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The discontinuity in the drift velocity of ions in liquid helium, previously detected by the time-of-flight
method, is confirmed by the heat-flush method in a wide channel. The critical velocity is found to be ?v)
=4.96+0.35 m/sec independent of beam geometry and of ionic density. The detailed analysis of the beam
displacement in the two-fluid counterflow process allows one to conclude that the new dissipation suffered by
the beam at (u.,> is essentially due toits interaction with the normal fluid.

1. INTRODUCTION

CAREFUL investigation!? of the behavior of the

drift velocity (») of positive charges in liquid
helium as a function of the electric field £, recently
carried out in this laboratory, has shown some un-
expected sharp discontinuities. More precisely, working
at a fixed temperature around 1°K, it was found that
at a critical field E., the mobility u falls from one con-
stant value to another lower one. While E, was tem-
perature-dependent, the corresponding drift velocity
(v)=uE, was not, and had the value 5.24-0.2 m/sec.
No simple explanation for this phenomenon was found
in the framework of the Landau picture of liquid
helium.

The experiment reported above was performed by the
time-of-flight method,® and therefore made use of ac
electronics operating at 1072-10—* sec. We thought it
desirable to check the above results by a dc technique,
making use of the heat-flush effect which has been
shown in our laboratory*® to yield the ionic drift
velocity under proper experimental conditions. Besides
being an independent check on the existence of a dis-
continuity in the drift velocity and of its quantitative
aspect, this counterflow process can offer further in-
formation on the nature of the process.

A preliminary account of this paper was submitted®
at the Eight International Congress of Low Tempeia-
ture Physics, London 1962.

2. MOTIVATION FOR THE EXPERIMENT

We wish to indicate briefly the information one can
get from a proper analysis of the ionic-beam displace-
ment due to a steady heat flow in a wide channel.

* Work supported jointly by Consiglio Nazionale delle Ricerche
Istituto Nazionale di Fisica Nucleare, and the U. S. Army Euro-
pean Research Office.
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Consider an experimental arrangement in which the
heat input induces a counterflow process, described in
the two-fluid picture in terms of the normal-fluid
velocity (va) and the superfluid velocity (v,). Suppose
for the moment that the ion experiences a dissipative
force from both the normal fluid and the superfluid. The
balance of forces applied to the ionic charge e in motion
gives

¢ e
—((va)= (V) F+—((va)— (vs)) =¢E, ¢))
Mg

Mn

where u, and u, are the mobilities of the ions with
respect to the normal fluid and the superfluid. Let us
set the z axis in the direction of (v,) and apply the
electric field which acts on the ionic beam in an orthog-
onal direction, say along the x axis. Then, due to the
heat flow, there is a beam displacement o, which is given
in terms of the drift velocity (vq) by

tana= (vd,)/(‘vd,) . (2)

From Ref. 4 and from the temperature dependence of
the mobility® it was concluded that the ions interact
only with the normal fluid. From the newly acquired
knowledge of the existence of discontinuities in the
mobility values!? this statement must now be restricted
to the low-field region. Therefore, Egs. (1) and (2) yield
for E<E.

tane = (v,)/tnokE. 3)

where uno is the mobility with respect to the normal
fluid in the low-field region. Then a plot of tana versus
1/E is a straight line through the origin.

For E> E,, the following possibilities exist :

(a) The mobility change at E, could be due to a
change of interaction with the normal fluid. Then the
relation between tana and 1/E is of the same type as
for E<E. [Eq. (3)] but with a different value of u.,
say un1. If this is the case, then the complete plot of
tana versus 1/E must be composed of two straight lines
which meet at the origin, each one corresponding to a
different value of mobility, and the transition from one
line to the other should occur at E,.

(b) On the contrary the mobility change at E, could
be due to the setting in of a new interaction with the
superfluid only.
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Fi1G. 1. Schematic view of the two experimental apparatuses:
a: side view; b: top view.

Then, from (1) and (2),

(V) un{s)
tana—“nE( 1 —us@n)) . 4)

We can evaluate the term ua(v,)/us{?,) in this relation,
since we work in a counterflow process around 1°K.
un/ms is related to the percentage change of mobility
Au/u at the critical field, which we know from I is of the
order of 6%,. For this change of mobility ua{(vs)/us(vs)
<1X10™4, and consequently in the plot of tana versus
1/E the transition at E. would not be observable.

(¢) Finally, the mobility change at E, could be due
to a change of interaction with the normal fluid which
changes uno to a2, in addition to the setting in of a new
interaction with the superfluid leading to the appearance
of the term with u;. In this case one should observe the
same kind of transition indicated above in (a), but the
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change of the slope of tana versus 1/E at E, observed
in the heat-flush experiment should be less than the
change of mobility observed in I.

The conclusion of this analysis is then that a com-
parison of the mobility change observed by the time-
of-flight method with the slope change observed by this
method makes it possible to answer an important ques-
tion concerning the nature of the new dissipation
suffered by the ionic beam at the critical velocity,
namely whether the new interaction is due to the
normal fluid, to the superfluid, or to both.

3. APPARATUS AND EXPERIMENTAL PROCEDURE

() The apparatus and the technique are essentially
the ones used in the previous work,* but in this paper
the procedure of getting the drift velocity is different
and the accuracy of the data much higher.

The apparatus is essentially an ionization chamber
with several detecting electrodes, where an ionic beam
can be produced by an « soutce and then deflected by
the heat current. Several apparatuses have been used
and their relevant features are shown in Fig. 1. While
the frame was always made of Perspex, electrodes of
polished silver were used in apparatus A and of gold-
plated silver in apparatus B. Different sources were
used, obtained by the usual self-deposition technique,
and they provided ionic beams of variable ionic density,
ranging from 1X105 to 8 X105 ion/cm®. Apparatus A is
a multielectrode system, which allows one to observe
the displacement of the beam at both ends by means of
the current changes at electrodes 2 and 4. It is quite
similar to the one described in HF1, and will not be
described here any further. Apparatus B has been
designed with a grid for the purpose of also obtaining
time-of-flight measurements of the mobility in the
channel during the heat flow.

The temperature was measured by means of a carbon
resistor which was calibrated during each run against
the He* vapor pressure in the range between the X point
and 1.3°K. A He? vapor-pressure thermometer was used
to check that the extrapolation to low-temperature
resistance value can give the actual value of the tem-
perature with an accuracy of #+0.005°K. The bath
temperature was kept constant to 0.5 mdeg K by means
of an electronic thermoregulator.

(i) Using the above apparatus the beam displace-
ment produced by the heat flow can be easily evaluated
from the change AI; in the current of the external elec-
trode 7. The beam displacement tane, as shown in
HF1, is given by

tana= (Al;/I;)(ds/s) , ®)

provided one assumes the ionic density of the beam is
constant and the space-charge effects can be dis-
regarded. I3 is the current received by the central
electrode, ds its length, and s the distance between the
source (in apparatus A) or the grid (in apparatus B)
and the collecting electrodes. In practice it was difficult
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to get good uniformity of the ion source, and therefore
some corrections must be made as described in the
following.

If the density on each electrode can be adequately
described as constant, say p;, then relation (5) can be
written as

Al; ds ps
——. (6)

I3 s p;

tana=

The ratio ps/p; is field-independent and can be obtained
from the ratio I3/I; because

da(ps/m) =d,-(13/I,-) 3

where d; are the lengths of the sections of the external
electrodes facing the source. It is safer to evaluate
I3/1; at high fields, labeled «, where the spreading due
to diffusion and space-charge effects become negligible.
Therefore, we write

Al; d; 15
tana= ——(—) . (7)
I; s\I./,

It is better to measure the quantities d; directly in the
apparatus itself because the equipment can suffer
unpredictible contractions in cooling from room tem-
perature, in which the position of the ion source relative
to the receiving electrodes may be shifted. d; is measured
as follows: Since Als/AI4=ps/ps and sincé at high fields
I:/1s=psds/pads, it is easy to measure ds/ds. Further-
more the sum ds+d, is known from the geometric
arrangement, because the source length and ds remain
constant in the cooling process.

(i) The experimental procedure adopted to in-
vestigate a possible small change of the drift velocity
around the critical field consisted mainly in observing
the beam displacement at different values of the field
near E., keeping the heat input ¢ and the bath tem-
perature T" constant. This procedure is different from
the one employed in HF1, where £ and T were kept
constant and ¢ was changed.

The accuracy in measuring the beam displacement is
affected by the sensitivity of the electrometers in read-
ing the currents and by fluctuations in temperature.
These errors have been evaluated and found to affect
the value of a single determination of tana by no more
than #+39,.

TasiE I. Effect of the heat flow on the low-field mobility uo.

¢(mW/
E(V/cm) cm?)  po(cm2/V sec)

Run T(°K)

Co. 0.980-0.005 50.0 0.0 7.40+0.22
@ 0.98040.005 50.0 321 7.43+0.22

Co 0.9554-0.005 37.5 0.0 9.28+4-0.30
b 0.955--0.005 37.5 18.6 9.244:0.28

Co 0.943-+0.005 37.5 0.0 10.2240.31
e 0.9434-0.005 37.5 311 10.184:0.31
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F1G. 2. The mobility u as a function of the applied electric field
in run C14. Black points are the mobility u(S), the crosses the
mobility u(R).

4. EXPERIMENTAL RESULTS

The experimental 1esults are presented in the follow-
ing three sections. In Sec. (a) we report the preliminary
runs which allow us to define the limits of accuracy of
the method. In Sec. (b) one single run is shown in
detail, and in Sec. (c) we report the main results of
eight runs.

(a) The first group of runs was devoted to the study
of a possible effect of the heat flow on the mobility
around the expected discontinuity. The low-field
mobility is expected not to suffer a change by the heat
current, according to the work in HF1. However, to
check this point further, in the run designated by Co,
measurements of mobility have been taken with the
time-of-flight method in the apparatus B, while the
heat was flowing. The ionic density of the beam was
2X10% ion/cm?®. Results are given on Table I, and it is
clear that there is no effect on both electrodes up to
31 mW/cm? For larger heat inputs, the effect of the
temperature gradient existing in the channel begins to
be important, and its effect must definitely be taken
into account if the heat input exceeds 50 mW/cm?

Next, the effect of the heat flow on the expected
discontinuity in the drift velocity was studied again by
the time-of-flight method at the temperature 7°=0.920
°K and the heat input ¢=43.6 mW/cm?. Denote by
u(R) a mobility measurement taken during the heat
flow, and u(S) a mobility measurement taken soon
after the heat flow has been switched off. As can be seen
from Fig. 2, where the results of this run are shown,
there is evidence of the discontinuity at a field of
40 V/cm, corresponding to a critical velocity (v.)
=4.904-0.30 m/sec. If the electric field is somewhat
less than 70 V/cm the heat flow has no effect on the
mobility, i.e., u(S)=u(R). As the electric field increases
further, both u(R) and u(S) rise to the low-field value.

It has been established in a number of runs at dif-
ferent temperatures that the heat affects the mobility
when the electric field is such that the drift velocity of
ions is larger than 7.5 m/sec. Therefore, in order to
compare the results of the heat-low method with the
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TasLE II. Critical velocities detected in different runs.
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Run T(°K) po(cm?/Vsec) ¢(mW /cm?) E¢(V/cm) (ve) (m/sec) Av/y
Cs 0.9034-0.013 15.6 2.2 27.8 30.14-0.6 4.70+£0.76 7.24+3.6
Cr 0.918-+0.005 13.23+0.78 25.6 33.7+0.7 4.464-0.36 6.54+3.2
Cs 0.926+0.006 12.1540.75 179 43.940.9 5.334+0.43 5.6+2.8
C1 0.9534-0.005 9.124-0.27 21.5 54.1+1.5 4.944-0.28 8.7+4.3
Cs 0.9534-0.005 9.314+0.45 28.8 57.841.5 5.384-0.40 10.8+5.4
Cy 0.96340.005 8.48+0.40 314 56.2+1.3 4.76+0.33 7.4£3.7
Cx 0.9714-0.005 7.3740.38 43.3 60.241.3 4.7440.33 8.0+£4.0
Cy 0.97340.005 7.744-0.38 51.3 70.741.2 5.474+0.36 6.543.2

ones of the time-of-flight!? method, we must never
exceed the drift velocity of 7.5 m/sec, i.e., we can check
the first discontinuity only.

(b) Run C, was made with apparatus B so that we
could at the same time measure the mobility by the
time-of-flight method and by the beam displacement
due to the heat flow. The ionic density of the beam was
8X 105 ion/cm?®. The bath temperature was 7'=0.953
=+0.005 °K and the heat input was ¢=21.5 mW/cm?;
the plot of tana versus 1/E is given in Fig. 3. As one can
see, the data fall on two straight lines which meet at the
origin. The data give clear evidence of a discontinuity
at a field of 54.12=1.5 V/cm, which is recognized as the
critical field. The percentage change of the slope, Av/7,
is 8.74£4.09. By the time-of-flight method the mobility
in the subcritical region was found to be 9.1240.27
cm?/V sec and is in agreement with the value of
9.31+0.45 cm?/V sec, derived from the best curve of
mobility versus temperature now available®*7 in
conjunction with the known bath temperature.

From the critical field and the mobility value we
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|¢ Fic. 3. Evidence for the discontinuity in the ionic beam dis-
placement versus the reciprocal electric field 1/E in run Ci; the
discontinuity is indicated by the arrow. Note that experimental
data fall on two straight lines (dotted lines) which meet at the
origin.

7 Since the paper quoted in Ref. 3 was published, more measure-
ments of mobility at various temperatures have been performed
by ourselves and others [L. Meyer and F. Reif, Phys. Rev. 110,
279 (1958); F. Reif and L. Meyer, zbid. 119, 1164 (1960)] in the
temperature range we are interested in here. All these new data
are in good agreement with the previous ones (Ref. 3) and support
the least-squared curve given previously. Therefore, the error in
the mobility determination in this paper is mainly due to the
temperature uncertainty.

deduce the critical velocity (ve)=puF,= (4.9440.28)
m/sec, in agreement, within the experimental errors,
with the previous results.!:?

We note that one could get the mobility value
directly from the slope of tana versus 1/E, assuming the
validity of the hydrodynamical equation

G=pST(va), ®)
where S is the entropy per gram and p the total density.
In this way we found uo=10.204-0.20 cm?/V sec, which
is not consistent with the measured value reported
above. The normal-fluid velocity in the channel is lower
than the value calculated from Eq. (8), implying that
either a small quantity of the heat supply is lost from
the wide channel through small leaks in the Perspex
connections, or else Eq. (8) is not valid in turbulent
flow. :

From the analysis of this run we conclude that the
heat-flush method as used above and the time-of-flight
method give quite consistent results.

(¢c) Many different runs have been made with
apparatus A, but while they are all consistent in them-
selves, we will quote here only the seven runs which had
a higher accuracy. The ionic density of the beam was in
the range 142X 105 ion/cm?®.

The experimental data are reported in Table II,
starting from the lowest temperature. In the runs Co,
Cs, C4 the deflection of the beam was measured only on
electrode 2, while in the others it was measured both on
electrodes 2 and 4, and the quoted results are the
average of the two. As one can see from Table II, the
values of the critical velocity and of the percentage
change of the slope are independent of the ionic density
of the beam and of the shape and geometry of the
apparatus (see Fig. 1).

Figure 4 is a normalized plot of all results and gives
clear evidence of the independence of the critical
velocity and change of slope with temperature and rate
of heat supply. The average value of the critical velocity
is found to be

{ve)=4.96£0.35 m/sec.

5. DISCUSSION

From the experimental data quoted in Table IT and
plotted in Fig. 4, one can derive the following con-
clusions:

(a) The displacement undergone by the ionic beam
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in the channel during the heat flow suddenly increases
at a critical field. The corresponding drift velocity along
the direction of the electric field, (v;)=pE,., does not
depend upon the temperature. Its average value,
(v:)=4.964-0.35 m/sec, is in agreement, within the
experimental errors, with the value obtained by the
time-of-flight method in the absence of heat flow.

(b) The value of the critical velocity is not affected
by large change in the ionic density (up to a factor of
8), or by changes in shape or geometry. This shows that
the process which gives rise to the discontinuity does
not involve collective effects in the ionic beam, but only
single ions.

(c) The plot of Fig. 4, and the analysis of the counter-
flow process in the channel described in Sec. 2, give
evidence that the new dissipation suffered by the beam
at (v,) is due mainly to an increase in its interaction with
the normal fluid. The word “mainly”” means that this
interaction would be entirely due to the normal fluid if
the change of slope Ay/y at E. observed in the heat-
flush method had quantitatively corresponded to the
change of mobility Au/ue found with the time-of-flight

method. Actually these small jumps are affected by
large experimental errors and one cannot exclude the
presence of a small interaction with the superfluid [case
(c) of Sec. 2. However, an increase in the interaction
with the superfluid only is out of question.

(d) The effect of the heat input on the mobility at
drift velocities larger than 7.5 m/sec, while undoubtedly
proved from an experimental point of view, seems to
require more work to allow a proper understanding of it.

From the above we conclude that a single ion in-
creases its interaction with the normal fluid at a well-
defined value of its velocity. This statement consider-
ably reduces the many possible processes which could
be involved, because dissipative effects inside the beam
itself and other effects due to the superfluid component
only can now be excluded. A tentative picture of this
process has been outlined elsewhere,? and is more deeply
analyzed in the companion paper.?
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