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Dynamic Features of Superfluid Turbulence near the Second Critical Heat Current
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Although our understanding of superfluid turbulence has increased dramatically, the nature of
the continuous transition at the second critical heat current remains a mystery. We report the first
measurements of fluctuations in the dissipation near this transition. The fluctuations appear as
broad-band noise without sharp spectral features. A most striking aspect of the data is the structure
present in the noise-power amplitude. The results suggest that superfluid turbulence may be a
unique system in which to study dynamical transitions.

PACS numbers: 67.40.Vs, 05.40.+j, 05.70.Jk, 47.25.Mr

When a heat current Q is passed through a tube
filled with He II the dissipation is observed to evolve
through three stages as Q is increased.! For sufficiently
low Q the only dissipation is that due to the normal-
fluid viscosity. At a critical heat current Q,; there is a
discontinuous transition to a state T-I of larger dissipa-
tion associated with the onset of superfluid turbulence.
At a larger critical heat current Q,, there is a continu-
ous transition to a state T-II of yet larger dissipation
and increased turbulence. Our current theoretical
understanding of superfluid turbulence is based on the
Schwarz theory of a homogeneous distribution of
quantized vortex lines in the superfluid.? This theory
gives an excellent description of the state T-II? but as
yet has provided no basis for understanding of the T-I
to T-II transition. Virtually the only experimental data
concerning this transition consist of measurements of
Q., as a function of temperature 7" and tube size. In
this paper we provide the results of the first measure-
ments of fluctuations in the dissipation near Q,.,. The
power spectra of the fluctuations contain no sharp
lines that would indicate preferred frequencies, but in-
stead are characteristic of broad-band noise. While the
frequency dependence of the fluctuations is rather
featureless, the dependence on heat current is quite
spectacular. The noise-power amplitude varies by two
orders of magnitude in a narrow region around Q,,.
This variation shows a structure far more complex
than a simple divergence.

To measure the dissipation we have employed a
“chemical potential gradiometer’” similar to that
described by Yarmchuk and Glaberson.* The apparatus
is shown schematically in Fig. 1. The flow tube is
glass with diameter d = 1.34x 1072 cm and length / =1
cm. The short length of the tube serves to emphasize
the local fluctuations in the dissipation at the expense
of reducing the steady-state chemical-potential differ-
ence. One end of the tube is connected to a “He reser-
voir regulated at 1.6 K (to +10 uK) and the other
end to a very low-volume heater chamber. A small-
diameter capillary connects this chamber to a differen-

tial pressure transducer through a Vycor-glass super-
leak. The superleak insures a chemical-potential
‘“‘short’’> and provides negligible heat flow from the
chamber. The transducer is of the stretched-Mylar-
membrane type discussed by Landau ef al.,® except
that the body is oxygen-free high-conductivity copper.
A wide tube connects the bottom side of the transduc-
er to the reservoir. The transducer is thermally an-
chored to the reservoir, thus assuring that the pressure
difference across the transducer is proportional to the
chemical-potential difference Au across the flow tube.
The pressure difference is detected by measurement of
the change in capacitance AC between the gold-
covered membrane and a fixed plate in the body of the
transducer. Using a capacitance bridge we measure the
average value (AC) and calculate the steady-state
chemical-potential difference (Au). Fluctuations in
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FIG. 1. Schematic drawing of the apparatus. The thick
line between the transducer and the reservoir represents the
thermal anchor.
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FIG. 2. The steady-state dissipation as a function of the
heat current Q showing the T-I to T-II transition. The
chemical-potential difference across the flow tube (Au) is
proportional to (AC), and ((AC)/Q)"? is proportional to
the dimensionless vortex line density L{?d shown on the
right-hand scale. The upper scale gives the relative velocity
between the normal fluid and the superfluid. The boxed re-
gion in the figure is enlarged in Fig. 3.

the chemical potential 3, where
Ap=(Au) +8u(t), (¢))

are analyzed by passing the off-balance signal from the
capacitance bridge through suitable electronics to a
computer. We were able to resolve (Au) to about
three parts in 10°. The sensitivity of the gradiometer
is sufficient to detect fluctuations in the chemical po-
tential equal to 0.5% of the steady-state value (Au).
Figure 2 shows our data for the steady-state chem-
ical-potential difference as a function of the heat
current Q. To compress the dynamic range of the data
we plot ((AC)/Q)Y2. This quantity can be directly
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FIG. 3. The steady-state dissipation as a function of the

heat current Q in the T-I to T-II transition region shown in
Fig. 2. The points labeled a, b, and c refer to Figs. 4 and 5.

related to the vortex line density L if the superfluid
turbulence can be regarded as homogeneous. In that
case the simple mutual-friction model gives

LI =K ((AC/O))V?, ()

where K is a constant that depends on the transducer
calibration and properties of the He II. The right-hand
scale of Fig. 2 gives the dimensionless vortex line
density Lol/ 2d and the upper scale gives the relative
velocity V' between the superfluid and the normal
fluid, proportional to the heat current Q.

The data in Fig. 2 are typical of previous low-re-
solution measurements of the dissipation in thermal
counterflow,% 1% showing a nonturbulent region where
Ly=0, the state T-I, and a rather broad continuous
transition to the state T-II. The sensitivity of our
chemical-potential gradiometer allows a much more
detailed examination of the T-I to T-II transition.
Data from the boxed region in Fig. 2 are shown in
Fig. 3 and reveal a new and rather complex structure
for the transition. It is not at all clear from these data
how the ‘‘critical heat current’’ Q,, is to be identified.

Our initial analysis of the fluctuations in the chemi-
cal potential 8u consisted of a determination of the
distribution of amplitudes and the power spectrum
P (f) of the fluctuations. The amplitude distribution
was found to be nearly Gaussian in every case. Power
spectra obtained at four different heat currents are
shown in Fig. 4, with labels referenced to the steady-
state data of Fig. 3. The background noise (mainly
due to the temperature regulation) is shown as the
open circles. The spectra indicate a broad-band noise
of approximately the same frequency dependence but
with an amplitude that grows dramatically and then de-
cays again as the T-I to T-II transition has evolved.
Previous measurements of fluctuations associated with
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FIG. 4. The power spectra of the chemical-potential fluc-
tuations at three different heat currents (points a, b, and ¢ of
Fig. 3). The low-frequency rise of the background (Q =0)
spectrum is due to the temperature regulation.
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FIG. 5. The relative power at 1 Hz as a function of the
heat current. The points a, b, and ¢ refer to Figs. 3 and 4.
The error bars represent the spread in the data at each heat
current.

superfluid turbulence!!~'* have shown a rather flat
low-frequency spectrum with a rapid rolloff at high
frequencies. Smith and Tejwani!* have demonstrated
that the high-frequency dependence is 1/f* These
previous data were all obtained with flow tubes several
orders of magnitude larger than in the present experi-
ment. In such large tubes only the state T-II is ob-
served, and the fluctuations are thus representative of
the dynamics of that state. Our data are the first to re-
veal the structure of the fluctuations near the T-I to
T-1I transition. Clearly the most dramatic feature of
our measurements is the dependence of the power am-
plitude on heat current Q.

In order to explore this dependence we have meas-
ured the amplitude of the power spectrum as a func-
tion of the heat current Q at a fixed frequency f,. The
results given in Fig. 5 were obtained with a filter hav-
ing a center frequency f, of 1.0 Hz and a 18-dB/octave
high- and low-frequency rolloff. The power amplitude
in Fig. 5 shows a remarkably complex structure, in-
cluding a narrow peak in the power at point c. Similar
results are obtained with use of f,=0.63 and 0.1 Hz.
The points labeled a, b, and ¢ in Fig. 5 are also located
in the steady-state data of Fig. 3 and correspond to the
heat currents for the power spectra in Fig. 4. The
power spectra between points a and ¢ show no substan-
tial change in frequency dependence. The maximum
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FIG. 6. The exponential response time = as a function of

heat current for a small region around the T-I to T-II transi-
tion. The points b and c refer to Figs. 3, 4, and 5.

power amplitude at point b does not correspond to any
particularly notable feature in the steady-state data.
The well-resolved peak in the amplitude at point c,
however, does correspond to the maximum slope in
the steady-state data.

Several previous experiments”® have shown a
dynamic effect similar to ‘‘critical slowing down’’ near
the T-I to T-II transition and we have repeated these
experiments with our apparatus in order to associate
this effect with the structure shown in the power-
amplitude data (Fig. 5). The heat current is stepped
from a value Q to Q +8Q (where §Q/Q <0.4%) and
the time response of the resulting chemical-potential
difference is analyzed. As a result of the large fluctua-
tions, a substantial amount of signal averaging is re-
quired to determine the exponential response time 7.
The results are given in Fig. 6, and show a pro-
nounced peak in the response time at a heat current
corresponding to the narrow peak in the power ampli-
tude, point c.

It should be noted that the experiments reported
here represent one of the very few direct observations
of fluctuations near a continuous transition. Although
the field of light scattering near a critical point is based
upon the existence of such fluctuations, there appear
to be only a few!® 16 direct experimental observations.
In the case of nonlinear dynamical systems, Moss!’
has recently observed an increased noise level near the
transition in an analog simulation. (Sancho et al.!®
have also recently reported a strong increase in the
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response time at the transition in this system.) Don-
nelly et al.'® have directly observed an increase in
broad-band noise near a hydrodynamic transition. If
we consider the relative ease with which the fluctua-
tions in superfluid turbulence can be observed, and
the rich dynamical structure revealed, this system may
prove to be a unique one for the study of continuous
transitions.

Our experiments have revealed for the first time the
large fluctuations associated with the T-I to T-II transi-
tion in superfluid turbulence. The power spectra of
the fluctuations are characteristic of broad-band noise
showing no evidence of fluctuations at preferred fre-
quencies. The noise-power amplitude increases dra-
matically at the transition and its variation with heat
current reveals a strikingly complex structure. We
have shown that several features of this structure can
be associated with features in the average dissipation.
A narrow peak in the power amplitude is shown to cor-
respond to the heat current at which the system
response time appears to diverge.
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