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butions from higher levels, are very important
in the explanation of the population of laser states.
These results also strongly suggest that a two-
step process can occur in a cw laser system.
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Search for the ac Josephson Effect in Liquid Helium

D. I.. Musinski and D. H. Douglass
Department of physics and Astronomy, Unioersity of Rochester, Rochester, Near Yorh 1462T

{Received 16 October 1972)

In the presence of an ac sound field, we have found stable states of zero Qow between
two baths of liquid helium connected by a small orifice which we believe are the same
as those which had been previously identified as the ac Josephson effect. We show that
these states are not Josephson states.

Vfe report an attempt to observe the ac Joseph-
son effect in liquid helium. Previous investiga-
tors' ' have reported positive observation of the
effect by monitoring the level difference between
two baths separated by a small orifice. Our ex-
periment was designed so that a temperature dif-
ference and the frequency of the sound field could
be controlled as independent parameters.

For two superfluid helium baths that are weak-
ly coupled by a small orifice, the chemical po-
tential difference, as shown by the fountain-ef-
fect experiment, is given by the expression

8 p. =nag~ —SAT,

where AZ is the level difference, AT is the tem-
perature difference, and the other terms have
their usual meaning. In the theory of the ac Jo-
sephson effect, ' the phase slippage produced by
the chemical potential difference is synchronized
to an impressed ac chemical potential of frequen-
cy v, and anomalies in the flow through the ori-
fice should occur whenever

E hp, =nhv,

where l and n are integers.

The experimental apparatus, Fig. 1, is con-
structed to allow for the independent variation of
several of the parameters that apply to the Jo-
sephson effect. A coaxial capacitor is used to
monitor the bath level confined within its annular
region and a plunger is situated in the outside
bath to change the liquid level by a known amount.
Two resistance thermometers, R;„and R „al-
low both the temperature T and temperature dif-
ference bT of the two baths to be measured; a
heater inside the capacitor is used to supply a
dc temperature bias to the inside bath. By con-
vention, bZ is defined to be positive when the in-
side bath is higher than the outside and AT is de-
fined to be positive when the inside bath is hotter
than the outside. A nonresonant piezoelectric
transducer of PZT was used in some of these ex-
periments, so that the frequency of the ac sound
field could be varied as an independent parame-
ter.

Experimentally, hZ is the parameter that is
generally monitored in time' ' and according to
Egs. (I) and (2) anomalies should occur when

aZ = nhu/rn g+ S STjm g,
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FIG. 1. Experimental apparatus. The level of the
helium within the capacitor is indicated by Z and is
measured from the bottom of the capacitor. The level
difference ~Z is positive if the inner level is higher
than the outer level. The transducex' is either a quartz
cx'ystRl ol R PZT ceramic tx'Rnsducex'

where e is an integer or ratio of small integers.
This expx'e88lon glve8 thl ee separate cl lterla
that any anomaly must satisfy in order to be con-
sidered a. Josephson state of the system. (A) Any
anomaly occurring when b,Z =nhv/mg should re-
spond with the linearity of the fountain effect,
S6T/mg, when a dc temperature bias aT is ap-
plied to the system. (B) The anomaly must de-
pend on ~, the level difference, independent of'

Z, the liquid level within the capacitor. (C) The
anomaly must respond to the frequency of the ac
sound field according to d(ihZ)/dv =nb/mg.

By monitoring ~ versus time we have observed
many instances of "stable steps, "values of ~
which are stable in time and experimentally in-
distinguishable fxom the steps xeported by previ-
ous authors. ' ' Of those steps seen, only a few
could be interpreted as Josephson "steps" based
on the values of ~ at which they occur. Howev-
er, by simultaneously monitoring the AZ-AT
plane, criterion (A) may be applied to those
"steps" seen. ' Qnce a "step" has occurred and
stabilized, a dc temperature bias may be applied
to the inner bath, and the resultant response of
the system monitored. Experimentally, it is ob-
served that 4Z changes very little with AT fox

small values of AT. ' This agrees with previous
observations. "However, to satisfy criterion
(A) the path in the b.Z-LT plane should be a
straight line parallel to the fountain-effect curve,

FIG. 2. Two emptying curves taken under the same
experimental conditions except that the ~=0 point
has been adjusted slightly to a higher value of Z by
means of the plunger for the second curve. Several
stable "steps" are seen and labeled for each curve.
Notice that wheIl the VRrlatioIl ~Z iI1 Z is tBken into
account, there appears to be a correspondence between

steps" I and B, IG and D, IV and E, V and E, ard VI
and G.

which is observed and measured when the trans-
ducer is off. Thus, the "steps" fail criterion (A).

Next, consider Fig. 2 which shows two empty-
ing curves containing many "steps" that are taken
under the same experimental conditions except
that the initial AZ = 0 level has been shifted by
0.398 mm by the plunger for the second curve.
Considered separately as ~-versus-time plots
they appear quite dissimilar and no correspon-
dence between "steps" (labeled A, B, . . . in the
left-hand plot and I, II, . . . in the right-hand plot)
can be made. However, considered as Z-versus-
time cuxves there is a strong correspondence be-
tween stable steps. This correspondence is made
unambiguous when the concurrent ~-versus-AT
plots measured simultaneously are considered. '0

Figure 3 shows the AZ-versus-HAT curves corre-
sponding to the 4Z-versus-time curves of Fig. 2
and the points corresponding to the "steps" are
indicated by &,&, . . ., and I, II, . . . . Individual
"steps" occur at particular points on the Z-AT
structure' and this establishes the value of Z at
which the "steps" occux. A comparison of the
two AZ-AT planes with the individual "steps" su-
perimposed on the Z-4T structure shows that the
"steps" match on the Z-hT plane but not on the
AZ-AT plane. Thus, these "steps" occur when
the liquid level is at a particular value of Z with-
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FIG. 3 4Z versus &T for the two emptying curves
fact that theof FIG 4 This curve illustrates the fac
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t rt' ular values of Z regardless of wheere 4Z

is measur rom.ed f Thus these "steps" are Z rather
than 4Z dependent.
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FIG. 4. osi ion. 4. P t' n of stable steps versus frequency.
The stable steps are plotted as the points while t e
"near steps are e ath b rs whose extent is determined
by the points of inflection on the emptying curves.

100.30

ence. They are insensitive to a temperature dxf-

for the Josephson effect. These states are clear-
ly not connected with the Josephson effect.

Finally, we also report that careful examina-
tion of all our curves (several hundred runs) at

shows no anomalies in the flow rate and hence
no evidence for the ac Josephson effect.
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in the capacitor, independent of the point from
which AZ is measured. " Thus, these steps fail
criterion (8).

CC jPThe Z or AZ dependence of the stable "steps
can be stud' d as a function of frequency by tak-
ing successive owfl curves over the same region
of the capacitor where the frequency of the ac
sound field is the only parameter allowed to vary.
The results of such a study are shown in Fig.
The points represent stable stepss" and the bars

nt points where the flow velocity dropped
significantly (approaching zero) but did not s a i-

'te that given by Eq. (3). Thus, these "s eps"
fail criterion (C)."

In conclusion we have found stable "steps" of
zero flow through an orifice in the presence of an
ac sound field which we believe to be the states
identified previously' ' as the ac Josephson states.
These states depend on the total height of the
fluid in the inner bath and not on the level differ-
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4T at a11We found that it is important to measure 4T at a
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times because the transducer, in addition to producing
a level difference, also produces a temperature differ-
ence between the two baths, 47', which is uniquely de-
pendent on Z, the amount of fluid within the capacitor.
We have shown that this reproducible variation of &T,
or "structure, " depends on Z rather than bZ (see
Ref. 7). In addition, all of the various "peaks, " local
positive maxima of 47, have been studied as a function
of frequency. The positions & of these individual peaks
all display an inverse relationship with the frequency
of the ac sound field. The slopes observed, -dZ/dv,
fall within the range (S to 10) && 10 mm/Hz. Thus, the
Z-4T "structure" produced by the transducer is not
related to Josephson states.

One could mistake some of these "steps" as the
Josephson effect if the helium level were placed at
the "right" value. For example, state E in Fig. 2
would appear to be the n =1 Josephson step if the initial
&Z=0 level were raised by 0.38 mm.

' This dependence of the "steps" and &T "peaks" on
frequency suggests that they may be explainable in
terms of sound resonances within the annular region
of the capacitor. This suggestion is further strength-

ened by the work of P. Leiderer I. Diplomarbeit, Tech-
nischen Hochschule Munchen, 1968 (unpublished)] and
P. I eiderer and F. Pobell (private correspondence)
who observed stable "steps" in the level difference for
the geometry where the capacitor was replaced with a
closed capillary. In that work the distance between
successive "steps" was the wavelength of first sound
rather than the expected Josephson relation. By com-
parison, the coaxial capacitor must be considered as
a three-dimensional resonator, so that the spectrum
for sound resonances is expected to be more compli-
cated than for the capillary geometry. In particular,
not only is there the possibOity of standing waves in the
dimension Z, but there is the added degree of freedom
in the angular variable 8, i.e., standing waves about
the annulus. The dimensions of the capacitor are such
that one can fit up to thirteen wavelengths of first sound
around the circumference of the annulus. In light of the
added degrees of freedom for this three-dimensional
resonator, the large number of 4T "peaks" observed
along with their range of values for dZ/dv as well as
the stable "steps" may be explainable in terms of sound
resonances.

Effect of Magnetic Field on Electron Density Growth during Laser-Induced Gas Breakdown*
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The avalanche growth rate of CO2-laser-induced gas breakdown in a magnetic field has
been. studied by measuring the time elapsed between the initiation of the laser pulse and
the onset of observable breakdown effects such as a sharp decrease of laser transmission
through the gas. The main features of the observed magnetic field dependence of this
time difference can be explained in terms of the inhibition of electron diffusion from the
laser focal region.

Considerable effort has been devoted to the
study of the threshold pressure for laser-induced
gas breakdown, ' including recent investigations
of the dependence of the threshold pressure upon
magnetic field. ' Very little attention, however,
has been given to the study of the time evolution
of the breakdown process. ' In this paper we de-
scribe the first investigation of the influence of
a magnetic field upon the time elapsed between
the initiation of a laser pulse and the onset of
observable breakdown effects such as the sharp
decrease in laser transmission through the gas.
The experimentally observed magnetic field de-
pendence of this time of transmission decrease
is compared with that predicted by a simple mod-
el of avalanche breakdown control1ed by both

free and ambipolar diffusion.
The experimental measurements were made by

subjecting argon gas to focused 10.6-pm radia-
tion from a 10-J CO, laser. 4 The laser was run
without nitrogen in order to eliminate the long
tail at the end of the pulse. The absence of the
long tail made it possible to obtain more repro-
ducible values of the transmission decrease time.
Kith no nitrogen in the laser cavity, the laser
pulses were reproducible to within 5-10%. The
laser beam was directed through an NaCl beam
splitter where about 15%%uo of the radiation was di-
rected to a. reference germanium photon drag
detector. The remainder of the beam passed
through a Cap, attenuator and then through a lens
of 10-cm focal length. The lens formed one end
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