
Physics at low temperatures

Quantum nature
of superfluid helium
The macroscopic behavior that we
describe as "superfluidity" is traceable to the microscopic,
quantum-mechanical properties of liquid helium.

Seth J. Putterman and Isadore Rudnick

Low-temperature physics owes its exis-
tence to liquid helium, the refrigerant
that permits investigation of phenom-
ena occurring at a few degrees Kelvin.
But liquid helium is fascinating in its
own right, and the goal of understanding
its "superfluidity" below 2.17 K has
stimulated both experimenters and the-
orists.

Seth Putterman and Isadore Rudnick are
both in the physics department at the
University of California, Los Angeles,
where Putterman is assistant professor
and Rudnick is professor.

The outstanding fact about superfluid
helium, He4, is that it is a Bose-Einstein
quantum liquid, a liquid whose remark-
able properties can be directly traced
to quantum behavior on a massive
scale. Two other systems can be simi-
larly described—the Fermi liquid He1

and the fermion system of electrons
resulting in superconductivity. Super-
fluid helium deserves to be singled out
because of its exotic phenomenology,
and because fundamental unanswered
questions remain.

Our attention here shall center on the
quantum nature of the liquid and the

macroscopic properties related to this
quantum nature. A group of selected
significant experiments will provide
the focus for our phenomenological
treatment. Our aim is not only to map
the past, but also to provide some guide
for the future logical development of an
understanding of this remarkable liquid.

Early developments

As the temperature of liquid helium is
lowered below 2.17 K its dynamical
properties change drastically. In 1938
Peter Kapitsa and John Allen and A. D.
Misener1 found that at these low tem-

Quantized circulation. Schematic dia-
gram of data from Stephen Whitmore
and William Zimmermann shows that the
circulation K of superfluid helium has
only quantized values.
Figure 1
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theory is just as classical as, say, the
Navier-Stokes equations.

Onsager-Feynman condition

This situation changed when Lars
Onsager (1948) and Richard Feynman
(1955)4'6 proposed a macroscopic wave
function \p, interpreted analogously to
the ordinary quantum mechanics, to
describe the superfluid component of
He II. Thus for instance ip*\p is taken
to be the local superfluid density />s, or,
including a possible phase factor 0, we
have

i, = pB"-e'*

where </> is real. The macroscopic ve-
locity of the supercomponent vs is the
same function of ^ as is the probability
current in ordinary quantum theory

vs = fi/mv<t> (1)

where m is the mass of a helium atom.
From equation 1 we obtain immediately
the restriction

V X vB = 0

with which Landau always supple-
mented his theory. Because \p is single
valued we find, in multiply connected
geometries, the quantization of circula-
tion (line integral of vs around a closed
contour)

,/"vs • dl = nh/m

peratures liquid helium could flow
through extremely narrow constrictions
(less than 10~4 cm) with no measurable
resistance. The observation led Ka-
pitsa to refer to the liquid as a
"superfluid." From this experiment we
might guess that liquid helium at tem-
peratures below 2.17 K (commonly re-
ferred to as helium II) simply behaved
like an inviscid Navier-Stokes fluid. The
failure of such reasoning became ap-
parent when W. H. Keesom and George
MacWood- studied the behavior of an
oscillating disc immersed in helium II;
the damping of the disc's motion led
them to conclude that the viscosity had
a finite value.

To Laszlo Tisza and Lev Landau'
these experiments brought out the need
for a fundamentally new "hydrodynam-
ic" description of He II. The "two-
fluid " theory was first presented by
Tisza (1938) and later (1941) extensively
developed by Landau. This pheno-
menological theory pictures He II as
consisting of two interpenetrating fluids,
the superfluid and normal fluid, that
move with independent velocities and
without mutual interactions. The
superfluid flows without friction and
carries no entropy; the normal fluid
carries all the entropy, experiences vis-
cous stresses and for the most part
behaves like an ordinary Navier-Stokes
fluid. It is now clear that when we
study superflow we are measuring the
frictionless flow of the superfluid (the
normal fluid will be held back by its
viscous interaction with the narrow
walls), and that Keesom and Mac-
Wood's oscillating disc could not avoid
contact with the normal fluid, which
then sticks to the disc and damps out
its motion.

Superfluid helium is called a quan-
tum fluid because attempts to under-
stand its properties from the micro-
scopic or atomic point of view must
start with Schrodinger's equation and
not Newton's laws. This necessity
becomes clear if we realize that the ther-
mal de Broglie wavelength h(mkT)~ui

of the individual helium atoms is com-
parable at these low temperatures with
the interatomic spacing. It is crucially
important, for example, that helium
atoms obey Bose statistics. However,
the Landau two-fluid theory, which has
been extremely successful in describing
the macroscopic behavior of He II, does
not contain Planck's constant, so that
from the strictly phenomenological
viewpoint we might argue that the

Number of vortex lines in a sample of He II is determined in an
experiment by Richard Packard and Michael Sanders. Their
results are obtained by collecting the electrons captured by the
vortices. The vortex lines appear (and vanish) approximately at
the angular speeds required by the quantum conditions, but
there are strong metastability effects.
Figure 2
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(3)

where n is an integer, which is clearly
analogous with the angular-momentum
quantization of the usual quantum
theory. Finally, again in analogy with
the ordinary quantum theory, the wave
function vanishes at a boundary

^ - ^ 0 at a boundary (4)

Conditions 3 and 4 go beyond the
basic Landau theory and are of special
interest, because through them (par-
ticularly through equation 3) Planck's
constant enters the dynamics of the
fluid flow. The important theoretical
problem suggested by the Onsager-
Feynman idea is that of determining the
single unified theory (that is, the macro-

scopic Schrodinger theory) that contains
the Landau two-fluid theory as well as
the quantum ideas in equations 2, 3 and
4. There appears to be little theoretical
research in this direction; so we will
here concentrate on experimental devel-
opments that in recent years have
strongly verified the macroscopic quan-
tum restrictions of equations 2, 3 and 4.

Quantization of circulation
The quantization of circulation (equa-

tion 3) is an extraordinary condition:
It implies that a careful macroscopic
measurement (note that h/m equals
10~3 cm-/sec) of the superfluid velocity
can be used to determine Planck's con-
stant. To appreciate the restrictions
imposed by the quantization of circula-
tion consider the case where there is
a rotation of a fluid about a straight
nonsuperfluid core, that is, a linear
vortex in the superfluid. The velocity
field of a vortex line is, in cylindrical
coordinates,

where the circulation K is a measure of
vortex strength and e« is a unit axial
vector. The vortex line is the singular
region at r = 0 that extends along the
z-axis. In a classical liquid K can
assume any value, but in He II the quan-
tum restrictions imply that the circula-
tion of any vortex line must be given by
nh/m. The number of macroscopic
states that can be realized is limited by
the macroscopic quantum restrictions!

William F. Vinen was first to observe
this effect experimentally in 1961; he
measured the force on a wire around
which there was a superfluid circula-
tion.1' This work has been recently
repeated in a more elaborate form by
S. C. Whitmore and William Zimmer-
mann." According to hydrodynamics,
a force is exerted on a moving object
around which there is a circulation of
fluid. The force is perpendicular to the
plane of the circulation vector (deter-
mined by the right-hand rule) and to
the velocity of the object relative to the
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fluid far away from it; this is the Mag-
nus effect. Thus, if a wire with circula-
tion around it is made to vibrate, the
Magnus force will act to change the
plane of vibration of the wire. The
vibration plane is experimentally ob-
served by measuring the emf induced
in the wire as it cuts across the lines of
force of an externally imposed magnetic
field. The value of the circulation
that is found by this method obeys the
quantum condition of equation 3 most
of the time. Certainly only the quan-
tized values were found to be stable.
Observed values of n ranged from —3
to +3; figure 1 is a schematic diagram
of their results for the time variation of
the circulation.

We have the clearest evidence for the
quantization of circulation in the
fundamental experiments of George
Rayfield and Frederick Reif,8 who
measured the energy and velocity of
free charged ions in He II. At low tem-
perature they found the unexpected
result that the greater the energy of the
ion, the smaller its velocity. This
unusual behavior is just what one ex-
pects from a vortex ring of a given circu-
lation. (A vortex ring is a vortex line
that closes on itself.) If Rayfield and
Reif assumed that the ions became
trapped on vortex rings, then their data
indicated that the circulation of the
rings was h/m, within experimental
accuracy.

When a vessel containing He II is
brought into rotation, the motion of
the superfluid component will have to
be quite different from that of an
ordinary fluid because of the quantum
restrictions. The superfluid, like an
ordinary fluid, will tend toward a state
that maximizes the angular momentum
for a given kinetic energy. In other
words the free energy

Jpsvs
2/2 - <i)-(r X psvs) dV = minimum

(5)

where ai is the angular velocity of the
vessel containing the He II. The true
minimum of equation 5 is achieved by

solid-body rotation (vs = OJ X r), but
vs = a> X r violates the macroscopic
quantum restrictions. The solution9

of equation 5 subject to the quantum
restrictions reveals that for each u> there
are a finite number of quantized vortex
lines in the superfluid, and that for
to less than a critical angular velocity

a>cr = fi/mR2\og R/a

where R is the radius of the cylindrical
vessel and a is the radius of the non-
superfluid core of the vortex line, there
are no vortices in the superfluid (vB =
0). As to is increased beyond uct, first
one quantized vortex line will appear
(it is on the axis r = 0 and extends from
the bottom to the top of the vessel) and
then for still higher w, two and so on.
In this way the number of vortex lines
versus w displays a quantum step struc-
ture that we might call "quantum phase
transitions." There are of course other
ways that the superfluid could rotate
and still obey the quantum restrictions;
an example is the quantized vortex
sheet model proposed by Fritz London.1"
Experiments suggest, but do not con-
clusively favor, the vortex line model
for superfluid rotation.

The quantum phase transitions were
observed by Richard Packard and
Michael Sanders." While rotating a
vessel containing He II they send in
electrons, which are captured by vortex
lines. Electrons in helium are in bub-
bles because the strength of the Pauli
exclusion principle does not allow them
to occupy the already filled shell. The
pressure at the core of a vortex is re-
duced by the Bernoulli force, and the
reduced pressure accounts for the cap-
ture of the electron bubbles. Packard
and Sanders count the captured elec-
trons by applying a field parallel to the
vortex line and measuring the charge
accumulated on an electrode. If we
assume that each vortex captures the
same number of electrons, their method
could be used to determine the number
of lines present. The results (see figure
2) agree qualitatively with the predic-

ANGULAR VELOCITY

tion of equation 5 and the quantum
restrictions, but indicate a strong
metastability, which may be the quan-
tum analog of the supercooling of a
saturated vapor.

Persistent currents

The quantum condition V X vs = 0
implies that superflow is something
more than frictionless flow. Suppose
that liquid helium in the normal state
is set into rotation at an angular ve-
locity less than ojcr. Clearly the liquid,
like any ordinary viscous liquid, will be
in solid-body rotation. If the helium is
now cooled below 7\ the superfluid will,
according to the quantum restrictions,
come to rest (vs = 0). Were it simply
characterized by frictionless flow it
would continue in solid-body rotation
on cooling through TA.

George Hess and William Fairbank1-
have shown that, in the above situation,
the superfluid does come to rest; they
observed the effect by measuring the
angular momentum transferred to the
walls of the vessel as the temperature
was lowered.

A more subtle effect has not yet been
observed. When vs equals zero, it is
zero only for an observer in an inertial
system! Thus He II contained in a
vessel at rest in the laboratory will, to a
laboratory observer, appear to be in
motion. [Note that (24 hours)"1 is less
than a)ci for reasonable geometries.]
This relative motion of container and
He II will persist indefinitely, and no
external forces are needed to maintain
it. We can call this a persistent current
without circulation, because no vortex
lines are present.

The major experimental difficulty
here is posed by the extremely small
size of the angular velocities; wCT is about
2 X 10~3 s e c 1 for R equal to 1 cm.
Very recent experiments have indicated
that if He II is contained in the multi-
ply-connected geometry created by
packed fine powder (powder grains
10"4 to 10"6 cm in diameter have been
used) the critical angular velocity for
the entrance of the first vortex line is
increased. Before discussing these
experiments, we should consider per-
sistent currents with circulation (per-
sistent currents due to vortex lines),
which are much easier to observe.

John Reppy and J. Mehl and Zimmer-
mann in 1965 observed that when liquid
helium contained in a rotating packed-
powder geometry (called a "superleak")

Effective angular velocity of superfluid (ws) in a "superleak"
shows hysteresis for w > uci. Results are interpreted to
indicate that below uc, no vortex lines are present, that the
vortex lines entering the superfluid at ua are not destroyed by
small counterrotation, and that a residual persistent current,
with circulation, remains when the superleak is brought to rest.
Line at 45 deg (« = ws) represents what would happen if there
were no relative velocity, as in an ordinary fluid.
Figure 3
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APPLIED MAGNETIC FIELD H

Superfluidity and superconductivity. Penetration of rotation
(colored dots) in a superleak, by formation of quantized vortices
above «>,.,, can be compared with penetration of an external
magnetic field H in a type-ll superconductor (solid line) through
formation of quantized flux lines above Ht.,. Below wci the
Landau state in helium II is analogous to the Meissner state in a
superconductor, but there is no evidence that wc« is finite—it
may be effectively infinite. Magnetization curve shown is for a
typical reversible type-ll superconductor. Many irreversible
type-ll superconductors exist whose magnetization curves
resemble the Hell curve much more closely. The resemblance
extends to the hysteresis effects.
Figure 4
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above Th was cooled and then brought
to rest, a substantial residual angular
momentum remained in the system,11

as verified by gyroscopic techniques.
These persistent currents are generally
accepted as metastable equilibrium
states, with cosmic lifetimes, that are
caused by the quantized vortices that
thread through the powder.

Comparison with superconductors
Superfluids and superconductors, we

have long known, possess many similar
properties; the persistent mass flows
we have been discussing are analogous
to the persistent electric currents seen
in superconductors. Only through
very recent experiments in our lab at
UCLA has it become apparent that a
much more precise comparison can be
made between type-II superconductors
and superfluid helium contained in a
superleak. Our experiments measure
the relative velocity of the container
and the superfluid for any angular ve-
locity w of the container and not only
for w = 0, as in the previously described
work. Our studies use the dependence
of the speed of the wave mode (called
"fourth sound"), that propagates in
helium contained in a superleak, on the
relative velocity of the container and
superfluid; by observing fourth sound
with respect to a laboratory rotating
with the container we determine the
relative velocity of container and super-
fluid for any 03.

Typical plots of the effective angular
velocity u>s of the superfluid versus us
for He II formed by cooling stationary
He I are shown in figure 3. For any
history of rotation the state of the sys-
tem will be uniquely determined by 01 so
long as I co I is less than a critical angular
velocity ajci for the entire history; this
region, A in the figure, is the reversible
region. As w increases past usc{ (region

B) the slope of the graph changes, and
the behavior is no longer reversible;
hysteresis sets in. If the container, for
example, is now slowed to rest (region
C) a residual angular momentum is ob-
served.

How do we interpret these results?
Below OJC1 ^ 4 H z (for R about 2 cm) we
claim that no vortex lines are present
and that one has a persistent current
without circulation. (The work of
Mehl and Zimmermann had already
suggested that there exists an w below
which we have irrotational and circula-
tion-free flow.) Classical hydrody-
namics tells us that a sphere brought
into motion in an irrotational inviscid
fluid imparts to the fluid half the mo-
mentum needed to bring the fluid oc-
cupying the same volume as the sphere
into the same motion. In these experi-
ments fluid and packed powder occupy
roughly the same volume, and, indeed,
the line in region A has a slope of about
one half! We also expect such an effect
to be reversible, as it is. Note that here
the system has angular momentum and
no circulation. Above OJCI vortex lines
enter the superfluid and the slope
changes (region B). As we decrease
u) we do not retrace curve B but follow
curve C. We can take this hysteresis to
show that the vortices created by a cer-
tain rotation in B are not destroyed by
the same counterrotation; in this sense
it is easier to create than to destroy the
vortices in a superleak. The path in
region C is at first parallel to A because
as we slow down, the circulation-free
component of the motion is changing.
As the system is slowed still further,
behavior like that in region B may be
realized, and, in general, when the
superleak is brought to rest (w = 0)
a residual persistent current (with cir-
culation) is observable. This residual
persistent current is precisely what

Mehl, Zimmermann and Reppy ob-
serve.

The Landau state

The comparison with superconductors
is clear in figure 4. Superfluid helium
tries to exclude the externally imposed
rotation, just as a superconductor tries
to exclude the externally imposed mag-
netic field H. Below a certain critical
field Hci, surface currents do keep out
the external field (Meissner state), but
above Hci the external field penetrates
the superconductor in the form of quan-
tized flux lines. The magnetic field Bv
of the quantized flux lines is clearly
equal to zero for H less than Hc]. In
superfluid helium there are similarly
no quantized vortices below a>ci. Thus
the effective angular velocity due to
quantized vortices (a>v) is zero in this
region. We call this the Landau state
in superfluid helium. It is analogous
to the Meissner state.

In superconductors, for H less than
Hci the external field is excluded by
circulation-free surface currents (actu-
ally they are currents that run around
within a penetration depth X of about
10 4 cm of the surface). In He II, how-
ever, the circulation-free currents char-
acteristic of the Landau state (w < wci)
penetrate throughout the volume. This
behavior is consistent with the idea
that the penetration depth in He II is
infinite. Above OJC1 quantized vortices
penetrate the He II, but instead of o> -
a>v dropping to zero (as does H - Bv
in superconductors), it appears to satu-
rate at a nonzero value. In a super-
conductor H — Bv equals zero at a large
enough value HQ> of the external field;
we might have to say that coc2 in He II
is effectively infinite.

The presence of quantized flux lines
in superconductors has been unques-
tionably established by experiments
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that have actually photographed their
locations.14 Several attempts are now
underway to photograph the quantized
vortices in He II. Packard, Reif and
Sanders are trying to accelerate elec-
trons that have been captured by a
vortex line into a phosphor screen, so
that they can photograph the image.
At UCLA we are trying to see directly
the accumulation of small solid particle
grains that should be captured on the
cores of the vortices, like tea leaves in
a stirred cup of tea.

Helium vapor forms a film on any sur-
face that comes in contact with it, as
do ordinary vapors. However, unlike
ordinary films the helium films have
superfluid properties, and various at-
tempts are being made to use the films
to observe persistent currents. Reppy
and his group at Cornell,15 using gyro-
scopic techniques, have been able to
observe persistent currents for films that
coat a superleak. Our group has tried
to observe persistent currents in films
adsorbed on the outside of a cylindrical
block. The experiment consists of cool-
ing the rotating block through 7\, bring-

( i n g it to rest and then looking for a rela-
tive motion of film and block by investi-
gating the propagation of third sound
(the wave mode that propagates in a
helium film). Results so far indicate
that there is no persistent current. Also
when the cylinder is brought from rest
into rotation one finds no relative veloc-
ity between cylinder and film. Note
that a measurable persistent current in
this geometry would be one with an
enormous quantum number n (see equa-
tion 3).

Quantum boundary effects

According to the macroscopic wave-
function description of the superfluid,
the superfluid density must vanish at
the boundary of the helium. One ex-
pects this drop in \p to occur over very
short distances, so that boundary effects
become important only in very narrow
geometries, such as are experimentally
achieved in a thin helium film or a
superleak with very narrow channels.

In figure 5 we see the behavior of the
macroscopic wave function when bound-
aries must be taken into account. Far

from the boundary, pfi assumes its
"bulk" value, determined by the pres-
sure and temperature through an equa-
tion of state. It drops from this bulk
value to zero over a distance a called the
"healing length."

Experimentally this quantum-me-
chanical boundary effect is investigated
by measuring quantities that are func-
tions of the average amount of super-
fluid component in the liquid. The
square of the speed of the wave-mode
fourth sound that propagates in a He-II
filled superleak is, for example, pro-
portional to the average amount of
superfluid in the superleak: the nar-
rower the channels, the greater the con-
tribution of the boundary effect and, for
a given temperature and pressure, the
greater the reduction in the average
value of pa and hence the speed of fourth
sound. The narrowest channels are
obtained by packing carbon particles
less than 100 A in diameter into the
sound resonator under high pressure (up
to 40 000 psi). From the results1" we
can determine a, but rather than de-
scribe details of the analysis, which is
complicated by the uncertain geometry,
we shall turn to another method for
which the geometry is well defined.

A surface in contact with the helium
vapor at the equilibrium vapor pressure
has a film about 100 atomic layers thick
form on it. In such a film the depletion
in ps due to boundary effects is too small
to measure (except near 7\). Arbitrar-
ily thin films (as thin as an atomic
layer), however, can be obtained on sur-
faces brought into contact with helium
vapor below the saturated vapor pres-
sure. A surface wave ("third sound")
propagates on the helium films. It is
quite analogous to the shallow-water
gravity waves that travel with the speed

v = (gd)m

where d is the depth of liquid and g the
gravitational acceleration. In a film,
the van der Waals attraction / between
the film and the surface, which is pro-
portional to d'\ plays the role of restor-
ing force and takes the place of g in the
above expression. Note that / is many
orders of magnitude greater than g.
Moreover, because the normal fluid is

locked by its viscous interaction with
the boundary, only the superfluid par-
ticipates in the wave motion, account-
ing for an additional factor of the aver-
age value of /)s/'p (denoted by (ps/p))
in the formula for the speed C:, of third
sound

c3 = ((Pa/p)fdy *

Here p is the total fluid density.
From thermodynamics and the known

pressure and van der Waals force, we
get d, and hence from measuring the
speed of the third sound we determine
(Ps/p). This has been done for films as
thin as four atomic layers. The re-
sults17 indicate a healing length of about
one atomic layer at low temperatures.
At higher temperatures the healing
length increases, and is about three
atomic layers at 2 K. Experiments sug-
gest the empirical relation

a » L.5T/U/p)T»
atomic layers for T between 1.0 K and

The theory that has been most suc-
cessful in describing the quantum-me-
chanical boundary effects is that of
Vitali Ginzburg and L. P. Pitaevskii."4

It is an adaptation of Landau's theory
of second-order phase transitions to the
He I-He II transition. Their approach
is quite controversial, and oddly enough
one of the major uncertainties in assign-
ing an exact value to the healing length
is lack of agreement on the correct
theory to which the experimental results
should be matched. Another difficulty
in interpreting the experiments is in-
exact knowledge about the nature of the
van der Waals attraction between film
and substrate.

Macroscopic measurement on the
microscopically thin films (less than
15A) are surprisingly accurate. One of
the intriguing aspects of superfluid
physics is the success of macroscopic
techniques and ideas in dealing with
microscopically small systems, and
third sound is one such instance. So
far as can be determined, hydrody-
namics continues to work Another
particularly striking example is pro-
vided by Charles Anderson and Edward
Sabisky's19 observation of ordinary
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Near a boundary the superfluid density p, = \i\- drops to zero
over a distance a called the "healing length."
Figure 5
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What's the
diflerence?

Some typical squirrel cage photomultipliers.
All similar in shape. But the one in the fore-
ground, the new EMI Type 9781B, is differ-
ent. Take a look at these typical performance
figures:
• Photocathode sensitivity... 55/iA/L
• Overall gain at 1000V...2 x 107

• Overall voltage at gain of 10A..650V
• Dark current at gain of 106...1.2nA

The 9781B, a 9 stage tube with UV trans-
mitting glass envelope, is designed for use
with low level UV and visible radiation in
spectrometer and similar applications. The
B11A (Bl l -88) base means the 9781B will
replace other tubes of this design to improve
system performance.

For details of the complete EMI P.M. tube
range contact:

GENCOM DIVISION

80 EXPRESS STREET, PLAINVIEW, N.Y. 11803
TELEPHONE: (516) 433-5900

Circle No. 20 on Reader Service Card
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sound resonances in films as thin as
10 A.

Independent determinations of the
depleted pa and the healing length are
available from another direction. We
have already mentioned gyroscopic
methods for the detection of persistent
currents in helium films. These meth-
ods can also yield a quantitative mea-
surement of the angular momentum of a
persistent current. From measure-
ments of angular momentum versus
thickness of film for a given persistent
current for a given vs field, we can ex-
trapolate to the thickness at which the
mass participating in - the persistent
current, and therefore the angular mo-
mentum, vanishes. This thickness is
roughly twice a.

Crucial to the interpretation of these
results is that, as we change the thick-
ness of a film undergoing a persistent
current, only the mass partaking in the
current (the mass of supercomponent,
which equals fpadV), and not the ve-
locity field vs changes. That this is in
fact true is not obvious, because the
vapor that condenses into the film to
increase its thickness is stationary,
whereas the persistent current has a
velocity, and we might wonder whether
or not momentum is transferred. The
answer is that momentum transfer be-
tween He II and its vapor affects only
the normal-fluid velocity, and further-
more the liquid and vapor are in equi-
librium with respect to net momentum
transfer when the normal-fluid velocity
and vapor velocity are equal,-" as is true
here. (See reference 20 for a description
of the experimental verification and for
a discussion of the thermodynamic
theory.) Finally, the vapor condenses
into the film (as the pressure is in-
creased) without net angular-momen-
tum transfer: Part of the increase in
the mass of the film goes into the super-
component and part into the normal
component; the increase in angular
momentum of the supercomponent is
balanced by the change in angular mo-
mentum of normal fluid plus walls
(superleak), and the torque needed to
bring the normal fluid plus walls back
to rest equals the net increase in angular
momentum of the He II film for this
process. The results for the healing
length from the measurements15 agree
fairly well with the third- and fourth-
sound measurements.

Thickness of a moving film

Although the techniques and inter-
pretations involved in experiments re-
lating to the quantum-mechanical
boundary effects are macroscopic, the
effects become more and more impor-
tant only as the geometry approaches
microscopic dimensions (except near
7\), and we might call them "semi-
macroscopic" quantum effects. On the
other hand the quantized vortex lines

and V X vs = 0 are fully macroscopic
quantum effects because they can be
observed in bulk systems. We are led
to wonder whether situations might
arise in which the behavior of the macro-
scopic wave function near the boundary
could also be important in bulk systems.
In this light we shall discuss a recent
experiment of William Keller's.21

Keller's aim was to measure the thick-
ness of a moving He II film. The film
is set in motion by increasing the level
of the He II, contained in a beaker, rela-
tive to the surrounding bath. Because
the film wets all the walls it forms a con-
tinuous path from the He II in the
beaker to the bath, and the resulting
flow is like that in a siphon. According
to a simple application of the thermo-
dynamics of He II,22 the thicknesses
d and d(] of the moving and stationary
films should be related by an equation
that expresses the equilibrium balance
at the free surface between the Bernoulli
pressure and the gravitational and van
der Waals forces

Here vB is the speed of the film and z
is the height of the point in question (on
the film) above the level of the bulk He
II in the beaker. According to the ther-
modynamics, then, a moving film
should become thinner. Keller mea-
sured the thickness of a moving film
with capacitance techniques and found
with quite good accuracy that d = do.
A moving film did not become thinner,
apparently contradicting the basic ther-
modynamics of He II.

The van der Waals attraction between
moving film and substrate is not fully
understood, and we can not rule out the
possibility that work in this area might
shed light on Keller's results. How-
ever, we speculate that this experiment
might someday be understood in terms
of a thermodynamics generalized to in-
clude the quantum-mechanical bound-
ary effects. As with all thermodynamic
relations yielding the shape of a free
surface, the quantities in equation 6
are to be evaluated at the free surface.
If we now put in the boundary condi-
tion ps = 0 at the free surface, we find
d = do for all vB. If there is any truth
in this idea, then Keller's experiment
points the way toward possible observa-
tions of quantum boundary effects in
bulk systems. Consider the example of
He II contained in a rotating vessel with
the superfluid at rest, vs = 0 (such
states have been obtained in metastable
situations by Reppy and Cecil Lane23

for rather high u). According to the
thermodynamics of He II the shape of
the free surface in this case should be
parabolic, and the height z of the free
surface above the minimum is

z = pn/p u>ir2/2g (7>

where r is the radial distance from the



axis of rotation. Equation 7 differs from
the corresponding formula for a clas-
sical liquid by a factor of Pn/Pt which is
the fraction of normal fluid. If we now
impose on equation 7 the condition
ps —• 0, and hence Pn = p at the free sur-
face, then we would find that the shape
of the surface is always classical and not
shrunken (pn/p < 1) as indicated by
equation 7. In such a way we might
investigate the effects of the macro-
scopic quantum boundary condition in
a "bulk" system.
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meet the new IGC 150 power system
a totally new concept in power supply design

Intermagnetics General Corporation, an independent affiliate of
General Electric Company, introduces a new power system with
built-in sweep control specifically designed for supercon-
ducting magnets.

Available in two models (150M for moderate stability and 150S
for high stability), the IGC 150 power system offers the performance
and price that you can expect only from the world's leader in
superconductive materials, magnets and systems. Here's why:

• Eight hour stability: ModeM50M: <0.05% Model 150S: <0.003%
• Current sweep: Can upramp or downramp at any of 11 rates from 1 minute

to 5,000 minutes, full scale current. Supply automatically shifts to constant
current output when preselected current level is reached
Forced air cooling
Remote programming capability
Compact: Weighs only 80 lbs. Requires standard 19" rack mounted panel,
7" panel height
Overvoltage protection: Supply turns off if magnet "quenches"
Output current: 0-150 amperes
Voltage across inductive load: - 4 volts to +4 volts
Power requirements: 115/230 volts, 18/9 amperes, 50-60 hz
Noise and ripple: <5 mv peak-to-peak
Control functions: Zero/Hold/Ramp
Price (F.O.B. Schenectady, N.Y.) 'Price Includes panel meter readout. For

Model 150M*: $2,650
Model 150S*: $4,625

optional digital readout of current and
voltage with 0.05% accuracy as shown
above, add $650.

For further information on the IGC 150 power system
call Paul Swartz, Vice President of Marketing and Sales, at (518)
FR4-2211, Ext. 5-5475 or write P.O. Box 711, Schenectady, N.Y. 12305.
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