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Oscillations in the Expansion of Solid “‘He into Vacuum
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The particle flux through a micron-sized orifice into vacuum from a source chamber filled with solid
“He exhibits a striking sequence of periodic bursts. The period increases (decreases) with pressure
(temperature), vanishing at the melting point for temperatures above the upper A point at 1.76 K. The
oscillations are attributed to a periodic collapse of the solid induced by the accumulation of excess
vacancies injected at the orifice and the period provides information on vacancy diffusivity. Dramatic
deviations from this behavior below 1.76 K suggest important modifications in the flow properties of solid
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“He induced by the excess vacancies.
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In recent years the study of molecular beams of “He
produced in cryogenic expansions of the gas or liquid have
led to the discovery of a number of novel quantum phe-
nomena. These include unexpected magic numbers in
small “He clusters [1], microscopic manifestations of
superfluidity in “He nanodroplets [2,3], orthotropic droplet
beams [4], and evidence for superfluidity of para-hydrogen
condensed around a molecule inside “He droplets [5].
Since helium is the only element which remains liquid
down to 0 K and only solidifies at pressures above about
25 bar, it is tempting to consider an expansion from the
solid phase driven by the large pressure gradient inside the
source in the immediate vicinity of the orifice. The liquid
formed as the pressure drops below the melting point will
then be ejected as a beam. The experiments reported here
confirm this expectation, but surprisingly exhibit in addi-
tion a striking oscillatory behavior of the beam intensity
consisting of a periodic sequence of bursts with a period in
the range of seconds or minutes. As discussed in this report
these oscillations contain important new information about
dynamical processes occurring in solid “He.

The apparatus is a simplified version of the one used to
produce jets of liquid “He [4]. In these experiments the
inlet pressure P, of the gas supply of the cryogenically
cooled molecular beam source (temperature 7)) is raised
above the melting pressure P,,(T,). The pinhole orifices
have diameters ranging from d = 1 to 5 wm with a com-
parable length. The narrow beam is observed visually to be
very similar to the beam of huge droplets and atoms
produced in liquid jets [4]. The beam flux is determined
by measuring the pressure Pg, in a chamber at a distance of
10 mm from the source with a 3 mm diameter entrance
aperture and pumped by two large turbo pumps (total
pumping speed S = 2760 1/s). With the beam on, the
detector pressure Py is about 50 nbar, more than 3 orders
of magnitude greater than the background pressure and the
time constant of the detector response is less than 12 msec.
The equation of continuity is used to calculate the exit
velocity of the liquid jet from the measured flux Pg..S
through the relation u = 4Py Sm/(kT4pmd?), where
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T4 1s the temperature of the detector chamber, k the
Boltzmann constant, p the mass density of the liquid,
and m the atomic mass. In these experiments u is of the
order of 10> m/s and corresponds to a flow velocity of the
solid uy = (p/p,)(mwd*/4Ay)u ~ 10~* m/s, p, being the
solid mass density and A, = 0.785 mm? the inner section
of the source cylindrical tube (Fig. 1).

Figure 2(a) displays a typical series of measurements of
P4(?) as a function of time at a constant source pressure
Py = 33 bar for five decreasing source temperatures start-
ing from the liquid He I phase and extending far into the
solid phase as indicated in the phase diagram (Fig. 2, inset).
Figure 2(b) shows a similar sequence of runs for increasing
pressures at a constant temperature 7, = 1.88 K. The pe-
riodic pulses appear only when the helium in the source is
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FIG. 1. Schematic diagram showing solid “He (gray area)
flowing with a velocity ug (of the order of 10™* m/s) inside
the source. A micrometric diameter pinhole is centrally located
at the end of a cylindrical copper tube of inner section A, =
0.785 mm?. The solid fills the tube except near the orifice, where
the pressure drops to almost zero at the orifice. The solid-liquid
interface of area A, is located at a pressure P/, approximately
equal to the equilibrium melting pressure P,,. A large pressure
gradient occurs in the constriction region of the solid flow (of
thickness /), between the solid-liquid interface (at pressure P;/;)
and the section at pressure P;. The liquid exits with a velocity u;
of the order of 10> m/s.
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FIG. 2. Time dependence of the detector pressure signals for
expansion through a 2 um diameter orifice, for decreasing
source temperatures at a constant pressure Py = 33.0 bar (a)
and for increasing source pressures at a constant temperature
T, = 1.88 K (b). The corresponding points (O) in the “He phase
diagram are shown in the inset. The uniform signal from liquid
“He at Py = 33.0 bar, T, = 1.88 K is shown in the top panel of
(a). For comparison the signal at the melting pressure [P, =
P,, = 33.4 bar in panel (b)] is indicated by a horizontal dashed
line. In the anomalous region [Ty < 1.76 K, panel (a)] the signal
at the pressure P, = P, (see text and Fig. 4) is indicated by a
horizontal dotted line.

solidified. They amount to only a few percent of the total
detector signal, have reproducible characteristic shapes
with maxima and minima which lie above and below the
signal measured for the liquid at the melting pressure. The
periods are remarkably constant to within less than 5%
over measuring times of the order of hours.

A plot of the pulse period 7, for a wider range of source
pressures and temperatures is presented in Figs. 3(a) and
3(b). Above the upper A point (7, > 1.76 K), which will be
referred to as the region of regular behavior, the period
invariably vanishes at the melting point [marked by 7, and
P,, in Figs. 3(a) and 3(b), respectively]. For decreasing
temperature at constant pressure the period increases with
an incipient linear behavior at T, (if T,, > 1.76 K).
However, at all pressures P the period reaches a maximum
at ~1.57 K [Fig. 3(a)] and then drops abruptly at lower
temperatures. This sharp drop-off will be discussed later
on. As P, approaches P,, the period vanishes according to
(Py — P,,)7, where v = 0.50 = 0.07 at Ty = 1.85 K and
0.64 = 0.07 at 2.17 K [Fig. 3(b)]. Very similar results were
obtained with different diameter orifices. Moreover the

period did not exhibit any noticeable hysteresis for increas-
ing or decreasing pressures or temperatures over their
entire range.

Whereas the signal for the liquid phase (Py < P,,) rises
with pressure according to Bernoulli’s law Py, > u =
(2P,/p)'/? [6], above the melting pressure (P, > P,,) the
signal and the corresponding exit velocity u averaged
over the periodic oscillations remain constant with u =
(2P,,/p)"/?. This confirms the assumption that an interface
exists inside the source between the solid and the liquid at
the pressure P/ = %uzp which determines the instanta-
neous exit flow velocity of the liquid and oscillates peri-
odically around P, between a maximum P/, and a
minimum Py, i [Fig. 2(b)].

A stick-slip mechanism for the oscillations in the solid
flow is immediately ruled out since, as generally expected
and shown by Rozman et al. [7], the slip-and-stick fre-
quency increases with the velocity and therefore with the
applied pressure, whereas the oscillation frequencies ob-
served in our experiments decrease for increasing pressure
[Fig. 3(b)]. Experiments by Gordon et al. [8] show that
solid He can flow inside a cylinder cell as a whole with
negligible friction at the cell wall, even at temperatures as
low as 1.4 K, and a very small pressure gradient. Also
temperature changes are excluded since the melting tem-
perature oscillations associated with the relatively small (1
to 5%) melting pressure oscillations would have to be as
large as about 10% or more, which is not observed. An
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FIG. 3. (a) The oscillation period as a function of tempera-
ture at five different pressures measured for a 2 um diame-
ter orifice. The period increases for decreasing temperature
below the melting temperature 7,, (arrows) up to a maximum
at ~1.57 K, and then drops abruptly at lower temperatures. For
Py <285 bar the period vanishes completely everywhere.
(b) The oscillation period as a function of pressure at two
different temperatures above 1.76 K. The period vanishes at
the melting pressure P,,. (c) The vacancy diffusion coefficient
D, = L?/7, as a function of P, — P,, with the length constant
L = 0.6 mm fitted to the data of Zuev et al. [13] at 1.85 K (open
circles). In all diagrams the data points have been connected by
lines as guides for the eye.
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oscillation of the melting pressure at fixed temperature
necessarily implies the oscillation of some other coordinate
of the solid and there seems to be no other disposable
intrinsic parameter than the concentration of vacancies.
Indeed Berent and Polturak [9] have observed that large
plastic deformations in solid “He are driven by the motion
of vacancies. In the present case the largest deformations
occur in the region where the solid meets the highest
resistance, i.e., in the shrinking region where a constriction
of the solid flow cross section occurs from the upstream
area A to the area A/, of the s /linterface (Fig. 1). It may
then be assumed that the pressure gradient VP = (P —
P, /,) /1 in the constriction region of thickness / (Fig. 1) is
much larger than the average gradient (P, — P;)/l, in the
rest of the He feeding line of length [, (>>1). Excess
vacancies injected at the s/[ interface, via the release of
atoms from the solid into the liquid, are driven into the
solid by the strong pressure gradient with a net force F =
(V, — V)V P, where V* = 0.45V, is the isobaric vacancy
formation volume [10,11] and V, = 34 A3 is the solid “He
atomic volume. This force pushing vacancies towards a
higher stress has been introduced by Herring in the theory
of diffusional creep in polycrystalline materials (Nabarro-
Herring mechanism) [12]. Since vacancies can propagate
further into the low-gradient region only by diffusion, they
will concentrate with time in the shrinking region, until, at
some critical vacancy concentration, a local collapse of the
solid occurs, with an annihilation of vacancies and a reset-
ting of the initial conditions. The ratio of the critical
vacancy concentration near the s/I interface X¢ to the
corresponding equilibrium concentration at melting can
be estimated from the pressure dependence of the vacancy
concentration [9] as X{/X}' = exp[V*(P,, — Py/imin)/
kT]. Since Py ;i is smaller than P,,, X§ turns out to be
larger than the equilibrium concentration at melting XJ'.
This explains the origin of the instability and of the peri-
odic bursts in the beam flux, similar to those of a geyser
effect. For example, for P, = 54 bar, T, = 1.85 K [open
square in Fig. 3(b)], X§ is about 13% larger than X} and 3.7
times larger than the equilibrium concentration X9 at Py,
i.e., far away from the shrinking region. In the present
range of pressures and temperatures XU is typically
~1072 [13], and therefore the flow velocity oscillations,
also amounting to no more than a few percent of the aver-
age u, are compatible with a contribution of vacancies.
Since 7 is the time needed for excess vacancies to
diffuse (drift) into the shrinking region and to accumulate
up to the critical concentration, this time is inversely
proportional to the vacancy diffusivity D, (mobility i, =
D, /kT) averaged over the pressure gradient. Averaging
75! o« (Py — P,,)”7 over the gradient leads to D, (Py) =
D, /(1 + ), and this is set equal to L?>/7, with L a length
constant. A fit to the vacancy diffusivity data by Zuev et al.
[13] at 1.85 K [Fig. 3(c), open circles] gives L = 0.6 mm.
Our new data [Fig. 3(c), full squares] confirm the tempera-

ture and pressure dependence of D, measured by Zuev
et al. [13] with an extension to higher pressures and
temperatures. The present vacancy mechanism is also sup-
ported by a theory of the vacancy injection kinetics [14].
The solution of the transport equation, derived for a rather
idealized case (constant, infinitely extending gradient and
diffusivity independent of pressure), is found to account
well for the shapes of the flux observed within a period in
the regular region [14].

This analysis, however, is unable to explain the anoma-
lies below 1.76 K. Figure 4(b) shows the typical behavior
of the period as a function of pressure in the anomalous
region (here 7Ty = 1.39 K) and the corresponding beam
flux. In this case the pressure above which the flux is
constant, denoted by P,, no longer coincides with the
pressure at which the period vanishes (P,) and both are
larger than the melting pressure P,,. Thus, although the
source is filled with solid it continues to flow as if liquid up
to P,. In this regime P, and no longer P,,, is the threshold
for signal oscillations [Fig. 2(a)] below which the insta-
bility occurs. Above P, there is a region of pressures in
which the flow is constant, but oscillations are not ob-
served. The perfect reversibility of P,(T) when measured
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FIG. 4. (a) Phase diagram of “He with the points at which the

oscillation period 7 vanishes for d =1 um (H) and 2 pum (+).
(b) The oscillation period (right hand scale) and amplitude (gray
area, left hand scale) as a function of pressure at 7, = 1.39 K
vanish at a pressure P, which is 4.2 bar above P,,. The corre-
sponding mean flux intensity (expressed by P, left hand scale)
shows the sudden switch from the Bernoulli regime to a constant
value, not at P,, as in the normal case, but at a pressure P, which
is almost 2 bar above the melting pressure. The locus of P, is
shown in (a) as a dashed line. It intersects the locus of P, at
T = 1.57 K (dotted line) where the period drop [see Fig. 3(a)] is
observed.
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at increasing or decreasing pressures and constant tempera-
ture T indicates that some change in the properties of solid
“He occurs at P,(T), presumably induced by the injected
excess vacancies. The dramatic changes observed at P, are
also reflected in the sudden sharp drop of the period at
Ty = 1.57 K [Fig. 3(a)] which coincides with the tem-
perature at which P, = P_.. An important observation is
that the addition of 1% of *He is sufficient to reestablish
the regular behavior (vanishing 7, at P, and no drop
of 75 below 1.57 K), which suggests that the described
phenomena are related to vacancies. It is also interesting to
note that the region where the anomalies are observed
corresponds to three of the four scenarios which have
been theoretically considered by Galli and Reatto [6] for
a vacancy induced supersolid phase [15,16]. Recent theo-
retical studies [17] on the measurements of nonclas-
sical rotational inertia in solid *“He reported by Kim
and Chan [16] argue that equilibrium vacancies may not
be suffi>cient to trigger a transition to a supersolid
phase. Burovski et al. [18] suggest an alternative ex-
planation of Kim and Chan experiments in terms of inter-
face superfluidity at the grain boundaries. This interpreta-
tion appears to be consistent also with the present
surprising observation of a Bernoulli-like flow of the solid
below P,,.
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