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tion that determines the radius of the fast-pro-
ton plasma. Figure 2 is an example of the cor-
relation of these losses with magnetic-probe
signals (dBy/dt) near the proton-cyclotron fre-
quency.

The magnetic probe signals are dominated
by a microinstability having two distinct modes.
One, termed the gyrofrequency mode, gener-
ates signals at frequencies (x15 Mc/sec) appro-
priate for proton-cyclotron rotation near the
equilibrium orbit. The radio-frequency signals
from the second mode, termed the diminished
frequency mode, are lower by 1-2 Mc/sec.
Most of the losses are due to the gyrofrequen-
cy mode.

We have not been able to make unique mode
assignments for the microinstabilities. The
negative mass,’ drift cyclotron (k,, #0),"! ma-
ser (ky,#0),'2 and Harris'® (k,, #0) instabilities
are the theoretically recognized possibilities.

A complete report of the microinstability lim-
itations of this plasma is in preparation.
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There has been considerable interest recent-
ly in exploring analogies between superconduc-
tivity and superfluidity. In particular, Richards
and Anderson' have been able to observe the
analog of the ac Josephson effect at a small
orifice connecting two baths of helium II. The
purpose of this communication is to study the

flow of superfluid through narrow channels,
narrow in the sense that the normal fluid is
effectively clamped by its viscosity.

Consider first the situation illustrated in Fig. 1
where the flow of the saturated film is consid-
ered as one example of a narrow channel. Bel-
iaev? has shown that the order parameter for
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FIG. 1. Sketch of a three-bath experiment with he-
lium I. The analog of the dc Josephson effect occurs
at film junction I, and the ac effect occurs at II.

the background fluid contains a phase factor
exp(-iut/7%), where p is the chemical potential.
Thus the superfluid behaves, by analogy with
quantum electrodynamics, like an external field
with frequency w = p/#. We can appreciate this
identification of y by supposing that baths 2
and 3 are in equilibrium, with bath 2 at a tem-
perature AT higher than bath 3. The condition
for equilibrium is Au =0, which leads at once
to the relation for the thermomechanical pres-
sure

Ap/AT =pS (1)

(to first order in the differences), S being the
entropy per gram. Thus the levels will be sep-
arated by a distance z given by pgz =pSAT.
The generalization of (1) to include the effects
of rotation and internal motion of the normal
and superfluid components will be considered
elsewhere.

Now let us suppose that under isothermal con-
ditions we arrange a steady flow from bath 1
to bath 2 to bath 3. The levels in baths 17and
2 will coincide exactly (otherwise superfluid
would transfer back from bath 2 to bath 1), and
the velocity of superflow through film junction I
would be

v1=(ll/lz)vc <L), @)

where the flow through junction II is at the crit-
ical velocity v,. The three-bath arrangement
is analogous to a constant-current source in
electricity, and the subcritical flow through I
is not in internal equilibrium. An experimen-
tal realization of this situation was devised by
Daunt and Mendelssohn: the ingenious double-
beaker experiment.® The situation just described
is analogous to the dc Josephson effect—a cur-
rent flow without potential drop.

What properties can we ascribe to a film junc-
tion? In the absence of a potential difference
we may suppose the film to act like a two-di-
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FIG. 2. Sketch of a narrow channel with supercur-
rent at velocity v.

mensional slit of thickness d (=3 x107% c¢m),
as shown in Fig. 2. Feynman* has shown that
the wave function describing the flow of super-
fluid from left to right will be ¢ =¥ exp(ik-r)
=V exp(i¢), and the current density will be

I =(r/m)¥¥*Ve = (E/mp I, 3)

where the phase acts as a velocity potential

for the flow. Potential flow can occur in the
channel because the wave function for the su-
perfluid approaches zero on the walls of the

slit in a “healing length” of the order of a few
angstroms®; thus the superfluid slips at the walls
because ¥ -0, and not because v - 0. Neglect-
ing end effects (of order d),® the current densi-
ty in I and phase difference between 1 and 2

are related by

J:psv=ps(h'/m)(¢’1-¢2)/L. (4)

(We shall observe shortly that there is an up-
per limit on v.) Thus the film junction has the
property that the phase is coherent throughout.
If the film is ruptured and subsequently reunited,
the phases will again be locked by emission of
phonons to eliminate the accompanying density
fluctuation.” In contrast to the Josephson junc-
tion, there is no region where superfluidity
does not occur, and hence the phase remains
a real number throughout. The same consid-
erations apply to channels or filter materials
until the dimension d approaches the order of
the healing length where presumably superfluid
“tunnelling” could occur and J «<cosA¢ as in
Josephson tunnelling.®s® Such a material would
exhibit a reduction in the A point.®

Finally, let us consider the flow through junc-
tion II when the chemical potentials of the baths
are different. Under isothermal conditions u,
=g +mgz, and the coupling through the film
induces a beat frequency between baths, given
by

w=Au/A=mgz/h. (5)

Richards and Anderson! interpret this beat fre-
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quency as a phase slippage between baths which
produces a quantized vortex line every time
the phase changes by 27. Thus vortices should
be produced as suggested in Fig. 3 at a rate

v=gz/2n(l/m), (6)

which for z =1 cm corresponds to 980 kc/sec.
These vortices should slow down principally

by collisions with rotons, radiating second sound
at frequency v as they do. This is the analog

of the ac Josephson effect. Since the condition
(6) refers only to average frequency, Richards
and Anderson' have observed the effect by syn-
chronization with a quartz oscillator.

We can show that the ac Josephson effect has
a familiar consequence. If the energy of a vor-
tex line is € erg per cm, a film of width W will
produce vortices consuming Wev erg/sec. This
energy must be supplied by the potential ener-
gy gain of the descending superfluid, pgv,dWgz.
Estimating € as*

ezpsﬂ(h’/m)2 Ind/a, (7)

where a is =1 13., we equate the two power esti-
mates to find

J =pg_=(pg/2d)(/m)n(d/a), (8)

giving a value of v, independent of z and T.
Relation (8) gives v,d =4.52x10™* cm?/sec,
which is to be compared with the data of Snyder
and Donnelly* who give v,d =9.65x10~% cm?/
sec. The difference probably lies in the esti-
mate of €, which should be corrected for the
effects of the wall. Equation (8) gives a phys-
ically reasonable explanation for the critical
transfer rate and coincides with Feynman’s
expression.* The independence of Au in (8)
means that (fourth) sound cannot be transmit-
ted through such a channel or filter material
when a steady chemical potential difference
prevails: The effect will be to frequency-modu-
late the rate of vortex formation.

Let us search further for an interpretation
of (8). The deBroglie wavelength of the super-
fluid advancing through the channel is X =27(%/
mv~!, Low velocities correspond to long wave-
lengths in the channel. As v increases, A be-
comes shorter until a critical minimum wave-
length is reached, given by (8),

lc =4nd/In(d/a), 9)

which is of the order of d. One can now see
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FIG. 3. An interpretation of the production of quan-
tized vortices where film II meets bath 3. The vor-
tices may subsequently fill the film,

the origin of the critical velocity: When the
deBroglie wavelength becomes of order d, dis-
turbances are able to cause sections of fluid

of different phase to curl together forming vor-
tices of cross section ~d%. These vortex “rolls”
may feed back from the exit to fill the entire
length of the channel. Such characteristic vor-
tex formations in classical hydrodynamics have
been extensively studied by the author.! They
involve a transition from two- to three-dimen-
sional flow. We have here, then, an instance
of quantum hydrodynamic instability occurring
when the dimensionless parameter D reaches

a critical value given by

Dc =vcd/(h’/m) =31nd/a. (10)

Such a quantum Reynolds number was introduced
by the author earlier.'? Presumably the state
of marginal stability can be sought through a
perturbation analysis of the nonlinear self-con-
sistent field equation.® This should yield a bet-
ter value of D, than the energy argument given
above.

With wider channels the situation is compli-
cated by flow of both normal and superfluid
components. Chandrasekhar and Donnelly’®
have shown how, in Couette flow, instabilities
may arise in the superfluid and at higher speeds
in the normal fluid, and qualitative support for
their calculations was obtained by Donnelly.*
Both these instabilities are preceded by the
quantum hydrodynamic instability which intro-
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duces quantized vortices into the superfluid
to establish the initial stationary shear flow.

I am indebted to Dr. P. W. Anderson for a
detailed discussion of his ideas and experiments.
I am also grateful for several discussions with
Professor G. Wentzel, Professor J. C. Phillips,
Dr. J. E. Mercereau, and Dr. J. J. Domingo.
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Ip, L. Richards and P. W. Anderson, Phys. Rev. Let-
ters 14, 540 (1965).

%S, T. Beliaev, Zh. Eksperim. i Teor. Fiz. 34, 417
(1958) [translation: Soviet Phys.—JETP 7, 289 (1958)].

3J. G. Daunt and K. Mendelssohn, Nature 157, 829
(1946).

‘R. P. Feynman, Progress in Low Temperature Phys-

ics, edited by C. J. Gorter (North-Holland Publishing
Company, 1955), Vol. I, Chap. IL

’E. P. Gross, J. Math. Phys. 4, 195 (1963).

éT, Tsuneto, Prog. Theoret. Phys. (Kyoto) 31, 330,

516 (1964).

"P. W. Anderson has pointed out that if the chemical-
potential histories of the two baths have not been identi-
cal, the phases will have changed, and a current will
flow on reuniting the film,

8P, W. Anderson, Lectures on the Many-Body Prob-
lem, edited by E. R. Caianiello (Academic Press, Inc.,
New York, 1964), Vol. 2, p. 113.

%, L. Ginzburg and L. P. Pitaevskii, Zh. Eksperim.
i Teor. Fiz. 34, 1240 (1958) [translation: Soviet Phys.—
JETP 7, 858 (1958)].

194, A. Snyder and R. J. Donnelly, Phys. Fluids 2,
408 (1959), The author’s value 8.59%107° cm?/sec
was measured at 1.5°K and is to be multiplied by p/ps
to compare with (8).

1R, J. Donnelly and K. W. Schwarz, Proc. Roy. Soc.
(London) A283, 531 (1965).

12R. J. Donnelly, “On the Hydrodynamics of Super-
fluid Helium,” thesis, Yale University, 1956 (to be
published).

135, Chandrasekhar and R. J. Donnelly, Proc. Roy.
Soc. (London) A241, 9 (1957). The equations of motion
used here have been superseded by those of I. L.
Bekarevich and I. M. Khalatnikov, Zh, Eksperim. i
Teor. Fiz, 40, 920 (1961) [translation: Soviet Phys.—
JETP 13, 643 (1961)].

4R, J. Donnelly, Phys. Rev. Letters 3, 507 (1959).

FLOW VISUALIZATION IN He II: DIRECT OBSERVATION OF HELMHOLTZ FLOW*

T. A. Kitchens,T W. A. Steyert, and R. D. Taylor

University of California, Los Alamos Scientific Laboratory, Los Alamos, New Mexico

and

Paul P. Craig

Brookhaven National Laboratory, Upton, New York
(Received 6 May 1965)

It has recently been suggested® that in the flow
of He II about obstacles, such as Rayleigh disks
and airfoils, perfect potential flow does not in-
variably obtain, and flow separation of the type
discovered by Helmholtz? commonly occurs.

In this Letter we report experiments verifying
this suggestion by means of direct observation
of the motion of particles of frozen H-D gas
about obstacles placed in a bath of rotating He II.

One of the most unambiguous methods of study-
ing the nature of hydrodynamic flow is by intro-
ducing into the flow tracer particles which fol-
low trajectories known as path lines. In steady-
state flow, path lines are identical with stream-
lines. Dyes and gas bubbles are typically used
in classical studies, but these techniques are
impractical in He II. An alternative approach
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is the use as tracers of small particles of den-
sity equal to that of He II. Such particles are
unaffected by gravity and remain suspended

for long periods. An excellent material for

this purpose is frozen H-D gas, which was orig-
inally used by Chopra and Brown® in studies of
acoustic streaming.

In our experiments He II was brought into
rotation inside a horizontally mounted cylinder
(length 2.9 cm, diameter 2.3 cm) of wire mesh
which was driven from outside the cryostat.

One end of the cylinder was closed with an op-
tically blackened cover and the other with a
glass plate, thereby permitting viewing along
the cylinder axis. H-D gas could be introduced
above the He level. Upon freezing, particles

of 20-100 p diameter were found, some of which



