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W. C. Thomlinson, * G. G. Ihas, f and F. Pobell
Institut fur Festh'orperforschung, Ifemforschungsanlage, 517 tulieh, West Germany

(Received 18 September 1978)

The amplitude and velocity of second sound near &y and the onset temperature T,(&)
for superfluidity have been measured for 3He- He mixtures in resonators equipped with
superleak transducers. The reduced temperature e, = 1 —T,(&)/& y(&) and the quantity
I p~/T at eo vary by factors of about 6 for X = 0 to 0.4. The exponents V for e, = (d/d~ "
and p' for the onset length l =l*e ~ are independent of & to within +8%. Contrasting with
this behavior is a 20Vo change of the effective exponent t of p~/p =he

The pressure P and the ~He impurity concentra-
tion X are inert variables for the superfluid tran-
sition. We have shown recently that for pure 4He

the pressure has no influence on the reduced shift
s, = 1 —T,(P)/T~(P) of the onset temperature T,
for superfluidity in finite geometries. ' It was
concluded that the coefficients and exponents of
s, = (d/d*) and of the onset length l=/*E ", as
well as the quantity lp, /T, are independent of
pressure (d, channel diameter). ' A constant lp, /
T is expected if the onset of superfluidity is de-
termined by a characteristic length E, which is
related by a constant multiplicative factor to the
phase coherence length $ defined by Ferrell et

al. 2 and Fisher, Barber, and Jasnow. e

In this Letter we report on the effects of con-
centration on these quantities for He- He mix-
tures. We find for the mixtures that e, increases
by a factor of about 6 between X= 0.0 and 0.4.
This observation is consistent with an even larger
value of e, measured by Ahlers and Greywall
near the tricritical point. In addition, we find
that the product lp, /T at s, depends strongly upon
the concentration and changes by a factor of about
7 between X= 0.0 and 0.4, We therefore conclude
that the characteristic length E which determines
the onset of superfluidity in the mixtures is not
related by a constant multiplicative factor to the
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phase coherence length e as defined in Refs. 2
and 3. We find also that the exponents A' and v'

are independent of X to within + 3%, whereas the
coefficients d* and E* increase with X by almost
a factor of 4.

Our results for the velocity of second sound
near T~(X) agree with previous mea. surements by
others. ' They yield a superfluid fraction p, /p
=k&~ with an amplitude k changing by a factor of
26 and an effective exponent f changing by 20%
for 0 &X(0.55. The strong dependence of A upon
X has been emphasized recently by Ahlers.

The onset temperatures T, (X) for superfluidity
of the mixtures and the velocities of second sound
have been determined by measuring the vanishing
amplitude of the sound and its frequency in reso-
nators equipped with superleak transducers.
These measurements were performed for X
=0.000, 0.096, 0.204, 0.396, and 0.555, ' and for
superleak channels with d =0.2 and 0.6 p.m. The
experimental method was similar to the one de-
scribed in detail in Ref. 1. Two cylindrical cop-
per resonators (0.5 cm long, 0.8 cm diam) were
mounted inside a copper cell, which was sus-
pended in a vacuum can in a helium bath. The
resonators were terminated at both ends by iden-
tical superleak condenser transducers. ' The vi-
brating elements of the transducers were gold-
coated Nuclepore filter papers used to excite
and detect second-sound plane-wave modes of the
cavities. One cavity was equipped with filter pa-
per permeated by 0.2- pm-wide channels, the
other one was equipped with 0.6-pm channel pa-
per. After filling the copper cell and resonators
at T (T„(X)with a mixture, a low-temperature
valve in the vacuum can was closed and isolated
the sample from the bath. A very small gas bal-
last volume at low temperature assured that the
data were taken under saturated vapor pressure.
A wave analyzer was used to sweep the frequency
of the second sound through at least five harmon-
ics. Generator and detector transducers were
biased with 250 V. The generators were always
driven at an ac voltage of 0.695 V rms, giving sig-
nals of 100 to 300 pV at the receivers for tern-
peratures away from onset. The efficiency of the
transducers and the Q factor of the resonances
were largely independent of concentration. The
second-sound velocities and amplitudes were de-
termined at each temperature from the wave-
analyzer output. Temperatures were measured
and regulated with a heater wound on the copper
cell and a germanium thermometer mounted in
the wall of the cell. Thermal equilibrium was

established at each temperature before the data
were recorded. The temperature resolution and
stability during taking of a datum point was better
than 1 p,K. The A. temperatures of the mixtures
were determined from the inflection point of the
velocity of first sound. "" Independent checks of
these measured T~(X) were obtained from least-
squares fits of u, =u, *a~ and of p, /p=ke to our
data with T~ as a variable parameter. These cal-
culated values for Tz are in excellent agreement
with the measured values. For the analysis of
our data we used the measured A. temperatures,
and concentrations X determined from them and
the phase diagram. "

In approaching Tz the onset length increases,
and eventually becomes comparable to the chan-
nel diameter of the filter paper in the transduc-
ers. Then, superfluidity vanishes in the chan-
nels, and the transducers are not suitable for the
production or detection of second sound. ' ~ For
a given channel the onset occurs at the same val-
ue of the onset length for each mixture. For the
determination of T,(X) we plotted the amplitude
of a particular second-sound harmonic (always
between the 27th and the 30th) against e = 1-T/
Tz. The onset temperature T, was defined as oc-
curring when the sound signal vanished into the
0.03- pV noise level of our electronics. Shifting
the level to 0.1 pV did not change the concentra-
tion dependence of our data and had only a slight
effect on the absolute values. The influence of
the cutoff level and other possible sources for
errors are discussed in detail in Ref. 1. Reduced
shifts e, = 1 —T,(X)/Tz(X) of the onset temperature
are plotted as a function of X in Fig. 1 for chan-
nels with d = 0.2 and 0.6 p.m. For both filter pa-
pers &, increases by about a factor of 6 from X=O
to 0.4. This behavior is in striking contrast to
the pressure independence of e, in pure He. ' The
reduced shift e, is expected to vary as e, = (d/
d*) ."' Therefore, X' is proportional to in(e, ,/
e„), where e, , is the reduced shift of the onset
temperature in a channel with diameter d, With
this equation and our data for e, , in d, =0.2-p.m
and d, =0.6- pm channels, we calculated the rela-
tive change of X' with concentration. The results
are shown in Fig. 2(b). The diameter d of a chan-
nel is proportional to the onset length i= i*a ",
implying X'= 1/v'. Therefore, a change of hV/A. '
with concentration is identical to the behavior of
bv'/v'. Even though e, changes drastically with
concentration, the exponents X' and v' stay con-
stant to within our resolution of +3% for 0 (X
~ 0.4. The concentration dependence of e, and
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FIG. 1. Finite-geometry effects in ~He-4He mixtures.
(a) Heduced shift &~= 1 T0/Ty of—the onset temperature
&0 as a function of ~He concentration; left-hand scale,
&0 measured in d = 0.2-pm channels; right-hand scale,
c~ measured in d = 0.6-pm channels; (b) the quantity
dp~/T calculated at eo as a function of He concentration
for the two channel diameters. The lines are only a.

guide for the eye.
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FIG. 2. Parameters of the second-sound velocity &2,
of tlie superfluid fraction p~/p, and of the onset temper-
ature co in 3He-4He mixtures near Ty. {a) Effective ex-
ponent y of u2=u2*e&. (h} Effective exponents f of p, /p
= ke ~ and Y of e, = (d/d* . The values of 1/A, ' were
normalized to 1/A.':r„=0.67—0 at X=0. (c) Amplitude k

of p~/p =k» . The lines are only a guide for the eye.

the concentration independence of X' and v' imply
that the coefficients E* and d* as well as the onset
length E at constant e increase by almost a factor
of 4 from X=O to 0 4.

The phase coherence length $ defined in Refs.
2 and 3 is expected to satisfy the relation $p, /T
=const. For pure ~He this quantity was found to
be independent of temperature" and pressure, '
if $cconset length /. Because d~f = const at the
onset temperature, we expect dp, /T= const (or
p, /T =const for constant d) at e, from the above
relation if f o- $. For our small temperature
range we ca,n set T = T,(X) in the above relation.
From the measured e, we have calculated p, at
onset with the equations for p, (e, X) to be dis-
cussed below. The data shown in Fig. 1 demon-
strate that dp, /T or lp, /T at e, decreases by a
factor of about 7 between X=0 and 0.4. We there-
fore conclude that the onset length E is not simply
proportional to the phase coherence length $ in
the mixtures. We draw attention to the consisten-
cy of the results for dp, /T from the two filter pa, —

pers.
Our results for the velocity u, of second sound

were fitted by the equation u, =u, ~& . The values
for u2 and u, * at small X and the values for y at
all X (see Fig. 2) are remarkably independent of
concentration, in agreement with the results of
others. ' With the relation between u, and p, /p, '"
and thermodynamic data for the mixtures, "

p, /p
was calculated from our measured u2 and e. The
resulting values were fitted to p, /p =bet. Both
the coefficient k as well as the effective exponent
g are strong functions of concentration as shown
in Fig. 2. The remarkably strong concentration
dependence of the coefficient k has been discussed
for dilute mixtures recently. ' The change of the
exponent f with concentration is in contrast to the
behavior of the exponents X' and v'. It has to be
kept in mind, that these numbers for & result
from a, fit of a pure power law to data in a limited
temperature range (104m = 0.23-2.9, 0.33-2.9,
0.53-4.8, 1.2-19, 2.8-140 for X=0, 0.096, 0.204,
0.396, 0.555, respectively). However, the results
for pure 4He, e.g. , are in very good agreement
with data" taken in a more extended temperature
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range. The necessity of higher-order correction
terms" for the representation of p, /p could only
be decided from much more accurate data.

In contrast to the effect of pressure, ' the add-
ing of sHe has a strong influence on geometry
effects as demonstrated here for E„E, E*, d*,
and lp, /T T.he critical exponents &' and v' seem
to withstand the influence of ~He as they did the
application of pressure, ' in agreement with the
universality concept. " The effect of He on the
amplitude and on the effective critical exponent
of the superfluid fraction is much stronger than
the effect of pressure.
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A computer study of the magnetic line cusp with an internal field shows that a large
fraction of the particles in the field-plasma boundary move in definite guiding-center or-
bits. In the absence of microinstabilities such particles will remain trapped between
Coulomb collisions. Since only boundary particles can escape from a "stuffed" line cusp,
this result gives an optimistic assessment of line cusps for fusion.

Cusp geometries have not been extensively in-
vestigated in the last decade because theory pre-
dicted a particle loss rate high enough to pre-
clude the use of cusps in a fusion reactor. How-

ever, the experiments of Gallagher and Levine'
on a toroidal line cusp produced an n7 of 10" sec/

cm' in a 10"/cm' hydrogen plasma. Though their
temperature of 15 eV was still in the collisional
regime, the results sparked a re-examination of
the theory of collisionless line cusps.

Recently, it was pointed out' that a certain
fraction of the particles in velocity space cannot
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