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linearly with the number of rf stoppers. In our
calculation the density in the central mirror also
increases linearly with the number of mirror
sections. However, the additional mirror sec-
tions also usefully contain particles, such that
the total containment increases quadratically.

It should be emphasized that, in addition to the
containment times as calculated here, there are
additional considerations that bear on the use-
fulness of the multiple-mirror configuration as
a plasma containment device. One important
consideration is that, for a fully ionized plasma,
the important scattering mechanism is ion-ion
self-scattering in which the scattering centers
have an average drift in the direction of the par-
ticle loss. These drifts due to finite loss rates
have not been included in the present computa-
tional model. The drifts corresponding to the
loss times reported in Tables I and II are small
compared to the thermal velocity; but, neverthe-
less, the effect of drifts might have a serious
effect on the scaling of confinement time if they
were included in a self-consistent way.

A second consideration is that in some density
regimes the confinement time is proportional to
the density, and a fluctuation in density may
cause a change in the confinement time that en-
hances the fluctuation. The scattering-center
density distribution in the numerical model, how-
ever, is fixed.

Another important consideration is that radial
losses have not been included in the numerical

computations. While hydrodynamic stability may
be possible without absolute minimum ﬁ,*” micro-
instabilities may cause radial losses in a physi-
cal system in competition to end loss.

Although additional work is required to deter-
mine the feasibility of a multiple-mirror system,
it is nonetheless instructive to evaluate the com-
putational results by estimating parameters for a
D-T multiple-mirror reaction required to have a
ratio (fusion thermal power generated)/(plasma
kinetic energy flow)=10. For lack of space, we
report only the results: kT;=kT,=5keV, n=3
x10'¢ ¢cm ~? (center), M ;=2 (center)—13 (ends),
1,=6.5m, L=250 m. The assumptions used in
the reactor calculation have been previously re-
ported.®
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Transverse acoustic waves were generated electromagnetically at 9 GHz using In films

with a conversion efficiency a of 5x107%,

A good agreement is found between theory and

experiment and we obtain the value of 620 A for the superconducting penetration depth A
at 0.47; and 5x10' Q! cm™ for the ratio of the conductivity to the mean free path for In.
From the temperature dependence of a below the superconducting transition temperature
it is concluded that pair scattering at the surface does not conserve momentum.

It was found by Abeles® that an electromagnetic
field in the gigahertz region can generate a trans-
verse acoustic wave at the surface of a clean in-
dium film. Electrons in the metal are accelerat-
ed by the electromagnetic field within the pene-
tration depth. For a thin film at low tempera-

tures, scattering in the bulk can be neglected and
the momentum gained by the electrons is trans-
ferred to the lattice by surface scattering. In the
gigahertz region this momentum transfer is co-
herent and gives rise to a transverse acoustic
wave. The theory is extremely sensitive to the
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value of the electromagnetic penetration depth
and to the fraction n/n, of the conduction elec-
trons that can be scattered by the surface. In the
normal state this fraction is equal to 1. In the su-
perconducting state, however, if pair scattering
at the surface conserves momentum, n/n, is ex-
pected to decrease exponentially with tempera-
ture. In addition, in the superconducting state
the electromagnetic penetration depth, too, be-
comes temperature dependent, decreasing with
decreasing temperatures. Another contribution
to the acoustic-wave generation results from the
direct interaction of the electromagnetic field
with the lattice ions, but at our frequencies this
contribution is negligible. The experiments of
Abeles were performed in the vicinity of the su-
perconducting transition temperature T, of indi-
um. Above T, the conversion efficiency o of elec-
tromagnetic to acoustic power was found to be
very small (3 X1077). Below T, the conversion
efficiency decreased even further and the signal
disappeared in noise.

We succeeded in obtaining a conversion effi-
ciency of 5X107%, 2 orders of magnitude higher
than Abeles. Because of these high conversion
efficiencies we were able to study the tempera-
ture dependence of @ down to 0.47,. A good
agreement was found between theory and experi-
ment with respect to both the value and the tem-
perature dependence of o. From the tempera-
ture dependence of a below T, we conclude that
pair scattering at the surface does not conserve
momentum. This conclusion is in agreement with
our previous results? and with results of micro-
wave absorption experiments.®*

The experimental arrangement was similar to
that in Ref. 1. A thin (d~1200 A) indium film was
vacuum deposited on an optically polished high-
purity silicon rod. The axis of the rod was along
the [110] direction and its end faces were paral-
lel within 6 sec of arc. The silicon face with the
indium on it was pressed against a 0.5-cm-diam
hole in the bottom wall of a high-@ resonant rec-
tangular microwave cavity. The cavity was excit-
ed with 9.02-GHz microwave pulses of 1- usec
duration and 150-W peak power. The power re-
flected and/or radiated from the cavity was de-
tected by a sensitive microwave detector and dis-
played on an oscilloscope. Following the initial
excitation pulse, several echoes were observed
delayed by times corresponding to the flight of
fast and slow shear waves in silicon.

In the temperature range of 4.2 to 3.4°K, the
transition temperature of indium, we observed
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seven to eight echoes. The echo envelope de-
creased exponentially, with 7 dB attenuation be-
tween consecutive echoes. Both the amplitudes

of the echoes and the attenuation were tempera-
ture independent in the above range. To obtain
the conversion efficiency @ we measured the ra-
tio of the amplitude of the first echo to that of the
excitation pulse. In the absence of attenuation
this ratio is equal to o®. However, because of
the attenuation, we extrapolated the echo envelope
to the time #=0, which resulted in a 7-dB correc-
tion. This corrected value was defined as the in-
sertion loss (IL).

Above T, the insertion loss was independent of
temperature and power over 4 orders of magni-
tude of microwave power. Below T, both the in-
sertion loss and the attenuation were strongly
power dependent. The insert in Fig. 1 shows a
typical plot of the dependence of IL on microwave
power. It can be seen from the figure that over
the range of 8 dB of microwave power IL changes
by 27 dB. Furthermore, IL does not decrease
monotonically but exhibits local minima and maxi-
ma. Only at low powers does IL become indepen-
dent of microwave power. That this behavior is

T

80

1001~

110~ [
4 .L .. ‘.- I 1
12 8 4
MICROWAVE POWER
dB

90

INSERTION LOSS,dB

-

o

o
I

INSERTION LOSS , dB
S
T

120}
0-99

°o_— /
= 1.1y

04 5 6 7 8
T/7e
FIG. 1. The measured IL (circles) versus the re-
duced temperature T /T, together with the theoretical

curves. Curve N was calculated for the normal and
curves A for the extreme anomalous limit. The two
solid curves were calculated on the assumption that
n/ny=1. In calculating the dashed curve, a two-fluid
model was assumed for the temperature dependence of
n/ny,. The insert shows the dependence of IL on micro-
wave power; 0 dB corresponds to the highest power
(150 W).
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connected with the superconductivity of the indi-
um film was ascertained by the application of an
external magnetic field (perpendicular to the film
surface). A small field, less than 70 Oe (its ex-
act value depending on the temperature), was
adequate to restore the insertion loss and the at-
tenuation to their values above T, independent
of power.

To understand the peculiar power dependence
of IL below T, one has to keep in mind that IL
is determined by two processes. First, trans-
verse acoustic waves are generated by the initial
microwave pulse with a conversion efficiency «,.
Next, the acoustic wave, after reflection at the
second end of the rod and a corresponding time
delay, generates an electromagnetic pulse with a
conversion efficiency «,. Because of the sym-
metry of the two processes, «,=a,, provided the
indium film is in the same state (normal or super-
conducting) at the time of each process. However,
it is possible that during the first process the
indium film is in the normal or intermediate
state, while during the second process the film
is in the intermediate or superconducting state.
The analysis of the data for IL versus power
showed that such is indeed the case. It was found
that at 0 dB at all temperatures the value of a
was equal to the conversion efficiency of normal
indium, a,. The value of a, at 0 dB was also
found to be larger than the conversion efficiency
of superconducting indium, ag. As the power
was reduced a little, a, decreased and approached
ag, while ¢, usually remained unchanged at the
value ay. At T=0.77T, this occured around 2 dB.
As the power was further reduced, «, also de-
creased and at sufficiently low powers attained
the value of a5 (around 8 dB in the figure). At
the powers where a, and «, attained the value of
a g we found local maxima (and minima) in the
data for IL versus power. We associate these
maxima with the increase of the @ of the cavity
due to the transition of the indium film from the
intermediate into the superconducting state. Such
an increase in the @ (at the time of the initial
microwave pulse) was also observed directly.

The mechanism responsible for the “quench-
ing” of the indium film is not clear at the present
time. The estimated® value of the microwave
magnetic field seems to be insufficient to drive
the indium film into the normal state and thus
does not account even for the power dependence
of a,. The possibility of heating the indium film
by the microwave pulse seems to be ruled out as
well. The indium film was in intimate thermal

contact with both the silicon crystal and the cavi-
ty wall, In addition, the film was immersed in
the liquid helium bath and the behavior was sim-
ilar above and below the A point of helium.

To obtain the correct ag for superconducting
indium we used the value of IL at low powers
where it becomes power independent. To com-
pare this value with the insertion loss of normal
indium we also had to take into account the chang-
es in the @ of the cavity, which resulted in a
small correction, increasing IL. In Fig. 1 we
plot the temperature dependence of the insertion
loss at low powers (corrected for the change in
Q). To calculate the theoretical temperature de-
pendence of IL, we expressed the penetration
depth |1/K| in terms of the conductivity ¢ using
the theory of skin effect. In the normal-state
limit we obtain

Ky =(4miwo) /2, (1)
while in the extreme anomalous limit we obtain®
K 4= (8mw0/V3c?1) /%™, (2)

where w is the (angular) frequency, I the elec-
tronic mean free path, c¢ the velocity of light, and
i=(-1)"2, Equation (1) is expected to be a rea-
sonable approximation at high temperatures
where |11/K|zd. Atlow T/T,, |1/K| decreases
towards the superconducting penetration depth
and the anomalous limit would seem to be more
appropriate.

The theoretical curves in Fig. 1 labeled A and
N were calculated from the theory for a? derived
by Abeles” using for K the expressions for K ,
and K. The temperature dependence of ¢ in the
superconducting state was calculated from Mattis
and Bardeen’s® theory for 0/0y, where oy is the
normal conductivity. In calculating the two solid
curves we assumed that the fraction of electrons,
n/n,, that can be scattered at the surface is 1. In
calculating the dashed curve we assumed, ac-
cording to the two-fluid model,® that n/n,=(T/
T,)*. Inspecting Fig. 1, we see that the temper-
ature dependence of the experimental data agrees
well with the solid curve A, obtained for the
anomalous limit and with n/n,=1. Thus the whole
temperature dependence of this curve arises from
the temperature dependence of K ,.

Because the anomalous limit becomes a better
approximation the lower the temperature, we
fitted (the solid) curve A to the experimental re-
sults at low temperatures. The fit yields the val-
ue A =620 A for the superconducting penetration
depth of indium at 7/7T,=0.4. This value is in
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reasonable agreement with those published in the
literature.”!®!' In addition we obtain the value
of the ratio 0,/1=4.8x10" Q' ¢m "2 which, to
our knowledge, is the first published value of 0,/
! for indium. This value, obtained from the mea-
sured insertion loss, agrees well with the value
obtained? for diffuse surface scattering from the
measured conductivity of the indium film, o, ~1
x10° @' em™!, and the estimated value of the
mean free path, 7=10000 A. At higher tempera-
tures the experimental data deviate somewhat
from curve A and are bracketed by the two solid
theoretical curves. This is expected because
with increasing temperatures the approximation
of the extreme anomalous limit becomes progres-
sively worse.

In conclusion, the good agreement between theo-
ry and experiment shows that the simplified mod-
el used for the calculation of « is basically sound.
To fit the theory to experiment we had to assume
that n/n,=1, and thus we conclude that pair scat-
tering at the surface does not conserve momen-
tum. We would also like to point out that because
of the relatively high conversion efficiencies and
the momentum transfer by pair scattering at the
surface, it may very well be that transverse pho-
non generation is one of the important loss mech-
anisms in very high-@ superconducting cavities.
In the case of indium, for example, the residual
microwave surface resistance at 10 GHz due to
this mechanism is calculated to be 2X1077 Q
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An experimental study has been made of the Riedel singularity in Sn—Sn-oxide—Sn Jo-

sephson tunnel junctions.

The data indicate that gap anisotropy rather than quasiparticle

damping is the dominant factor in rounding off the observed singularity, However, it ap-
pears feasible to use the singularity as a probe of quasiparticle damping effects,

The amplitude of the Josephson tunneling super-
current calculated within the BCS theory displays
a logarithmic singularity which is related to the
singularity in the BCS quasiparticle density of
states at the edge of the superconducting energy
gap.’”® A consequence of this singularity is that
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alternate radiation-induced steps in the dc cur-
rent-voltage (I-V) characteristic of a Josephson
tunnel junction should show amplitude singulari-
ties when one of the steps lies at the gap voltage
2A/e, where A is the gap parameter. The Riedel
singularity will be rounded off by quasiparticle



