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which tunneling could be used to detect radiation.*

A theoretical calculation® yields a value for 7 of
0.43x10"" sec, which is consistent with our ex-
perimental results.

The sensitivity of this experiment is being in-
creased by operating at lower temperatures and
by producing junctions with a lower resistance,
so that electrons may be injected into the super-
conductor more rapidly.

The author is grateful to J. Bardeen, J. R.
Schrieffer, and D. Pines for patiently answering
questions. He thanks I. Giaever, H. R. Hart, and
K. Megerle for a prepublication copy of their re-
sults.
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CALCULATION OF THE QUASIPARTICLE RECOMBINATION TIME IN A SUPERCONDUCTOR*
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(Received January 19, 1962)

The previous Letter! gives an experimental up-

per limit for the average time required for quasi-

particle recombination in a superconductor. Bur-
stein, Langenberg, and Taylor? have calculated
the contribution to the recombination rate from
photon emission, and obtain a result which is
much too small to account for the experimental
results.! It is therefore of interest to calculate
the recombination rate due to phonon emission.
Using the BCS theory? in the limit in which kgT
is small compared with the gap parameter, A,
the recombigation rate I'g for a quasi-particle
in the state k is given by
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fE=[exp(EE/kBT) +1]—1, (4)

and v(ﬁ, E’, A) =phonon-electron matrix element.
Here €3 is the Bloch single-particle energy in the
normal state measured relative to the Fermi en-
ergy Ep, and wg A is the frequency of phonons of
wave vector q and polarization A.

Due to the complexities of the band structure
in lead and uncertainties of the phonon-electron
matrix elements we choose a spherical band model
with deformation potential phonon-electron matrix
elements,

vk, k0 12=C *¢*/p , K=0) (5)
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where p_ is the mass density and C is the Bloch

interaction constant. Also, we set wa A=S,q and

we work in a box of unit volume. Replacing the

summation in Eq. (1) by an integration with re-

spect to g, k' and the azimuthal angle, we find
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where kF is the Fermi momentum. For states
of interest Ep >~ A}, so that the coherence factor
p is approximately unity.

Due to the complicated band structure of lead
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it is reasonable to assume that the Bloch constants
for longitudinal and transverse phonons are com-
parable. Thus we set C, =C, where C is chosen
to fit the high-temperature resistivity p:
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Here, n, is the number of free electrons per atom,

kp is the Debye wave number,M is the atomic mass,

and S; and S are the longitudinal and transverse
sound velocities. We use the values for lead:
A=1.34x107% ev,! M =3.46x10722 g, St =2.39
x10°® em/sec,* Sp=1.27x10° cm/sec,* n,=1.24,°
kp=0.810x10® cm™, kF=1.06x10°* cm™, m™*=m,
p/kgT =5.78x107* esu. One obtains the reasona-
ble value C/Ep =1.16. With the value 3.44 X 10-2°
erg for the integral in Eq. (6) appropriate to the
temperature 1.44°K used in the experiment,! we

find for the recombination time 1/I'=0.43x10~7
sec. This result is an order of magnitude smaller
than the experimental upper limit at this tempera-
ture.

We wish to express our appreciation to Profes-
sor John Bardeen and Professor David Pines for
several helpful discussions.
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A true spatial resonance has been observed in
the absorption of high-frequency sound waves in
cadmium for a particular direction of applied
magnetic field. The normal magnetoacoustic ef-
fect is not a resonance phenomenon, since increas-
ing the ratio of electron mean free path to sound
wavelength does not produce a corresponding nar-
rowing of the absorption maxima. Furthermore,
the effect reported here differs from the ultra-
sonic cyclotron resonance reported by Roberts!
in that the former is a spatial resonance, whereas
the latter is a temporal resonance.

Figure 1 shows the variation in attenuation of
ultrasound propagated in the [1010] direction as
a function of frequency divided by field for a field
directed along [1210]. The relative width of the
absorption line at v/H =0.053 Mc /oersted decreas-
es with increasing frequency (and decreasing tem-
perature) as one would expect for a resonance
phenomenon. The first of a series of about 25
magnetoacoustic maxima is included in the figure
to emphasize the narrowness of the resonance
line.

The resonance appears to be caused by conduc-

208

IAPPROX. | DB/CM
4
o
e
g OPEN-ORBIT
2 RESONANCE
W
E
<
w
P
-
<
u_l.l q along [i010]
2 J
s3Mc Holong [i2T0]
\/\ 33 Mc
0.0 Oil 0.12
Vv/H IN MC/OERSTED
FIG. 1. Shape of the open-orbit resonance line con-

trasted with shape of the normal magnetoacoustic max-
imum on the right.



