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180 D.R.ALLUM AND OTHERS

A single pulse time of flight technique has been used to determine the drift velocity " of
the negative ions injected into liquid *He from a field emission source. Measurements
of 7 as a function of temperature 7, pressure P and electric field E are presented within
the range: 0.29 < T < 0.5K; 21x105 < P < 25x105Pa; 1 < E < 300kVm~. The
experimental results are in good agreement with Landau’s theory of superfluidity. The
data are used to demonstrate the inapplicability of two theories of supercritical dissipa-
tion: by Takken, based on an assumption of coherent roton emission; and by Bowley &
Sheard, based on the assumption of incoherent single-roton emission. The results are,
however, shown to be in excellent agreement with Bowley & Sheard’s incoherent two-
roton theory, and the data are used to derive a numerical value of the matrix element
characterizing two-roton emission. The surprising absence of the single-roton emission
process is discussed, and an upper bound is placed on the relevant matrix element.

1. INTRODUCTION

Superfluidity is the most remarkable of the properties of liquid *He. The only other systems
known to exhibit comparable behaviour are the liquid phase of the other stable isotope of helium,
3He, and the electron gas in a superconducting metal; it is believed that the nucleonic fluids in
a neutron star may also be superfluid, but this is less certain because data inevitably are scanty.
Superfluidity implies the possibility of non-dissipative flow of the fluid through a channel or,
conversely, that an object may be able to move through the stationary fluid without experiencing
any viscous drag.

At temperatures well below that of its superfluid transition (2.18 K at s.v.p.), which in practice
usually means 7" < 1.0K, liquid *He behaves as a superfluid in which there exists a dilute gas of
particle-like elementary excitations. The superfluid has zero entropy and has zero viscosity, all
the thermal energy of the liquid being carried by the excitation gas. An object moving through
the liquid will therefore encounter a slight resistance owing to its scattering of elementary excita-
tions, but no resistance at all from the superfluid itself. The residual drag caused by the excitation
gas will, of course, fall rapidly with temperature as the excitation density decreases.

By employing simple arguments based on considerations of the conservation of energy and
momentum, Landau (1941, 1947) was able to account for the superfluidity of *He in terms of the
shape of the dispersion curve for the elementary excitations. As discussed in §1 (a) below, a
fundamental prediction of his theory is that there will be a well-defined critical velocity above
which the superfluidity will disappear and dissipative behaviour will be observed. The main
objective of the present work was to test this prediction by measuring, as a function of their
velocity, the drag experienced by negative ions travelling through superfluid ‘He below 0.5K,
and thus to achieve an accurate experimental determination of the Landau critical velocity vy,

In§1 (b) we review very briefly the outcome of earlier attempts to measure the critical velocity,
and the reasons why they failed to yield experimental values of v;,. We discussin § 1 (¢) the motion
of negative ions through pressurized superfluid He, and we indicate why this particular experi-
mental situation appeared to offer a unique opportunity to test both Landau’s theory and the
subsequent supercritical drag calculations of Takken (1970); and we describe the unexpected
failure of experiments with these purposes in view. More recently, however, it has been found that
field emission characteristics in superfluid He display certain anomalous features when pressure
is applied to the liquid, and in §1 (d) we indicate why these phenomena seemed to imply the
feasibility of the present research programme based on the use of field emission ion sources.
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BREAKDOWN OF SUPERFLUIDITY IN LIQUID “He 181

(a) Landaw’s explanation of superfluidity in *He
We consider, as sketched in figure 1, an object of mass m travelling with initial velocity o,
through a motionless fluid. Its kinetic energy can be reduced ifit creates in the fluid an excitation
of energy € and momentum f#k, so that it travels finally with the smaller velocity ;. In order that
energy and momentum be conserved in the process,

v = ymot+e (1)

and mve = mwvy +fik. (2)
Eliminating o between (1) and (2),

tmv? = Im(v2— 2fik- ve/m + £%k%[m?) +¢

giving ve cos 0 = e[hk + tk[2m,

F1GURE 1. An object travelling (a) with initial velocity v, can reduce its kinetic energy by, as shown in (b), creating
an excitation of energy ¢ and. momentum 7%k in the fluid: it moves finally at the smaller velocity ;.

where 6 is the angle between v; and k. Because cos < 1, we conclude that
ve > €[hk + fik[2m.

Unless this condition is fulfilled it will be impossible simultaneously to satisfy the requirements
for conservation of energy and momentum. There will consequently be a critical initial velocity
of the object
v = (e[tk +k[2m) min (3)
below which the creation of excitations, and thus the dissipation of its kinetic energy, cannot
occur. It is conventionally assumed that the second term is negligible compared to the first (but
we shall return to consider this question in more detail in § 4 (¢)), so that the Landau critical
velocity,
v = (€/Ak) min- (4)

Whether or not a given liquid will be superfluid must therefore depend on whether or not vy, is
non-zero, and this in turn will depend on the form of ¢(£). The thermal energy of ordinary liquids
occurs as the kinetic energy of individual atoms or molecules, so that ¢ = #%k%/2m and hence
(€/fk) min = 0. In superfluid helium, on the other hand, it is not meaningful to refer to the kinetic
energy of any individual atom: the thermal energy is carried by elementary excitations which
have the energy-momentum relation shown in figure 2 (which illustrates the situation where the
liquid is held close to its solidification pressure: this was always the case in the experiments to be
described below). This curious dispersion curve, the form of which was originally predicted by
23-2
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182 D.R.ALLUM AND OTHERS

Landau (1941, 1947) and which has since been verified in numerous experiments, is thus respon-
sible for the superfluidity of liquid “He in that it quite evidently determines that €/#k should
nowhere be zero.

The smallest value of ¢/fik clearly lies near the minimum of the curve in the region where the
excitations are known as rotons and where, to a good approximation,

¢ = A+#2(k— ky)?/2my. (5)

Here 4, £y and my, which are known as the Landau roton parameters and are weakly pressure
dependent, specify respectively the energy, momentum and effective mass of a roton at the
minimum. To find (e/%k) 1, We set

d
= (€/ik) = 0,

yielding % = ¢fk. (6)

Substituting for € from (5) we can then determine the value of £ which makes €/%k a minimum
and thence, by using (4) and (5), we can determine vy, precisely. For most purposes, however,
a simpler approach suffices. We note that (6) implies that v, is specified by the gradient of a line

(elks) K

0 10 20 30
kfnm™!

Ficure 2. The dispersion curve for excitations in superfluid *He at a temperature of 1.1 K and under a pressure
of 25.3 atmospheres (after Henshaw & Woods 1961): the energy ¢ of an excitation is plotted against the
magnitude of its wavevector k. Excitations near the local minimum are known as rotons. As demonstrated
by (6), (4) is satisfied by rotons at the point where a straight line drawn from the origin makes a tangent with
the curve, and the gradient of this line therefore represents the Landau critical velocity for roton creation, vy,

drawn from the origin to make a tangent with the roton region of the curve, contacting it very
close to the minimum at (4, k), as indicated in figure 2. In fact

vy, ~ Altk, (7

within 1 9%, Inserting experimental values of 4 and &, (Donnelly 1972), we find that vy, = 58 ms—
at s.v.p., and vy, = 46 m s~ close to the solidification pressure at 25 x 105 Pa.


http://rsta.royalsocietypublishing.org/

L |
o \
C

AL

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Y B \

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

BREAKDOWN OF SUPERFLUIDITY IN LIQUID “He 183

Thus, at low temperatures where the drag caused by the scattering of thermal excitations is
negligible, which in practice usually means 7" < 0.5K, the drag on an object moving through
He 11 should vary with its velocity as indicated in figure 3. The drag will remain zero until the
critical velocity vy, is attained, and then dissipation will set in very abruptly. Similar arguments
may, of course, be applied to the case of superfluid helium moving through a tube showing that,
for velocities less than vy, there should be no viscous resistance to flow.

drag

v, velocity

Ficure 3. The drag exerted by the superfluid upon a moving object as a function of its velocity according to
Landau. Takken (1970) predicted that, for experimentally feasible measurements of negative ion charac-
teristics, curve @ would be followed; but curves such as b or ¢ would be equally consistent with Landau’s
theory, which merely predicts the absence of drag for velocities below vy,

(b) Measurements of the critical velocity

A very large number of superflow experiments which test the predictions of Landau’s theory
have been carried out, and extensive accounts are given in the various standard texts on liquid
helium such as those by Wilks (1967) and Keller (1969). Critical velocities have indeed been
observed and measured for helium flowing in a wide variety of geometries including capillary
tubes, adsorbed films and tightly packed powders. In every case, however, the experimental
value of the critical velocity was orders of magnitude smaller than vy, typically being no more
than a few millimetres per second. Recently, Harrison & Mendelssohn (1974) and Hess (1974)
reported critical flow velocities of up to 7ms=* through the tiny (¢a. 20nm) holes formed by
etching irradiated mica, but even this is smaller by a factor of about eight than the value predicted
by Landau. The low critical velocities observed experimentally have mostly been attributed to
complications arising from turbulence in the superfluid (Langer & Reppy 1970), the possible
existence of which we ignored in §1 (). A certain minimum flow velocity, dependent on the
channel dimensions, is again required and, apparently because the effective critical velocity
for the creation of quantized vortices is much smaller than vy, the breakdown of superfluidity
through Landau’s roton creation mechanism has never been observed in a flow experiment.

The other possible experimental approach is, of course, that depicted in figure 1: to move an
object through stationary superfluid. Negative and positive ions constitute particularly con-
venient objects for this purpose. They can readily be injected into the liquid by means of a variety
of different techniques, they can be moved through the liquid by application of electric fields, and
their arrival at an electrode can be observed as a pulse of current. The so-called ions which can
exist in liquid helium are, in fact semi-macroscopic objects with radii of ¢a. 1 nm and effective
masses of ca. 100m,, where m, is the mass of a ‘He atom. Numerous investigations of ion motion in
liquid “He have been carried out, and have been reviewed, with extensive bibliographies, by
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184 D.R.ALLUM AND OTHERS

Fetter (1976) and by Schwarz (1975). In such experiments it has been found that, as the electric
field is increased from zero, the drift velocity of the ion, which is limited by the scattering of
thermal excitations, also at first increases; but in almost every case, at a critical velocity of
ca. 30ms™! the bare ion undergoes a transition to a charged vortex state and, thereafter, the
velocity of the complex falls with increasing electric field in precisely the manner expected of a
vortex ring. Such experiments have been extremely rewarding and have led, for example, to
accurate measurements of the quantum of circulation. Because the bare-ion to charged-vortex-
ring transition can usually be characterized by a critical velocity which is less than vy, the experi-
ments have not, however, enabled any satisfactory test of Landau’s roton emission theory to be
carried out. The only exception seems to be in the particular case of negative ions moving
through liquid helium under pressure.

(c) Motion of negative ions in pressurized He xx

Meyer & Reif (1961) reported that the behaviour of negative ions in pressurized Her was
quite different from that of positive ions, or of negative ions at lower pressures, in that for tem-
peratures near 0.6 K it was possible to accelerate them to velocities of 50-60m s~1. This was later
confirmed by Rayfield (1966, 1968). He found that for P > 12 x 105Pa (105Pa = 1 bar) it was
possible to accelerate negative ions to velocities approximating to vy; he deduced that in his
highest electric fields of 7kV m~! the ions were approaching a limiting velocity; and he concluded
that this apparent limiting velocity rose as the pressure was reduced. The latter was precisely the
behaviour expected of vy,: A/fk, increases with a decrease in pressure, owing to changes in the
shape of the excitation spectrum. Unfortunately, Rayfield’s experiment was at a temperature,
0.6 K, where drag on the ions owing to excitation scattering was considerable and it was not,
therefore, possible to be entirely sure that true critical velocity behaviour was being observed, or
to measure the component of the drag arising from excitation creation as opposed to that arising
from scattering.

The simple approach suggested by Landau did not, of course, make any prediction about the
magnitude of the drag which would be experienced by an object travelling faster than vy,: Landau
demonstrated merely that there would be no drag at all from the superfluid at lower velocities so
that, for example, any of the three curves sketched in figure 3 would be equally consistent with
his theory.

The first detailed calculation of the drag on an object travelling at supercritical velocities seems
to have been that by Takken (1970), who considered roton creation on the basis of a wave
radiation model, in analogy with Cerenkov radiation. He assumed therefore that the object
would, as it travelled through the superfluid, be pushing at a point of fixed phase in a roton wave
pattern. He concluded that an upper bound on the velocity of a negative ion would be

Vu.p. = v (1 +10710E2), (8)

where v, ;, and v, are in ms~' and the electric field Eisin V m~1, and therefore that, for realizable
electric fields, it should be almost impossible to observe any increase in the ionic velocity
beyond vy,. This remarkable conclusion appeared at the time to be in accord with Rayfield’s
experimental data.

Attempts by Neeper (1968) and by Neeper & Meyer (1969) to repeat Rayfield’s experiments
at lower temperatures, where excitation scattering could be ignored, resulted in failure. As their
experimental chamber was cooled, the vortex ring nucleation rate apparently increased until,
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BREAKDOWN OF SUPERFLUIDITY IN LIQUID “He 185

at0.3K, only charged vortex rings could be detected at the collecting electrode, and no bareions.
It was concluded, therefore, that neither the existence of the critical velocity predicted by Landau,
nor the validity of the supercritical dissipation theory proposed by Takken, was going to be
accessible to a direct experimental investigation. No reason to doubt this conclusion emerged
until Phillips & McClintock (1973) observed some apparently anomalous current-pressure
characteristics in a field emission cell, which they attributed to the presence of bare ions, even at
temperatures as low as 0.3 K.
(d) Field emission in superfluid *He

Field emission and field ionization enable comparatively large currents to be injected into
liquid helium, and current sources based on the phenomena have a number of advantages over
the radioactive sources which were almost universally employed in the early ion experiments. If
a negative potential of a few kilovolts is applied to a sharp metal tip immersed in liquid helium,
then, just as in a vacuum, electrons are able to tunnel from the tip and proceed towards a col-
lecting electrode. The presence of the liquid, however, introduces a number of complications.

200 T T I | T 1 T T T
(b) //_
olop00-L 0 0 oo g—o—g5 0
P=25x10°Pa
100 -
<
£
50 ?ﬁ Pa -
M
30 1 | | | | | | | |
0 10 20 03 04 05 0.6
10-5P[Pa TIK

Ficure 4. Field emission characteristics in superfluid He under pressure. In (2) the current ¢ from an emitter at
3.0 kV is plotted as a function of pressure at a fixed temperature, and is seen to increase rapidly above
10 x 105 Pa. In (b) the currents from an emitter at 2.0 kV are plotted against temperature T for two
pressures P: the current at 25 x 105 Pa is considerably larger than at 105 Pa and is temperature independent
below 0.5 K.

In particular, gaseous charge multiplication processes can take place close to the emitter; and the
velocity of the ions through the liquid is drastically reduced. The latter feature of the phenomenon
leads to spacecharge-limited emission at comparatively low currents of ca. 10~® A; conversely,
the magnitude of the emission current for a fixed emitter potential can provide information about
the way in which the ions move through the liquid, often enabling the ionic mobility to be
deduced. Field emission and ionization in liquid ‘He have been studied in some detail by Phillips
& McClintock (1975).

An observation (Phillips & McClintock 1973) which is of special relevance to the present
work relates to the field emission characteristics under pressure below 0.6 K: typical examples are
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186 D.R.ALLUM AND OTHERS

shown in figure 4. We note from (a) that the current rises rapidly with pressure above 10 x 105 Pa;
and from (4) that the current at 25 x 10°Pa is almost temperature independent below 0.5 K.
These results were consistent with an increasing proportion of the current being carried by bare
ions, rather than by charged vortices, as the pressure was increased beyond 10 x 10% Pa; and,
furthermore, suggest that this proportion was not significantly temperature dependent near 0.3 K.

The strong implication was, notwithstanding the failure of Neeper’s (1968) and Neeper &
Meyer’s (1969) experiments, that it would, after all, probably be feasible to propagate bare ions
through liquid *He at 0.3 K at velocities up to vy, and thus to test Landau’s (1941, 1947) and
Takken’s (1970) theories of the breakdown of superfluidity. We describe below some of our
consequent experiments in which we have succeeded in measuring the drift velocities of negative
ions drawn from a field emission current source for temperatures down to 0.3 K. Some pre-
liminary results of this work (Phillips & McClintock 1974; Allum, McClintock & Phillips 1975 a)
have already been published.

2. APPARATUS AND TECHNIQUES

The drift velocities of the ions were measured by using a modified form of the time-of-flight
technique described by Schwarz (1972). This necessitated setting up a system capable of working
under pressure, and such that suitable pulses of ions could be generated for propagation along
a known length in the liquid helium. The basic technique is described in § 2 (a); and the experi-
mental chamber, electrical circuitry, and cryogenic arrangements employed in its practical
realization are described respectively in §§ 2 (4), (¢) and (d).

(@) The single-pulse time-of=flight technique

The method is illustrated diagrammatically in figure 5. The ionic velocity is determined by
measuring the transit time of a pulse of ions across a region of uniform electric field, between
G, and G, whose length is known. A retarding electric field of a few kilovolts per metre is usually
maintained between the gate grids G; and G,, thus preventing the ions emitted from the field
emission source S from entering the drift space G,~G3. By applying a negative pulse of a few tens
of volts to G, the gate can, however, be opened momentarily, thus admitting a pulse ofions to the
drift space. The ion pulse then propagates across G,—G; at a characteristic velocity which will
depend on the electric field and on the temperature, pressure, and purity of the liquid helium.
Its arrival at the collecting electrode C can be observed as a pulse of current whose transit time
can be used to compute the velocity. The Frisch grid G; is required to screen the collector from
the influence of the approaching charge.

In practice we have found it necessary to pulse the field emission source, rather than running it
in the d.c. emission mode and, because the resultant switching transients saturate the signal
processing system, it has been necessary to delay the gate pulse relative to the start of the tip pulse
as illustrated in figure 5b. The current ¢ seen at the collector is shown, in somewhat idealized
form, in the lowest diagram: the transients at X and Y arise from the emitter switching on and off;
and those at ¢, and ¢, are caused by the gate pulse. The rise in i at #; indicates the first appearance
of’ions on the collector side of G;, and ¢, represents their arrival at C. The passage of the back end
of the pulse through G; occurs at #;, and the last ions reach the collector at £. The periods (¢, —t,)
and (#;—t;) represent the transit time of an ion across the space between G; and C. The transit
time 7 between G, and G, which we wish to measure, is (4;—1£,).
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The signal at the collector is usually comparable with, or smaller than, the intrinsic electrical
noise of the system, so that some method of signal enhancement is an essential feature of the
single-pulse technique. In the present work we have employed a digital signal-averaging system,
as described in § 2 (¢) below.

(@)

Decacannna

Q

o

=

e
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Ficure 5. The single-pulse time-of-flight technique. The main components of the electrode structure are shown
diagrammatically in (a). In (b) are sketched, as functions of time ¢: the transient negative potentials
Vs (~ 1.5kV) and Vg, (=~ 50 V) applied respectively to the field emission source S and to the grid G,; and
the resultant negative current 7, which in practice is found to be induced in the collecting electrode C.

() The experimental chamber

The experimental chamber is illustrated in figure 6. Its body was formed from a copper block,
drilled through to accept two inserts carrying the electrode system and a carbon resistance
thermometer. The inserts were built on circular brass plates which could be bolted to the block,
with indium ‘O’ rings providing the required pressure-tight seal.

The tip, gate grids, guard rings and Frisch grid were mounted on one insert; the collector on
the other. Metal components were mostly made of brass, separated by nylon spacers. Care was
taken in designing the assembly, to avoid large areas of exposed dielectric on which charge might
have built up, thus distorting the electric field. The grids were composed of 200 wires per inch
nickel mesh, attached to brass support rings with Aquadag colloidal silver paint. It was found
that, with care, a grid-to-grid spacing of 0.5 mm (measured at room temperature) was feasible.
The tip itself was held approximately 2 mm away from the first grid, G,. At this small separation,
bubble formation around the tip could have led to arcing if operated at s.v.p.: accordingly, the
normal setting-up procedure entailed application of the operating pressure of 25 x 10% Pa before
the emitter was tested. The whole electrode assembly was an easy sliding fit inside a nylon tube,
which was itself made to be an easy sliding fit in the hole in the copper block. To promote rapid
thermal equilibrium throughout the chamber, 1 mm diameter holes were bored in the nylon
sleeve, allowing good thermal contact between the copper wall of the chamber and the helium
within the electrode volume.

24 Vol. 284. A.
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Ficure 6. The experimental chamber, slightly modified so as to appear in a single vertical section. The main
components were all cylindrically symmetrical. a, Chamber body, which was flattened on one face to ensure
good thermal contact with the 3He pot; b, ¢, brass endplates, bolted to chamber body over indium ‘O’ rings;
d, tungsten field emitter, spot-welded to nickel wire; e, nylon holder for field emitter; f, brass back-plate of
emission chamber; g, brass grid-support-ring, which was a tight fit in back-plate; h, grid Gy; i, grid Gy;
j, brass guard rings to maintain a uniform electric field between G, and Gs; k, nylon insulating rings; 1, Frisch
screening grid, G,; m, nylon tube to align electrode stack; n, nylon sleeve to insulate electrode connecting
wires from chamber body; o, brass collector; p, brass guard ring for collector; g, nylon insulator; r, nylon
body of insert which was also drilled to accept a carbon resistance thermometer (not shown); s, one of the
three spring-loaded bolts securing insert to endplate; t, one of two 2-pin metal-glass seals carrying electrical
connections for collector and resistance thermometer; u, 12-pin metal-glass seal carrying electrical connec-
tions for the field-emitter, G;, G,, guard rings for the main electric field, and Gy; v, nylon distance piece,
bolted very loosely to component m, which transmitted the force of the springs around the bolts, s, via com-
ponents r, q, p and m, to the electrode stack inside m.

%
=

THE ROYAL A
SOCIETY LA

PHILOSOPHICAL
TRANSACTIONS
OF



http://rsta.royalsocietypublishing.org/

/.
/ B

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

/|

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org
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The collector insert consisted of a brass disk surrounded by a brass guard ring, mounted on
a nylon insulator. The whole was spring-mounted on its brass endplate, with a free movement of
some 3 mm to ensure that during cooling and throughout the experiment the guard ring was held
in firm contact with the nylon sleeve of the other insert: at room temperature the spacing between
Frisch grid and collector was 0.5 mm. The same springing arrangement also served to ensure
that the electrode stack in the other insert was always held under gentle compression. For both
inserts, electrical connections were taken through metal-glass seals soft-soldered into the brass
endplates.

The chamber dimensions were obtained by measuring the individual components at room
temperature, before assembly, and then applying suitable corrections for thermal contraction.
Assuming the change in length in cooling from room temperature was 2 9%, for nylon and 0.02 9
for brass, the length [ of the drift space G,~G; was calculated to be 10.2mm when cold. The
possible error in this figure is thought not to exceed 5 %,.

(¢) Electrical circuit

The circuit used to provide the required d.c. electrode potentials, to apply pulses to S and Gy,
and in processing the signal arriving at G, is shown in block form in figure 7. The drift-space
voltage was derived from a Keithley 246 stabilized power supply, capable of supplying 0-3100 V
and connected via a decoupling RC network, to a chain of 5 MQ 19, metal film resistors.
Mounted in the main liquid helium bath to reduce the number of high-tension leads into the
cryostat, these resistors formed a divider network by which the tip, gate grids and guard rings
could all be held at the correct d.c. potentials. This power supply was switched on only when
necessary, as heating in the divider chain tended to cause a noticeably higher rate of evaporation
from the helium bath. The potential difference V;, across the divider chain was measured on
a Fluke 8000 A digital voltmeter, floating at the G, potential, accurate to better than + 19, and
supplied via a 1:1000 potential divider composed of high stability metal oxide resistors, which
had been calibrated by using a potentiometer. An accelerating d.c. field was established between
the Frisch grid and the collector; and a retarding d.c. field was maintained between grids G; and
G, to hold the gate closed. Both these fields were supplied using 90V dry cells. The d.c. bias on
the gate was measured on a voltmeter floating at the gate d.c. potential. The high voltage pulses,
typically 1 or 2kV, needed to cause field emission from the tungsten tip were supplied from a pulse
amplifier based on the design of Robertson & Seidman (1968), driven by a Hewlett-Packard
HP 214 A pulse generator, and were measured on a Tektronix 453 A oscilloscope via a Tektronix
P 6015 1:1000 e.h.t. probe. The pulses to open the gate were supplied from another HP 214 A
generator, which was also coupled to the oscilloscope via a Tektronix P 601 1:10 probe. The
circuit’s various time-constants were chosen to be such that the pulses arriving on the source and
gate grid were square, and so that no pulses reached the drift space electrodes during the flight
of the ions.

The signal arriving at the collector was earthed through a 100kQ metal film resistor, mounted
immediately next to the endplate. Screened and guarded leads connected each end of this resistor
to a Brookdeal 432 High |Z| differential amplifier, which had a frequency response of up to
1 MHz, mounted at the top of the cryostat. The amplified signal was stored in a Datalab DL 905
transient recorder, which then passed the contents of its memory at a lower speed to a Hewlett—
Packard HP 5480 B signal averager for processing. After averaging an appropriate number of
pulses (typically 32 for the larger, high-velocity pulses, and 2048 for the smaller, low-velocity
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190 D.R.ALLUM AND OTHERS

pulses), the final signal was output onto a Hewlett—Packard 7004 B chart recorder, fitted with
a Hewlett-Packard 17012 B point plotter, to give a hard copy of the result. The transient recorder
was usually kept on a slow (5 ms) scan until the tip switching transient had died away, and then
switched automatically to a faster timebase (500ps scan) for the velocity measurement itself.

trigger
pulse oscill pulse 'point | | signal | | transient
generator osciiloscope generator plotter averager recorder
e.h.t: pulse .
generlzztor amplifier
— 10:1 10001

1
5nF :
1
1
)

l —

] .
220 MQ :
I
— 5nF ‘
WMV !
200 kQ !
< 1 1 v‘N\(A VWA
__3 2MQ 2.5MQ
d.v.m.
90|V 03100V
J power
! __L. supply
100 0F T . $2MQ

Ficure 7. Block diagram of the electrical circuit used in making the time of flight measurements. The components
enclosed by the dashed line are all at liquid helium temperature.

Typically, the gate was opened some 400 ps after the tip had been activated and was held open
for 80us; the ion transit time was about 200ps, depending on the electric field; and the tip
emission was maintained for about 800ps in all. The necessary trigger delays were obtained
directly from the two HP 214 A pulse generators. This cycle was repeated at about 3 Hz until
averaging had produced a signal of acceptable quality.
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(d) Cryogenics

The chamber was mounted in a 3He cryostat of conventional design which enabled the experi-
ment to be cooled to a working temperature of 0.28 K. The sample of “He was obtained from a
standard high-pressure cylinder fitted with a regulator capable of delivering helium at any
required pressure up to 40 x 10% Pa. The gas was cleaned by passing it over two liquid-nitrogen-
temperature charcoal traps. It then passed via a 0.4 mm i.d. cupronickel capillary tube through
the main liquid helium bath at 4.2 K, entered the vacuum space, and was thermally anchored to
the 1.0K pot. It there joined a 600 mm coil of 0.13mm i.d. stainless steel capillary tube, and
thence was admitted to the chamber. The pressure was measured on a Bourdon gauge (Wallace
& Tiernan type FA233), accurate to +0.1%,. A 3] gas bottle was connected at the room
temperature end of the system to act as a ballast volume. With this system, pressures from 105 Pa
up to the melting curve could be easily and fairly rapidly set, and stabilized to better than
+5x 103Pa throughout a sequence of measurements. When pressurizing the chamber and
cooling down the cryostat, the procedures used previously (Phillips & McClintock 1975) for the
removal of air were followed, and no trouble was experienced with blockages in the capillary
tubes.

The temperature 7" was determined by measuring the resistance of a nominal 470 Q Speer
carbon resistor, whose diameter had been reduced by grinding in order to conserve space. This
thermometer was mounted inside the anode insert, in a cavity within the nylon insulator immedi-
ately behind the collector guard ring, and immersed in the sample of liquid helium. Its resistance
R was measured on an a.c. bridge, and it was calibrated in the range 0.6 < 7" < 1.1 K against
the vapour pressure of *He, using an oil manometer. An empirical relation of the form

IgR=A+B(IgR|T)?

was employed in fitting the calibration data, using a computer program which then prepared
tables of temperature against resistance. Itis estimated that the error introduced by extrapolating
the relation to 0.3 K is some + 20 mK at the lowest temperatures. As will be seen in § 3, the virtual
temperature invariance of the higher velocities below 0.5 K made small thermometry errors
relatively unimportant.

3. EXPERIMENTAL RESULTS

In this section we present a selection of our experimental measurements of the drift velocities 7
of negative ions in He11, under the influence of an applied electric field E. Data are presented for
E < 300kVm™'in the temperature and pressure ranges 0.28 < 7'< 0.50K, 20 < P < 25 x 105Pa.
Some representative velocity data are given in graphical form in § 3 (2); and a fuller set of data is
tabulated in appendix A. The dependence of signal magnitudes on electric field is described in
§ 3 (b) and the accuracy of the velocity measurements is discussed in (¢). A detailed analysis of
the velocity data is reserved for § 4.

(a) Velocity measurements

Some typical signals recorded by the point plotter are shown in figure 8. Before averaging, the
signals could often not be distinguished from background noise or, as in (@), were only barely
discernible. The averaging of a large number of such signals to generate a result like (4) was
clearly essential for a high precision determination of the ionic velocity. Under more favourable
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192 D.R. ALLUM AND OTHERS

experimental conditions, such as those of (¢)—(f) where individual signals could clearly be seen,
averaging was still used in order to improve the precision of the measurements. In practice, Vg
was adjusted so as to avoid the pulse-spreading effects associated with signals which were too large.

| ! | o I | | |

Li(B) Lt RN N

£ s
- H . 4 .

- : e e e )

N o, pp———

0 RURIESC, o

T @, — |
— 7 Mt e \\‘ mmmmmmmmm -]
() T, _

\ j:.i ‘.\xk‘m-q—_—-”‘ ]
— () : —-~..,_\ —

| i | | | | | |

0 100 200 300

t[us

Fieure 8. Typical data recorded for a temperature of 0.3 K and a pressure of 25 x 10° Pa: the current i, appearing
at the collector is plotted (with arbitrary origin) as a function of time #, measured from the moment at which
the gate was opened. The transient negative potential ¥ applied to the emitter was 1.5 kV, and that Va,

b

applied to the first grid was 30 V; the stopping potential, when the gate was shut, was 10 V. The emitter
switching-off transient (Y of figure 55) occurred near ¢ = 500 ps, and so is not visible in these results. For
each of the individual pulses illustrated in the figure, the electric field E within the drift space, the number N
of signals averaged, and the current represented by one division of the ordinate axis are given in table 1.

The fact that the (¢,: ;) section of the signal is seldom flat may, at first sight, seem surprising;
but there are two very simple reasons why such a phenomenon might have been anticipated.
Firstly, we note that the effect of the gate-opening pulse applied to Gy is to reduce by ¥, the
potential difference Vg initially applied beteeen S and G;, which would certainly result in a
decrease of the total emission current. Secondly, it is believed (Phillips & McClintock 1975) that,
under d.c. conditions, the spacecharge which controls the magnitude of the emission current is
composed of charged vorticity, even although the bulk of the current is carried by bare ions. It


http://rsta.royalsocietypublishing.org/

THE ROYAL A

PHILOSOPHICAL
TRANSACTIONS

PHILOSOPHICAL
TRANSACTIONS

. |
/I

SOCIETY

Y B \

—
NP
olm
~ =
kO
= O
= uw

OF

OF

Downloaded from rsta.royalsocietypublishing.org

BREAKDOWN OF SUPERFLUIDITY IN LIQUID “He 193

will take a finite time, after activating the emitter, for the equilibrium density of charged vorticity
to become established: thus, if the gate opens during this period, a decreasing current pulse will
be admitted to the drift space. We believe that both these mechanisms are effective in determining
the pulse-shapes which we observe in practice.

The procedure used for determining the mean velocity of the ions from an averaged pulse was
to reduce it as nearly as possible to the idealized pulse shape discussed in § 2 (¢) and illustrated in
figure 5 5. From the point plotter recording of the signal, the transient point ¢, at which the gate
switched off could be identified to within one channel of the 1000-channel output from the signal
averager memory, resulting in a measurement error of + 0.5 ps. Point #;, where the trailing edge
of the ion pulse reached the Frisch grid, was found by drawing straight lines through the top and
the trailing edge of the pulse, their intersection being taken as the point #;. The transit time of the
ions across the drift space G, Gyis then 7, = t; —f,, and the mean velocity ¥ = {/Tp,. The estimated
error in 7y arising from this procedure is + 0.5 9%, of the transit time. For the larger, better
defined, pulses the total error in 7y, is estimated as less than 1 %,; and as less than 2 %, for all the
data presented in appendix A.

TABLE 1. EXPERIMENTAL CONDITIONS UNDER WHICH EACH OF THE PULSES
ILLUSTRATED IN FIGURE 8 WAS RECORDED

pulse E[(kV m™1) N (7,/div) nA
a 50 1 0.625
b 50 2048 0.625
¢ 65 1 2.50
d 65 128 2.50
e 100 64 12.5
f 200 32 25.0

We note that the leading edge of the pulse (¢;:¢,) traverses the gate region of the chamber,
while the trailing edge does not. Thus any complications which occur inside the gate may affect
the apparent transit time as determined from leading edge measurements, but not that obtained
using the trailing edge. For this reason the trailing edge has been used throughout in order to
determine the transit time of the pulse.

Schwarz (1972) has pointed out that the signal received at the collector is modified by the
detecting electronics due to their finite rise time, and that points on the pulse found by the method
described above should be corrected by subtracting a time c¢a. 0.257e where 7e is the rise time of
the detector. The rise time of the circuit used in the present work was ca. 6 us and, as the typical
ion transit time was ca. 200 us, such a correction would have had a negligible effect,and has there-
fore not been applied.

Some typical 7(E) experimental data are shown in figure 9. Results at 0.29 K for two pressures
are shown in (a). At the lower pressure it was found impossible to detect the arrival of bare ions
below E =~ 120kV m~! although at 25 x 10% Pa pulses were sometimes clearly visible down to
ca. 1kV m~1, We discuss this point in more detail in § 3 (5) below.

The influence of the temperature on the #(E) characteristic is shown in figure 9 4. As T'is raised
the change atlow £ becomes evident, with a much more rapid dependence of v on Ethan at higher
fields. This may be attributed to the increasing importance of phonon scattering as 7'is increased.
Above about 60kV m~1, the measured drift velocities were found to be independent of T, within
the experimental error, for 7" < 0.5 K. A fuller set of velocity data is tabulated in appendix A.
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194 D.R. ALLUM AND OTHERS

(b) Signal magnitudes

The magnitude ic of the received signal was found to vary in a complicated manner with
E, P and T, even although all other experimental parameters were kept constant. The circuit
(figure 7) was designed in such a way that E could be varied over a wide range without affecting
in any way the potential differences between other parts of the electrode system. In practice,
with Pand T held constant, it was found that i, taken as the height of the signal at ¢, (figure 55),

60
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B . o 2000%e0
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Frcure 9. Experimental values of the ionic drift velocity @ as a function of electric field E, showing the effects of
(a) changing the pressure P for a temperature 7 of 0.29 K and (b) changing T for P = 25 bar.

varied rapidly with E, typical results being shown in figure 10. It was difficult to obtain reliable
values of i¢, as a function of E, for pressures much below 25 x 10° Pa. The reason was that, in order
to obtain a signal of a measurable size, it was necessary to increase the magnitude of the tip
pulse Vs (figure 5), causing a small but significant degradation of the emission tip with time and
resulting in apparent hysteresis effects in the i¢(E) data. At 25 x 105 Pa, however, a relatively low
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BREAKDOWN OF SUPERFLUIDITY IN LIQUID “He 195

value of V5 could be used to provide reproducible results, such as those of figure 10, on any
given occasion (although an apparent dependence on the sample of “He was observed: see
below).

Because, in plots such as figure 10, Ewas the only parameter being varied and the grids, under our
conditions, could be regarded as retaining their geometrical transparency for £ 2 50 kV m™ this
behaviour must be attributed to field dependent events inside the drift region itself. The most
probable explanation would seem to lie in a field dependence of the vortex ring nucleation
rate v: any ion creating a (relatively very slow) charged vortex ring will, effectively, be
completely lost from the bare ion pulse. Acting on this assumption it is possible (Phillips &
McClintock 1975) to deduce values of v from the data.

T T T 1 J

[— 4() fm —
5L 17 (5) i
- - 20
2 - -]
< - 10
1+ -
- ]
- 15
0.5+ -
| ] ] 1 2 | | L
0 100 200 0 50 100 150
E/(kV m™1)

Ficure 10. Dependence of the pulse height 7, at the collector upon the electric field E between G, and G, while
keeping all other parameters constant, for two temperatures 7. Both sets of data were recorded with a pressure
of 25 x 10° Pa.

A number of aspects of the phenomenon are, however, still rather mysterious. In particular, we
have found that the magnitude of the signals tends rapidly to get smaller as 7T'is reduced, whereas
figure 4 b strongly suggests that the current from the tip is temperature independent below 0.5 K.
Furthermore, figure 4 a appears to imply that we should be able to observe strong bare ion signals
down at least to a pressure of 15 x 105 Pa, and perhaps below, whereas we have in practice been
quite unable to observe signals for pressures lower than 20 x 10° Pa.

Certain features of the data have also seemed to be irreproducible between experimental runs,
notably the value of £ below which the bare ion signal disappears for 7" = 0.3 K: in our prelim-
inary experiments (Phillips & McClintock 1974) no signals could be detected below 60kV m—?
whereas, subsequently (Allum e al. 1975a), it proved possible to follow the signal down to
2kV m~1. The only obvious difference between the two experiments seemed to be that the
main “He cylinder had been refilled in the interim, thus raising the possibility that small
differences in the isotopic impurity level might have occurred, and might be important.
Very recent experiments (Allum & McClintock 1976), in which minute quantities of 3He have
been added to the sample of *He, have apparently confirmed this hypothesis: the presence
of 3 p.p.m. of 3He is sufficient to prevent any bare ion signals at all being observed below
about 0.5 K. An explanation of these results can be devised on the assumption that 3He

25 Vol. 284. A.
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196 D. R.ALLUM AND OTHERS

atoms condense on the negative ions (Dahm 1969) and on the vortex lines and rings (Ostermeier,
Yarmchuck & Glaberson 1975) which will be formed throughout the chamber; but the
situation is clearly very complicated, deserves further investigation, and will be discussed in
more detail elsewhere.

(¢) Accuracy

The main source of error in # arises from the uncertainty in the length of the drift space / which,
as discussed in § 2 (), is believed to be less than + 5 %,. However, by comparing ionic mobilities
4 (= 9/E) measured at low fields for temperatures ca. 1K, with the higher precision measure-
ments of other workers (who used longer drift spaces), this uncertainty can be reduced somewhat.
A satisfactory comparison with Ostermeier’s (1973) mobilities is not feasible because the overlap
of experimental ranges occurs in the region where it is now known that ‘anomalous’ curvature
exists in the v(£) characteristic (Allum, McClintock & Phillips 1975 &; Bowley 1976). Thus our
data, which could only be obtained for £ > 1kV m™1, are not strictly comparable with those of
Ostermeier for E < 0.1kV m~. Brody (1975), however, has measured y in fields of typically
10kV m~1 and comparison of our data with his yields good agreement. Taking account of errors
in both sets of measurements we conclude that the uncertainty in the length of our drift space
is + 39, and thus that / = 10.2 + 0.3 mm.

Investigations were made of the effect on the received signals of alterations in the gate pulse
length and magnitude; the tip pulse length and magnitude; and their relative positions in time.
Although some slight variations in signal pulse shape were found, the drift velocities # remained
constant within the experimental error. No effects attributable to heating of the sample by the
ion current were observed.

Random errors in # arising from residual noise on the averaged pulses, and from the technique
used in obtaining 7y, from the point plotter recordings, show up as scatter in the results, typically
4+ 0.5m s or less for the higher fields and pressures and about + 1ms~! where experimental
conditions are less favourable.

We conclude, therefore, that the data tabulated in appendix A are subject to a common
systematic uncertainty of + 3 9%, in their absolute values; and that, in addition, there is a random
error whose magnitude can be estimated from the scatter of a particular set of data points about
a smooth curve, but which is usually in the region of 1-2 %,. The possible systematic error of
+ 29, in V3, means that there will be an error in £ of up to +59%,.

4. DiscussioN

In this section we discuss our experimental data in the light of various theoretical predictions
as to the form of 7(E). We compare our data with Landau’s theory of superfluidity in (a). In ()
we suggest some reasons why our data are inconsistent with Takken’s (19770) supercritical drag
theory, and in (¢) we discuss how supercritical energy dissipation by a light moving object may
be expected to differ from that caused by a very heavy object. We review Bowley & Sheard’s
(19775) calculations of supercritical drag through single-roton and two-roton emission processes,
and compare our data with their theories, in (d) and (e) respectively. Finally, in (f), we include
a brief speculative discussion of our apparent failure to find any evidence of the occurrence of
one-roton processes.
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(a) Comparison with Landau’s theory

We note from figure 9 that our 7(£) data appear to be very much what would be expected on
the basis of Landau’s theory. This becomes more immediately evident when we plot the net drag
ontheion (= ¢E) asa function ofits average velocity through the superfluid, asshown in figure 11:
the result at 0.35K can then be seen to bear a close resemblance to the behaviour depicted in
figure 3 and, moreover, the critical velocity which we observe appears to be equal to vy, within
experimental error. For comparison, the corresponding curve for a negative ion in normal
(non-superfluid) liquid 4He, where it can be characterized by a constant mobility, has also been
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Ficure 11. The drag on an ion moving through superfluid ‘He at 0.35 K, as a function of the average ionic
velocity . For comparison, the equivalent plot for an ion moving through normal (non-superfluid) 4He at
4.0 K is also shown, emphasizing the qualitative difference which exists between the two cases. It is clear that
drag in the superfluid sets in abruptly at a critical velocity which is very close to the critical velocity for roton

creation, vy, predicted by Landau.

%
A A

The pressure dependence of the critical velocity is also of interest. Because a decrease in
pressure results in an increase in 4 and a decrease in £, we expect that v, ~ A/[fik, will increase
as the pressure is reduced below 25 x 10% Pa. It may be seen from figure 94 that, although data
at 21 x 105 Pa could not be obtained for low electric fields, the 21 x 10%Pa v (E) curve lies above
that for 25 x 10% Pa which seems to imply a change of vy, with P in the expected direction. We will
return to discuss this point in more detail, on the basis of Bowley & Sheard’s (1975) theory of

THE ROYAL
SOCIETY

supercritical drag, in §4 (e).
We conclude that our experimental data amount to a striking verification of Landau’s (1941,

1947) explanation of superfluidity in liquid *He.
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(b) The failure of Takken’s theory

As discussed in § 1 (¢) above, Takken’s (1970) theory predicted that it should be almost impos-
sible experimentally to cause ions to exceed vy, to a measurable extent. On the basis of (8) we
would expect 7 to exceed vy, by less than 4 x 10749, when £ = 200kV m~1, whereas it can be seen
in figure 9 that the margin is, in reality, about 18 9. Furthermore, the form of the observed 7 (£)
curve is quite different to that predicted by (8), which would bend upwards on plots such as those
of figure 9. It seems clear, therefore, that Takken’s theory is not applicable to the motion of
negative ions through pressurized He 1 below 0.5 K. The reason is probably connected with the
relatively small mass of the ion.

The assumption that roton creation is a coherent process is of doubtful validity unless the mass
of the moving object is very large. There are two reasons for this. First, the object will have
a random thermal velocity of v, ~ (3ky 7[m)?; and, secondly, conservation of momentum
dictates that, in emitting a roton, the forward momentum of the object be reduced by an amount
Avy ~ fikg[m. Unless m is very large, each of these effects will have a tendency to destroy any
incipient phase coherence between the roton creation events. As discussed in § 4 (¢) below, the
mass of the negative ion in the He1r under 25 x 105 Pa pressure is probably about 72m, where
my is the *He atomic mass, leading to v; & 5ms™! and Av, ~ 5ms~% Under our experimental
conditions, therefore, v; and Av, each amount to about 10 9, of the average total velocity of the
ion so that, in retrospect at least, it is not at all surprising that Takken’s theory does not seem able
to describe the physical situation which we have been investigating.

We require a new theory which makes no assumption of phase coherence, and which takes
explicit account of the recoil of the ion every time it emits a roton.

(¢) Critical energy dissipation by a light object

In the case of a light object, the second term in (3) cannot be ignored, and the critical initial
velocity v; for the emission of a roton may become substantially greater than v;. The ionic
velocity ¥ which we measure experimentally is, however, a time-averaged value over many roton
creation events: we shall see that 7 need not be significantly larger than v, even though v; may be.
As will be discussed in more detail in § 4 (d), we will assume that the influence on 7 of the fluctu-
ating thermal velocity of the ion can, to a good approximation, be ignored.

We consider first an object travelling through superfluid *He at a very low temperature such
that the drag arising from the scattering of thermal excitations can be neglected, and under the
influence of a force which is sufficiently weak that roton emission will occur at a velocity
negligibly larger than v7. Under these conditions the angle  between the direction in which the
object is travelling and that in which the momentum of the roton is directed, is zero, and the
problem is one dimensional. We assume that the emitted roton has energy €;, momentum #%%;,
and that the final velocity of the object, after emission is 3. Then (3) becomes

vy = eyfhky + fki[2m. (9)
In order to conserve momentum mvy = mvy +fiky,
so that v = vy —fkyfm,
which, on using (9), becomes v] = e [hky—hki[2m. (10)
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From (9) and (10), the average velocity for the onset of dissipation which we measure experi-
mentally,

Ue, = 3(v1+v1) = eiffky (11)
and the instantaneous velocity of the object as a function of time must be as depicted in figure
12 a. To compute numerical values of v, v] and 7, for an object of any given mass we need to
find the value of £ which makes the right hand side of (3) a minimum. Differentiating it with
respect to £, and setting equal to zero to find £,

1(de\ € I,
r?(a%)k; =W o (12)

which, on using (5) to substitute for e], becomes

hi(ki—ko) _ A FE(ki—ky)?® Fiky
R omdk, om’ (13)

(@)
T : t

Ficure 12. Critical dissipation for an object being drawn by a constant force through superfluid ‘He: its instan-
taneous velocity v is plotted as a function of time ¢.

(a) Whenever the object reaches a critical velocity v; given by (9) it emits a roton, dropping to the lower
velocity v; given by (10) before accelerating once again to repeat the process. Its average velocity 3,, is given

by (11) and, as will be seen in figure 135, is within 1 9 of v, unless the object has a mass less than three *He
atomic masses.

(b) If, on the other hand, dissipation occurred through two-roton emission events, then the amplitude and
period of the waveform would, as discussed in §4(d), be approximately doubled: simultaneous emission of
two rotons would occur every time the object reached a critical velocity v, given by (35); its final velocity
would be v, given by (36); and its average velocity 7, given by (37), will be seen in figure 135 to be within
19, of vy, provided that the object has a mass greater than six ‘He atomic masses.

We have solved this equation numerically for £j, using various values of m and assuming
Donnelly’s (1972) roton parameters at 25 x 105 Pa and have then used (5), (9) and (11) to find
vy, Uop and 7. The results are displayed in figure 13. It is clear that although the recoil of the
object, as indicated by the difference between v; and vy, is significant even for effective masses as
large as a few hundred times m,, the critical time-averaged velocity 7., hardly deviates from vy,
provided that m > 30m,.
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200 D.R.ALLUM AND OTHERS

It is interesting to note that for very light objects (m < 3.5m,) v] becomes negative, implying
that the ion will be moving backwards immediately after emitting the roton. So, also, will be the
roton because, comparing (10) and (12), we can see that ] is numerically equal to the roton’s
group velocity. Thus a bizarre situation can arise whereby an ion which is initially moving
forwards can dissipate some of its kinetic energy by creating a roton moving backwards, and yet
conserve energy and momentum in the process, despite the fact that its own final velocity will
also be in the backwards direction. The roton’s momentum, however, being related to its phase
velocity which by (11) is numerically equal to the time-averaged velocity 7,; of the object,
remains positive.

T IIIIIIII T IIIIIHI T IIIIIIII

100

50

T
\'E/ 0
= - -
B i
kS _
> —s0|- ]
Lo Dl Lol Lol
1 10 100 1000
47 T T T T
(b) i
45 - IlIIILl 1 ||Ill|' 11 llllll,
0 10 100 1000
mfm,

Ficure 13. Critical dissipation: influence of the mass m of the moving object, determined by solving (13) and (38),
where m, is the ‘He atomic mass.

(a) Plots of the critical instantaneous velocities v; and v, required respectively for single-roton and two-
roton emission events, and of the consequent final velocities vj and v]. All four characteristic velocities tend
to the Landau critical velocity v;, in the limit of large mass.

(b) The resultant average velocities 7, and B, which would be measured experimentally for critical
dissipation through single-roton and two-roton emission processes respectively. Except for very light objects,
the average velocity remains closely equal to vy.
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Thenegative ion, which may be regarded as a non-localized electron trapped within a spherical
void in the liquid, has an effective mass which is almost entirely hydrodynamic in nature and
which therefore depends only on the ionic radius 7; and the density p of the liquid. The effective
mass has been determined directly only under the saturated vapour pressure: Poitrenaud &
Williams (1972, 1974) were able to observe the resonance of ions trapped in the potential well
just beneath the free liquid surface, from which they concluded that m; = (243 + 5) m,. This value
is consistent with the hydrodynamic mass (= 2nprf/3) which may be deduced from values of the
ionic radius measured by other means. Information concerning ionic radii at different pressures
has been derived from a number of sources including, particularly, measurements of the mobility
and of the trapping lifetime on superfluid vortices; and the data are found to be in satisfactory
agreement with the simple bubble model first described by Kuper (1961) and subsequently
developed by Springett, Cohen & Jortner (196%). The available experimental information has
been correlated, on the basis of this model, by Schwarz (19%75) who has concluded that the ionic
radius at 25 x 10° Pa is between 1.08 and 1.12nm, depending on the precise value taken for the
surface tension under pressure. Assuming a liquid density of 172kgm=3, the corresponding
hydrodynamic mass lies between 68 and 76m,: we shall therefore assume a value of 72m,.

From figure 13 it can be seen that, for an ion of this mass, although (v3 —vf) is about 10 9, of
Ue1s Vep =~ g, to an excellent approximation, and we may therefore write (9)—(11) in the forms

vy = vy, +fiky/2m,, (14)
vy = vy, — hko[2m,, (15)
and Vop = Uy, (16)

with negligible error. Thus, although by (14) the ion has to reach a critical instantaneous
velocity vy for single-roton creation which is 2.5 m s~ larger than the Landau critical velocity vy,
appropriate to an object of infinite mass, the drift velocity # at which dissipation is observed to
commence experimentally should nevertheless be very closely equal to vy,.

(d) Supercritical energy dissipation: single-roton emission

We find experimentally that quite modest electric fields are sufficient to propel the ions at
drift velocities which are several metres per second larger than v;,. Since €;/%4; is closely equal to
vy, we conclude that, if the dissipative process involves the emission of single rotons, then the
instantaneous velocity as a function of time must be something like the graph sketched in figure 14:
the ion must, on average, continue to accelerate for a finite time 7, after the conservation laws for
roton emission can be satisfied, before the roton is emitted: on average, it is travelling at a velocity
ey (> v7) immediately before emitting the roton, and at a velocity vy, immediately afterwards,
having had its velocity reduced by Av; = v, — v4;. A convenient way of approaching the problem
theoretically is to postulate that there exists a matrix element which determines the strength of
the roton emission process, and then to calculate the form of 7(£) which would then be expected,
leaving the matrix element as an unknown constant to be determined by experiment. This
procedure has been carried out by Bowley & Sheard (1975) and we outline below, in a somewhat
simplified form, the salient features of their calculation.

Before we do so, however, it is necessary to consider in more detail the influence of the dilute
excitation gas, consisting mainly of phonons and *He isotopic impurities but also including a few
rotons, through which the ion is moving. At low temperatures in pure 4He, roton emission will
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202 D. R.ALLUM AND OTHERS

tend to be the principal mechanism limiting the drift velocity of the ion, but there will of course
also be a contribution to the net drag on the ion arising from the scattering of excitations. Further-
more, because of the relatively small ionic mass, individual scattering events will cause significant
changes in the instantaneous velocity of the ion. To look at the situation in another way, the ion
will tend to have a superimposed random thermal velocity amounting to about 89, of its average
velocity in the direction of the electric field. Roton emission occurs, however, with a frequency

Vet

"
Uy

L

Uf1,

7"

Uy

<~ @ < ®)

t

Ficure 14. Supercritical dissipation through single-roton emission. The ionic instantaneous velocity v is plotted
as a function of time #: (a) for relatively weak electric fields E, such that the average final ionic velocity vy,
is less than the critical instantaneous velocity v; required for single-roton creation; (b) for stronger electric
fields such that v, > v;. It is assumed that, for any given value of E, the ion continues to accelerate for an
average time 7, after v; has been exceeded, before the roton is emitted. In (b) it is always the case that v > o3,
and so 7, starts being measured from the moment at which the previous roton was created. As discussed in
the text, the amplitude A, of the sawtooth may to a good approximation be regarded as independent of E.

of about eL/[fk,, this being the inverse of the time taken by the ion to increase its velocity by #ky/m;.
Except for very small values of E, this frequency is much larger than the rate of excitation
scattering events, and we may therefore conclude that the influence on # of thermal fluctuations
in the ionic velocity parallel to the field may be ignored.

The effect on v of thermal velocity fluctuations perpendicular to the field is more subtle. The
quantity which we measure experimentally is the time-averaged velocity component parallel to
the field; but the time-averaged total velocity will be larger because of the transverse thermal
velocity of ca. 4ms~. The measured value of # ~ 50 m s~ will thus be smaller by about 0.4 %,
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than the average total velocity, which implies that the Landau critical velocity as deduced from
the data will be smaller by about 0.2 ms~! than its true value. The magnitude of the difference
will, of course, be temperature dependent, so we may anticipate that the apparent value of vy,
will increase as the temperature is reduced. These effects will, however, be smaller than other
uncertainties in our measurements.

We conclude that, for the range of electric fields and temperatures used in the present experi-
ment, the net effect on 7 of thermal fluctuations in the ionic velocity is, to a good approximation,
zero.

For an ion travelling precisely at v" there is only one state into which a roton can be emitted,
while satisfying the conservation laws, and so the transition rate is negligibly small. As the ion
accelerates beyond v’, however, the rate R, (v) rises rapidly because of the increase in the number
of possible final roton states. As suggested by Reif & Meyer (1960), it is convenient to treat this
problem using Fermi’s golden rule

2n h2k?
Ri(v) =52 |V|2ole+— -tk o 17
(0) = F 2RI (e gy~ h-0), (17)
where ¥ is the unknown matrix element, ¢ and £k the energy and momentum of the emitted
roton, m; is the mass of the ion and v its velocity immediately prior to emission, and the d-function
ensures conservation of energy. Evaluating the sum over all possible final states and assuming 7},
is constant (= ¥}, ) over the range of interest (appendix B), we obtain

Ry(v) = a(v—v)}, (18)
V, |2(2m) % k3
where = I_ﬁ%_g%f)_g (19)

Although v appears in the denominator of the expression for a, we assume that its variation with £
is so very much slower than that of (v —v;), that we may regard « as being constant within the
velocity range of interest. We will also assume that the momentum lost by the ion in creating
a roton is always %k, in fact, of course, there will be a spread of momenta centred approximately
on k,; but the shape of the dispersion curve implies that, within the momentum range of interest,
this spread is always small compared with £;. Thus, in a plot such as that of figure 14, we assume
that the effect of increasing E is to raise the sawtooth waveform to higher velocities and to reduce
its period, but without causing any significant change in its amplitude: the velocity lost by the ion
as a result of emission, to a very good approximation, is

Avy = fiky[m,. (20)

We will define the average time 7, which elapses with v > v; before roton creation occurs as

J‘TlRl(v) dt = 1. (21)
0

Assuming that £ = 0 at v = v;, which can usually be true provided thatv,, < v; (a condition which,
in terms of measurable variables, implies #; < vy, + Av;, where 7, is the drift velocity of the ion
when limited by single-roton emission events),

v =v;+ (eElmy) t. (22)
If we use (18) to substitute for R;(v), and (22) for v, (21) becomes

f: a(eElm)ttkdt = 1, (23)

26 Vol. 284. A.
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204 D. R.ALLUM AND OTHERS
whence 7, = (3/2)% (myeE)3. (24)
From figure 14 it is clear that
vy = vy, + (eE[m,) 74, (25)
so that we obtain
7y = vy, + (3¢/2am)¥ E3. (26)

We still need to consider the high velocity situation where v¢; > v;. In thiscase t = 0 at v = vy,
and instead of (22) we obtain
v = vy + (eEfmy) t. (27)

Inserting this, with (18), into (20) we find

f:cx(vﬂ+ (eElmy) t—vy)idt = 1, (28)
which yields
(vg1 + (eEfmy) 73— v})¥ = (vyy — v7)} = 3¢E[2myer. (29)
Now, from figure 145,
U — vy, = Vg + eBryfmy— vy (30)
so that (28) becomes
(7 —vp)t = (5, — v, — Avy)? = 3eE[2m; (31)

where we have also noted that eEr,[m; = Av,.
Finally, we observe that (26) and (31) can conveniently be combined to give an equation which
holds true for #;; both above and below v;:

(7, —vp)¥ = (51— v, — Av)) 207, — vy, — Avy) = 3eE[2mya, (32)

where 6 is the unit step function. By solving this equation we can determine o, (E), appropriate
to energy dissipation through single-roton emission processes, over a wide range of E, for com-
parison with our experimental results. ,

We note that a more rigorous theoretical analysis by Bowley & Sheard (1975) in which they
have eschewed the concept of an average pre-emission time 7, but, instead, have set up and solved
the appropriate Boltzmann equation, results merely in an additional factor of

f: exp (—y?) dy = 0.903

multiplying the right hand side of (32).

Before comparing the equation with our data, it is of interest to consider its limiting behaviour.
For #; < vy, + Av; one naturally re-obtains (26). For 7, slightly greater than vy, + Av, there is, of
course, no simple analytic form of 7;(£). For #; — vy, > Av,, however, which is equivalent to the
assumption of m — 00 so that Av, then becomes negligible, we can usefully expand (7, — vy, — Av,) 2
using the binomial theorem, whereby (32) becomes

(7, —vp) = (7, — v ) B [1 = 8Av,/2(7, —vp) +...] = 3¢E[2mya,
or, using (20),
Uy ~ vy, + (efahky)? E?, (33)

which is independent of mass and of the same form as the expression (8) which Takken (1970)
derived using the implicit assumption of a very heavy ion.
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If we assume, that m; = 72m,, then we find Av; = 4.5 ms™. Thus, for 7; < 51 ms—, (26) should
be applicable and we would therefore expect a plot of # against £% to yield a straight line which
would be extrapolated back to vy,; while, for higher velocities, we would anticipate deviations
such that d2i/d(£%)2 becomes positive and the data fall above the line. In figure 15 we show such
a comparison with (26): it is quite impossible to draw a plausible straight line through any portion
of the data and, furthermore, d27/d(£%)? remains negative throughout the whole experimental
range of .

It is clear that (32) is unable to describe the experimentally observed form of 7(E) and we
conclude, therefore, that the ions do not dissipate the energy acquired from the electric field
through creation of single rotons.

[ I I [
[o]o)
- o OO -
[o]

55— ooooO° —
>0 % |
g R o0 T=0.35K i

= P=25x10°Pa
£3) 50 . —

a5l | - 1 | |

10~ E3/(V m-1)%

Ficure 15. Comparison of some of the experimental data with (26), plotting the measured ionic drift velocity &
against the (electric field, E)3: an attempt has been made to draw a straight line through the data, inter-
secting the velocity axis at v;,. Even allowing for a possible systematic error of 39, (see § 3(¢)) in the values
of 7, the data are clearly inconsistent with (26), which was derived on the assumption of dissipation through
single-roton emission.

(¢) Supercritical energy dissipation: two-roton emission

If we suppose that, for some unknown reason, the ion cannot emit a single roton, then it will
continue to accelerate, eventually reaching the critical velocity v necessary for the simultaneous
emission of two rotons. Following arguments similar to those used in deriving (3), and assuming
that both rotons have the same wavevector, we find

vy = (effk + Rk [m;) oy (34)
Assuming that k; is the value of £ which minimizes the right hand side of (34), we can use con-

servation of momentum to show that if emission takes place at the critical velocity, the velocities
of the ion immediately before and after are

vy = €3/hky + fiky/my, (35)
and v = e fhky — hk}m,, (36)

26-2
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so that the average ionic velocity,
oo = € [k (37)
for critical dissipation.
To compute numerical values of 7.4, v3 and v; we follow a similar procedure to that used above
for single roton emission. The equation, analogous to (13), which determines £’ is

h(ky— ko) fmg = AJk} +hi(ky — ky)*/2me ' — hkyfm, (38)

numerical solutions of which have been used in calculating the values of 7, v5 and v; displayed
in figure 13. We see that, for an ion of mass about 72m,, it is an excellent approximation, as in the
case of single-roton emission, to assume that 7, = v;,; and thus that, in (35) and (36), we can
replace the €3 and k; by 4 and £, respectively. Hence, in analogy to (14)~(16) for single-roton
emission, we now obtain

vy = vy, +fiko[ms, (39)
vy = vy, — fiko[m,, (40)
and Voo = v, (41)

The v(¢) behaviour of an ion which dissipates energy through two-roton emission should therefore
be as depicted in figure 12 b: for any given electric field, the amplitude and period of the sawtooth
will be twice as large as those in the single-roton case.

We treat two-roton supercritical dissipation by employing a similar approach (figure 16) to
that used for the single-roton emission case in § 4 (d), above. Again, following Bowley & Sheard
(1975), we can write down an expression for the emission rate

2n Veal®

Ry) = 7z 3 3{ek+eq_ﬁ(k+q)-v+

ﬁ2(k+q)2}. (12)

2m;

Here, ¥ , is the unknown matrix element which permits the ion to create a pair of rotons with
momenta %k and %q, and the other symbols have the same significance as before. Summing over
all possible final roton states it can be shown (appendix C) that

Ry(v) = fv—22)% (43)
LA
WhCI'C ﬂ = —%W (44)

and, again, we suppose that »? varies so much more slowly than (v —v)* that we can regard f as
remaining constant within the velocity range of interest. The average increment of ionic velocity
Av, = 0y — Uy, lost as a result of each emission event will be twice as large as before, so that

Avy = 2hky[m, (45)

assuming once more that all the emitted rotons have momenta approximately equal to #k,.
We define the average time 7, which elapses with v > v} before emission occurs by

f " Ro(0) dt = 1. (46)

Provided that vy, < 5 (i.e. 7y < vy, + Avy),

v =vh+ (eElmy)t (47)
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and so, by using (43), (46) becomes
f 0 BleEjm)? 2 di = 1, (48)
whence 7o = (3/B)} (my[eE)t. (49)
It is clear (figure 16a) that Uy = v, + (eEfmy) 1y, (50)
which, on using (49), becomes ¥y = vy, + (3¢/Bm,) 3 E3. (51)

It is interesting to note that this is similar in form to the analogous equation (26) for single-roton
emission, except that the § power law has now been replaced by a } law.
We must also consider the case (figure 16 b) of vy, > vy, for which (47) is replaced by

Thus instead of (48) we obtain
|7 8o+ epm) = oprae = 3, (53)
yielding (ve+eETyfmy — v3)3 — (V0 — 03)% = 3eE[fmy. (54)

v

Uy

<~ (@) . )

t

Ficure 16. Supercritical dissipation through two-roton emission. The ionic instantaneous velocity v is plotted as
a function of time ¢: (a) for relatively weak electric fields E, such that the average final ionic velocity v;, is
less than the critical instantaneous velocity v, required for creation of a pair of rotons; (b) for stronger electric
fields such that v, > v;. It is assumed that, for any given value of E, the ion continues to accelerate for an
average time 7, after v; has been exceeded, before the rotons are emitted. In (b) it is always the case that
v > v, and so 7, starts being measured from the moment at which the previous pair of rotons were created.
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Now (figure 165)
Uy — vy, = Vgp + eET,[m; — 03, (55)
so (54) becomes
(7, —v1,)% — (05— vy, — Avy)® = 3eE[fm, (56)

where we have also noted that eEry[m; = 2fik,[m;, and used (45). This equation can be solved for
7y but, first, it is convenient to combine it with (51) to give a general expression which holds true
for 7, both above and below vy, + Avy:

(Va—vp,)3 — (D — vy, — Avy) 3 6 (v, — vy, — Avy) = 3¢E|fm. (57)

This equation, which is analogous to (32) for the single-roton case, describes 7,(E) for dissipation
through two-roton emission processes over a wide range of E. Again, Bowley & Sheard (1975)
have shown that a more rigorous theoretical analysis, based on the solution of a Boltzmann
equation rather than relying on the concept of an average pre-emission period 7, results only in
a small numerical modification of the equation. In this case, the right hand side of (57) should
be multiplied by

f e’y = 0.893
0

to obtain a more exact version of the equation.
Returning now to (56) we obtain, after a little manipulation,

(73— vy,)? — Avy(Dy — vy,) + $AVE — eEf fm, Av, = 0,
which is quadratic in (7, —v;,). Solving this,
Ty = vr,+ BA0,[1 + (4] fm, A — B)Y]. (58)

In the high electric field limit the first term under the square root will dominate, and therefore,
by using (45),

¥y = vy, + (e[2phk,)E EE (59)
determines the limiting behaviour of #,(E) for two-roton emission.

Assuming again that m; = 72m,, we find that Av, = 2Av; = 8.9ms~, Thus for 7 < 55ms~! we
might expect our data to be described by (51) whereas, for higher velocities, it will be necessary
to use (58). In fact in our highest electric field of 300kV m~! we find 7 = 57ms1, so that (51)
should be applicable throughout almost our whole experimental range. Of course, if the ionic
mass was larger than 72m,, we would then expect to observe significant deviations from (51)
towards the high velocity end of the characteristic.

We compare some of our experimental results with (51) by plotting # against £% in figure 17.
It is evident that straight lines may be drawn through most of the data, although there appear
to be deviations in the limits of high and low electric fields. The full lines represent least-squares
fits of the data in the figures to the equation

7= v, +AE} (60)

within the ranges indicated, treating both »;, and 4 as adjustable parameters. The values of v,
obtained in this way, of 46.3 m s~ from the 0.35K data and 46.1 ms~! from the 0.45K data, are
in excellent agreement with the value of 45.6 ms— computed from the Landau parameters by
using (13), considering that our systematic experimental uncertainty is + 3 9, in 7.

Drawing similar plots for a number of temperatures we have found that the deviation at low
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values of E is apparently temperature independent for 7" < 0.35K, which suggests that it is
associated with the scattering of 3He isotopic impurities. At higher temperatures, as can be seen
in figure 174, the deviation becomes larger, and extends to larger values of E, as would be
expected if the drag arising from phonon scattering were becoming more significant.

The small deviations from (60) above 200kV m~ are independent of temperature and might,
perhaps, be a consequence of vy, becoming larger than v; (see figure 16) so that (58) will be the
relevant equation rather than (51). It is of interest to try and compute what value of the ionic

55— ]

50}— ) —]

P =25x10°Pa

45— |
—~ | -
740 | | | I [ |
a0 20 40 . 60
&
s L | | ! I | ] o |
55— —
| N
50— —]
- ; 045K -
f 925x10° Pa .
45— 9 —
- g -
L & -
| o |
a0l | I | | i ]
0 20. 40 60

E}/(V m-1)}

Ficure 17. Comparison of some of the experimental data with (51), plotting the measured ionic drift velocity ¥
against the (electric field, E)*, for two temperatures. The straight lines represent least-squares fits of the data
to the equation, treating v, as though it were an adjustable parameter.

(a) Fitting the 0.35 K data within 5 < E < 200 kV m~! we obtain the line

T = 46,26 +0.149E3,
where ¥ is in m s~! and E is in V. m™1,
(b) Fitting the 0.45 K data within 5 < E < 200 kV m~? we obtain

7 = 46.10+0.146E%.

In each case the intercept agrees with the value of vy, calculated from the roton parameters (45.6 m s~1) to
well within the possible systematic experimental error of + 3 %, As discussed in the text, there are theoretical
reasons for expecting deviations from the straight line in the limits of high and low electric field. The data are
clearly consistent with (51), which was derived on the assumptions of dissipation through two-roton emission,
over a wide range of E.
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210 D.R.ALLUM AND OTHERS

effective mass would give rise to the deviations which we observed. In figure 18 we have plotted
a portion of our averaged (see below) high field data on a larger scale. The dashed curves repre-
sent the behaviour expected for ions of various masses, using (58) and obtaining an experimental
value of A4 = (3¢/fm,)? by fitting (51) to the data atlowervaluesof E. Unfortunately, the observed
deviations are rather small compared to the size of our experimental errors, but we may certainly
conclude that the ionic mass is less than 150m,; and, while no firm conclusion can be drawn from
the present experimental results, it rather looks as though our estimate of m; = 72m, may turn
out to be an underestimate.

58 T T LI /

7/(m s7)

40 60 80
EY(V m)}

F1cure 18. A portion of the averaged measurements of the drift velocity ¥ plotted against (electric field, E)’} for
large values of E. The full curve represents (51) fitted to the data at smaller values of E, and the dashed curve
represent the form taken by (58) for various ionic masses, m;,. The error bars, referring to the average scatter
on the unaveraged values of 7, are to give some indication of the reliability of the data.

Itis clear that further experiments extending to higher electric fields may be expected to yield
a measure of the ionic mass in superfluid helium under pressure. We note however that a more
sophisticated analysis might then be required. For example, the possibility of emission processes
involving three or more excitations should perhaps also be considered; and, for very large values
of 7, it might become necessary to take explicit account of departures of ¢(k) from the simple
parabolic relation (5) which we assumed above.

Supposing, in the absence of firm evidence to the contrary, that our estimate of 72m, for the
ionic mass is correct, we can use (44), (51) and (57) in conjunction with our data to deduce a
numerical value for ¥ .. In doing so, we have noted that the appropriate value of v to insert
in (44) is the ionic velocity at which, on average, the emission events occur, ve, (= 7, + fikyfm,).
We find ¥, 4, = (3.6 £0.7) x 10752 J m3, where the error limits refer to uncertainties of: + 5%, in
measuring A; +19% in ky; +56 9, in my; and + 15 9, in my, based on an estimated uncertainty of
+59%, in r,. In carrying out the computation we have introduced an additional multiplicative
factor of 0.893 within the parentheses on the right hand side of (48) in order, as discussed above,
to correct the equation in the light of Bowley & Sheard’s more rigorous version of the theory.
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To obtain the most reliable values of 4 and vy, in (60) we have incorporated almost all our data
below 0.5 K: in order to eliminate the influence of excitation scattering in low electric fields at
the higher temperatures, however, we have omitted points below 7.5kV m~1in the case of 0.4 K
and 0.45K data, and below 15kV m~ in the case of the 0.5K data. This procedure, which
effectively averages a very large body of data recorded by different experimenters on different
occasions, should have helped to minimize the biassing influence of the small systematic errors
which might, for example, have arisen from a particular experimenter’s style of measuring up the
pulses on the point-plotter recordings. We find: vy, = (46.30 + 0.04) ms~; 4 = (0.144 + 0.002)
ms~1 (V m~1)-%; where the quoted errors refer only to the statistical confidence with which we
can fit (60) to the data (the + 3 9, uncertainty in / introduces an additional systematic error of
up to * 59, in A); and the above estimate of ¥}, ;, is based on these values. It would, of course,
be possible to try and reduce the systematic error in 4 arising from the 3 9, uncertainty in / by
adjusting the value of [ used to compute £ and 7 to be such that the intercept on the velocity axis,
in a plot such as those of figure 17, was precisely equal to the value of v;, computed from the
roton parameters. In view of the + 15 9%, uncertainty in m;, however, we have not felt this pro-
cedure to be justified at present, especially since the experimental intercepts are in any case
within about 1.5 9%, of v,.

We can try to obtain a rough estimate of the error introduced by our having ignored the varia-
tion (£ 79, for the range of £ within which we fitted our data to equation (51)) of the average
velocity of emission, vy, which we used for v in the denominator of (44), by rewriting the corrected
(51) in the form

?72 =g+ ')/7)22E%,
where y = (0.893 x 6n2%/[k§|V;, 1|2 mrm,)¥

and then plotting 7 against v%, £# to obtain the gradient y. We again obtain an excellent straight
line within the scatter of the data from which we deduce %, , = 3.8 x 10752 Jm?. Of course, this
procedure is hardly rigorous because, properly, we should consider the effect of changes in v,
under the integral in (48); but it is reassuring that we still obtain a straight line plot, and that the
value of ¥}, ;, obtained in this way differs from the value derived on the assumption of a constant
B by an amount smaller than the other uncertainties in the measurement.

To try and ascertain whether our experimental value of the matrix element is reasonable, we
have calculated the 7" matrix in the ladder approximation (Bowley, unpublished), assuming
an interaction which is large and independent of angle. To the lowest order in quantities like

ko/myv, we find
n2h3y
2 —
R . L oy vy YT (61)

Ifwe assume v = 55 ms~, my = 72m,, thisyields T;, ;, = 2.9 x 10752 Jm?. In view of the approxi-
mations inherent in the calculation, this represents good agreement with our experimental value
of 8.6 x 10752 Jm3 for V ;,; and the relatively weak dependence on v in (61) (which is actually
in such a direction that it would tend to diminish the velocity dependence of 4 in (60)) provides
some encouraging support for our assumption, in calculating R,(v), that the matrix element
could to a first approximation be considered velocity independent. It is also reassuring that (61)
predicts a matrix element which varies very weakly with pressure: this again is consistent with
experiment in that the value of 4 derived from data recorded at different pressures turns out to
be almost independent of pressure.

27 Vol. 284. A.
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212 D.R.ALLUM AND OTHERS

We have also tried to fit some of our data for lower pressures to (60). Because the ratio of the
Landau parameters (4/k,) increases with falling pressure, (7) implies that vy, should also increase.
Unfortunately the decrease in signal intensity with falling pressure prevents any satisfactory
comparison of the experimental and calculated values of v;,. The difficulty arises partly because
the data are noisier, but mainly because the threshold electric field, below which the signal
becomes undetectable, increases as the pressure is reduced. Thus to obtain a value of vy, by fitting
the data to (60) at the lower pressures entails extrapolating noisy data in a narrow range of £3,
on a plot such as those of figure 17, over a long span. The results are shown in figure 19, where
we compare the measured values vy, (P)/[vy,(25 x 105) with those calculated from the roton
parameters. It seems clear that vy, does indeed increase with falling pressure, but a satisfactory
quantitative comparison of theory and experiment below 23 x 105 Pa is clearly impossible.

1.06 | I z l :

1.04 B |
X -
1
(o}
=
g 1.02+
<

1.00+—

| | ! | !
20 22 24 26

10-5P[Pa

Ficure 19. The effect of pressure P on the Landau critical velocity for roton creation v;. The experimental values
obtained by fitting data to (51) have been normalized by dividing by the value found for 25 x 105 Pa: this
procedure eliminates the effect of the uncertainty of + 39, in their absolute values. The full line has been
calculated from accepted values (Donnelly 1972) of the roton parameters.

Noting that our data are consistent with (57) over a very wide range of electric fields
(E changing by a factor of 100), and that the values of v;, deduced from the data increase with
decreasing pressure, we conclude that our experimental results amount to an impressive con-
firmation of the applicability of Bowley & Sheard’s (19%75) two-roton emission theory.

(f) Is the single-roton process forbidden?

The comparison of our experimental data with Bowley & Sheard’s (1975) theory in §§4 (d)
and (¢) seems to demonstrate unequivocally that, under our experimental condition, the super-
fluidity of liquid “He breaks down through the emission of rotons in pairs rather than singly.
This result is surprising. There was no obvious reason, on the basis of our present understanding
of rotons, to predict such an effect in advance of the experiment; neither can we, even in retro-
spect, offer any physical explanation of the phenomenon. If the single-roton process is, for some
reason at present unknown, forbidden, then this fact probably amounts to an important piece of
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evidence concerning the physical nature of rotons. Before completely accepting the two-roton
hypothesis, therefore, it is essential to consider whether there is any plausible alternative explana-
tion for our experimental results.

It is, of course, possible that the theory outlined above is wrong or inapplicable for some
reason. Perhaps the excitations which are generated by the ion may not be rotons at all but might,
for example, be vortex rings? It is true, after all, that some of the ions apparently create, and
become trapped by, vortex rings before they reach the collector (Phillips & McClintock 1974).
This suggestion seems implausible, however, when we note that the critical velocity at which
dissipation starts is found experimentally to be the Landau critical velocity for roton creation: this is
evident even on a plot such as that of figure 11, where we have made no assumptions at all about
the way in which the superfluidity is breaking down. Furthermore, values of v, extracted from
the data using (60) show an increase with falling pressure (figure 19), whereas the critical velocity
for vortex nucleation by a negative ion is known to decrease as the pressure is reduced (Schwarz
& Jang 1973). It seems extremely likely, therefore, that the dissipative mechanism which
prevents the ions from accelerating much beyond vy, is, as we have assumed, the emission of rotons.

Another possibility is that one-roton emission is, as was originally envisaged, the dominant
mechanism but that, because we have failed to take account of some vital factor, (57) does not
as it stands providé a correct description of the phenomenon. The matrix element ¥}, which
enters (32) through « and (19) might, for example, be velocity dependent in just such a manner
as to change the behaviour from the expected £ law to a 4 power law in (7—v;,), thus rendering
a spurious resemblance to the two-roton formula (51). It would certainly represent a remarkable
coincidence if this were so, considering the very large range of £ (2 < £ < 200kV m~!) over
which (51) is accurately obeyed and, although the possibility cannot be entirely discounted, we
feel that it is far more likely that the two-roton theory is in fact correct.

The probable applicability of the two-roton hypothesis over the range of our experiments does
not, however, necessarily imply that one-roton processes are rigorously forbidden. The matrix
element 7, may be very small relative to J, ; so that, in a time less than 7,, the ion accelerates
beyond v; and emits a pair of rotons. Of course, by reducing the electric field we can increase the
time taken by the ion to accelerate from v} to v, and thus increase the likelihood of single-roton
emission. Single-roton processes, if they exist at all, are most likely to be found occurring under
very small electric fields, in the region below 2kV m~! where, in the present experiments, any
such effects would be obscured by the scattering of 3He isotopic impurities and thermal
excitations.

Although we cannot, of course, derive a numerical value of I}, from the present experimental
data we can, however, deduce an upper limit for the magnitude of this matrix element. We note
that the lowest electric field for which our data lie accurately on a plot such as that of figure 17 is
about 2kV m~! and so we can be confident that the average pre-emission period 7; (assuming
¢t = 0 atv = v;) for the one roton process is certainly considerably longer than the time taken for
the ion to accelerate from v; to v, in this electric field. Then, using (24) for 7,

(30) 8 (myfeE)} > (vy—v7)[(eE[my).
Noting from figures 14 and 16 that (vy —v;) = #iky/2m,, and substituting for ¢ from (19), we obtain
|V, |2 < 3nhvemb eEmb k3
from which, for £ = 2kV m~1, we find

V, < 6x 10739 m?,

0
27-2
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214 D.R.ALLUM AND OTHERS

If, in future experiments at lower temperatures and using isotopically purer He, (51) continues
to be followed down to smaller electric fields, then it will be possible to reduce the upper bound
on V, yet further. If, on the other hand, the matrix element is in fact non-zero, then 7(E) will
take the form of (26) for sufficiently small £ and the experiments might then enable a numerical
value of I, to be deduced.

5. CONCLUSION

The experiments which we have described constitute the first convincing verification of
Landau’s (1941, 1947) explanation of superfluidity in liquid *He.

We have shown that Takken’s (1970) wave radiation model has led to a gross overestimate of
the drag on an ion travelling through the superfluid faster than the Landau critical velocity for
roton creation and, furthermore, that it has given rise to an incorrect prediction of the form of
the #(E) relation. We have, however, demonstrated that, over a very wide range of electric fields,
our measurements are accurately described by a law of the form (7 —v;,) oc E¥, in agreement with
the two-roton theory of Bowley & Sheard (1975). On the basis of their theory we have deduced
a numerical value of the matrix element characterizing the two-roton emission process.

No sign of the (7—uvy)oc E¥ behaviour, which, according to the Bowley & Sheard theory,
characterizes single-roton emission is evident from our data, so that we have not been able to
determine the relevant matrix element: we have, however, placed an upper bound on its value.
Single-roton processes, if they exist, are likely to be observed for very weak electric fields in the
region where, in our present work, the phenomenon would be obscured by the presence of
excitation and impurity scattering processes: experiments at lower temperature, using purer *He,
are clearly required to try and settle the interesting question of whether such emission processes
can occur in reality.
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Dr D. A.Neeper, Dr T. C. Padmore, Dr G. R. Pickett and Dr E. H. Takken. We are also very
grateful to Dr F. W. Sheard for his encouragement and help, to Mr N. Bewley who built the
cryostat and constructed the experimental chamber, and to Mr D. H. Bidle and Mr R. O. Makin
who designed and built the e.h.t. pulse generator. The experimental work was supported by the
Science Research Council (under B/RG/6094.8) to whom two of us (D. R. A. and A. P.) are also
indebted for the assistance of studentships.

APPENDIX A: TABULAR VELOCITY DATA

Most of the data were recorded with a pressure of 25 x 105 Pa which resulted in relatively large
signals, which could quickly be averaged to a satisfactory signal/noise ratio and measured up
with a precision of about + 1 or 2 9,. We list these first, for five different temperatures and a very
full set of electric fields, in table A 1. In table A 2 we list data recorded at 21 x 105 Pa, for three
temperatures and a restricted range of electric field above about 100kV m~1. A few data were
also recorded at 22 x 105 and 23 x 10° Pa, all at 0.28 K, and are listed in table A 3. Finally we
tabulate in table A 4, for four temperatures, the drift velocity as a function of pressure under
a field of about 100kV m~1. Whenever more than one datum is available for a particular set of
(P, E, T'), we have tabulated the average value.

In all cases we give not the electric field, but the potential difference V;, measured across the
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-TaBLE A 1. VELOCITY DATA AT 25 x 10° Pa

(The measured ionic drift velocities are given in m s~ for various temperatures 7" and
drift space potential differences V73,.)

T/K
([ A hY
VoIV 0.30 0.35 0.40 0.45 0.50
10 — 46.2 45.8 42.0 —
11 — — 45.7 43.0 —
12 — 46.5 45.8 43.2 —
13 — 46.8 46.1 43.8 39.4
@ 14 — 46.8 46.4 44.2 40.4
_ 15 — 47.3 47.2 44.6 41.0
< 16 — 47.3 46.8 44.9 41.2
P 17 — — 46.9 45.4 41.5
OH 17.5 — 47.6 — — —
= = 18 — — 47.0 45.5 42.7
- 18.5 — 47.5 — — —
= O 19 — — — 45.8 42.7
O 20 47.7 47.9 47.5 46.3 43.2
=w 21 47.3 417 47.4 46.0 43.5
— 22 — — 47.0 46.5 43.8
5 p.4 22.5 47.4 48.0 — — —
= o 23 — — 47.6 46.1 44.0
= 24 — — 47.6 46.6 44.5
085 25 47.9 48.0 4717 46.8 44.7
8 A 26 — — 47.9 46.9 44.8
=z 27 — — 48.0 47.0 45.1
T 27.5 47.9 48.1 — — —
A= 28 —_ — 48.0 46.9 45.2
29 — — 48.1 47.2 45.6
30 48.3 48.3 48.2 47.3 45.8
32.5 48.0 48.3 48.1 47.3 46.1
35 48.3 48.4 48.1 47.6 46.2
37.5 48.1 48.6 48.3 47.4 46.6
40 48.7 48.7 48.5 48.0 46.9
42.5 48.6 — — — 47.0
45 48.6 48.7 48.6 48.0 47.3
475 48.6 — — — 47.3
50 48.6 48.9 48.8 48.4 47.6
52.5 48.7 — — — —
55 48.7 48.9 48.9 48.6 417
57.5 49.0 — — — —
o 60 49.3 48.9 48.9 48.4 477
<« 62.5 49.0 — — — —
. 65 49.3 49.0 48.9 48.7 48.1
< 70 49.0 49.3 49.2 48.9 48.0
— 75 49.5 49.0 49.1 48.9 48.3
oln 80 49.3 49.5 49.3 48.9 48.6
= K 85 49.5 49.2 49.3 49.0 48.6
— 90 49.2 49.5 49.5 49.3 48.7
= O 95 49.6 49.3 49.5 49.2 48.7
ZO 100 49.8 49.5 49.4 49.3 48.9
[ 110 50.1 49.8 49.8 49.5 49.2
— 120 50.1 49.6 49.6 49.5 49.2
<z 125 — — 49.5 — —
£0 130 50.1 49.8 49.9 49.6 49.3
== 140 50.2 49.9 49.8 — 49.3
Q%4 150 50.4 49.8 50.0 49.8 49.5
8 %) 160 50.5 49.9 49.9 — 49.5
=Z 170 50.2 — 50.2 50.1 49.5
T 175 — 50.2 — — —
&= 180 50.5 — 50.1 49.9 49.6
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TaBLE A1 (cont.)

T/K
r A —
VoV 0.30 0.35 0.40 0.45 0.50
185 — ~ 50.1 — — —
190 50.4 — 50.2 — 49.6
200 50.4 50.4 50.2 50.1 49.9
210 50.7 — — — —
220 50.7 — — — 50.1
225 — 50.4 50.5 50.2 —
~ 230 51.0 — — — —
2 240 50.5 — — — 50.1
S S 250 50.7 50.5 50.6 50.2 —
o 260 50.7 — — - 50.1
= = 270 51.0 — — — —
— 275 — 50.5 50.8 50.5 —
= O 280 50.7 — — — 50.4
O 290 50.8 - — — —
~ 300 51.0 50.8 50.7 50.5 50.2
o 325 50.8 50.7 51.0 50.8 50.4
<z 350 51.2 51.2 51.2 50.8 50.5
Yo 375 51.2 51.3 51.2 50.8 50.8
== 400 51.5 51.3 51.2 51.2 50.7
o Et) i 425 — 51.3 51.2 — —
a g 450 51.5 51.7 51.5 51.3 51.2
Oz 475 — 51.5 51.5 — —
TS 500 51.8 51.7 51.5 51.3 51.2
oy 525 — — 51.7 — —
550 51.7 52.0 52.0 51.8 51.5
575 — — 51.8 — —
600 52.0 51.8 52.0 51.8 51.7
625 — — 52.1 — —
650 52.0 52.1 52.1 52.0 51.7
675 — — 52.1 — —
700 52.1 52.5 52.3 52.0 51.8
750 52.3 52.7 52.4 52.3 52.1
800 52.5 52.7 52.5 52.3 52.0
850 52.5 52.8 52.7 52.5 52.5
900 52.5 52.8 52.8 52.5 52.7
950 52.7 53.0 53.2 52.8 52.1
1000 52.8 53.0 52.9 52.8 52.7
1100 53.0 53.3 53.3 53.0 53.0
1200 53.2 53.9 53.3 53.2 53.0
1300 53.3 53.9 53.9 53.5 53.3
> 1400 53.5 53.9 53.9 53.7 53.7
§ S 1500 53.7 54.2 54.1 53.8 53.9
~ 1600 53.9 54.2 54.0 54.0 54.0
O 0 1700 54.2 54.6 54.6 54.0 53.9
e~ 1800 54.2 54.6 54.8 54.2 54.0
Q) 1900 54.4 54.8 55.0 54.4 54.2
T O 2000 54.4 55.0 54.9 54.6 54.2
— 2100 54.6 55.0 55.1 54.8 54.4
2200 55.0 55.1 55.1 55.0 54.6
3z 2300 55.1 55.3 55.5 55.0 54.8
Yo 2400 55.1 55.7 55.5 55.3 55.1
25— 2500 55.3 55.7 55.8 55.3 55.1
8 S 2600 55.3 55.9 55.9 55.5 55.7
ag O 2700 55.7 56.1 55.9 55.7 55.3
oz 2800 55.7 56.1 56.1 55.9 55.5
=3 2900 55.7 56.5 56.3 55.9 55.9
o 3000 55.9 56.5 56.4 56.3 55.9
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drift space. The length of the drift space, as discussed in § 3 (¢), was 10.2 + 0.3 mm so that the
electric field (in kV m~1) may be found by multiplying the numerical value of V4, by 0.098. The
uncertainty in / introduces possible systematic errors of + 3 9, in E (to which must be added the
+29, error in measuring V) and + 389, in 7; random errors in the measurements manifest
themselves as a scatter in the data.

TaBLE A2. VELOCITY DATA AT 21 % 105 Pa

)
A

(The measured ionic drift velocities are given in m s~ for various temperatures 7" and
drift space potential differences V7,.)

/

PN

é T/K

>~ P ) A .

OH VoIV 0.29 0.33 0.37

e E 1000 55.9 — —

) 1200 56.1 56.4 55.9

O 1250 56.7 56.0 —

~w 1300 56.5 56.5 56.3

— 1350 56.5 56.6 56.0

<z 1400 56.5 56.4 56.3

£0 1450 56.7 56.4 56.2

T 1500 57.1 56.5 56.6

025 1550 56.9 56.7 56.6

8«1: 1600 57.3 56.7 56.5

=Z 1650 57.1 56.9 56.8

TS 1700 57.3 57.1 56.9

Sl 1750 57.3 56.9 56.9

1800 57.7 57.7 57.3

1850 57.7 57.1 56.8

1900 57.7 57.7 57.5

1950 57.5 57.7 57.1

2000 58.5 57.9 57.7

2050 57.9 57.7 —

2100 58.3 58.1 57.6

2150 58.5 57.7 57.5

2200 58.3 58.3 57.9

2250 58.7 — —

2300 58.7 58.1 58.3

2350 58.7 58.5 57.7

2400 58.7 58.7 58.3

P 2450 58.9 ' — —

< 2500 58.7 58.7 58.3

! 2550 -~ B8.7 58.9 58.8

< . 2600 59.1 58.5 58.3

2650 — — —

8 ~ 2700 59.1 58.9 58.8

M 2750 59.1 59.1 58.7

et 2800 59.4 58.7 58.7

kO 2850 —_ —_ —

O 2900 59.4 59.1 58.7

~w 2950 59.1 59.1 58.7

3000 59.6 59.1 59.1
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TaABLE A 3. VELOCITY DATA AT 22 x 105 AND 23 x 10% Pa

(The measured ionic drift velocity at a temperature of 0.28 K is given in m s~ for
various drift space potential differences V7,.)

10-5P|Pa 10-5P[Pa
A ——HP—
VoIV 22 23 Vo[V 22 23
500 — 52.3 1800 56.3 55.5
550 —_ 53.0 1850 56.5 —
600 — 52.8 1900 56.3 55.7
650 — 53.2 1950 56.5 —
~ 700 — 53.3 2000 56.5 55.7
é 750 — 53.5 2050 56.5 _
= P 800 54.4 53.5 2100 56.5 55.9
- 850 54.4 53.7 2150 57.1 —
@) s 900 54.8 53.9 2200 57.1 56.1
A 950 55.0 53.9 2250 56.9 —
)= O 1000 55.1 54.0 2300 57.1 56.3
O 1100 55.3 54.2 2350 57.5 —
=w 1150 55.0 — 2400 57.3 56.5
—n 1200 55.3 54.4 2450 57.1 —
5z 1300 56.5 54.6 2500 57.1 56.5
T <) 1350 55.7 — 2550 57.3 —
o 5 . 1400 55.5 54.8 2600 57.5 56.5
8 5, o 1500 55.9 55.0 2650 57.3 —
9 Z 1550 55.7 — 2700 57.5 56.7
= § 1600 55.9 55.1 2750 57.7 —
o 1650 56.3 — 2800 57.7 56.7
1700 56.4 55.5 2850 57.3 —
1750 56.3 — 2900 57.5 56.9
2950 57.5 —
3000 57.7 56.9

TABLE A4. VELOCITY AS A FUNCTION OF PRESSURE

(The measured ionic drift velocity with a drift space potential difference of 1000 V is given in m s-1
for various temperatures 7" and pressures P.)

TIK
r EY
10-% P[Pa 0.29 0.35 0.40 0.50
20.25 — — — 55.9
o 20.50 57.7 — —_ 55.9
~ 20.75 57.1 — — 55.7
— 21.00 56.2 54.8 56.5 55.7
< 21.25 55.7 55.9 56.1 55.5
> 21.50 55.7 55.7 55.7 55.3
olm 21.75 55.0 55.5 55.7 55.1
= 22.00 55.1 55.3 55.1 55.1
0 O 22.25 55.0 55.1 55.0 54.8
- 22.50 54.8 55.0 54.8 54.6
@, 22.75 54.6 54.4 54.4 54.4
=w 23.00 54.6 54.2 54.4 54.4
- 23.25 54.4 54.2 54.0 54.2
5% 23.50 53.9 54.0 54.0 54.0
= 23.75 54.0 54.0 53.7 53.9
n.t; . 24.00 53.8 53.7 53.9 53.7
Q<o 24.25 53.7 53.7 53.3 53.5
0% 24.50 53.3 53.7 53.3 53.3
;-'é 24.75 53.3 53.3 53.0 53.2
e 25.00 52.9 53.0 53.0 52.9
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AprPPENDIX B: THE SINGLE-ROTON TRANSITION RATE

To calculate the velocity dependence of the single-roton transition rate, starting from
Ry() = 25 |T28(c-+ 13 2m, ~ he-0) (17)
k

we replace the sum over all accessible final states by an integral, so that

_21t

3 oo 2 1 v
Rio) = Z5(L) [Tk [ ag [ d(cose) |2 8(e+ Ak 2m, — kv cos o),
fi\2n) J,o 0 -1

where a is the angle between » and k. The integral over ¢ is trivial owing to the cylindrical
symmetry of the problem. Setting cosa = x and assuming that J} is a constant (= V) within

the range of interest,
|2

|28 I 1
R,(v) = I—z’;—ﬁ f . dk k2 f . dx 8 (e — #2k22m, — Fkvx).

Integrating over x,

AL
Ry(v) = Vol f Ak K2 (k) 1 0 (fiok — ¢ — H%k%2m,),
2Tfﬁ 0

where 0 is the unit step function. Before performing the final integration it is convenient to change
the variable from £ to €, using (5). In doing so we introduce a factor of 2 to take account of there
being two values of & associated with each value of ¢; and we ignore [2m:(e — 4)]* in comparison
with k. Then,

kolVi |2 [
R,(v) = jtlﬁ:’:;l L [2(e—A)[m:] % de O (hvky — € — 2k3[2m,).

Setting e — A = s, we obtain

ko[ Vi |2 (mef2)
Rl(”) = OI k,!.cﬁ:;v /

Because the integral is non-zero only when

§ < fwky—h2kE[2mi— A = a,

kW |2 (me2)E e
Ri(v) = —————-—-————01 k"Lﬁgv 2) fo s—Eds.

f * 4 ds 0 (hok, — B2k 2m, — s — A).
0

we can write

Integrating, and noting from (7) and (14) that @ = #ik,(v —v7) to an excellent approximation for
an ion of mass 72m,, we obtain finally
_ W2 m)t K

R,(v) I

(v—v})t. (18,19)

AppENDIX C: THE TWO-ROTON TRANSITION RATE
To calculate the velocity dependence of the two-roton transition rate, starting from
2r
Ro(0) = - 5 X Veol*Oler + e,k + @) 0+ #2(k + q)*2m] (42)

we replace the sums over k and q by integrals such that

kZ %(—é%gfdkkzjv:“d¢fil d (cosoc).

28 Vol. 284. A.
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and S s Jdae® [T [ dteosp),

where « and £ are the angles between v and k, and v and q, respectively. Because £ and ¢ in the
roton region are close to £y, and « and S are small, we can take

(k+q)? ~ 4k} and (k+q) v~ kyv(cosa+cosp)

to excellent approximations. The ¢ integrals each yield a factor of 21 owing to the cylindrical
symmetry of the problem. Setting cosa = x, cosf = y, and assuming that V} , is a constant
(= Vi, x,) over the ionic velocity range of interest, we find

Ry(v) = "‘0 il J dk f dgkrg? f dx f dy 8ey + ¢, + 242k, — fvko(x +1)]-

We first perform the y integration, noting that

Jql dyd(a—by) = b710(b—a),

where @ and b are constants and 6 is again the unit step function. Then

AL :
Ryv) = | ﬁ’(“%’;)la f dk k2 f dg ¢ f die(hog) L O vk, + Fvkyx — e — e, — 202K3m,].
-1

The x integral is (because of the @ function and the upper limit) to be evaluated only within the

region
= (—fwky+ €.+ €, + 212k [m)) [k, < x < 1,
2
so that Ry(v) I e ’“°| fdkk2quq f dx
yielding Ry(v) = ﬁL ’;0(;" g f dkk f dg g{2hvky — e;, — e, — 2h2k3[my}.

We note that this expression is symmetrical in ¢ and £, as is required by the model; and that
the expression in curly brackets must be positive since, otherwise, we would be considering x > 1.
To take account of the latter requirement, we multiply the right hand side of the equation by the
0 function of the expression in curly brackets. It is convenient, before attempting the remaining
integrations, to change the variables from £ and ¢ to the energies ¢, ¢, of the emitted rotons,
using (5). In doing so we must introduce a factor of 2 in each case in order to take account of the
two k or ¢ values associated with each energy. We obtain

Vel (g, [ e )b
—FAen)T ) de, . de, (6, —A)72 (e, — 4)

x (2vky — 202K3/m; — 6, — €,) O(2hvky — 25%k3[m, — 6, — €,).

Ry(v) =

Setting s = €, — 4, t = ¢,— 4,

2k5 [ Vi, 1| 1x
Ry(v) = _%WW

x O(2hvky— 2423 my — s —t — 24).

[w dsf N des—t 4 (2hwky — 2023 my — s — t — 24)
Jo 0


http://rsta.royalsocietypublishing.org/

A

/

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

JA \
%

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

BREAKDOWN OF SUPERFLUIDITY IN LIQUID “He 221

Taking account of the f-function, and of the lower limit of integration, we see that the ¢ integral
is to be evaluated only in the region 0 < ¢ < b —s where

b = 2vkk,— 2k%kE[m, —2A4;

and that the limits of the s integration therefore become 0 < s < b, because, if s > b, ¢ would be
negative. Thus

2k3 |V, 2my
Ry(v) = ﬁlsv’;t’(;;tl)s f f dest et (b—s—1).

The ¢ integration is straightforward, yielding

2k¢ |V, m
R,(v) = ——ﬁsl—v:z’;‘;——L—lf dss—34(b—s)k.

Integrating by parts,

Sk V
which, setting s = bz, becomes
8kZ |V,
R,(v) —iﬁ%’;’(z—’“ﬂnlm"bz f dzz¥ (1—2)3.

The integral is now in a standard form taking the value §n. Using (7) and (39), we note that
b = 2fky(v—vy) so that we obtain finally

k§ Vo, 1o 2m
R,(v) = —Y Lokl |2:i°2;;“3°1|)2 = (v —vj)2. (43, 44)

AprrPENDIX D: GLOSSARY OF SYMBOLS

For convenience of the reader, we list below brief explanations of the main symbols used in

this paper.

A4 The constant which multiplies £% in (51); defined by (60)

E electric field

e electronic charge

fi Planck’s constant (%/2r)

ic magnitude of the current pulse at the collector, measured at £, (see figure 55)

k roton wavevector

kg Boltzmann’s constant

ko roton parameter representing magnitude of roton wavevector at the minimum in
energy

k3 magnitude of roton wavevector which minimizes the right hand side of (3), for single
roton emission: hence, the value of £ for the roton which is created in critical dissipation

k3 as for k3, but referring to two-roton emission, assuming that both the rotons have the
same value of £

l length of drift space between G, and Gj of experimental chamber (see figures 5 and 6)

m mass of object being drawn through superfluid ‘He

my “He atomic mass

my effective mass of negative ion

28-2
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roton parameter representing the effective mass of a roton

pressure

roton wavevector

transition rate for creation of single rotons by moving ion

transition rate for creation of pairs of rotons by moving ion

radius of negative ion

temperature

the calculated T-matrix for 2-roton emission

time

times on idealized collector characteristic (see figure 5 )

potential difference across drift space G, G,

matrix element coupling ion to single roton of wavevector k

matrix element coupling ion to single roton at the minimum of roton energy

matrix element coupling ion to pair of rotons with wavevectors k and q

matrix element coupling ion to pair of rotons both of which are at the minimum of roton
energy

transient step in potential applied to field emitter (figure 5 &)

transient step in potential applied to grid G, to open gate (figure 5b)

velocity of object through superfluid helium

instantaneous critical velocity, given by (9) and approximately by (14), of the object
which is required for the emission of one roton (see figure 13 4)

instantaneous velocity given by (10) and approximately by (15) of the object immedi-
ately after emitting a roton, if it was travelling initially at v} (see figure 13 a)

average velocity of object (3[v; +v5] ~ vy,) in critical dissipation (see figure 135)

velocity at which ion is travelling, on average, when it emits a roton in supercritical
dissipation (see figure 14)

velocity at which ion travels, on average, immediately after emission of a roton in super-
critical dissipation (see figure 14)

average velocity (= [ve; +v5]) of ion when supercritical dissipation occurs through
emission of single rotons: what one would measure in an experiment

increment of velocity lost by the ion (= vg, —v;), on average, in creating a roton in
supercritical dissipation: given to a good approximation by (20)

instantaneous critical velocity, given by (35) and approximately by (39) of the object
which is required for the emission of a pair of rotons (see figure 13a)

instantaneous velocity, given by (36) and approximately by (40), of the object immedi-
ately after emitting a pair of rotons, if it was travelling initially at v; (see figure 13 a)

average velocity of the object (= §[v;+v5] ~ vy,) in critical dissipation (see figure 135)

velocity at which ion is travelling, on average, when it emits a pair of rotons in super-
critical dissipation (see figure 16)

velocity at which ion travels, on average, immediately after emission of a pair of rotons
in supercritical dissipation (see figure 16)

average velocity of ion (= }[ves+45]) When supercritical dissipation occurs through
emission of pairs of rotons: what one would measure in an experiment

increment of velocity lost by ion (= v.,—1y,), On average, in creating a pair of rotons:
given to a good approximation by (45)
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Uu.p. Takken’s (1970) estimate of the upper bound on the velocity of an object moving through
superfluid *He, given by (8)

vy random thermal velocity

a coefficient in the single-roton transition rate equation (18), defined by (19)

s coeflicient in the two-roton transition ratc equation (43), defined by (44)

4 roton paramecter representing the roton minimum energy

€ energy of a roton, given by (5)

€1 the roton cnergy given by substituting 4; in (5); hence, the energy of a roton emitted in
single-roton critical dissipation

€5 as for €], but referring to two-roton emission, assuming that both rotons have the same
cnergy

0 the unit step function

s ionic mobility (= /£ for small values of 7)

v creation rate of quantized vortex rings by moving ion

P density of liquid *He

Ty period of time which clapses, on average, before a roton is emitted in supercritical dissi-
pation: ifv,, < v, itis measured from the moment when the ion accelerates through vg;
and, if vy; > vy, it is measured from the time at which the preceding emission event
occurred

Ty period of time which clapses, on average, before a pair of rotons is created in super-
critical dissipation: if v, < vy, it is mcasured from the moment when the ion accelerates
through v,; and, if vy, > vy, it is measured from the time at which the preceding emission
event occurred

Tp time for an ion to traverse the drift space between G, and Gy (figure 5a): usually
dctermined by mcasuring (¢, —¢,) (figure 55)
Te rise time of the elcctronic circuitry used in dctecting the current pulse reaching the
collector, C (figure 5a)
Q2 volume within which the roton creation events occur
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