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Second, the temperature invariance of the con-
formation coefficients C„," derived in this work,
Eq. (18), does not imply an invariance of the av-
erage molecular conformation with temperature.
%hat is proposed here is that in liquid crystals
the average (observed) conformation of flexible
molecules changes with temperature in a con-
stmined way such that it preserves the invari-
ance of the quantities given by Eq. (15). These
remarks show that the theory allows for a syn-
thesis of two conflicting interpretations given so
far to the published data on DMH in liquid crys-
tals. '4

Let me finally point out that the theory devel-
oped in this paper should apply just as well in
dealing with the anisotropie contribution to the
chemical shift, which may be written in the form
of Eq. (3) above. '
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The first experimental measurements of the rate v at which vortex rings are nucle-
ated by negative ions in isotopically pure superfluid 4He are presented. It is found that
v is considerably smaller than in the ordinary well helium employed in earlier work. By
interpreting the data in terms of a generalized Landau argument values of the critical
velocity v „for vortex nucleation and of a characteristic nucleation rate R 0 as functions
of pressureP in 16(P (25 bar are deduced.

Given the right conditions, an ion moving
through He II can spontaneously undergo a transi-
tion to a charged vortex ring. ' Although the prop-
erties' ' of such rings have been well understood
for several years, the nature of the transition it-
self has remained something of an enigma despite
considerable attention, both theoretical' ' and ex-
perimental. ' " It has, however, been demon-
strated convincingly"' that the transition is sta-
tistical in nature, rather analogous to radioactive
decay, in that it can be characterized by a vortex
ring nucleation rate v. Unfortunately, inconsis-
tencies and apparent anomalies in the experimen-
tal values of v have prevented an unambiguous as-
sessment of the models so far proposed to de;
scribe the nucleation mechanism.

In this Letter we report what are believed to be

the first measurements of v in isotopically pure
superfluid 'He and we show that the conflicting re-
sults of earlier experiments can be ascribed in
large measure to the profound influence exerted
on the nucleation process by the 'He isotopic im-
purities naturally present (at ca. 2 && 10 7) in or-
dinary well helium.

The experimental technique was the same as
that described earlier" in connection with mea-
surements of v in ordinary (unpurified) liquid 'He.
The electrode structure is illustrated diagram-
matically in Fig. 1(b). A thin disk of charge,
gated by G,G„passes through G, and proceeds
towards C under the influence of a strong uniform
electric field. Provided that the diameter of the
electrode system is large compared both to the
length of the measurement space and to the diam-

1980 The American Physical Society



VOLUME 44, NUMBER 3 PHYSICAL REVIEW LETTERS 21 JANUARY 1980

10

V(s ')

I I I
)

I I I I ] I

(a)
(b)

So

I I I

10
- (s'j

10'
0

0 1 2 3 4 5 6 7

10 E (Vrn )

FI6. 2. The vortex nucleation rate & for negative
ions in He II of natural isotopic abundance (squares)
compared with that in isotopically pure He II (circles),
plotted as a function of electric field E, at a temper-
ature of 0.52 K and a pressure of 24 bars. The full
curves are guides to the eye.
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FIG. 1. (a) The vortex nucleation rate v for negative

ions in isotopically pure He II at 0.32 K, for three
different pressures, plotted as a function of (electric
field, E) ~. The full curves represent fits of theory
to the data. (b) The electrode arr~~gement used for
measuring v: S, field-emission ion source; 6&, 6&,
and G, grids; C, collector (c) T.ypical currentpulse
induced in the collector (upper trace) and its logarithm
(lower trace), demonstrating exponential decay: P
= 20 bars. F. = Vx 105 V rn & T = 0.32 K, and v = 3770

eter of the disk of charge, v is given directly by
the exponent of the decaying current [Fig. l(c)]
which is induced in C by the approaching charge.
The sample of 4He was prepared by use of a heat
flush technique" which is believed capable of
complete removal of 'He isotopic impurities. In
addition to a random error indicated by their
scatter, our measurements of v are subject to a
possible systematic error of ~150 s ', represent-
ing the combined effects of the finite rise time of
the collector circuit and nonidealities of the elec-
trode structure. We have found no evidence that
our values of v are affected either by the absolute
magnitude of the signal or by the signal repetition
rate (usually 6 Hz). We therefore conclude that
possible complications arising from a buildup of
vorticity in the measuring space can safely be

ignored; and that no distinction need be drawn
between an effective temperature within the disk
of charge and the ambient temperature of the
liquid.

In Fig. 2 we compare some of our present data
with earlier measurements of v in ordinary well
helium using the same experimental cell. It is
immediately apparent that, except in the case of
very strong electric fields, v becomes much
smaller when the 4He is isotopically purified.
One may conclude that earlier work on vortex
nucleation refers, in effect, to dilute 'He-'He so-
lutions and not to 'He as assumed hitherto. The
data in Fig. 1 indicate how v varies with electric
field and pressure for the temperature-independ-
ent regime' found below 0.6 K. The temperature
dependence of v near 0.8 K turns out to be very
similar to that found earlier" in the case of na-
tural helium.

We have interpreted these results in terms of a
model first suggested by Rayfield and Reif' and
later developed in detail by Schwarz and Jang' and
by Bowley. ' This assumes that, in analogy to the
Landau critical velocity v L for roton creation,
there exists a critical velocity v„which the bare
ion must exceed in order that the transition to a
charged vortex ring can occur without violating
the requirements for conservation of energy and
momentum. Under our experimental conditions,
the drift velocity v of the ions is limited almost
exclusively by roton creation, "and the ionic
velocity distribution function f(v, E) is usually
such that the instantaneous velocity v of an ion
seldom exceeds'" v~ It can be seen immediately
that the pure-'He data are consistent with the
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main predictions of this model. In particular,
(i) v increases monotonically with E such that the
variation of lnv with E ' is approximately linear
for small E; (ii) v increases rapidly as P is re-
duced, which was to be expected because v will
increase" while v, is believed' to decrease, thus
increasing the area, of f (v, E) lying above v„ for
any given value of E; (iii) for large values of E
at the lower pressures, there are indications
that the nucleation mechanism is starting to satu-
rate, which might be expected to occur when the
whole distribution function had moved above v„
if this resulted in vortex nucleation at an almost
constant rate go, independent of F.

To make a quantitative comparison between
theory and experiment we therefore make the
minimum assumption that, as a function of the
instantaneous ionic velocity v, the nucleation
rate may be approximated by

v =RoH(v -v„),
where 8 is the unit step function. We then com-
pute' v a,s a function of E using the known" shape
of the distribution function, treating v„and R, as
constants to be determined by experiment. In
doing so, we use Donnelly's roton parameters, "
the ionic radii given by Ostermeier, "and values
of the roton-emission matrix element deduced
from ionic velocity measurements. " (For some
pressures where no velocity measurements are
available we have assumed that a plot of v againstE'" would still be linear with a gradient which
was independent" of pressure. ) The results of
three such computations are shown as the full
curves of Fig. 1(a). Values of v „and R, derived
by fitting the theory in this way to data recorded
for a range of pressures between 16 and 25 bar
are plotted in Fig. 3. We note (i) that for the
higher P and lower E, the fit between experiment
and theory is excellent; (ii) that, although the de-
rived values of v„are up to 10 m s ' larger than
expected, they may nonetheless be regarded as
fully consistent with Schwarz and Jang's model'
which was not expected to yield accurate quantita-
tive predictions. The deviations found under con-
ditions such that v ~v„[e.g. , Fig. 1(a), 17 bars,
E '& 5x10 ' m V '] probably represent a rather
unsurprising failure at high velocities of the as-
sumptions inherent in (1). lans for which v»v„
are not restricted to nucleation of the critical
ring' at the constant rate Ro, but are also free to
create larger rings: A more sophisticated ver-
sion of the theory is clearly required, making ex-
plicit allowance for the dependence of v on v &v„.
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FIG. 3. Values of the parameters Ro and v„deduced
by fitting the theory to experimental measurements of
v(E) at 0.32 K in isotopically pure He II, plotted as
functions of pressure I'.

The nucleation behavior at higher temperatures,
where v scales with the thermal roton density, "
appears at first sight to be inconsistent with the
generalized Landau argument discussed above,
but we wish to point out that this is not neces-
sarily the case. There may, for example, be a
modified nucleation mechanism in which the con-
servation requirements are partially relaxed by
the simultaneous absorption of a roton: The criti-
cal velocity v„„for a roton-assited nucleation
event of this nature can be estimated as being ca.
DINED„=4. 5 m s "less than v„, where h is the
roton energy and m; the ionic effective mass.
Such processes would clearly occur at a rate
which scaled with the thermal roton density, and
they could well constitute the dominant nucleation
mechanism at low electric fields, provided that
the roton density was sufficiently large.

With 'He also present in the liquid, the situation
becomes a great deal more complicated, and fur-
ther measurements of v in a graded series of
very dilute 'He-'He solutions are urgently re-
quired. We can, however, tentatively interpret
the peak in the upper curve of Fig. 2 as follows.
For low values of E, v is increased by condensa-
tion of 'He on the surface of the ion": The val-
ues of v„and R, are then those for a negative ion
coated with 'He. The average number n, of ad-
sorbed 'He atoms will be determined by a dynam-
ic balance between adsorption and emission proc-
esses. The former occur at a rate which is ex-
pected to vary weakly with v, whereas the latter
can only occur at all for v -v„where v„ is a
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critical velocity' for the process. Above a char-
acteristic value of v (or, equivalently, of &), n,
may therefore be expected to decrease rapidly,
leading to a correspondingly rapid decrease in v

towards the value found in pure 'He, as observed
(Fig. 2).

We conclude that vortex nucleation in pure 'He
below 0.6 K can be well described in terms of a
generalized Landau argument. Further work will
be needed to establish whether or not the phenom-
enon can in fact be treated on the same basis in
the cases of higher temperatures and of 'He-'He
solutions. We hope that our present results will
provide an impetus towards the development of a
microscopic theory of the breakdown of superflu-
idity through vortex nucleation in liquid 'He.
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Atomic hydrogen has been stabilized at temperatures of 270+20 mK and in magnetic
fields up to 7 T. It is believed to be gaseous. A sample displayed no measurable de-
crease in density after 532 sec. Covering of exposed surfaces with a film of He is es-
sential.

Atomic hydrogen (H) with one proton and one
electron is the simplest atomic system provided
by nature. Just as helium and its isotopes display
fascinating properties at low temperature and
high density, atomic hydrogen and its isotopes
are expected to exhibit spectacular phenomena.
Until now it has not been possible to study con
densed atomic hydrogen experimentally, as under
normal circumstances it is highly unstable with
respect to recombination to H, which has a bind-
ing energy e~/h 8 = 52 000 K in the singlet spin
state, 'Zg'. However, in the spin-polarized
state, 'Z g', a pair of atoms have no bound state.
We refer to a dense gas of atoms with electron
spins polarized, so that all pairs interact within

the 'Z, ' potential, as polarized hydrogen (H&).
We have created a gas of H in a cell at T =270+20
mK and in magnetic fields up to 7 T. Using spec-
ially developed detectors we have established
that after loading the cell, the density did not
change to within experimental error for periods
up to 532 sec, the longest period investigated.
Without our special conditions, we calculate that
the sample would have a decay-time constant of
-80 p,sec, due to surface recombination if kinetic
effusion of the gas to the surface is rate limiting.
The lifetime of this sample was increased by at
least a factor 7 &10' in thig sense. We shall refer
to samples with increased lifetimes of +10' as
stabilized. In most cases we observed stabilized
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