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Observation of Flow Dissipation in *He-B
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Anomalous dissipation is observed in *He-B flowing in a U-tube device. The dissipation
is of unknown origin and persists to the lowest measured velocity. The position of this
result in the framework of other *He-B flow experiments is discussed.

PACS numbers: 67,50.Fi

The hydrodynamics of the B phase of superfluid
®He has been the subject of several recent investi-
gations.’”® Theory® suggests that the B phase
should support dissipationless superflow, at least
at low velocity. In contrast, several experiments
have shown substantially larger losses in flow
than can be accounted for. These include fourth-
sound experiments’ where observed @ factors are
much too low, the experiments on flow in tubes
which show anomalous damping in a U-tube oscil-
lator,? and the conceptually similar membrane-
driven flow measurements* which also show inex-
plicable damping. We present here new quantita-
tive results on B-phase flow at saturated vapor
pressure in a U-tube geometry where unexplained
linear dissipation is found to persist to the lowest
velocities observable. We also find a critical ve-
locity above which the character of the dissipation
changes, becoming nonlinear. These phenomena
have been studied in several different-sized cyl-
indrical-flow channels in a single device.

The U-tube device used in these measurements,
shown in Fig. 1, consists of a central reservoir
connected to four outer reservoirs by cylindrical
flow channels of radii 102, 126, 177, and 227 um,
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FIG. 1. Schematic of one arm of the U-tube device.
The solenoid was not used in this experiment,

with lengths of 0.5, 0.5, 1.0, and 1.0 cm, respec-
tively. At a given time only the central and one
outer reservoir are partially filled with liquid
while the others remain totally full. Thus we can
study flow in each channel individually.® The
fluid reservoirs are the annular gaps of concen-
tric cylinder capacitors, each of length 1.0 cm,
gap 0.020 cm, inner diameter 0.518 cm, and ca-
pacitance about 7.5 pF. Each capacitor is fitted
into a cylindrical epoxy housing. The flow chan-
nels were constructed by potting steel wire in
epoxy cylinders and then pulling the wire out after
the epoxy had cured.® The resulting pieces were
then expoxied at each end to the capacitor hous-
ings.

The single most striking observation made
about B-phase flow in this geometry is that the U-
tube system does not exhibit weakly damped os-
cillations of the liquid level. Instead, the system
is almost always overdamped. Only at the lowest
temperatures (about 7/T,=0.5, T,~1 mK) and in
the two larger tubes does the liquid level even
overshoot its equilibrium value. The basic datum
recorded at each temperature is the entire digi-
tized liquid-level transient resulting from a
change in dc potential on one of the capacitors.

We have examined superfluid velocities (in the
flow channel) over the range from about 7x 1074
to 1 cm/sec and can distinguish two distinct dis-
sipation regimes. There is a well-defined criti-
cal velocity separating the two regimes, the de-
termination of which is described below. The
high-velocity regime is characterized by large
and nonlinear dissipation. For sufficiently large
applied forces (dc potential) the resulting initial
mass current saturates, becoming very nearly
independent of the applied force.®? This maximal
current, not to be confused with the critical ve-
locity just mentioned, scales with temperature
as (1-T/T,)*?. Comparison with the simple de-
pairing critical current shows the observed mag-
nitude to be about 60% of the weak-coupling theo-
retical value® with little, if any, dependence on
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FIG. 2. Reduced ¥’ vs V? for a series of transients
taken at 7/T, =0.921 in the 102 -pm-radius tube.

flow-tube radius.®

In this paper we wish to concentrate on the low-
velocity regime which is consistent with a linear
dissipation. To analyze the flow transients in
this regime systematically we have modeled the
system as a damped simple harmonic oscillator
where the liquid displacement, x, in the reser-
voirs is assumed to follow the differential equa-
tion

¥ +2L% +wi =0. (1)

The liquid-level transient resulting from a step
force is fitted by a solution to Eq. (1) using a
standard least-squares method. The results of
the fit are a reduced-x* goodness-of-fit param-
eter along with the fitted values of the damping
and frequency parameters, L and w, respective-
ly. Figure 2 gives the results of such a fit at one
temperature. Plotted is the value of ¥* versus
the square of the applied dc potential, VZ, for a
sequence of flow transients. The parameter V?
is proportional to the equilibrium liquid-level dif-
ference.'® The x” is seen to be near unity at low
V2 and then to rise sharply when the fit begins to
fail. The fitted values of L and w are found to be
constant (to within error) over essentially the
same range as that in which x? is near unity. We
interpret this as indicating the fit function to be
statistically good and the losses at low velocities
to be consistent with a linear dissipation. From
the value of V2 where the fit begins to fail, and
the fitted values of L and w in the linear regime,
we can calculate the maximum flow-channel veloc-
ity in a transient at the upper limit of the linear
range. This velocity represents a critical veloc-
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FIG. 3. Dissipation critical velocity. Solid line is a
guide to the eye. Open dots, 126-um-radius tube; solid
dots, 227-pm-radius tube,

ity separating two distinct dissipation regimes,
We have examined the temperature and tube-gize
dependence of this dissipation critical velocity;
the results are shown in Fig., 3. The observed
velocities are all on the order of 0.5 ¢cm/sec and
appear independent of flow-channel radius.

The observation of a critical velocity in the B
phase at which the character of the dissipation
changes has been made by numerous work-
ers.b%%1L 12 wWhile there is no way to be sure
that the same mechanism is at work, it may be
significant that two of the other reported values™!!
for this critical velocity are very near 0.5 cm/
sec despite wide differences in flow geometry.

Figures 4 and 5 show the fitted values of « and
L, respectively, for representative flow tran-
sients from the linear regime, as a function of
temperature. In Fig. 4 we have plotted w/w, vs
T /T, where w, is the free oscillation frequency
of the U tube.® This ratio should be independent
of tube size; the data show this to be the case.
The simplest two-fluid picture of U-tube flow
gives (w/w,)? very closely equal to p,/p, the su-
perfluid density fraction, on the assumption that
the flow velocity is uniform across the channel.
The solid line in Fig. 4 is this prediction’®; the
data lie substantially below it. The data on L, the
dissipation parameter, shown in Fig. 5 show sub-
stantial scatter but it seems that L generally in-
creases with increasing w,.

The magnitude and mechanism of the observed
linear dissipation are unexplained. Using the two-
fluid model we have examined several models® to
explain the anomalous dissipation. These include
losses due to temperature differences between

565



VOLUME 49, NUMBER 8

PHYSICAL REVIEW LETTERS

23 August 1982

1.0 T T T T

w/ W,

04 05 06 0.7 0.8 09 1.0
T/T,

FIG. 4. Fitted values of w/wy vs. T/T,. Solid cir-
cles, 102-um-radius tube, wy=6.1 sec™!; open circles,
126-pm-radius tube, wy="7.6 sec™!; boxes, 177-um-
radius tube, wy=7.5 sec”!; triangles, 227-pm-radius
tube, wy=9.6 sec™!,

the reservoirs as discussed by Robinson,* as
well as similar losses from thermomechanical
temperature gradients along the capacitor gap
forming each reservoir. Also investigated were
the frictional losses associated with possible nor-
mal-fluid motion in both the reservoirs and flow
channel. None of these models produces @ fac-
tors below 100 for reasonable estimates™ of the
physical parameters involved.

We emphasize that our data present no direct
evidence that the dissipation is intrinsic to the
superfluid or that it is necessarily occurring in
the flow channel. The apparent increase of L
with w, may point to a loss mechanism occurring
within the reservoirs.®

It would be very useful if a direct comparison
of our experiment to other B-phase flow experi-
ments could be made. This is very difficult in
the light of wide differences in flow geometry and
requires substantive assumptions about the dis-
sipation mechanism. Such a comparison may
therefore be very misleading. Nevertheless, we
have attempted a comparison with the two experi-
ments which are most suggestive of friction-free
flow. To do this we model the losses as arising
from an internal friction opposing the relative
flow of normal and super components. Quantita-
tively, we take the force per unit volume on the
superfluid to be 2Lp (v, —v,) with L identified as
the dissipation parameter discussed above. This
assumes L to be an intrinsic parameter and not
to depend on the flow geometry. We have applied
this model to the experiments of Parpia and Rep-

566

12 T T T T T
sy
10 -
A a
8 4 |
T N o
&) °© o
8 61— ° OD (o] A |
N e © u]
o L
| [ e o 3 o
4+ a [} —
°
A
2 _
0 [ | | | |
04 05 0.6 0.7 0.8 09 10
T/T,

FIG. 5. Fitted values of L vs. T/T,. Symbols as in
Fig. 4.

py' and Manninen and Pekola.’

In the work of Parpia and Reppy' an ac flow is
driven through an 18-um-diam, 10-um-long ori-
fice by a torsional oscillator. Using the above
model and details™!® of the torsion cell, one can
calculate the losses due to oscillatory superflow
through the orifice. These losses are to be com-
pared with the known “nuisance” @ of the device,
presumably due to the torsion member, along
with values for the stored torsional energy. The
calculated flow losses come out 10 to 100 times
smaller than the nuisance losses and therefore
may have escaped notice. Similar measurements.
by Crooker, Hebral, and Reppy'® show no change
in the dissipation critical velocity when the tor-
sional oscillator is uniformly rotated. This may
mean that the expected persistent current does
not exist and that the superfluid is rotating along
with the oscillator.

Manninen and Pekola® have performed a dc flow
experiment where *He-B is driven through a par-
allel array of some 1300 0.8-pum-diam, 10-um-
long channels. Dissipation is detected via the in-
duced pressure drop across the channels. At suf-
ficiently low velocities no pressure head greater
than about 107 ° bar is detected. The intrinsic
friction model above would have steady pressure
drops accompanying dc superflow through the
channels. Calculation shows that such pressure
drops are several orders of magnitude less than
107° bar and would thus not have been detected.

We emphasize that this model is purely specu-
lative and is meant only to provide a basis for
comparing distinctly different experiments. Our
data present no way of proving this model to be
correct.
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In conclusion, we have found excess linear dis-
sipation in B-phase flow at saturated vapor pres-
sure persisting to the lowest measured velocities.
The mechanism of the dissipation is unknown. Al-
though some purely classical effect could be the
cause, a review of past flow measurements re-
veals no convincing evidence of dissipationless
B-phase flow. The basic nature of the question
this raises about our understanding of superfluid
*He suggests further effort, both theoretical and
experimental.
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Low-Energy Ion Scattering from the Si(001) Surface
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The structure of a clean Si(001) surface has been studied by a specialized technique in
low-energy ion scattering spectroscopy. It has been found that (1) the surface is dimer-
ized, and (2) the intradimer atomic distance parallel to the surface is 2.4+ 0.1 A.

PACS numbers: 68.20.+t, 79.20.Rf

The clean annealed Si(001) surface is recon-
structed into a (2X1) structure'™ with substantial
subsurface strain,’ although a c¢(4X2) structure
coexists in a small proportion.®”® Concerning
this surface reconstruction, many models, e.g.,
vacancy models,”%!° conjugated-chain-type mod-
els,»* and dimer models,"”**%** have been pro-
posed, but comparisons of calculated surface
electronic structures'*'® for the various models
with photoemission data'™'® suggest that the dim-
er models are the most favorable. In this Letter,
we report that (1) the surface is certainly dimer-
ized, and (2) the intradimer atomic distance pa-
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rallel to the surface is 2.4+0.1 A. These re-
sults have been obtained by a specialized tech-
nique'® in low-energy (of order kiloelectronvolts)
ion scattering spectroscopy (ISS),° which we call
impact-collision ion scattering spectroscopy
(ICISS).'® The specialization used in ICISS is to
take the experimental scattering angle 6, at 180°
(or close to 180°) so as to observe such scattered
ions as have made head-on collision (or impact
collision) against target atoms with zero (or near-
ly zero) impact parameter b. Despite its simpli-
city, this specialization yields useful new aspects
as described elsewhere.'®

567



