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We have searched for a flux of axions produced in the sun by exploiting their conversion
to x-rays in a static magnetic field. The signature of a solar axion flux would be an
increase in the rate of x-rays detected in a magnetic telescope when the sun passes within
its acceptance. From the absence of such a signal we set a 3¢ limit on the axion coupling
to two photons goyy = (1/M) < 3.9 x 10™° GeV~!, provided the axion mass m, < 0.11
eV.

PACS numbers: 18.80.Am, 18.80.Gt



Current theories of the elementary particles predict the existence of low mass scalar
or pseudoscalar particles. These arise naturally when a global symmetry is spontaneoﬁsly
broken and are referred to as Nambu-Goldstone bosons [1]. Of such particles, one that
has received much attention is the axion, which emerges when the Peccei-Quinn symmetry
is broken (2]. It was originally thought that the P-Q symmetry breaking, which was
introduced to explain the absence of CP violating effects in strong interactions, occurs at
the energy scale of the weak interactions, f, ~ 250 GeV. The existence of axions in this
region has been experimentally excluded [3].

It is now believed [4] that the symmetry breaking that gives rise to the axion occurs
at much higher energies, in the range of 10° - 10'* GeV. The mass, m,, of the axion is_
related to the symmetry breaking scale f, through

Nvz

14z

My fa = Mafre ~3.7%x 1072 GeV? (1)

with z = my/mgq ~ 0.56, m, being the mass of the 7° and f. the pion decay constant.
The axion couples to two photons through a triangle anomaly, and the coupling can be
expressed as

e N !

Jorr = gr - (E/N ~198) = 1 2)

Here E and N are respectively the color and electromagnetic anomalies of the Peccei-Quinn
symmetry and o = 1/137 is the fine structure constant [4]. }

Axions that couple directly to electrons through an eea vertex provide a very efficient
energy loss mechanism and their relative coupling is excluded by many orders of magnitude
by the cooling rates of the sun, the red giants and tﬁe supernova SN1987A [4,5]. However,
“hadronic axions”, which do not directly couple to leptons, interact with matter primarily
through a two photon vertex [6]. They can still be produced in the solar interior, provided
the axion luminosity is less than the corresponding photon luminosity so as to not conflict

with the apparent age of the sun. Such axions, if they exist, must be produced aBundantly

in the interior of the sun through the Primakoff effect as indicated in Fig. 1a, the rate being
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proportional to M 2. Figure 1b shows the inverse process by which axions are converted
to photons in the presence of an external field.

The spectrum of the axions emitted by the sun has been published [7] and is shown
in Fig. 2a where the rate refers to the axion flux at the surface of the earth. Since axions
are produced by blackbody radiation at the center of the sun, their energy is typically in

the few keV range. The total axion luminosity is

101°GeV

v )2 Watts (3)

L.=17x10"3%L, (

where L = 3.8 x 10%% Watts is the photon luminosity of the sun and the integrated axion

luminosity in our range of sensitivity, 2.8 — 8.8 keV, is

108GeV \ 2 '
Line = 2.5 x 10" ( Me ) (cm2 - s'.:c)_1 (4)

Solar axions can be detected by the inverse process, namely by their reconversion into
x-rays in the presence of a magnetic field transverse to their direction of propagation [8].
The conversion process is coherent when the axion and photon fields remain in phase over

the length of the magnetic field region [9]; in that case the conversion probability is given

by
L 1%[ B 1*[10%°Gev]?®
_ -16
Py =39x10 [180cm] [2.2’1‘} [ M ] )

where L is the length of the magnetic field and B its strength. In this experiment L = 180

cmand B=22T.

The coherence condition requires

A¢ = LAk = -;—Lw (-’1‘,—“—)2 <= (6)

w
For our detector (L = 180 cm, w ~ 3 keV) the inequality (6) is satisfied for m, < 0.05 eV.
However, coherence can be maintained for higher masses if the conversion region is filled
with a low Z gas such as helium. Because of the negative dispersion of x-rays the phase

velocity of the x-ray field is reduced according to [10] -
k=w(l-u’/2?) (7)
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where wg = 4mn.roc? is the plasma frequency. For helium gas at 1 atmosphere, w, =

4.1 x 10** rad/s ~ 0.3 &V.

The axion converter consisted of a six-inch diameter vacuum pipe placed in the gap of
an iron core dipole magnet with aperture of 18 inches horizontal by 6 i.nches high and 72
inches long [11] which was oriented so that its long axis pointed along the azimuth of the
setting sun. This provided a time window of approximately 15 minutes every day during
which the line of sight through the vacuum region pointed directly to the sun. Attached
to the end of the evacuated pipe opposite the sun was an x-ray proportional chamber {12
with a 2 x 10 cm? window. The window which was 0.0005 inch thick mylar, served as one
of the cathodes. The proportional chamber was operated with a P10 (Argon with 10%

Methane) gas mixture at one atmosphere.

The proportional chamber was calibrated with an *®Fe source which emits a monochro-
matic x-ray line of energy E = 5.9 keV. With no differential pressure on the thin window,
the anode pulse height resolution at 6 keV corresponds to a FWHM = 20%. However,
when one side of the window was at vacuum, the window was slightly deformed and the
peak became significantly broader. The 5.9 keV line is shown in Fig. 2b under this condi-
tion. We have convolved the axion spectrum of Fig. 2a with the energy loss in the window
and the effects of resolution to obtain the expected x-ray spectrum from axion conversions

in our detector. This is displayed in Fig. 2c. -

The detector signals were collected by a charge sensitive preamplifier, followed by a
shaping amplifier whose output was analyzed by a LeCroy 2259B CAMAC ADC. Data
was acquired through an IBM/PC 386 computer whic.h recorded the pulse height from the
proportional chamber and the time of arrival. The data was analyzed on-line and also
written to disk. The background spectrum is shown in Fig. 3a; the dashed curve in Fig.
3a indicates the expected spectrum if the rate of converted axions equaled the background
rate. Events were selected between channels 250 and 850; this corresponds to 28 < E, <

8.8 keV and is a reasonable match to the bulk of the expected axion spectrum (cf. Fig.
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2¢). The background rate R., for these selected events was approximately 2 Hz.

Data were taken for about two hours centered around sunset on January 25 and -26,
1992 with the pipe evacuated; this covers the mass range m, < 0.05 eV. Further data were
taken on January 27 and 28 with helium gas in the magnetic volume,‘at pressures of 55
and 100 torr respectively thereby extending the range of sensitivity to masses as large as
0.11 eV. The rate of events within the 2.8 < E, < 8.8 keV energy range are plotted as a
function of time in Fig. 3b; the rate has been calculated for 30 second time intervals and
the figure refers to the vacuum data. No peak is seen at the time of sunset when the sun
moved across the detector acceptance. The dashed curve shows the expected signal if the
peak solar axion rate was R, =2 Hz; it is a Gaussian with standard deviation o, = 500
seconds and closely approximates the acceptance of the detector as a function of time for
the dates when the data was taken.

All three data sets were searched for an increased x-ray rate at sunset by fitting the

data to a function

R = Ry + Ryt + Ryezp[—(to — t)?/207) (8)

where #; is the sunset time and o, = 500 s. The solid line in Fig. 3b is the result of the
fit to the vacuum data. The R{ term was less than 1.4 x 1075 for all three fits, reflecting
the stability of the system against counting rate drift. To extract the limits on M, we
employ the spectrum of Fig. 2a properly normalized to include detector cfﬁcie;:lcy which
accounts for losses in the spectrum due to x-ray absorbtion in the mylar window separating
the proportional chamber from the vacuum pipe and production of photoelectrons in the
detector gas. The weighted average efficiency over our region of spectral sensitivity was
e=04.

Table I summarizes the fits including the rates R, and the corresponding lower limits

on M at the 3¢ level. We then conclude:

M > 2.55 x 10°* GeV(99.7%C.L.) form, < 0.11eV
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Our results do not reach the sensitivity required to determine the presence of hadronic
axions since the coherence condition of Eqs. (6) and (7) limits the axion mass range
accessible to 0.11 eV while hadronic and DFSZ[13] axion couplings lead to the diagonal
lines indicated by “axion models” in Fig. 4. The result reported here should then be
considered to apply more generally to Nambu-Goldstone bosons satisfying the requirements

of solar Primakoff production and coherent conversion in our detector.

Although this result was obtained in a laboratory experiment, it depends on the
solar model for the prediction of the expected spectrum. The limit on M is at the level
expected from considerations of the solar luminosity and thus its cooling rate (see Eq.(3)).
However, it is an improvement of nearly two orders of magnitude over the limits that have _
been placed on M by purely terresirial experiments [14]. It is clear that modifications of
this apparatus to track the sun during a larger fraction of the day and using a higher field

and longer magnet can improve the limit on M by another order of magnitude [15].

To place this result in context we show in Fig. 4 the limits on the axion coupling
to two i)hotons, Javy, 88 & function of axion mass obtained by other experiments: laser
experiments [12], microwave cavity experiments {16], telescope search {17] and particle
decay experiments [3]. We also show the limits deduced from the luminosity of the sun,
of the red giants and of SN1987A [4,5]. The heavy line is the relation between m, and
goyy implied by Egs. (1,2); this presumes that the coupling parameter { = (E/N —
1.95) = (8/3 — 1.95) = 0.72 (see Ref. [4] for more details). We again note that for these
axion models M > 2.55 x 10° GeV corresponds to a mass m, < 20 eV. .Our result has
excluded a significant fraction of this space but has inadaquate sensitivity to reach the
line corresponding to the axion models. However as the sensitivity of the solar experiment

improves, the detection window will encompass the predicted region of the hadronic axion.
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Figure Captions

Fig 1

Fig 2

Fig 3

Fig. 4

(a) Axion production by the Primakoff effect. (b) Axion conversion to a photon by
the same process.

(a)} The calculated differential spectrum of axions reaching the surface of the earth
for M = 10° GeV (from ref. 5). (b) Pulse height spectrum of the 5.9 keV Fe’S
line under the operating (distorted window) conditions of the detector. (c) The pulse
height spectrum for converted solar axions when the spectrum in (a) of the figure is
corrected for window absorp;cion and convolved with the experimental resolution.

(a) The background spectrum in the detector. The dashed curve shows the expected
shape if the converted axion rate equals the background rate. (b) The event rate for
2.8 < E, < 8.8 keV plotted as a function of time every 30 seconds for the vacuum
data. The dashed curve shows the expected solar axion signal if that rate reaches a
peak value of 2 Hz. The solid line is a best fit to the data and shows no enhancement
at the sunset time,.

The limits on Nambu-Goldstone coupling to two photons vs. the boson mass from
several experiments. Also shown are the astrophysical limits. The solid line labeled
axion models encompasses the predictions of the “hadronic” [6] and DFSZ [13] axion

models.
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TABLE 1. Axion mass ranges, fit parameters, and 3« level limits on M for the three

He pressures used in the experiment.

Pressure(Torr) mq(eV) Ry(Hz) R,(Hz)  x*/d.o.f. M(GeV)(3c limit)
0 < 0.050 2.127 £ 0.037 -0.036 £ 0.055 0.67 2.79 x 108
55 0.050 — 0.086 2.087 £ 0.055 -0.037+0.074 1.11 2.55 x 108
100 0.086 — 0.110 1970+ 0.034 -0.073+£0.060 1.10 2.92 x 108
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