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A superconducting microphone has been developed for photoacoustic spectroscopy at low temperatures. The
microphone consists of a thin mylar membrane coated with a film of lead whose motion is detected by
SQUID magnetometer. For the simple set-up presented here, the limiting pressure sensitivity is 7.5 10—

atmospheres/Hz'"%.

PACS numbers: 85.25. + k, 07.55. + x,43.85. + f

I. INTRODUCTION

This paper presents a new type of detector, a
superconducting microphone, for use in photoacoustic
spectroscopy at low temperatures (1). In this type
of spectroscopy (2), resonant absorption is detected
by the effect of the non-radiative transitions result-
ing from the absorbed energy: these transitions
heat up the sample. When the incident photons have
their intensity modulated at an audio frequency and
when the sample is in contact with a gas, the periodic
heat flow from the sample will cause pressure changes
in the gas, i.e., sound. This can be detected with
a sensitive microphone.

We have extended this type of spectroscopy to
low temperature for two reason: to investigate energy
levels in certain systems and to use very sensitive
instrumentation which results from reduced thermal
fluctuations. Hence we have developed the supercon-
ducting microphone which is monitored by a SQUID
magnetometer; this combination offers the possibility
of detecting very small pressure changes. The very
high sensitivity of this device makes it useful for
the detection of weak photoacoustic signals which
can occur in certain systems.

II. PRINCIPLE OF THE MICROPHONE

Pressure variations 4p of a sound wave in a gas
can produce corresponding displacements of a very
thin and light membrane. The displacement az of the
Te?brane at a distance r from its center is given by

3

az = (a2 - r2)pp (1)
S 1

where S is the tension per unit length and a is the
radius of the membrane. This relation is valid for
dispiacements much Tess than the radius. The ultimate
sensitivity of such a membrane is governed by the
Johnson noise of the membrane which places a 1imit on
the pressure variations Ap that can be detected at a
temperature T. The mean square equivalent noise pres-
sure fluctuations for a frequency interval af are (4)

<ap?> = (BKIo)af (2)
At

where © is the membrane damping time, o is its mass
per unit area, and A its area. Thus a large membrane
area and low temperature will improve the sensitivity
to small pressure changes.

For 2 1.3 cm diameter membrane with a o = 1.8 x
10-3 gm/cm?, the pressure noise at room temperature
is 1.6 x 10713 atmospheres/vAz. Of course the elec-
trical circuits connected to the pressure-sensing
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membrane also introduce noise. Both of these noise
figures can be reduced by operating at low tempera-
tures and using detection electronics based on the
SQUID magnetometer, this is achieved with the super-
conducting microphone.

At 4K, the thermal noise pressure fluctuations
become Ap = 2x10-1% atmospheres/v/Hz; this can be
detected with a SQUID magnetometer.

A SQUID magnetometer can detect very small mag-
netic flux changes down to flux noise levels of

¢JN ~ 1074 ¢0//ﬁz

where ¢, = 2.07 x 1077 gauss cm? is the flux quant-
tum. When a superconducting membrane is placed in a
magnetic field H, its diamagnetic contribution to the
magnetization M produces a flux ¢,

6 = 4nM Ag {3)

where Ap is the effective area of the membrane. Mo-

tion of this membrane by sound waves will cause a

flux change which is detected by a SQUID magnetometer
5).

In order to obtain a large sensitivity and to
operate in a linear region of the pressure sensor,
the membrane's motion is detected by a pair of
coils in a gradiometer configuration coupled to a
SQUID. This is shown in figure 1. In this case, a
displacement of the membrane by Az will produce a
flux change

. Bz {4)
he dz

where 2¢/3z is the flux gradient in the gradiometer

coils. In terms of the parameters of the membrane, a
flux change A¢ results from a pressure change 4p,
Ad = (AD)"THa“ {5)
R -

% being the distance between the coils of the gradio-
meter and D is the demagnetization factor. For a flat
plate perpendicular to a field, D =1 - t/2a where t
is the thickness of the superconducting material on
the membrane. Because of the demagnetization factor
and the diamagnetism of the membrane, the magnetiza-
tion in a field H is

M=-1 (H) (6)

attaining its maximum value M = -Hc/4n at H' = (1-D}Hc.
Here H~ is the critical field for the superconductor
(He = 803 Oe for lead).
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Fig, 1. Superconducting microphone with SQUID

detection,

Above this field H' the membrane is in the in-
termediate state and the magnetization is then M =
-(1/4nD)(Hc-H) decreasing with field to zero at Hc.
As equation (6) shows, we have an enhancement of the
magnetization at low fields due to D.

For our membrane under a tension S of 100 dynes/
cm and coil spacing of 4 mm in a f1e1d of 10 Oeé this
gives a limiting sensitivity of ap = 7.5 x 10-1¢ atmo-
spheres/vHz. It is interesting to note that for this
limiting pressure sens1t1v1ty the correspond1ng dis-
placement of the membrane is = 10~18 ¢m/vHz. This
calculation is based on a demagnetization factor D
of 0.999 for our superconducting microphone.

III. RESULTS

The superconducting m1croph0ne consists of a
thin mylar sheet, 1.25 x 10~3 cm thick and 1.3 cm in
diameter. A thin layer of lead is evaporated onto
this mylar sheet. The membrane is glued at its rim
to an epoxy resin support which forms part of the
photoacoustic cell.
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The pickup coil is wound out of niobium-titanium
wire, 0.011 cm diameter, with 9 turns in each coil of
the gradiometer, the spacing between the coils being
4 mm. This coil is coupled to a SQUID magnetometer.
The external field H is trapped in a superconducting
lead tube surrounding the microphone. This tube also
acts as a shield to the gradiometer coils.

For proper operation of the microphone, it is
kept in a leak-tight chamber with He gas at atmo-
spheric pressure on both sides of the membrane. The
whole unit is surrounded by liquid helium at 4.2K and
hence is in good thermal contact with the bath.

The sound frequency is determined by the chopping
frequency of the 1ight beam falling on the sample to
be studied. The output of the SQUID magnetometer is
fed to a phase-sensitive detector locked to the chop-
ping frequency.

Because the sensitivity of the microphone is so
high, it picks up noise from the boiling liquid helium,
outside noises, and vibrations of the cryostat. These
disturbances caused the noise of the magnetometer
w1th the superconducting microphone to be as high as
1072 9 /YHzZ. Hence the measured noise of the system
corresponded to pressure variations ap = 7.5x10"1%
atmospheres//Hz, which is still adequate for many
experiments.

The performance of the microphone was investi-
gated from 100 Hz down to a few hertz. With a SQUID
magnetometer, the detection of the membrane's motion
is excellent at low frequencies while it is Timited
at high frequencies by the flux modulation frequency
in the SQUID magnetometer. The sensitivity was suf-
ficient to detect in a preliminary experiment (1) the
photoacoustic signal from a lampblack sample at 4.2K
with a large signal to noise ratio.

IV. CONCLUSIONS

A very sensitive microphone was developed for
studies of photoacoustic spectroscopy at low tempera-
tures. Although no spec1a1 effort was made to opti-
mize the device, it is sensitive enough for many
experiments. The geometry could be modified so as
to get a larger signal and the microphone could be
used at its natural frequency (in this case approxi-
mately 200 Hz) for optimum signal to noise ratio.

A higher H¢ superconductor could be used for the
membrane so as to increase the maximum magnetization.

It is interesting to compare our superconducting
microphone to the superconducting tunable-diaphragm
transducer used for gravitational radiation detection
(6). Since both devices use a SQUID wagnetometer,
very high sensitivity is achieved. Although a direct
comparison is not possible as each device was designed
for difference physical measurements, one for detect-
ing sound, the other for detecting acceleration of a
mass, the achieved sensitivities for both are very
impressive.

The application of the device to photoacoustic
spectroscopy promises a variety of interesting studies
on samples that are difficult to study by conventional
methods. The sensitivity is very impressive.
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