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Density gradients and absorption effects in gas-filled magnetic axion helioscopes
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The effects of absorption in the gas, and of density variations on the sensitivity of gas-filled solar-axion
helioscopes, are theoretically investigated. It is concluded that the 10-meter long CAST helioscope, the
most sensitive experiment to date, is near the limit of sensitivity in axion mass. Increasing the length, gas
density, or tilt angle all have negative influences and will not improve the sensitivity.
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L. INTRODUCTION

The axion, the Goldstone boson associated with the
spontaneous symmetry breaking of the Peccei-Quinn
Symmetry [1-3], could be generated in the core of the
Sun via Primakoff interactions with nuclear electromag-
netic fields. The axions could similarly be reconverted to
photons in magnetic fields perpendicular to their velocities
and detected with photon detectors at the end of a magnetic
helioscope. Both processes are driven by the Primakoff
diagram via the Hamiltonian,

L =aB - E/M. @)
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In (1), B and E are magnetic and electric fields, respec-
tively, a is the axion field, and M = 27F,/«a, where F,, is
the scale of the spontaneous symmetry breaking. For a
value of F, = 10" GeV (M = 10" GeV), and m, <
1 keV, for example, one expects a solar-axion flux of the
order of ®, = 2.1 X 10" /cm? - s - keV with a peak in the
spectrum at about 4 keV [4].

In 1983, P. Sikivie introduced the concept of the mag-
netic helioscope [5], and since then there have been three
well-known solar-axion searches with this technique: the
Brookhaven experiment in 1992 [6], the Tokyo experiment
in 1998 [7], and the most sensitive one, the CAST experi-
ment currently operating at CERN [8]. CAST has set a
lower bound M = 10'° GeV for very low-mass axions.
However, to be sensitive to axions with m, = 1072 eV, a
cold gas is introduced into the bore of the magnet to slow
the photons to maintain coherence of the axion and photon
wave functions. As the magnet is tilted to track the Sun, the
gas density varies along the length, and changes as the
magnet continues to rotate. The purpose of this work is to
determine the effects of these conditions on the sensitiv-
ities of magnetic helioscope solar-axion searches.

For axion masses on the order of an electron volt and
E,~4keV, gL> 1 where g = mZ/ZEy is the wave
vector for the a — 7 oscillation and L is the path length
in the magnet. For example in CAST, L = 9.3 mand gL ~
10*. Coherent regeneration of the photon is then limited to
distances of the order of a centimeter, greatly reducing the
expected signal.
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To restore coherence between the photon and the axion,
the bore of the magnet is filled with a buffer gas. The
plasma frequency acts as an effective mass of the photon
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where n, is the total electron density. In the presence of a
buffer gas, g becomes

g =" (3)
2E,

When g = 0 the axion and photon remain in phase over
the entire length of the magnet, leading to a conversion rate
that scales as L?. One can estimate the width of the
resonance (as a function of the axion mass) by setting
gL = 2, which gives
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For values of the parameters typical of CAST and m,, =
1.0eV, Am, ~ 1.6 X 10~* eV, which illustrates how nar-
row the ideal resonance is. The response of the CAST
helioscope is shown in Fig. 1.
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FIG. 1. Relative axion to photon conversion probability in the

CAST helioscope for m, = 1.0 eV, E = 4.0 keV,and 6 = 0°.
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However, absorption of the photon through the photo-
electric effect and variation in the plasma frequency due
to density gradients when the magnet is tilted away from
horizontal will affect the counting rate. Specifically, the
peak of the resonance will be reduced and there will be an
asymmetry in the counting rate as a function of the electron
density. In the following we discuss this in some detail.

II. AXION TO PHOTON CONVERSION BY THE
PRIMAKOEFF PROCESS

The evolution of the photon amplitude, A(z), along the
bore of the magnet 0 = z = L is given by

r
6‘322) = (iq(z) - §>A(Z) - i%a(z), )

where a(z) is the axion amplitude, I' = ngo is the ab-
sorption coefficient, which we take to be constant, and

_ mg — m3(2)

q(2) 7E
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Since B/2M < 1 the axion amplitude can be taken to be
constant over the whole path, a(0) = a(L) = 1, and (5) can
be integrated at once, giving

B (7 arla()+i
Az) = _met [idzlq()+ir/2]

. _/(-)Z dz’e_i f;) dZ”[ci(Z”)‘*iF/ﬂ. (7

He? is chosen as the buffer gas in both CAST and the
Tokyo experiment because it does not liquefy at 1.9 K, the
operating temperature of the magnet, and (apart from
hydrogen) has the smallest photoelectric cross section.
At energies E, ~ 4 keV, oy ~4. X 107* ¢cm? and in-
creases very rapidly as the energy is lowered. The nominal
m, ~ 1.0 eV is matched by an electron density n, =
2nye = 7.28 X 10%° cm ™3 which gives I'(4 keV) ~ 1.6 X
1073 cm™ 1,

When the CAST magnet is at the maximum tilt angle of
6, = 8°, the end-to-end height difference is 1.3 m. The gas
density varies along the bore according to an isothermal
Boltzmann distribution,

Nge = noe—mgzsin(}/kT’ (8)
and the end-to-end fractional density variation is
én/n = my.gL sinf/kT, ©)]

which, under the conditions of the CAST experiment, gives
én/n ~ 2.45 X 1073, If the gas density is ““tuned” so that
q(z = L/2) = 0, then

m2 my.g(z — L/2)sind
2E, kT '

The total end-to-end variation in ¢ for values typical of
CAST and m, ~ 1.0 eV gives

q(z) = (10)
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which implies that the photon and axion get out of phase in
a distance on the order of 2.0 m.

In general the relative wavevector between the pho-
ton and the axion is, in terms of the rescaled coordinate
z—z/L,

q(z) = qo + (z — b, (12)

where

L 2 4 keV si
b= 14.4(—)'"—V2 eV sind (13)
10 m/eV= E, sinf,
and
2 2 V2

o = 6.0 X 18 M~ mmy)/eV” (14)

E,/4 keV

allows for the possibility that the photon mass may not
match the axion mass at the center of the helioscope.

In these same units the absorption coefficient, I, is
given by

r_ (ﬂ) opp(E) L
2 " \eV?)opp(4keV) 10m’

(15)

We can define the suppression of the signal as the ratio
of the conversion probability to that at resonance and in the
absence of absorption and variation in the gas density,

emb{eﬁ[\/;(a+b>]_eﬁ[ga]}

where a = (qo — b/2) +il'/2.
Variable density along the path is not equivalent to
sampling different axion masses. To correctly achieve the
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FIG. 2. Theratio R as a function of the photon mass m,, for a
tilt angle of 8°, m, = 1.0 eV, and nominal values for the other
parameters.
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latter, we need to repeat the experiment with several differ-
ent uniform densities so that one value of m, is searched
for in each run. In the present arrangement the axion-
photon system encounters a range of g values and densities
along the path. Together with absorption this reduces the
expected photon signal and shifts its spectral distribution to
higher energies.

The interplay of these two effects also produces an
amusing asymmetry between the case where the Sun is
above the horizon and when it is below. Suppose the
density of the buffer gas at L/2 is set a little above the
resonant value for the proper axion mass. Then resonance
will occur at some point in the upper half of the telescope.
If the Sun is above the horizon, axions enter the upper end
of the telescope, transform into photons and, on average,
travel a distance greater than L/2 to the detector at the
opposite end. On the other hand, if the Sun is below the
horizon, the axions enter the lower end and travel a dis-
tance less than L/2 to the detector at the other end.
Because of absorption, the signal in the first case will be
reduced relative to the signal in the second case. If the
central density is slightly below the resonant value, the sign
of this asymmetry is reversed.
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III. SUMMARY AND CONCLUSIONS

The variation of the density of the buffer gas along the
length of the telescope and absorption of the photon both
reduce the expected signal and hence the sensitivity of the
experiment. If, however, we correctly account for the dra-
matic decrease in I" and g ~ E;' with energy, this may be
somewhat compensated. Also, the correlation of the asym-
metry of the signal with the position of the Sun can be used
to distinguish positive and negative detuning of the central
density.

The above analysis suggests that solar-axion searches
using buffer gases, for example CAST in its present design,
faces some ultimate limitations. Absorption effects miti-
gate against increasing the length of the magnet. Increasing
the maximum tilt angle would allow tracking the Sun for a
longer time, but this would result in increased effects of
detuning along the length of the magnet. Both absorption
and detuning increase as m2, which severely limits the
sensitivity to axions with masses more than a few eV.
However, searches for axions much lighter than 1 eV,
where vacuum coherence is maintained without buffer
gas, are not affected by the above analysis.
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