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Experimental Search for Solar Axions via Coherent Primakoff Conversion
in a Germanium Spectrometer
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Results are reported of an experimental search for the unique, rapidly varying temporal pattern of
solar axions coherently converting into photons via the Primakoff effect in a single crystal germanium
detector when axions are incident at a Bragg angle with a crystalline plane. The analysis of 1.94 kg yr
of data from the 1 kg DEMOS detector in Sierra Grande, Argentina, yields a new laboratory bound
by an axion-photon coupling ofgagg , 2.7 3 1029 GeV21, independent of axion mass up to,1 keV.
[S0031-9007(98)07812-0]
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Early QCD theories predicted a particle with the qua
tum numbers of theh meson, but with a mass close to
that of the pion. A term added to the QCD Lagrangia
to ameliorate this so-called U(1) problem violatedCP
invariance in strong interactions and implied a neutro
electric-dipole moment about109 times larger than the ex-
perimental upper bound [1]. Peccei and Quinn [2] intro
duced a new field causing strongCP violation to vanish
dynamically. Subsequently, Weinberg [3,4] and Wilcze
[5] demonstrated that the Peccei-Quinn mechanism gen
ates a Nambu-Goldstone boson, the axion, that couples
two-photon vertex via a couplinggagg. Axion production
via the Primakoff effect occurs when a photon couples
a charge via a virtual photon, producing an axion. Dete
tion can occur by observing photons resulting from axio
coupling to electrical charges via virtual photons.

The dense volume of photons and charges in the sun
any star produces conditions for axion production. Th
Ge detector then can act as the axion-photon converter
detector. When the characteristic wavelength of the axi
satisfies a Bragg condition in the single crystal Ge detect
photon production would occur with an expected tempor
pattern depending on the changing relative directions b
tween the vectors from the solar core and the crystalli
planes.

Extensive reviews of axion phenomenology and the
effects on stellar evolution have been given by Raffe
[6,7] who gives a bound of10210 GeV21 on the coupling
of axions to the two-photon vertex from the populatio
of red giant stars. A detailed treatment of solar axio
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and of a proposed method of detecting them was given
van Bibberet al. [8]. Details of a theory for searching
for axions with germanium detectors were recently giv
by Creswicket al. [9]. The objective is to detect sola
axions through their coherent Primakoff conversion in
photons in the lattice of a germanium crystal when t
incident angle satisfies the Bragg condition. The detect
rates in various energy windows are correlated with t
relative orientations of the detector and the sun [9]. Th
correlation results in a distinctive, unique signature of t
axion. In this Letter, the results of a search using a 1
ultralow background germanium detector installed in t
HIPARSA iron mine in Sierra Grande, Argentina, at 41±

410 2400 S and 65± 220 W are presented. A description o
the experimental setup and detector spectrum was gi
earlier by Di Gregorioet al. [10] and by Abriolaet al.
[11]. This experiment was motivated by papers by Buc
müller and Hoogeveen [12] and by Paschos and Ziou
[13]; the present technique was suggested by Zioutas
developed by Creswicket al. [9]. The original technique
for searching for solar axions with magnetic helioscop
was presented by Sikivie [14].

Single Ge crystals are grown with an axis of symmet
along the (100) axis, but this detector was construc
originally for another purpose, so the (010) and (00
axes relative to the cryostat were not determined bef
assembly, as they should be in future experiments.

Therefore, to place a bound on the axion interacti
rate, the data were analyzed for many azimuthal orien
tions of the crystal, and the weakest bound was selecte
© 1998 The American Physical Society
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The terrestrial energy spectrum and flux of axions fro
the sun can be approximated by the expression [8,9]:

dF

dE
­ l1y2F0

sEyE0d3

E0seEyE0 2 1d
, (1)

where l ­ sgagg 3 108d4 and is dimensionless,E0 ­
1.103 keV, andF0 ­ 5.95 3 1014 cm22 sec21. The to-
tal flux for l ­ 1 integrated from 0 to 12 keV is3.54 3

1015 cm22 sec21. The spectrum is a continuum peaking a
about 4 keV decreasing to a negligible contribution abov
8 keV. The differential cross section for Primakoff con
version on an atom with nuclear chargeZe is [9]

ds

dV
­

∑
Z2ah̄2c2g2

agg

16p

∏
q2s4k2 2 q2d
sq2 1 r22

0 d2
, (2)

whereq is the momentum transfer,k is the momentum of
the incoming axion, andr0 is the screening length of the
atom in the lattice. For germanium,s0 ­ Z2ah̄2c2g2

aggy
8p ­ 1.15 3 10244 cm2 when gagg ­ 1028 GeV21, or
equivalentlyl ­ 1.

For light axions, the Primakoff process in a periodi
lattice is coherent when the Bragg condition (2d sinu ­
nl) is satisfied, or when$q transferred to the crystal is a
reciprocal lattice vector$G ­ 2psh, k, ldya0. Herea0 is
the size of the conventional cubic cell, andh, k, andl are
integers [15].

It was shown that the rate of conversion of axions wit
energyE when the sun is in the direction̂k, ÙNsk̂, Ed, can
be written [9]

ÙNsk̂, Ed ­ 2h̄c
V
y2

c

X
G

jSsGdj2
ds

dV
s $Gd

1

j $Gj2

dF

dE
d

3

µ
E 2

h̄cj $Gj2

2k̂ ? $G

∂
, (3)

whereV is the volume of the crystal,yc is the volume
of a unit cell, SsGd is the structure function for germa-
nium, anddFydE is evaluated at the axion energy o
h̄cj $Gj2y2k̂ ? $G. The structure function for germanium is

SsGd ­ f1 1 eipsh1k1ldy2g
3 f1 1 eipsh1kd 1 eipsh1ld 1 eipsk1ldg . (4)

Note that in (3) the coherent conversion of axions occu
only for a particular axion energy given the position o
the sunk̂ and reciprocal lattice vector$G. However, the
detector has a finite energy resolution; for the detector
Sierra Grande it is 1 keV FWHM at 10 keV. We take thi
into account by smoothingÙNsk̂, Ed with a Gaussian of the
appropriate width. Finally, we take the relevant part of th
energy spectrum, in this case from the threshold energy
4 up to 8 keV (which is just below the x rays at 10 keV)
and calculate the total rate of conversion in windows o
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width DE, typically 0.5 keV,

Rsk̂, Ed ­ 2h̄c
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whereEask̂, Gd ­ h̄cjGj2y2k̂ ? $G and erfsxd ­ 2y
p

p 3R
e2t2

dt is the error function. In Eq. (5) we hav
neglected the angular size of the core of the sun and
mass of the axion which is justified whenmac2 is small
compared to the core temperature of the sun [12], i.e.,
to a few keV. In Eq. (5),s is the width of the error
function.

The theoretical axion detection rate for this detect
calculated with Eq. (5), is shown in Fig. 1. The positio
of the sun is computed at any instant in time using t
U.S. Naval Observatory Subroutines (NOVAS) [16]. Th
pronounced variation inRsk̂, Ed as a function of time in-
vites the data to be analyzed with the correlation functio

x ;
nX

i­1

fRsti , Ed 2 kRsEdlgnstid , (6)

whereRsti , Ed is the smooth shape of the theoretical ra
at the instant of time,ti , kRsEdl is the average rate over
finite time interval, andnstid is the number of events a
ti in a time intervalDt, usually 0 or 1. The choice for
the weighting functionWst, Ed ­ Rfk̂std, Eg 2 kRsEdl
is motivated by the requirement that any constant ba
ground average to zero inx, whereas a counting rat
which followsRfk̂std, Eg increasesx.

The number of counts at timet in the intervalDt is
assumed to be due in part to axions and in part to ba
ground governed by a Poisson process with mean,

knstdl ­ flRst, Ed 1 bsEdgDt , (7)

wherebsEd is constant in time.
The average value ofx is then

kxl ­
X

i

Wsti , Ed flRsti , Ed 1 bsEdgDt . (8)

We can add and subtract the constant quantitylkRsEdl
to the second factor in Eq. (8). Any time independe
contributions multiplied byWst, Ed in Eq. (8) and summed
over time will vanish. Accordingly, taking the limit as
Dt ! 0, we obtain

kxsldl ­ l
Z T

0
W2st, Ed dt . (9)
5069
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n
FIG. 1. A typical axion-photon conversion rateRst, Ed for various energy bands. The experimental energy resolutio
FWHM ­ 1.0 keV at 10 keV was used. The time scale is from 0.0 to 1.0 days for each graph. HereRst, Ed was calculated
for gagg ­ 1028 GeV21.
e
e

The expected uncertainty inx, sDxd2 ­ kx2l 2 kxl2,
can be shown to be

sDxd2 ­
X

i

W2sti , Ed fknstid2l 2 knstidl2g , (10)

where the square bracket iskDnstidl2, which in Poisson
statistics isknstidl. Accordingly,

sDxd2 ­
X

i

W2sti , Ed knstidl . (11)

By (7) we have

sDxd2 ­
X

i

W2sti , Ed hlfRsti , Ed 2 kRsEdlg

1 lkRsEdl 1 bsEdjDt , (12)

which in the limitDt ! 0 becomes

sDxd2 ­ l
Z T

0
W3st, Ed dt 1 RT sEd

Z T

0
W2st, Ed dt .

(13)

The quantityRT st, Ed is the average total counting rate
including both axion conversions and background.

The data are separately analyzed in energy bins,DEk ,
fixed by the detector resolution (FWHM, 1 keV in this
5070
,

case). The likelihood function is then constructed:

Lsld ­
Y

k

exp

∑
2sxk 2 kxkld2

2sDxkd2

∏
. (14)

To an excellent approximationsDxkd2 is dominated by
the background.

As a test, typical results for the likelihood function
for the casesl ­ 0 (no axions) andl ­ 0.003 were
calculated for the DEMOS detector for one year. Th
correlation function analysis is sensitive to the presenc

FIG. 2. Values ofl calculated from the 707 days of data as a
function of the azimuthal anglef. The error bars are1s.
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FIG. 3. Exclusion plots on thegagg vs axion-mass plane. The
curves (a), (b), and (c) are from Ref. [17]. Curve (d) is a recent
result from Ref. [24].

of a variation in the counting range due to solar axion
with a signal to noise ratio less than 1%.

Because the azimuthal orientation of the germaniu
crystal is not known, the analysis was carried out as
function of the anglef, the angle between the (010) axis
and true north. The results for 707 days of data in th
energy range from 4 to 8 in 0.5 keV intervals are show
in Fig. 2.

The most conservative upper bound onl, or equiva-
lently gagg, is found by taking forf the angle at which
l is maximum. This yields an upper bound on the axion
photon coupling constantgagg , 2.7 3 1029 GeV21 at
the 95% confidence level.

In Fig. 3 we show the area of the axion-mass–couplin
constant plane excluded by this result along with results
earlier work. The curves labeled (a), (b), and (c) are from
the magnetic helioscope search by Lazaruset al. [17].

While the present bound is interesting because it
a laboratory constraint, it does not challenge the bou
placed by Raffelt [7],gagg # 10210 GeV21 based on the
helium burning rate in low mass stars.

The present technique could also be applied to lo
temperature sapphire detectors planned for dark mat
searches [18] and to giant tellurium oxide arrays [19] an
Ge [20] being constructed for double-beta and dark mat
searches.

Since the completion of this work, a giant array of G
detectors GENIUS (Germanium in Nitrogen Undergroun
Setup) was proposed [21] with about103 kg of detector
mass directly in liquid nitrogen. If their predicted sen
sitivity for cold dark matter is realistic, we estimate tha
as an axion experiment it could improve the sensitivity o
gagg significantly.

Recently, E. Fioriniet al. [22] have proposed a highly
segmented cryogenic detector of 1020 crystals of TeO2
with a total fiducial mass of 750 kg. This project calle
CUORE (Cryogenic Underground Observatory for Rar
Events) has great promise as the next generation axion
periment. Calculations by Creswick [23] show that TeO2
is more efficient than Ge for axion-to-photon conversion
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