZ <141 eV and mEFSZ < 244 eV have been
obtained at 90% C.L. in the KSVZ and DFSZ models, respectively.

DOI: 10.1134/S0021364023602026

1. INTRODUCTION

The probability of the production and detection of
axions, i.e., hypothetical neutral pseudoscalar parti-
cles, which are introduced in the theory to explain the
absence of the CP violation in strong interactions [1—
3] and are well-justified candidates for the dark-matter
constituents, is determined by the effective axion—
photon (g,,), axion—electron (g,), and axion—
nucleon (g4y) coupling constants. The main reactions
proposed to detect axions are the conversion of axions
into photons in a magnetic or nuclear field, the decay
of an axion into two photon, the Compton conversion,
and the axioelectric effect.

In this work, we consider only the process of emis-
sion and absorption of axions in a nuclear magnetic
transition occurring in the Sun and on the Earth,
respectively. The sensitivity of the experiment is deter-
mined by the axion—nucleon coupling constants.
Similar experiments were previously carried out with
the YFe [4—6], "Li [7-9], and %3Kr [10—12] nuclei.

After a series of experiments reliably excluded the
“standard” model of the PQWW axion named after
Peccei, Quinn, Weinberg, and Wilczek ([1-3], two
classes of the models of the KSVZ (hadron axion) and
DFSZ “invisible” axions called after Kim, Shifman,
Vainshtein, and Zakharov [13, 14] and Dine, Fischler,
Srednicki, and Zhitnitskii [15, 16], respectively, were
proposed. The axion mass m, and its decay constant
/4 in both models are related to the respective charac-

teristics of the ©° meson as myf, = mnfn(zl/z/(l + 7)),
where z = m, /m, is the ratio of the masses of the  and
d quarks. The axion mass m, is related to the decay
constant f, as [17, 18]

m, = 5.69(5)(Mj ev. (1)
Ja

Constraints on the axion mass follow from experi-
mental constraints on the coupling constants g, , &4
and g, , which are model dependent.

Monochromatic axions should be emitted in mag-
netic transitions in Y’Fe (14.4 keV) and ¥Kr (9.4 keV)
nuclei, where low-lying levels are excited due to a high
temperature of 1.3 keV in the center of the Sun. The
aim of this work is the search for the resonant absorp-
tion of monochromatic 8.4-keV axions, which are
emitted in the M1 transition in '®*Tm nuclei, with the
excitation of the first nuclear level of 'Tm nuclei.
Gamma- and X-ray photons and conversion and
Auger electrons, which are emitted upon the relax-
ation of the excited level, can be detected. The proba-
bility of the emission and subsequent absorption of
axions depends only on the axion—nucleon coupling

constant and is proportional to gfl ~ - This is the first
search for 8.4-keV axions.

The search for solar axions with a continuous spec-
trum caused by the constants g,, (Primakoff axions)
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and g, (bremsstrahlung and Compton processes)
using the '“Tm was proposed and performed in [19,
20].

The best known experiments are aimed at the
search for solar axions produced through the conver-
sion of thermal photons in the solar plasma field.
Under the assumption of the axion—photon coupling,
researchers attempt to detect axions through the
inverse conversion in a laboratory magnetic field [21,
22] or in a crystal field [23, 24]. Photon count rates

expected in these experiments are proportional to ng.
The theoretical and experimental works on the axion
problem are reviewed in detail in [18].

2. FLUX OF 8.4-keV SOLAR AXIONS

The first excited level of the '®Tm nucleus has an
energy of E, =8.410 keV and the spin and parity

J" = 3/2"; the admixture of the E2 transition is 0.11%
(6 = 0.033) [25]. The electron conversion coefficient
is important for target—detector experiments, where
conversion and Auger electrons are absorbed in the
target. This coefficient for the transition under study is

e/y=264(n=3.79%x10") [25].

The solar axion flux depends on the energy £, and
the lifetime t, of the level, the distribution of the
abundance of the '®Tm isotope inside the Sun N(r),
the distribution of the temperature inside the Sun

T(r), and on the ratio of the probabilities of emission
of axion and photon w,/®, [4, 26]:

® ,(r) = N 2exp(—E,/kT) %.
T, (1+2exp(-E,/kT)) ®,

Due to the Doppler effect caused by the thermal
motion of nuclei in the Sun, the spectrum of axions is
a Gaussian with the standard deviation o(7) =

E(kT(r)/M )"/?, where M is the mass of the '®Tm
nucleus. The total spectrum of axions is the sum of
Gaussians with the standard deviations o(7") deter-
mined by the temperatures at the points of emission of
axions in the Sun.

The most intense flux of monochromatic axions
from the Sun is due to the M1 transition from the first
excited level to the ground level of the ’Fe nucleus pri-
marily because the abundance of iron in the Sun is
high. The concentration of thulium is seven orders of
magnitude lower, but the expected axion count rate
increases due to a lower transition energy E., a smaller
Doppler broadening o(7"), and the 100% abundance
of the '“Tm isotope.

The fundamental difference of the M1 transition in
the '“Tm nucleus from similar transitions in the >’ Fe
and 33Kr nuclei is that it is mainly a proton transition.
This is particularly important for the search for KSVZ

(2
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Fig. 1. Radial distributions of the (/) temperature 7 and
(2) concentration N of 169Tm atoms and (3) the flux of
axions @ from the rldr layer for the parameters

04/@y = 4% 107 and dr = 5x 10_3&>. The inset shows
the energy spectrum of solar axions with an average energy
of 8.41 keV.

axions whose coupling constant with the neutron is
small. Furthermore, the ratio m,/®,, which can vanish
for neutron transitions, is nonzero for the proton tran-
sition.

We calculated the flux of axions for the standard
solar model BSO05 [27] with a high metallicity [28] as
the sum of contributions from individual spherical lay-
ers each with the thickness dr and an individual tem-
perature 7T and an individual thulium concentration
N(r). Figure 1 shows the dependence of the total axion

flux from the r’dr layer on its radius r. It is seen that
90% of the total axion flux is emitted from the sphere

with the radius r < 0.2R,.

The differential spectrum is the sum of Gaussians
each with the Doppler broadening o(7’). The total
energy spectrum of axions is presented in the inset of
Fig. 1. It is well described by a Gaussian with the stan-
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dard deviation ¢ = 0.78 keV. The differential flux at
the maximum of the distribution at £ = 8.41 keV is

D(E) =3.73x10%(w,/®,) cm™ s~ keV™.  (3)

The width of the resulting distribution is much larger
than the energy of the recoil nucleus (2.2 X 107 V),

the width of the nuclearlevel (I' =1.12 X 1077 eV), and
the Doppler width of the level of '“Tm nuclei in the

target (3.3 x 1073 €V) even at a temperature of 7 =
300 K.

The ratio of the probabilities of axion and electro-
magnetic transitions m,/®, was calculated in [29, 30]:

2 3
0, _ 1 [ ganB* + i } [&] (4
@, 2mol+ 8| (o —0.5)B* + s —m | { p,

where p, and p, are the momenta of the photon and
axion, respectively; d is the ratio of the probabilities of
the £2 and M1 transitions; |1, = 0.88 and u; = 4.71 are
the isoscalar and isovector nuclear magnetic
moments, respectively; and * and 1 are the parame-
ters determined by particular nuclear magnetic ele-

ments. These parameter for the '6699Tm nucleus with an
odd number of nucleons and an unpaired proton can
be estimated in the single-particle approximation as
* =1andmn = 0.5 [26].

The isoscalar gﬁNand isovector gfw parts of the
axion—nucleon coupling constant, respectively, are
model dependent. They can be expressed in terms of
the effective axion—proton and axion—neutron cou-

pling constants C, and C,, respectively [31, 32]:

gav = (My/2£)(C, +C,);

3 Q)
Ean (MN/2fA)(Cp -G,

where M, is the mass of the nucleon. The effective
coupling constants C, and C, in turn depend on the

axion—quark coupling constants [18, 31]. The calcula-

tions performed in [31] give the values C,>'7 =

—0.47(3) and C\°¥* = 0.02(3) for the KSVZ model.
As mentioned above, the axion—neutron coupling is

strongly suppressed. The values CEFSZ =-0.617 +

0.435sin2B £ 0.025 and CP™* = 0.254 — 0.414sin?p +
0.025 for the DFSZ axion depend on an additional

parameter 3 [31]. We used the values CEFSZ =0.2712

and C°"™% = 0.1248 with the parameter tanf = 10,
which are found in [32]. Using Eq. (1), one can

. . 0
express the isoscalar and isovector constants g,, and

3 . .
g4 in terms of the axion mass m,,.
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3. ABSORPTION RATE OF 8.4-keV AXIONS
BY '“Tm NUCLEI

The cross section 6(£,) for the resonant absorp-
tion of axions with the energy £, is given by the follow-
ing expression similar to the cross section for the reso-
nant absorption of y-ray photons with the correction
to the ratio ,/®,:

2
O(E,) = 270, exp {—@} [%] ©6)
Y

where G, = 2.61 x 107" cm? is the maximum cross
section for the absorption of y-ray photons by the
19Tm nucleus.

The total cross section for axion absorption can be
obtained by integrating Eq. (6) for o(£,) over the
spectrum of solar axions. The integration of the nar-
row distribution (6) over a wide spectrum of axions
gives a value close to ®(F,,,) in Eq. (3). The expected
rate of resonant absorption of solar axions by the *Tm
nucleus is given by the expression

Ry = 116y, T® ((Ey)(0,/0,) (7)

and can be represented in the form

R, =3.35x10"%(w,/0,)" s~ (8)
The ratio ® A/O)y depends on the coupling constants

gg » and gi y or C, and C,. As a result, the model-

independent expression for the rate R, of axion

absorption by the '®Tm nucleus in units of inverse sec-
onds per atom in terms of only the coupling constants
has the form

R, =3.55%10"(g + &) (Pa/p))’ 9)

Substituting the expressions for the constants gg N

and gf, y in terms of the axion mass m, obtained in the
KSVZ and DFSZ models, one can express the rate of
axion absorption by the '“Tm nucleus in terms of the
axion mass measured in electronvolts:

RSVZ =488 %10 nr'(p.1/p,)',
Ry =5.41x107" mi(p,s/p,)°.

The total number of detected axions depends on
the number of 'Tm nuclei in the target, measurement
time, and detector efficiency. The probability of
observing the 8.41-keV peak is determined by the
background level of the experimental setup.

(10)

4. EXPERIMENTAL SETUP

To detect the resonant absorption of solar axions,

we used a detector based on a cubic Tm;Al;O,, thu-
lium garnet crystal with a side of 10 mm and a mass of
8.18 g including 4.97 g thulium, which was specially
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grown at the Prokhorov General Physics Institute,
Russian Academy of Sciences for our experiment and
operated as a low-temperature bolometer [33].

The detector for measurements was placed in a vac-
uum cryostat at Max-Planck-Institut fiir Physik
(Munich, Germany) and was cooled to a temperature
of about 10 mK. The setup was placed on the ground
and was calibrated using a standard calibrated >>Fe
source. The energy resolution obtained for the 5.9-keV
Mn K, line was 6 = FWHM/2.35 = 0.4 keV. Since
the electron conversion coefficient e/y is larger, the
efficiency of detection of the 8.4-keV peak is ¢ = 1.0
with a high accuracy. The characteristics of the detec-
tor and experimental setup were described in detail in
[33, 34].

As mentioned above, the relaxation of the excited
level of the '®“Tm nucleus is accompanied by the emis-
sion of conversion and Auger electrons, as well as
X- and y-ray photons. The '“Tm isotope enters the
detector; consequently, the efficiency of the detection
and resonant absorption is a factor of e/y = 260 higher
than that in our previous target—detector experiments
[19, 20].

5. RESULTS

The measurements were carried out for a live time
of 3.86 days, and the resulting spectrum is shown in
Fig. 3 in [34]. The background level near the 8.4-keV
peak was 25 events per 0.1 keV per day. The measured
spectrum is approximated in the range of 4.6—20 keV
by the sum of a continuous background with four
parameters, four Gaussians of the X-ray Mn K, K,
and Kj lines from the calibrated sources, and the
expected 8.4-keV §, axion peak whose position and
width were matched to the parameters of the Mn K,
line. The expected 8.4-keV axion peak was statistically
insignificant.

To establish an upper bound on the number of
counts in the peak, we used the standard method to

determine the profile xz(S4) and the probability func-

tion P(XZ(S4)). The upper bound on the number of
peak events thus determined is Sj;,, = 128 for 90% C.L.

[34]. The determined upper bound on the number of
events in the 8.41-keV peak provides bounds on the

coupling constant C, or (ghy + g5v) and the axion
mass m, according to Egs. (5), (9), and (10). The
expected number of detected axions is

SA = RANléngT€ S Slim! (11)

where N,69Tm =1.77x10% is the number of '“Tm

nuclei in the target, T = 3.34 X 10° s is the measure-
ment time, and € = 1.0 is the detection efficiency.
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According to Eq. (9), under the condition

(p4 /pY)6 = 1, which is valid for the masses of the axion
m 4 < 2 keV, we obtain the upper bound

gl + &)l < 8.89x107°, (12)

for 90% C.L. Bound (12) isa model-independent con-
straint on the coupling constants of the axion or any
pseudoscalar axion-like particle to the nucleons.
Using Egs. (10), one can easily establish the following

upper bound on the axion mass: mfsvz <141 eV and

my"* <244 eV in the KSVZ and DFSZ-models,
respectively.

The results should be compared to the upper
bounds 0.145, 13.9, and 0.065 keV on the KSVZ axion
mass obtained in experiments on the search for reso-
nant absorption of solar axions by the *’Fe [4—6], "Li
[7—9], and #3Kr [10, 11] nuclei, respectively.

A more stringent astrophysical bound on the
axion—proton coupling constant in the KSVZ model

Cj < (1-6) x 107" follows from the measurement of
the temperature of neutron stars in the presence of
axion radiation [35—37].

6. CONCLUSIONS

The flux of monochromatic 8.41-keV solar axions,
which are emitted upon the relaxation of the first
nuclear level of '*Tm nuclei excited due to a high tem-
perature in the Sun, has been calculated. The resonant
absorption of these axions by '“Tm nuclei with the
excitation of their first nuclear level has been sought.
To detect particles emitted upon the relaxation of this
level, a Tm;Al;O,, crystal has been used as a low-tem-
perature bolometer. As a result, new upper bounds on

the axion mass m} '~ <141 eV and my >~ < 244 &V
have been obtained at 90% C.L. in the KSVZ and
DFSZ models, respectively.
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