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Search for 7Li solar axions using resonant absorption in LiF crystal: Final results

P. Belli a, R. Bernabei a,b,∗, F. Cappella c,d, R. Cerulli e, F.A. Danevich f, A. d’Angelo c,d, A. Incicchitti c,d,
V.V. Kobychev f, M. Laubenstein e, O.G. Polischuk f, V.I. Tretyak f

a INFN, Sezione di Roma “Tor Vergata”, I-00133 Rome, Italy
b Dipartimento di Fisica, Università di Roma “Tor Vergata”, I-00133 Rome, Italy
c INFN, Sezione di Roma “La Sapienza”, I-00185, Rome, Italy
d Dipartimento di Fisica, Università di Roma “La Sapienza”, I-00185, Rome, Italy
e INFN, Laboratori Nazionali del Gran Sasso, I-67010 Assergi (AQ), Italy
f Institute for Nuclear Research, MSP 03680 Kyiv, Ukraine

a r t i c l e i n f o a b s t r a c t

Article history:
Received 27 January 2012
Received in revised form 22 March 2012
Accepted 25 March 2012
Available online 27 March 2012
Editor: V. Metag

Keywords:
Axions
HP Ge gamma detector
Resonant excitation

The resonance excitation of the 7Li nuclei in a LiF crystal with mass of 553 g by hypothetical axions
emitted in the deexcitation of the 7Li nuclei in the Sun was searched for deep underground at the Gran
Sasso National Laboratories (LNGS) of INFN (3600 m w.e.). The data collected with a low background HP
Ge detector 244 cm3 during 4044h have allowed us to set the limit on the axion mass: ma < 8.6 keV
(90% C.L.) which is the best one for the 7Li solar axions to-date.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The axion (a) is a hypothetical particle arising in an elegant
solution of the so-called “strong CP problem” of quantum chromo-
dynamics (QCD) proposed by Peccei and Quinn [1]. As in the weak
interactions, the CP symmetry is not supposed to be conserved in
the strong interactions too. The general form of the QCD Hamil-
tonian contains a term with amplitude θ which violates the CP
symmetry [2]. In particular, this leads to the neutron electric dipole
moment dn , which, however, is not experimentally observed; only
a strong limit is known as dn < 2.9 × 10−26 e cm [3]. This trans-
forms to limit θ < 10−10 instead of naturally expected value of
θ ∼ 1. It should be also noted that θ not only is small, but in fact
it is the difference between two big quantities of different origin
that makes the situation even more unnatural [2].

In 1977 Peccei and Quinn [1] introduced a new global (PQ)
symmetry which is spontaneously violated at some energy scale
E � fa , that totally suppresses the θ term. Weinberg [4] and
Wilczek [5] found that the PQ symmetry leads to the existence of
a new pseudo-scalar neutral particle (named the axion) with spin
0 and mass ma � 6 × 106/ fa (ma in eV, fa in GeV). The interaction
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of the axion with different components of usual matter is charac-
terized by different coupling constants: gaγ (interaction with pho-
tons), gae (with electrons), gaN (with nucleons); they also are pro-
portional to 1/ fa . In the very beginning, it was supposed that for
the “standard” (PQWW, following the names of the authors) axion
fa � 250 GeV and ma � 100 keV. However, very soon axions with
such masses were experimentally excluded [2,6–8]. Other models
were proposed which supposed fa values up to 1019 GeV: KSVZ
(Kim [9] and Shifman, Vainstein and Zakharov [10]), and DFSZ
(Dine, Fischler and Srednicki [11] and Zhitnitskii [12]). In these
models the axion mass could be very small: ma � 10−12 eV. Be-
cause also gai ∼ 1/ fa are very small, such axions often are named
invisible.

If axions exist, they could be intensively born inside the Sun.
They could be produced: (1) in the interaction of the thermal γ
quanta with the solar electromagnetic fields due to the Primakoff
effect; the energy spectrum of these axions is continuous up to
∼ 20 keV with the mean value of ∼ 4.2 keV. Their flux is related
with value of coupling constant gaγ ; (2) axions can be emitted
instead of γ quanta in deexcitations of excited nuclear levels in
magnetic transitions; their spectrum is quasi-monoenergetic, and
the flux is related with gaN . Nuclei can be excited due to the
thermal movement (in the center of the Sun the temperature is
� 1.3 keV); evidently, nuclei with excited levels at low energies
Eexc are preferable (57Fe: Eexc = 14.4 keV, 83Kr: Eexc = 9.4 keV).
Also, the nuclear levels can be populated in the nuclear reactions
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Fig. 1. (Color online.) Left: Decay scheme of 7Be in accordance with [13]. Right: Current status of ma limits obtained in searches for quasi-monoenergetic solar axions through
resonant excitation of nuclei. For 7Li, the situation is shown before (in black) and after (in red) the efforts described in [14] and in this work (see discussion in the text).
inside the Sun, e.g. in the main pp cycle: 7Be + e− → 7Li + νe with
10.52% population of the 7Li level with 477.6 keV energy. The de-
cay scheme of the 7Be in terrestrial conditions is shown in Fig. 1
(left).

In spite of a great theoretical interest in axions (which also
could constitute a part of dark matter, see e.g. [15]), intensive ex-
perimental searches up to now gave no direct evidences of their
existence. Indirect cosmological and astrophysical arguments pre-
fer the axion mass in the range of 10−6 − 10−2 eV [2,8,16,17].
The laboratory searches for axions are based on several possible
mechanisms of the axion interactions with the ordinary matter:
(1) conversion of axion to photon in a laboratory magnetic field or
in a crystal detector (inverse Primakoff effect); (2) Compton con-
version of axion to photon a + e → γ + e (analog of the Compton
effect); (3) decay of axion to two photons a → γ γ ; (4) axioelectric
effect of interaction with an atom a + (A, Z) → e + (A, Z) (analog
of photoelectric effect); (5) resonant absorption of axions emitted
in nuclear magnetic transitions in some radioactive source (unsta-
ble isotope, nuclear reactor or the Sun) by the analogue nuclei in
a target. Because these mechanisms are based on different kinds
of interaction of the axion with matter, they are sensitive to dif-
ferent coupling constants (gaγ , gae , gaN ), and diverse experiments
are mutually complementary [3]. While in most of the experiments
the axion–photon coupling constant gaγ is involved (or combina-
tion of gaγ and gaN , etc.), in the mechanism (5) the probability of
axion emission at birth and of its capture is only related with the
coupling constant of axions with the nucleons gaN ; the uncertain-
ties related with gaγ , gae disappear. Further details can be found
in [2,3,6–8,16,17].

The resonant excitation of nuclei as an experimental scheme
of searching for quasi-monoenergetic solar axions was proposed
in [18]. Quasi-monoenergetic axions emitted in magnetic transi-
tions instead of γ quanta by excited nuclei (7Li, 57Fe, 83Kr or
others) in the Sun could resonantly excite corresponding levels of
the same nuclei on the Earth. 7Li, as a favorable target to search for
hadronic solar axions, was discussed at the first time in [19]. Due
to the motion of 7Li nuclei in the Sun core with high temperature
(near 1.3 keV in the center), the axion 478 keV line is symmetri-
cally Doppler broadened with width � 0.5 keV that is much bigger
than the energy of the nuclear recoil (� 1.8 × 10−2 keV), than
the redshift due to the gravitation of the Sun (� 5 × 10−3 keV),
and than the decay width of the 478 keV excited level (� 6 ×
10−6 keV). Because of the thermal broadening, the 478 keV ax-
ions could be resonantly absorbed by 7Li nuclei in a laboratory at
the Earth [19].

Gamma quanta (and/or conversion electrons) emitted in the
subsequent deexcitation processes can be observed with the help
of detectors located near a sample with 7Li, 57Fe, 83Kr (or incorpo-
rating these nuclei). The positive effect was not observed to-date
in any performed experiment, and only limits on the probability
of the process (and corresponding values of the coupling constant
gaN and axion mass ma) were obtained. The summary of all the
experiments devoted to the search for the resonant excitation of
nuclei by quasi-monoenergetic solar axions is given in Table 1. All
the experiments were performed at the Earth level, except [14]
and this work which were carried out underground (LNGS, 3600 m
w.e.). Current status of ma limits obtained in this experimental ap-
proach is presented in Fig. 1 (right) where for each nucleus an
arrow (started at the corresponding value of Eexc and finished at
the limit’s value) shows the excluded ma values. It should be noted
that searches for 7Li axions have some advantages because their
flux is directly related with the main pp cycle and thus with the
luminosity of the Sun, in contrast to axions related with 57Fe and
83Kr due to some uncertainties in their solar abundances and in
the distribution of the temperature inside the Sun.

As one can see from Table 1, the best ma limits in the experi-
ments looking for the resonant excitation of nuclei by monoener-
getic solar axions were obtained in measurements with 57Fe. How-
ever, it should be noted that, because the energy of 57Fe excited
level is 14.4 keV, axions with mass greater than 14.4 keV (if they
exist) just cannot be emitted instead of γ quanta in 57Fe deexcita-
tion (the same concerns also 83Kr). This is the reason why exper-
iments with 7Li, which has greater excitation energy: 477.6 keV,
are also valuable. It is evident also that it is important to set in 7Li
measurements ma limit lower than 14.4 keV; this extends a win-
dow in excluded axion masses to limits of [477.6, 0.145] keV.

In 2008, we performed preliminary studies [14] of a few LiF
samples (LiF powders and LiF crystals) to investigate the possibili-
ties to improve the best 7Li limit: ma < 16.0 keV, which existed at
that time [20]. Low background measurements of LiF powder (with
mass of 243 g) performed underground during 722h at LNGS al-
lowed us to set the limit ma < 13.9 keV, in spite of a significant
pollution of the powder by U/Th natural radioactive chains [14].
The measurements also showed that the LiF crystals, in contrast
with the LiF powders, are radioactively pure (only limits on U/Th
pollutions were set), and it was evident that further measurements
should be done with this material. Here we report the final results
of the experiment performed with a radiopure LiF crystal (553 g)
during 4044h of measurements.

2. Experimental measurements

The data were collected with a LiF crystal1 �89 × 40 mm hav-
ing a mass of 552.6 g and with an ultra-low background HP Ge
detector (GeBer, 244 cm3, with carbon fibre window 0.76 mm
thick) installed deep underground (3600 m w.e.) at the Gran Sasso

1 Produced by the Czochralski method in the Institute for Scintillation Materials
(Kharkiv, Ukraine). The crystal was doped by W on the level of � 1% with an aim
to improve its scintillation properties.
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Table 1
Summary of searches for quasi-monoenergetic solar axions coupled to nucleons through resonant
excitation of nuclei.

Axion source,
Eγ (keV)

Short description limma

(keV)
Year
[Ref.]

7Li, Eγ = 477.6 HP Ge 78 cm3, Li 61.4 g, 2667h 32.0a 2001 [19]
HP Ge 160 cm3, LiOH 3.9 kg, 3028h 16.0b 2005 [20]
HP Ge 408 cm3, LiF powder 243 g, 722h 13.9b 2008 [14]
HP Ge 244 cm3, LiF crystal 553 g, 4044h 8.6b This work

57Fe, Eγ = 14.4 Si(Li), Fe 33 mg (57Fe 95%), 1472h 0.745a 1998 [21]
Si(Li), Fe 16 mg (57Fe 80%), 712h 0.360b 2007 [22]
Si PIN, Fe 206 mg (57Fe 96%), 334h 0.216a 2007 [23]
Si(Li), Fe 290 mg (57Fe 91%), 2028h 0.159a 2009 [24]
Total Earth heat flux 1.6 2009 [25]
Si(Li), Fe 1.26 g (57Fe 91%), 1075h 0.145a 2010 [26]

83Kr, Eγ = 9.4 PCc 243 cm3, Kr gas 1.7 g, 564h 5.5a 2004 [27]

a At 95% C.L.
b At 90% C.L.
c Proportional counter.

Fig. 2. (Color online.) Left: Simplified scheme of the measurements with the GeBer HP Ge detector (244 cm3). Right: Energy spectrum measured with the LiF crystal (553 g)
during 4044h (black histogram). The background spectrum (red histogram) practically coincides with the LiF data. The lower part shows the vicinity of the expected 7Li peak
at 477.6 keV in more detail. Difference between the rates with and without the LiF target is shown in Inset.
National Laboratories of the INFN (Italy). The detector was sur-
rounded by a passive shield made of copper (� 10 cm thick), low
radioactivity lead (� 20 cm), and borated polyethylene (� 10 cm).
The set-up was continuously flushed by high purity nitrogen to
remove radon present in the air. The energy resolution of the
spectrometer is 2.1 keV at 1332 keV γ line of 60Co. The LiF tar-
get was positioned close to the HP Ge detector: distance between
lower surface of the target from the detector was near 8 mm (that
includes 4 mm gap between the carbon fibre window and the de-
tector; see Fig. 2 for the simplified scheme of the measurements).
The LiF sample was measured over 4043.9h (October 2008–April
2009), and the background of the detector (without the LiF target)
was collected during 3046.7h (March–July 2007); the conditions of
the two measurements were identical. Several other background
measurements after the 2007 were carried out (during shorter
periods), and the background was always at the same level. The
obtained energy spectrum of the LiF sample is shown in Fig. 2 to-
gether with the background data.

The peaks found in the spectra are related with the radionu-
clides 40K, 60Co, and the daughters in the 232Th and 238U chains.
Comparing the rates of the peaks in the spectrum accumulated
with the LiF sample and in the GeBer background, one can obtain
activities according to formula: A = (Ssample/tsample − Sbg/tbg)/(y ·
ε ·m), where Ssample (Sbg) is the area of a peak in the sample (back-
ground) spectrum; tsample (tbg) is the time of the sample (back-
ground) measurement; y is the yield of the corresponding γ line
[13]; ε is the efficiency of full energy peak detection; m is the
mass of the sample. Efficiencies were calculated with the GEANT4
package [28].

Only limits (at 90% C.L.) were obtained for 40K (< 5.1 mBq/kg),
60Co (< 0.3), 137Cs (< 0.2), and for radionuclides in the 232Th fam-
ily: 228Ac (< 1.6), 212Pb (< 1.7), 208Tl (< 0.6). For the 238U chain,
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slight pollution was found as (3.3 ± 0.8) mBq/kg (214Pb, 214Bi).
Thus, the current measurements confirmed the conclusion of the
previous work [14] on the radiopurity of the LiF crystal, in con-
trast with the LiF powders, where the activities of U/Th daughters
were as high as 0.5 Bq/kg.

3. New limit on the 7Li solar axion mass

The total number of absorptions of the coupled-to-nucleons
solar 7Li axions through resonant mechanism in an Earth target
which contains 7Li nuclei was derived in [19,20] as:

Nabs = N7 × t × 1.74 × 10−45 ×
(

ma

1 eV

)4

; (1)

where N7 is the number of 7Li nuclei in a target, t is the time of
measurements (in seconds), and ma is the axion mass.

The area of the peak at 477.6 keV is equal to: S = εNabs/(1+α),
where ε is the efficiency to detect the full energy γ with the HP
Ge detector, and α is the coefficient of conversion to electrons for
the given nuclear transition. Together with Eq. (1), it gives the fol-
lowing formula for the axion mass:

ma = 1.55 × 1011 ×
(

S(1 + α)

εN7t

)1/4

eV. (2)

The full energy peak efficiency at 477.6 keV was calculated with
the GEANT4 simulation package [28] as ε = 2.27%. In accordance
with [29], the coefficient of internal conversion for the 477.6 keV
transition in 7Li is extremely small: α = 7.3 × 10−7. Taking into
account the natural isotopic abundance of 7Li δ = 92.41% [30], the
number of 7Li nuclei in the 552.6 g LiF sample is N7 = 1.19×1025.

As one can see from Fig. 2, the peak at the energy of 477.6 keV
is absent in the LiF data, and we can give only a limit on its area
with some confidence level. The value of lim S was determined
in two ways. In the so-called “one σ approach” (which, notwith-
standing its simplicity, gives the right scale of the experimental
sensitivity), the excluded number of events that could be invis-
ible in the spectrum is estimated simply as square root of the
number of background counts in a suitably chosen energy win-
dow. Taking into account that the counting rate at energies around
478 keV is � 250 counts/keV, and that the whole peak is not
wider than � 3 keV (FWHM value is equal � 1.6 keV), the square
root estimate gives lim S = 27 events. Further, the value of lim S
was determined by using the standard least squares procedure;
the experimental energy distribution in the vicinity of the peak,
searched for, was fitted by the sum of a linear function (represent-
ing the nearly linear background) and of two peaks: the peak being
sought at 477.6 keV and the peak at 511 keV (208Tl + annihilation).
As a result of the fitting procedure in the energy region 460–
520 keV (χ2/n.d.f. = 0.82, where n.d.f. is number of degrees of
freedom), the obtained area for the peak is (−10 ± 28) counts, giv-
ing no evidence for the effect (see Fig. 3). The maximum number
of events, which can be excluded at 90% C.L., was calculated with
the Feldman–Cousins procedure [31] as lim S = 37. Substituting all
the values in Eq. (2), one obtains the following limit on the axion
mass:

ma < 8.6 keV at 90% C.L. (3)

As one can see from Table 1, this is the most stringent limit ob-
tained in experiments with 7Li to-date.

4. Conclusions

Long-term (4044h) measurements of the radiopure LiF crys-
tal sample with mass of 552.6 g in the underground conditions
Fig. 3. (Color online.) The energy spectrum measured with the LiF sample (4044h)
around the expected 7Li 477.6 keV peak (points with the error bars) and its fit
(continuous curve).

of the Gran Sasso National Laboratories (3600 m w.e.) with low
background HP Ge detector (244 cm3) lead to the new limit on
the mass of the monochromatic axions coupled to nucleons, which
could be emitted in the Sun in the deexcitation of the 7Li nuclei
and which, coming to the Earth, could excite the corresponding
7Li 477.6 keV level: ma < 8.6 keV at 90% C.L. This is the best limit
obtained in the experiments with resonant absorption in 7Li nu-
clei. In the used approach, the axions are coupled to nucleons
both at the production and at the absorption processes, and thus
the ma limit is related only to the axion–nucleon coupling con-
stant gaN ; uncertainties related with gaγ and gae disappear. The
obtained limit improves the value ma < 13.9 keV set in our pre-
liminary measurements [14]. Joining the determined limit with the
results of similar experiments with 57Fe nuclei, one can extend a
window in the excluded axion masses to the limits [477.6, 0.145]
keV.

The present measurements confirmed the radiopurity of the LiF
crystal material: only limits were obtained for 40K (< 5.1 mBq/kg),
60Co (< 0.3), 137Cs (< 0.2), and for radionuclides in the 232Th
family: 228Ac (< 1.6), 212Pb (< 1.7), 208Tl (< 0.6) at 90% C.L. For
the 238U chain, slight pollution was found as (3.3 ± 0.8) mBq/kg
(214Pb, 214Bi).
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