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We report observations of characteristic reservoir oscillations induced by persistent circulation in saturated
'He films for several different geometries. The shape of the oscillation structure appears to be in qualitative

agreement with the predictions of Campbell. Within the constraints imposed by theoretical approximations
and uncertainties in the experimental parameters, the quantitative agreement is satisfactory.

I. INTRODUCTION A. Persistent bulk flow

Persistent currents have been known to exist
in superfluid helium since 1961.' The early re-
search into these currents involved bulk flow, and
it was not until 1968' that such states were found
to exist in relatively thin unsaturated films, and
not until 1973' that research was initiated into
persistent currents in thicker saturated films in
open geometries.

Our initial measurements4 were motivated by
(i) the work of Hallock and Flint' who concluded
that the damping of Atkins oscillatiops between
two reservoirs could be adequately accounted for
by a, mechanism first proposed by Robinson, ' and
hence was not due to processes within the film,
and (ii) by the lack of observation of persistent
currents in saturated films in the thick-film ex-
periments of Wagner. ' The experiments we re-
port here were motivated primarily by Camp-
bell, "' who showed theoretically that reservoir
oscillation anomalies' " seen in various saturated
film flow experiments could be explained by the
presence of persistent film currents and who pre-
dicted characteristic oscillation structure for
various geometries.

In this section we give a brief account of a num-
ber of previous persistent-current experiments.
Section II is devoted to a brief review of oscilla-
tions between two reservoirs connected by satu-
rated film along a single flow path. We then intro-
duce Campbell's theory" for multiple flow paths
and in Sec. III describe our apparatus and pro-
cedure. Some of our experimental observations
are presented and interpreted in Sec. IV and we
summarize our conclusions in Sec. V. Appendix
A contains results and interpretations of some
additional experiments performed on the creation
and conservation of circulation in our apparatus.

The first experiment to observe persistent cur-
rents was that of Vinen' in 1961. In his experi-
ment, a taut wire was set into transverse vibra-
tion and the circulation around it was deduced
from the precession rate of the plane of vibra-
tion. " Vinen was able to observe a circulation of
1.96 h/m persist for a time of 100 min without de-
tectable decay. In 1964 Bendt" and Depatie et al."
utilized very different techniques but arrived at
the same conclusion: persistent currents existed
in bulk superfluid HeII. After an experiment in
1964 by Reppy and Depatie" showed that the tem-
perature-dependent angular momentum of a flow
state scaled as the superfluid density, experiment-
al attention shifted to the behavior of bulk flow
through packed powders. Both Reppy" and Mehl
and Zimmerman" developed gyroscopic techniques
which employed packed powder to increase the
critical velocity of the flow. These techniques,
which actually measured the angular momentum
of the persistent currents in a nondestructive man-
ner, proved to be very sensitive and led to mea-
surements of the temperature dependence of the
superfluid fraction, "critical velocity, "and char-
acteristic flow-velocity decay time" very near
the lambda point.

In 1968 Van Alphen et al."used yet another
method to detect persistent currents. Following
suggestions first presented by Sikora et al. ,

"the
experimental apparatus consisted of two reser-
voirs connected by two paths of unequal length
filled with packed powder. A persistent current
could be established by drawing superfluid through
both paths at the critical velocity thus generating
a net circulation. By using a heater to block a
short section of the shorter flow path, the kinetic
energy of the persistent current could be trans-
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formed into level oscillations of the two reser-
voirs connected to the flow paths.

The most recent method employed to detect
persistent currents in packed powder was de-
veloped by Kojima et a/."who recognized that a
persistent current would Doppler shift the speed
of fourth sound in an annulus. Using this tech-
nique, these authors concluded there existed a
vortex-free Landau state in rotating superfluid
helium.

B. Unsaturated films

In a series of papers beginning in 1968, Reppy
and co-workers ' ' 6 extended their investigatipns
to unsaturated films. Utilizing their precise gyro-
scopic technique, Henkel et al.' were able to docu-
ment the dependence of the onset of superfluid
persistent currents on temperature and film thick-
ness, and Chan et al."demonstrated that persis-
tent currents could exist in films only two atomic
layers thick on a substrate preplated with neon.

Wang and Rudnick" have reported the lack of
observation of persistent currents in unsaturated
films. Their method consisted of measuring the
time of flight of third sound pulses on a rotatable
glass cylinder. If persistent currents were pres-
ent then the flight time would be Doppler shifted.
No Doppler shifting consistent with a persistent-
current velocity greater than 1 cm/sec (the esti-
mated uncertainty) was observed.

The null results of the Wang and Rudnick" ex-
periment led Wagner' to conduct an experiment in
which rotation of a polished copper cell was super-
imposed on a thermally induced film flow along the
rotation axis. Wagner asserted that if persistent
currents were present the critical flow rate for
the thermally driven flow would depend on the an-
gular velocity of the cell. No such dependence was
observed for unsaturated or saturated films lead-
ing Wagner to conclude in agreement with Wang
and Rudnick" that persistent flow characterized
by high quantum numbers was very unstable.

C. Saturated films

In 1974, Verbeek et al."observed persistent
currents in saturated films using a method similar
tp that pf van Alphen et al. Twp pa, rallel flow
paths were constructed from fine-glass capillary
of 0.045-cm i.d. forming a 136-m-long loop closed
by a 21-cm short section of packed powder. The
kinetic energy of a persistent current Qow in the
loop could be blocked by raising the temperature
of the packed powder, forcing the fluid into reser-
voirs where the resulting oscillations gave infor-
mation regarding the direction and speed of the
persistent current flow.

Later in 1974, Galkiewicz and Hallock' inde-
pendently observed persistent currents in a flow

loop consisting of relatively short (37 cm) and

open (0.137-cm i.d. ) stainless-steel tubing. This
experiment was more comparable to the experi-
ments of Wang and Rudnick" and Wagner, ' and un-
like all the remaining film experiments, """"
in that the flow path was everywhere (i) relatively
open to vapor movement and (ii) free of packed
powder.

Subsequently, Van Spronsen et al."generated
persistent currents in a geometry very similar to
their previous one using rotational methods. This
experiment indicated that there was nothing inher-
ent in rotation itself to prevent the formation of
persistent currents in relatively thick saturated
films.

In 1974, Campbell' presented a theory of super-
fluid flow through multiply connected geometries that
indicated the effects of persistent currents on the
film oscillation between two reservoirs. Curious
unexplained oscillation effects had been seen pre-
viously by a number of authors" "'"but there
had been no previous consideration of persistent
currents in these experiments. In general these
effects fell into two classes: (i) film oscillations
which decayed with linear (rather than exponential)
envelopes which abruply changed slope coincident
with a dramatic change in oscillation frequency,
and (ii) oscillations characterized by unusually
large first-oscillation peaks relative to the re-
mainder of the oscillation. As a result of our
present understanding of the effects of persistent
currents on film oscillations in various geome-
tries, ' it is now evident that the first clear experi-
mental evidence for saturated film persistent cur-
rents was provided by the work of Hammel et al."

II. FILM OSCILLATIONS

A. Simply connected geometries

Consider two reservoirs containing bulk Heal
connected by a single film Qow path located above
the free surface of the liquid. If the equilibrium
level of one reservoir is displaced relative to the
other, the fluid will be accelerated over the flow
path. Because in the isothermal limit the restoring
force is proportional to the level difference, one
would expect to observe undamped harmonic oscil-
lations between the reservoirs. The frequency of
these oscillations was first derived by Atkins' and
is given by

where g is the gravitational acceleration, A.A and
A ~ are the cross-sectional areas of the respective
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reservoirs, and the integral is taken along the
film flow path of cross-sectional area a(l). In

fact it is generally observed that these oscillations
are damped. The damping mechanism, as sug-
gested by Robinson' for bulk flow, was first applied

by Hoffer et al. ' and Allen et al. to film flow.
Later, Hallock and Flint' carefully documented
the quantitative validity of the Robinson' mecha-
nism and showed that other proposed mecha-
nisms" ' contributed a negligible amount to the
overall damping. Robinson' damping is due to fi-
nite heat conduction between the two reservoirs.
The flow of superfluid between the reservoirs
results in temperature oscillations ' which accom-
pany the level oscillations. The resulting oscillat-
ing fountain pressure" opposes the film flow and
leads to damping of the oscillations. This damping
mechanism results in an exponential decay en-
velope (see Fig. 1).

Another more complex mode of dissipation for
flow at high velocities can be seen in Fig. i. Be-
cause the decay envelope does not extrapolate back
to the displacement origin, it is evident that at
some time between the level displacement and the
first crossing of the new equilibrium level, energy
has been lost from the system. It is generally be-
lieved that this dissipation is the result of thermal
fluctuations"'" within the film, and while the iden-
tity of the specific excitation is still open to de-
bate, experimental evidence indicates that this dis-
sipation is a sharp function of velocity. Below the
so-calleL. "critical velocity" v, the dissipation ap-
pears to be negligibly small, while above v, the
dissipation losses tend to balance any applied
force to leave the velocity relatively unchanged
(see Fig. 6 in Ref. 5). In the measurement shown
in Fig. 1, the level displacement has been great

OSC ILEAT I ON S

200 sec

enough to accelerate the fluid to v, and to dissipate
energy. Note that no dissipation should be present
after the first equilibrium zero crossing because
the film always remains below v, from that time
on. That is, energy is lost from the flow primarily
through dissipation during the "run-in" and pri-
marily through Robinson' damping during the os-
cillations.

~V p—+ V p+0+ —~v' =f(v),
&t 2 p

(2)

where p, is the chemical potential, 0 the Van der
Waals potential, and f(v) describes the dissipation
in the film as a function of velocity. If we inte-
grate along the jth path from reservoirs to reser-
voir B under the assumption that the apparatus is
bilaterally symmetric we have

After Campbell" we now take p, B —p,„=gz —S&T
and S4T = -qi. Here g is the gravitation accelera-
tion, z is the fluid level difference between the
two reservoirs, S is the entropy of the liquid at
temperature T, &T is the temperature difference
between the two reservoirs, and q is a tempera-
ture- and geometry-dependent proportionality con-
stant. With the further assumption of mass con-
tinuity we have that the product v~(I)a, (l) is con-
stant along any section of the flow path. Along the
common section we will take that constant to be
v,ao and along the jth parallel path to be v&a&. We
now have

~ B

v, l, +v I +gz+qz= f(v )'dl, , j=1,2, (4)
A

where

B. Multiply connected geometries

Following Campbell's derivation, 'we now consider
a system consisting of two reservoirs connected
by a flow path, of effective area a, and effective
length I„ in series with two parallel (Fig. 2)
paths of effective areas a& and length l&. The su-
perfluid velocty v in each path obeys the equation

RUN - IN
Imm

B agdl~

aq(l)
'

FIG. f. Example of a measurement of the position of
the free surface in reservoir A as a function of time
during and after a change in the equilibrium level posi-
tion. The run-in is characterized by high film flow
velocity as the new equilibrium position is approached.
The subsequent Atkins (Ref. 6) oscillations are exponen-
tially damped consistent with expectations based on the
work of Robinson (Ref. 7).

We finally include the general equation for mass
continuity in our system

pAz =p,v,a, = p, (a)v, +a,v, ) . (5)

Here & is the reduced reservoir surface area
A =A„Aa/(A„+As). After multiplying Eq. (4) by
a,./I&, summing over j, and using Eq. (5) we have
an equation of the form
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z+2bz+ ~'z =D,

where

„. g p.('i

(6)

(7a)

Q'

2g

1 B~ afD =—Q f(VI)'dlI
A f

pg ) gr=—1+~
P, ao lf

(7c)

and Z'I indicates a sum of j = 1 to 2 ezcluChng any

path where b f = 0.
Equation (6) only admits solutions if the function-

al form for the dissipation, f(v), is known. How-

ever since t(v) is generally observed to be a sharp
function of velocity one can gain much insight into
the behavior of the system by assuming'

f(vI) =0 if
I "II~~ (Ba)

'I =0 if Ie, I
=e„g=1,2. (Bb)

Equations (Ba), (Bb) model the behavior of no dis-
sipat, ion in film flowing at less than the critical
velocity and no superfluid acceleration possible at
greater-than-critical velocities. In addition it is
easy to design a system such that a, a, +a, . If
this is the case, we then expect f(v, ) =0 and Eq.
(6) reduces to

z + 2bz + co z = 0,
which admits the solution

z (t) =z,e "sin((u't+ y), (10)

where &u' = (sP —b')'I and zo and P are determined
by the appropriate boundary conditions. Note that
b and co' change values every time a flow path
starts or stops dissipating; our general solution
may thus consist of many separate z(h) joined into
a smooth curve by requiring continuity in z and z.
Even with the approximation of Eqs. (Ba) and (Bb),
the explicit appearance of e ' in Eq. (10) leads to
transcendental boundary equations for the z and z
continuity conditions. Consequently if the damping
is small compared to the Atkins oscillation fre-
quency it is useful to make the approximation b = 0.
This approximation will allow us to solve for vari-
ous oscillation parameters in closed form in Sec.
IV.

III. APPARATUS AND PROCEDURE

A. Apparatus

The basic persistent current apparatus consisted
of two coaxial capacitors' topped by copper tees

SUPERFLUI 0
VALVE

FLOW PATH
HEATERS

iiiiiI '- F I L L
CAPILLARY

B

CA PAC I TOR
GAP

THERMOMETER

f HEATER

FIG. 2. Schematic diagram of the persistent current
apparatus in the closed configuration. The reservoirs
A and B are filled by use of the capillary as discussed
in the text. The two film flow paths lie in approximately
the same horizontaI plane but are shown vertically sep-
arated here for clarity. The surrounding can is totally
immersed in the main pumped Dewar bath (Ref. 5).

(which had inside diameters of 0.795 cm in the
horizontal sections, and 1.17 cm in the vertical
sections) which connected long and short flow

paths into a closed loop (see, Fig. 2). Placed in

the bottom of each coaxial reservoir were a small
manganin wire heater and a, % carbon resistor
thermometer. Capacitor A served as the reser-
voir level measuring detector and had a cross-
sectional area of 2.13 x 10 ' cm' and a sensitivity
of 1.08 cm/pF. Capacitor B, which could be cou-
pled to a capillary fill line, had a cross-sectional
area of 2.25 & 10 ' cm' and a sensitivity of 1.06
cm/pF. The capacitance of reservoirs was mea-
sured in a three terminal ac bridge configuration,
which employed a GR-1615A capacitance bridge
driven by a HP 6518 test oscillator amplified by
a McIntosh MC40 power amplifier. Off-null signals
were amplified by a PAR HR-8 lock-in amplifier
and recorded on an HP 7004A X-Y chart recorder
operated in the time-Y mode.

The flow paths were made of stainless-steel
tubing of 0.137-cm i.d. The length of the long flow
path varied from 36.8 to 240 cm while the length
of the short flow path varied from 1.16 to 1.27 cm
depending on the specific experiment (Table I).
These flow paths were wound with manganin wire
(0.038-mm o.d. ) at their midpoints over the span
of roughly 0.25 cm. The purpose of the manganin
heaters was to locally warm the flow path and so
block the flow of superfluid film. As will be
examined shortly, this technique4 allowed us to
check directly the magnitude and sense of any
persistent current present in the loop. The wall
thickness of the short flow path was reduced to
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about 0.025 cm at the winding to facilitate heat
transfer to the inner film. The height of the flow
paths above the free surface was generally in the
range of 6-7 cm and both flow paths were in the

The de-same horizontal plane to within +1.0 cm. e e-
tector assembly was partially immersed in a He
bath contained in a sealed-brass can as shown in
Fig. 2. The sealed can was immersed in the main
pumped bath. The assembly could be run in two
different configurations. The first configuration,
which we term "closed" is that shown in Fig. 2.
Here the detectors were filled by condensing puri-
fied He gas into a capillary immersed in the main
bath over the can. This liquid then passed through
a millipore filter, "a bellows-sealed superfluid
valve, ' and a capillary tubing (0.023-cm i.d. ) be-
fore reaching the detectors. The detectors were
usually filled at 1.5 K and subsequently the super-
fluid valve was shut to isolate the detector assem-
bly. A second configuration, termed "open" was
also used. This consisted of inserting a plunger
into the can, and opening the detector assembly to
the can bath by removing the fine capillary on
reservoir I3 shown in Fig. 2. In the open configura-
tion, the position of the free surface in the sealed
can, and hence, in reservoir 8 could be changed
up to 3 mm in approximately 1 sec by raising or
low

' a plunger. The vibration of the apparatus
caused by the manual operation of the plunger was
not observable in reservoir A.

Two methods are generally available to initiate
relative reservoir displacements in the closed
configuration. One method consists of applying a
dc voltage to one of the coaxial reservoir capaci-
tor~ thereby increasing the level in that reservoir
b an amount proportional to the square of the ap-y an

TABLE I. Flow path parameters and apparatus con-
figuration for a number of experiments. The various

arameters are defined in the text. Unless noted, thep
flow paths were stainless steel and the tees, coppe .
Exceptions are (a) stainless steel tees, (b) glass long
flow path, and (c) short flow path removed.

plied voltage. Since in our apparatus the level
displacement was limited by a voltage breakdown
in the capacitor this technique was not used exten-
sively. The other method consisted of utilizing the
fountain effect by passing a current through one of
the manganin wire heaters located in the base of
the reservoirs. The heat input creates a chemical
po en iat t' l difference between the two reservoirs

f thew lch' h acts to increase the equilibrium level o e
ech-hotter reservoir. In our apparatus this heat tec-

nique also creates a secondary bias film flow which
moves to restore the atoms to the hotter reserVoir
that are lost through evaporation from the free
surface. Unfortunately, for large enough heater
powers this bias current visibly affected our ability
to observe and create persistent currents. The
closed configuration was consequently used exclu-
sively for the study of small (0.05 cm or less) dis-
p lacement phenomena and the open configuration
used predominantly for larger displacements.

B, Procedure

%'e have employed two methods for producing
persistent currents. The first, which will be
called t~aPping, was used in Ref. 4, The second,
termed building-in, can give information on the
flow in each path without the use of the flow path
heaters. '

1. Trapping

The data in Fig. 3 demonstrate how persistent
currents are generated by trapping. At the begin-
ning of the trace, an oscillation takes place through
the long flow path alone since the short-flow-path
heater (S) is on. At position (1) heater S is turned
off, allowing fluid to flow through the short flow
path and a persistent current is trapped in the
loop. To obtain the most efficient energy transfer

Run /~ (cm) l& (cm) 1/l a Configuration

(jhow

h

I 1.92
II 2.38
III 2.02
IV 2.02
V 2.02
VI 2.01
VII 1.91
VIII 1.91
IX (c}

37.5
240
129
129
129
128
129
129
128

19.5 1.04
101 1.00
64.0 1.00
64.0 1.00
64.0 1.00
63.0 0.74
68.0 0.85
68.0 0.85
(c) 0

' Stainless-steel tees.
b Glass long flow path.' Short flow path removed.

closed
closed
closed
closed
open
closed
open
open
open

FIG. 3. Typical trapping of a persistent current. The
low-frequency oscillations take place with the short-
flow-path heater S on. A persistent current is trapped
at (1) by shutting the heater S off, and observed at (2)
by turning the heater on again. The complete sequence
depicted here is described in more detail in the text
(see also Ref. 4).
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from oscillation to persistent current, the heater
S should be turned off when the difference in the
helium levels between the two reservoirs is zero.
This is because the velocity in the long flow path
is at a maximum at the zero crossing and the
reservoir levels are in equilibrium. The oscilla-
tions after (1) are primarily due to the momentum
of the fluid in the stand pipes connecting the coax-
ial capacitors to the tees. After a time & when the
oscillations have died out, heater S is turned on,
redirecting the flow into a reservoir where the
kinetic energy which had been trapped in the cir-
culating persistent current is transferred into po-
tential energy and subsequent level oscillations.
This is shown at event (2). Event (3) represents
the trapping and documentation (4) of a smaller
magnitude persistent current travelling in the op-
posite sense of (1)-(2). At (5) the heater is
switched off at an oscillation peak. At this point
the velocity is zero in the long flow path and re-
mains basically so while the reservoir levels
equilibrate through the short flow path. The re-
cording is continued at (6) and the oscillation at
(7) represents a state-of-zero or nea. r-zero per-
sistent current and corresponds to the signature
of the heater S alone. It should be noted that the
size of the oscillation after (2) is observed to be
independent of & for times as large as 10 h. This
suggests that to within our experimental uncertain-
ty (=2/o) the magnitude of the trapped kinetic ener-
gy is independent of ~ for 1 min & v' ~ 10 h. If
one assumes these circulating currents to be met-
astable with a decay governed by fluctuation pro-
cesses, "so that the film velocity decays logarith-
mically in time and further assumes that this de-
cay continues for all time, this observation sug-
gests a lower limit of the lifetime of these circu-
lating film currents substantially in excess of the
assumed present age of the universe. Thus, we
are justified in terming these currents persistent.

The heater power used to interrupt the flow in
the short flow path was determined at each temper-
ature by plotting the decay constant governing the
oscillation envelope as a function of heater power.
For little or no applied power one sees the decay
constant (o.') and frequency (tu) characteristic of
film flow through both flow paths. As the power
is increased, partially blocking the short flow
path, the damping increases until as the flow path
becomes fully blocked the decay constant dramat-
ically decreases to a constant value. Meanwhile
the frequency drops and then rises to a value char-
acteristic of flow through the long flow path as the
short Qow path becomes blocked. Both the decay
constant and the frequency saturate at their long-
flow-path values, and become insensitive to fur-
ther increases in heater power. The behavior near

l4-

l2- ~

IO-
I

(p 8-
lh
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O

o 9.2-
CD0
D~ 90- ~

N
I0 ~

3 88-
~

~ ~ ~

T= l.50K

8.6-
I~

84
2.2 2.6

I

2.8
P(rnW)

l

3.0

FIG. 4. Oscillation envelope decay constant and oscil-
lation frequency as a function of total power applied to
the short-flow-path heater S. The arrows represent the
operating power at this particular temperature. Typical
error bars for the frequency are indicated; error bars
for the decay constant are smaller than the symbols.
Note the difference in the range of the two vertical
scales.

the saturation region is illustrated in Fig. 4 where
the heater operation point is chosen (5-10)% above
the minimum saturation power to insure reproduci-
bility. Since the heater is wrapped on the outside
of the stainless-steel tubing only a fraction of the
applied power reaches the inner film flow surface.

In experiments employing an open configuration
and a different long flow path from that used for
Fig. 4 we have found that the frequency obtained
in the saturation region is within a few percent of
that observed in a subsequent experiment with the
short flow path removed. When the decay con-
stants are compared, however, a 35/o increase is
observed for the run employing heater S over the
run without the short flow path. This difference
is not totally unexpected since the heater S signi-
ficantly perturbs the temperature of the closed de-
tector relative to the detector directly tied to the
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v» ~ z„(Sswitched off);

v»~k, „, (S switched on) .

(lla)

(lib)

Here v» represents the persistent current velocity
and z„and z,„, represent the reservoir fill rates

6

~ I ~ ~

bath.
Once the heater power was selected at each tem-

perature a study was made of the characteristics
of the heater operation. Referring back to Fig. 3
one can see that corresponding to any given per-
sistent current there exist a characteristic input
and output oscillation. A graph of the peak-to-
peak output oscillation amplitude z„,„,versus
the peak-to-peak input amplitude z,„„canindicate
the existence of any heater-induced complications
or asymmetries. Two such plots of z,„,„, vs
z,„„areshown in Figs. 5 and 6. In both graphs
the schematic sine curves indicate the sense of
the persistent current. The inset indicates the
heater "signature" corresponding to zero persis-
tent current (refer to point 7 on Fig. 3).

The data shown in Fig. 5 are taken from an ex-
periment employing a closed configuration; the
inset shows that the heater causes only a slight
perturbation of the system. There is basically no
difference between the equilibrium level with S on
or with S off so from Eq. (5) (mass continuity) we
have that

just before S is switched off and just after S is
switched on during a trapping event. For a damped
harmonic oscillator

Zin, (tet) P 2 ppl in, (out) &

where &, is the frequency of oscillation while S is
on and the constant P compensates for damping ef-
fects. If Eqs. (11a) and (lib) hold, we then expect
that

pp, out pp, in t

where e is a proportionality constant that function-
ally represents the efficiency of the heater trapping
sequence. This type of behavior is observed in
Fig. 5 with e =0.84+0.01.

An example of similar measurements made in
an open configuration is shown in Fig. 6. These
data were taken in a somewhat different manner
due to the large heater offset visible in the inset.
We believe this offset comes about in the following
way. The existence of a heat input at S tends to
draw superfluid out of the reservoirs and return
vapor by condensation. Both of these effects tend
to raise the temperature of the two reservoirs
relative to the surrounding bath due to the finite
thermal conductivity of the actual detector assem-
blies. ' When the system is in the closed configura-
tion this effect is minimized due to the general bi-
lateral symmetry of our apparatus about S. This
is apparent in Fig. 5 where the very minor offset
is most probably due to slight asymmetries in the
system. In employing an open system one breaks
the symmetry by coupling the nonmeasuring reser-
vori (B) to the surrounding bath both in tempera-
ture and free surface level. Consequently when
S is applied, the temperature in reservoir A will

O

4
h4

-9

6O

o. -5
hJ

8 6 4 2 0 2 4 6 8

FIG. 5. Peak-to-peak output oscillation amplitude
z» «t vs the peak-to-peak input amplitude z~,n. The
schematic sine curves in the upper portion of the figure
show the sense of the oscillation. The inset shows the
level in reservoir A vs time and displays the effect of
operating the heater S with no persistent current in the
apparatus. These data were obtained in a closed geom-
etry (Fig. 2) at T =1.50 K with l &/l2 =&4 and a &/a2

—-1.
One amplitude unit represents a 121-pm displacement
in reservoir A for both the graph and the inset.

8 6 4
I I

4
I I I I

6 8

FIG. 6. Peak-to-peak oscillation amplitude vs the
peak-to-peak input amplitude for the open geometry at
T =1.30 K. In this case l &/l2 ——

&8
and a&/a2 —-0.85. Again

the inset shows the level in reservoir A vs time
after operating heater S with no persistent current in
the apparatus. The effect is larger here than in case
of the symmetric geometry. One amplitude unit repre-
sents 171-pm displacement in reservoir A.
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rise relative to that in B creating a chemical po-
tential difference between the two reservoirs.
Superfluid will then be accelerated through the long
low path as the system restores equilibrium by
creating a pressure head (the heater offset) and,
oscillations will occur (in the manner described
in Sec. IIA) between the two reservoirs about the
new equilibrium level in A.

Because the heater offset shown in Fig. 6 was
comparable to the minimum height needed to ac-
celerate the fluid in the short flow path to v„ the
S =0 equilibrium level crossings were chosen as
the heater on/off points instead of the heater-on
equilibrium level (i.e., the center of the sine
curve). In this way any dissipation was minimized
at the insertion of a persistent current. Under
this procedure, the analysis proceeds as before
except that

a(g (1 2qZ/2
in, (out) + 2 ~4 ~yy, in, (out) 0~ (14)

where z0 represents the heater-induced level dif-
ference. Equation (12) then becomes

z, ,„,=2zp[1 —eP+(ez, „/2zp) ]'~, (15)

where e once again represents the trapping effi-
ciency and we take i „—2z0. This type of be-
havior is observed in Fig. 6 where e =0.90~0.01
represents the indicated lines through the data
points. The shaded region represents the region
excluded due to the offset (i.e., 2z, =1.9 units). In
this analysis the persistent current velocity scales
as

~pp (z pp, out ~0)

v, or for large enough level displacements v, . Be-
cause of the inertia of the fluid in the flow paths,
reservoir A overfills and the restoring force re-
verses direction. The fluid in the short path slows
and then reverses direction tending to empty A,
while the fluid in the long path only slows, filling
A at a decreasing rate. At point P the net fill
rate is zero, indicating that the reservoir is being
emptied as fast as it is being filled. From shortly
after P until point y, the fluid in the short path
dissipates energy at critical velocity while that in
the long path continues to slow but still does not
reverse direction. After y there is no longer an
amplitude-pressure head large enough to accel-
erate the fluid to v, and thus no dissipation in the
film. The peak &Py is then anomalously large
compared to the oscillations immediately following
because energy has been lost in the flow some-
where in the segment Py. Also, because the fluid
in the long path has not been stopped but only
slowed, a net circulation is created in a counter-
clockwise sense in the flow loop in Fig. 2. The
process has built in a persistent current. The
shape of the anomalous peak is determined both by
the geometry of the flow paths and by the velocity
in the long path at O'. In Sec. IV we shall present
detailed descriptions of the velocity dependence
for various geometries.

IV. OBSERVATIONS

Consider now the apparatus in the open configu-
ration with the capillary removed and a plunger

2. Building in

Campbell's theory' predicts that a persistent cir-
culation can be induced without the use of a heater,
and that the presence of the persistent current will
be signaled by an anomalous characteristic initial
peak in the oscillation structure. This anomalous
peak, as shown in Fig. 7, can be generated in the
apparatus of Fig. 2 in the following manner. First
any circulation in the flow loop is reduced to a
negbgible amount by use of the heater S as de-
scribed previously. Then the fluid equilibrium
levels are displaced (by the use of the reservoir
heater or plunger depending on the experimental
configuration) so as to induce superfluid film flow
through both paths toward reservoir &. If the
level change is large enough, the fluid in the short
flow path is quickly accelerated to its critical ve-
locity v, and dissipation occurs. The Quid in the
long flow path comprises a larger effective mass
and so takes longer to accelerate. Consequently
at & in Fig. 7 the velocity in the short path v, is v,
while that in the long path v, is some fraction of

0.5mm

FIG. 7. Example of an anomalous initial oscillation
peak. For this data the equilibrium level in reservoir
A has been increased. Points n and y indicate the first
and second crossings of the new equilibrium level. At
point P, reservoir A is being filled by film flow through
the long flow path at the same rate it is being emptied
by Qow through the short flow path. For this particular
data T = 1.30 K, l &/l 2

——
64

and a ~/a 2
——1.
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in use. Now imagine increasing the level of reser-
voir A in a series of steps, such that during each
displacement the short flow path velocity goes cri-
tical. This can be accomplished for example by
dropping the plunger in four successive equal
steps. Because the long flow path is accelerated
to a higher velocity after each step, one might ex-
pect to see both the net circulation and the anom-
alous first peak" also increase after each step.
Such an event is recorded in Fig. 8, where it is
clear that the first oscillation peak does indeed
grow more anomalous while the subsequent oscil-
lations grow smaller. The inset at the bottom
shows the trapped circulation present at the begin-
ning (A) and end (B) of the sequence as reflected
by our heater S operation described in Sec. III B
(see point 2 of Fig. 3 for reference). Circulation
has been pumped into the system as a result of the
steps in level. If the successive plunger steps are
repeated starting from a different initial state of
trapped circulation, the oscillations observed will
display a different character. For example, com-
pare Fig. 9 (in which the initial state consists of
a large persistent current opposing the steps) to
Fig. 8. The film flow resulting from the succes-
sive steps opposes the initial persistent current.
Note that no anomalous peak is visible until the
last displacement, and that the oscillation ampli-
tudes tend to grow with each step. For the dis-
placements where no anomalous peak is visible,
one can relate v, (t ), the velocity in the long flow
path at point a (see Fig. 7) to the oscillation am-
plitude z, by

z (f )- &uz, ,-a, 6, +a,v, (t ), (17)

where the first and second relationships are con-
sequences of the sinusoidal nature of the oscilla-
tions and mass continuity, respectively. If the
initial v, is large and negative-the case for Fig.
9—the fluid in the long flow path will be decelerated
during each run-in until v, = 0; from then on the
displacements will accelerate v, . As v, (f ) pro-
ceeds from a large negative value to a positive
value one has from Eq. (17) that z, will increase
as demonstrated in Fig. 9. Because there is dissi-
pation during each of the plunger steps shown in
Fig. 9 the circulation changes and the persistent
current velocity is gradually reduced and accel-
erated in the step direction as shown.

Changes are much less dramatic for the case
of an initial persistent current prepared such that
v, is large and in the same sense as the displace-
ments. For example, in Fig. 10 the initial persis-
tence indicated in inset A. is so large that at the
end of the first displacement one can safely assume
that v, (t ) = v, . The character of this first event is
consequently the same as Fig. 7. Recall however,

FIG. 8. Position of the free surface in reservoir A
as a function of time. Starting from the state-of-zero
persistent current (position A on the main trace) circu-
lation is increased four times by successive plunger
displacements. After the fourth displacement (B, main
trace), the amount of trapped circulation can be docu-
mented by operation of the heater S (B, inset). For this
figure, and for Figs. 9 and 10, each displacement cor-
responds to a 0.822-mm level change in reservoir A.
The time interval between displacements is 620 sec,
T =1.30 K, l f/I2 —

64
and a&/a2 ——1.

that v, is decelerated from & to y so that if one
were to sample for a persistent current just prior
to the second displacement, one might find, de-
pendent on the geometry and displacement size, a
smaller magnitude circulation (see inset B, Fig.
10). For successive displacements the cycle will
repeat as v, is accelerated to v, during the run-in
and decelerated from & to y.

To more explicitly show the dependence of the
peak structure &Py (Fig. 7) on the magnitude and
sense of a preexisting velocity v„we have pre-
pared the film-flow loop4' with persistent currents

OA

FIG. 9. Position of the free surface in reservoir A
as a function of time. Inset A documents that the initial
state (point A, main trace) is one in which a substantial
persistent current preexists in a sense, so as to oppose
the flow in the long flow path produced by the plunger
motion. After the fourth plunger displacement, inset B
shows that the level changes have reversed the sense of
the persistent current. In this case the final persistent
current has a smaller magnitude than the initial current.
(See also Fig. 8 caption. )
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of varying velocity and then reduced the level in
reservoir A. by a small distance to drive the short
flow path critical (Fig. 11). Each event begins with
an examination of the sense and magnitude of the
persistent current in our apparatus, (closed con-
figuration, Fig. 2), as evidenced by use of the
heater S and ends with a sample of the persistent
current left in the flow paths after the small
change in level. To obtain these data we have used
the heater located in the base of reservoir A. At
the start of each trace in Fig. 11 the heater has
been on (170 p, W) for several minutes. The de-
crease in the level in each case is initiated by
shutting off the heater. The thermal time constant
of reservoir A (and also reservoir 8) is about 25
msec, and of no consequence relative to the fig-
ures. The data are arranged such that the maxi-
mum persistent current opposing the level change
is at the top of the figure. A gradual transition to
zero circulation and then to maximum persistence
reinforcing the level change is shown as one pro-
ceeds down the figure. Two important points are
illustrated by the data in Fig. 11. First, because
the level displacements are identical for all the
events in the figure, the character of the oscilla-
tions can be correlated only with the persistent
circulation already present in the flow loop prior
to the displacement. Secondly, the drop time, that
time interval from the initiation of the level dis-
placement to the first zero crossing of the new
equilibrium level, decreases as one proceeds
down the figure. This is consistent with all of our
previous analysis in that for large enough level
displacements the fluid in the short flow path ac-
celerates to v, in a time short compared with the
drop time regardless of the original flow direction
in that path. Variations in the drop time then are
primarily due to variations in the fluid velocity in

FIG. 10. Position of the free surface in reservoir A
as a function of time. In this case the initial state is
one in which a persistent current is present in the same
sense as the flow in the long flow path induced by the
motion of the plunger. The final persistent current is
smaller than the initial persistent current. (See text
and Fig. 8 caption. )

FIG. 11. Position of the free surface in reservoir A
as a function of time for several level changes in the
presence of various preexisting persistent currents.
The magnitude and sense of the persistent current both
before and after the small level change are shown in
each case. The magnitude of the level change is (1)
equal in each case and (2) small enough so as not to
induce a significant persistent current on its own. For
these data T=1.18 K, l =l&/12 ——

&4, and a =a&/a2 ——1. The
vertical bar represents a displacement of 250 p, m in
reservoir A and the horizontal bar represents an elapsed
time of 200 sec.
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the long flow path. If that velocity is large and in
the same sense as the displacement, then a small
acceleration toward the reservoir will result in a
large mass flow into the reservoir and a shorter
drop time. If instead the velocity is large, and in
the opposite sense from the displacement, we ex-
pect that a small acceleration toward the reservoir
will reduce only slightly the large mass flow out of
the reservoir implied by the sense of v, . This
situation will then give rise to a longer drop time.

Figure 12 shows data similar to that in Fig. 11
from an experiment with a different geometry.
While the qualitative behavior of the oscillations
are the same for the two experiments, Fig. 12
shows generally larger oscillations relative to the
step height and the anomalous peak height. We
would expect such behavior when E, is reduced rel-
ative to /, . Referring again to Fig. 7 it is clear
that if the fluid in the long flow path, possessing
less effective mass, is decelerated more quickly

from o'. to z then the emptying rate of the reser-
voir will be reduced. If this is so we would expect
the fluid moving through the short Qow path at v,
to regain point p more quickly. Since less time
is spent dissipating energy between P and y the
subsequent oscillations are larger in amplitude.

As Campbell' has pointed out, smallleveldis-
placements can be used to test for the presence of
circulation in a multiply connected geometry.
Figure 13 illustrates how such a test may be made.
The upper tra, ces, I(a) and I(b), show the oscilla-
tions one observes following a small level change
with no persistence built into the flow paths. The
absence of any preexisting persistent current is
documented by the observation that both oscilla-
tions I(a) and I(b) are symmetric, show no unusual
first peak structure, and require equal times to
reach point n. This is to be contrasted with what
is observed in the pair of traces II(a) and Il(b).
In this case a substantial preexisting persistent
current with a long flow-path flow toward reser-
voir A is indicated when the level in reservoir 4
is increased [II(a)] or decreased [II(b)]. In the
pair of traces, III(a) and III(b), the opposite-sense
persistent current must have been present prior
to the changes in level. Although these methods

IO.lmm 60sec

FIG. 12. Position of the free surface in reservoir A
vs time at T =1.38 K for l =- and a =1. As in Fig. 11,
various persistent currents are present prior to the
small change in level and the nature of the oscillation ~

observed immediately following the level change depends
on the preexisting current. The vertical bar represents
a displacement of 150 pm, and the horizontal bar repre-
sents an elapsed time of 200 sec.

FIG. 13. Position of the free surface in reservoir A
vs time showing how small displacements of the free
surface equilibrium position may be used to reveal the
existence of trapped circulation. The displacements
are made in pairs; I{a) represents a fill and I{b) an
empty for reservoir A. In I there is no preexisting cir-
culation. In II circulation with long flow path flow to-
ward reservoir A is present, while in III circulation of
the opposite sense is present. Here we have used the
plunger to initiate the slight level changes with / =-' and

64a =1 at 7 =1.50 K.
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0.5mm

I

60 sec
I

FIG. 14. Similar to Fig. 7 except here l =—and a
68

= 0.85. The peak is flattened at P' which results in
curvature in the region from P' to y. The difference
between this figure and Fig. 7 is due primarily to the
difference in the value of a. Here T =1.30 K.

of probing the circulation are not very quantita-
tive, they do serve as a means of verifying the
the presence and sense of the circulation.

Campbell's theory' predicts that for small val-
ues of I =I,/I, the shape of the first peak should be
sensitive to changes in a=a, /a, near 1. If we con-
trast Fig. 14 with Fig. 7 we see that this is indeed
the case. Both figures are from data runs with
I » 1 but for Fig. 7 we have (macroscopically a = 1,
whereas in Fig, 14 a=0.85. While the trace in

Fig. 7 shows a sharp peak followed by an almost
linear return to the equilibrium level, Fig. 14 ex-
hibits a flattening of the peak resulting in a pro-
nounced curvature from P to y. This flattening can
be understood from a consideration of the flow
rates for the tmo paths: once v, =v„ the changes
in the net fill rate will be due primarily to changes
in v„and these changes will be very gradual due
to the large effective mass of the film in path l, .
In Fig. 7 this point takes place after P so that the
peak sharpness is due to fill rate changes in both

v, and v, . If a, is reduced, thereby decreasing the
maximum flow rate through the short flow path,
it is possible that there could still be a net fill
rate when v, = v, and v, &v, (point P' on Fig. 14).
Thus the peak "sharpness" mould be determined
primarily by the rate of change of v, and in fact
the peak would become flattened.

The evolution of this peak structure is document-
ed in Fig. 15. Each event commences with zero
trapped persistent current but with a relatively
small-level oscillation (resulting from a previous
heater operation having destroyed any circulation
present in the flow loop). A calibration offset cor-
responding to a 2.16-mm level displacement is
then recorded. The plunger is then stepped down,
so as to increase the level and the measuring
capacitor A fills to, and then oscillates about, the
new equilibrium level. After these Atkins oscilla-

tions-taking place primarily through the short
flow path-have damped out, the gain is increased
by a factor of 2.5 and the heater S is activated
revealing the magnitude of any persistence trapped
in the flow loop by the plunger-induced flow.
Figure 15 shows a complete view of the evolution
including the plunger-induced displacement and the
resulting persistent current amplitude. One can
define a critical drop height z, which corresponds
to the minimum displacement needed to drive
both paths critical at the first zero crossing (i.e. ,
point n in Fig. 7). This height is experimentally
determined by realizing that the persistent current
output (as determined by the operation of heater
S) should saturate for displacements greater than
or equal to z, [Fig. 15(K)]. Similarly, the largest
amplitude obtained for oscillations through /,
should correspond to v, and serve as a normaliza-
tion point for the velocities obtained for our per-
sistent current outputs. If one plots the normalized
velocity as a function of the normalized drop
height, Fig. 16 results. Perhaps the most inter-
esting feature of Figs. 15 and 18 (a =0.85) is that
the large displacements (z & z,) do not produce the
largest persistent currents. A clue to this be-
havior is provided by noting that the anomalous
peak corresponding to the maximum persistent
current (Fig. 15(I)) resembles Fig. 7 (a =1) more
than Fig. 14 (a = 0.85); the time from l3 to y is
relatively short. In effect, as the velocity v, at
a increases, the peak &P gets larger which means
that more time is required to proceed from P to
y. Since v, is decelerating from P to y there comes
a point where an increase in the velocity v, at &

results in a net decrease at y. This effect is pre-
dicted in the Campbell theory' and a calculation
employing the approximations in Sec. IIB yields
the solid curve in Fig. 16,

Figure 17 focuses specifically on the character
of the initial peak. The sequence clearly illu-
strates that as the equilibrium level displacement
(and so the velocity in the long flow path at &) in-
creases, so must the anomalous peak height and
the time from P to y. At the same time the ampli-
tude of the oscillations about the new equilibrium
level tends to decrease. In Fig. 18 we plot the
peak height (P) and the subsequent oscillation am-
plitude (/I) versus the normalized displacement
(z/z, ) for the data in Fig. 17. The predictions
from the Campbell theory, ' as indicated by the
solid lines are in qualitative agreement with the
data.

Note that for the intermediate displacements
(Fig. 17), small-amplitude high-frequency oscilla-
tions~'" are superimposed on the Atkins' oscilla-
tions. These oscillations represent a third sound
resonance" excited by the temperature and film
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thickness perturbations induced by the plunger
displacement. It is reasonable to expect that as
the plunger displacement decreases, so must the
accompanying perturbations and thus the third
sound amplitude. On the other hand, since third
sound oscillations may not be supported in a film
moving at v„we would expect that displacements
large enough to drive v, critical would not show
this effect. That is, the drop for which the third
sound oscillations disappeared [Fig. 17(K)] would

correspond to z, . Note that this argument yields
a value for z, consistent with the value determined
previously [Fig, 15(K)] by persistent current sat-
uration.

Some mention should be made here as to the
reasons for the absence of a detailed quantitative
comparison between the theory and our results.
One reason is that in our apparatus damping is
present. The introduction of damping into the
equations in Sec. II B quickly leads to transcenden-
tal boundary equations, which in turn makes it

much more difficult to make detailed predictions.
Also, the dissipation approximation used in Sec.
II B is not completely realistic in our apparatus.
Previous data taken in this lab (see for instance
Ref. 5, Fig. 5) and elsewhere indicate that the dis-
sipation is a smooth function of velocity. %e have
not analyzed this dissipation well enough to fit
parameters and a functional form f(v) for the pres-
ent apparatus. Finally, and most importantly,
we are reluctant to assign unique values to v„E„
E„ l„a„a„and a, . There is no way in our ap-
paratus that we can determine these seven quanti-
ties unambiguously. For instance, expressions for
the frequency yield only the ratios a&/l~ and condi-
tions on critical flow rates yield products such as
a~ v~, . Since we do not exactly know our film pro-
file or our flow-path geometry (microscopic sur-
face roughness4' can greatly increase the effective
perimeter and so the cross sectional film area),
we have limited this discussion to a generally
qualitative comparison.
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flow has a characteristic effect" on the Atkins'
oscillations of the superfluid levels in our reser-
voirs. These observations are in qualitative
agreement with the predictions of Campbell. '
Given the constraints imposed by both theoretical
approximations and experimental uncertainties,
the quantitative agreement is satisfactory. We

have observed that the circulation in these satu-
rated films is stable both in time and to the per-
turbation of an imposed film flow so long as the
imposed flow does not result in an approach to the
"critical velocity" on the flow paths (see Appendix

A).

0 I I I I I I

0 0.2 0.4 0.6 0.8 I.O 1.2

Z/Zc
/4

FIG. 16. Normalized persistent velocity resulting
from a normalized change in the equilibrium level in
reservoir A for the data of Fig. 15 (crosses) and for a
similar series of data (dots) obtained in the same ap-
paratus at a later time. The solid line represents the
theoretical prediction based on the assumptions dis-
cussed in Sec. IIB.

V. CONCLUSIONS

We have shown unambiguously that persistent
circulation can be generated by superfluid film
flow in a multiply connected two-reservoir system.
The presence of the persistent circulation has
been documented using previously developed tech-
niques. ' We have shown that the presence or gen-
eration of persistent circulation accompanying film
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APPENDIX A

In anticipation of subsequent measurements of
persistent currents in unsaturated films, "other
experiments were undertaken to investigate the
conditions for creation and conservation of circu-
lation. A prediction of Eq. (3) is that for subcri-
tical velocities [such that f(v) is immeasurably
small] the circulation should be conserved on the
flow loop. This prediction was examined in our
apparatus (Fig. 2) in the following manner. First,
any preexisting circulation in the loop was elimi-
nated by operation of the heater S. Then the volt-
age was gradually increased (see inset Fig. 19)
to the heater in reservoir A and subsequently de-

j

v

~, H
I I

I

FIG. 17. Detailed exam-
ination of the evolution of
the oscillations obtained
in the manner represented
in Fig. 15. The vertical
bar represents a displace-
ment of 282 pm and the
horizontal bar represents
an elapsed time of 100 sec.
Note the presence of third
sound on recordings I and
J. The third sound is visi-
ble but less obvious on G
and H. The letters identi-
fying the various record-
ings can be compared to
those used in Fig. 15. Al-
though these recordings
are distinct from those of
Fig. 15 the same magni-
tude level displacements
were used in corresponding
cases.
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FIG. 18. (a) First oscillation peak height P vs the
normalized level change in reservoir A. , z/z~. (b) Sub-
sequent Atkins oscillation amplitude A (corrected for
Robinson damping) vs z/z, . Both (a) and (b) are for the
data of Fig. 17. The solid lines in both cases represent
predictions of theory based on the approximations dis-
cussed in Sec. IIB. The measurement errors are small-
er than the size of the symbols.

v~l~ —vglg = 0, (18)

as predicted by Eq. (3) independent of the detector

creased to zero. The heat generated in reservoir
A caused both a rise in the level of the reservoir
and, importantly, a flow of superfluid through the
two flow paths toward the reservoir to replace
atoms lost from the reservoir due to evaporation.
Under these quasistatic conditions the velocity in
the flow paths was expected to have been directly
related to the given voltage and no dissipation re-
sulted from rapid accelerations in the flow paths.
After the detector heater voltage was returned to
zero the flow path heater S was operated in the
previously described manner to test for persistent
circulation. The magnitude of the resulting per-
sistent current was then measured as a function of
the maximum power to the reservoir A heater,
Q„. The results of this operation for various max-
imum applied heater powers are represented by
solid circles in Fig. 19. For maximum heater pow-
ers Q„helot some nominal threshold the circula-
tion at the end of the above procedure is observed
to be unchanged, i.e., zero. That is,

FIG. 19. Circulation (measured by the heater opera-
tion) as a function of reservoir heater power. The inset
indicates how the voltage is applied to the heater and
how the reservoir level consequently rises. The error
bars are deduced from a constant estimated amplitude
measuring error applied to Eq. (16). The various sym-
bols are discussed in detail in the text.

and

K =0 =v, l, —v,l, ~ v, = v, /l (20)

Q„~a,v, + a,v, = a,v, (1 +a/l),

where once again a =a, /a, and l =l, /l, . The pulse
to heater S temporarily blocks the short flow path
so that immediately after the pulse one expects
v', =0 and

Q„~a,v,' = a,v, (1+a/l),
K' =v,'l, =v~1, (1+a/l) .

(22)

(23)

If the power to the heater in reservoir A is then
reduced to zero, the circulation K' should persist
in the flow loop and be detected by the activation
of heater S in the usual manner. The result of

heater power. Above the heater threshold, v, =v,
and dissipation occurs but v, is still free to in-
crease with the applied power, so that we observe
a nonzero final circulation

0

E =v,l, - v l y
fx: Q„—const .

Nonzero final circulation could also be created in
the region where v, &v, by simply pulsing heater
S once at the point of maximum heater power.
Immediately prior to the heat pulse to S one ex-
pects that
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this procedure for one Q„ is indicated in Fig. 19
by the open circle.

A somewhat different but equivalent way of per-
forming this same measurement was to instantane-
ously apply Q„ to the detector heater and then
to wait a short while for the reservoir levels to
adjust to the new equilibrium values. Heater S
was then operated in the manner demonstrated in
Fig. 3, event 4-5, to eliminate any apParent cir-
culation present in the flow loop. Because a bias
current still flows through the long flow path as

heater S is deactivated (such that z =0) and v, =0,
one would expect to obtain Eqs. (22)and (23) again.
After a reduction of the detector heater power to
zero, one should then find a nonzero circulation
that should be consistent with the open circle in
Fig. 19 and have the predicted dependence of
K~/„. In fact such a dependence is exhibited by
the data as shown by the solid triangles in Fig. 19.
The data further support the conclusion that cir-
culation is conserved in our apparatus in the ab-

sencee

of applied dissipation.
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