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Measurements on the deQection of a beam of negative ions due to a counterQow of superQuid and normal
Quid in He II, show the existence of two thresholds for the velocity. The erst one is interpreted as the
critical velocity for creation of vorticity in the superQuid, while it is suggested that the second threshold
corresponds to instability of the whole Quid with respect to turbulence. Measurements on the positive ions
tell us the behavior of the normal-Quid velocity; when there is vorticity in the superQuid, these results
indicate the existence of a normal-Quid velocity gradient in the Qow direction. Parallel measurements on the
temperature distribution show nonuniformity of the temperature gradient in the Qow direction for large
velocities. The assumptions on which the Gorter-Mellink expression for the mutual friction force is derived
are not satis6ed. The results are then interpreted as an indication that the higher order terms in the equa-
tions of motions may give instability at large velocities.

I. INTRODUCTIOÃ motion. Precisely, one writes the following equations:

pe
p,dv, /dt =——vp+p,SvT+F,+F,„,

p

Pn
p dv /dt= ——Vp —p,SVT+F„—F,„+rt„Pv„,

p

where F, and F,„represent, respectively, the interaction
of the superQuid with the boundaries and with the
normal Quid, and F„represents an additional friction
on the normal Quid. F„F„are often assumed to be
negligible with respect to F. . To these equations the
conservation equations are added:

Bp/Bt+ dlvpv =0, pv =p,vs+ pssvss,

8(pS)/Bt+div(pSv ) o„+=o,„. ,

where 0„ is the entropy dissipation of the normal Quid,
while 0,„is the additional dissipation due to the mutual
friction force F, .

The experimental results a,re then used to get infor-
mation on the form of the friction terms. In this way
the so-called "Gorter-Mellink" expression' for the
mutual friction force was derived from the experimental
results on heat conduction. In this case, which in the
two-Quid language is represented by a counterQow of
superQuid and normal Quid

pave+ pssvn =0 s

on the assumption that the velocities v„v„and the
temperature gradient are uniform in the Qow direction,
the normal-Quid velocity is given in terms of the heat
current density q byf %'ork supported by Consiglio Nazionale delle Ricerche.
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''T is well known that the linear hydrodynamical
~ - theory of liquid helium II does not hold for the high-
velocity Qow. The experimental results give evidence of
a critical velocity much lower than that predicted by
Landau for the creation of quantum excitations. An
explanation of the magnitude of the critical velocity
may be found in the creation of quantized vorticity. ' '
In this picture, as soon as the velocity overcomes the
critical value, the superfiuid, being an ideal Quid, will
exhibit turbulence. Scattering of rotons and phonons
by the vortex lines will then produce a friction on the
normal Quid and ultimately the Quid as a whole will
become turbulent. One would then observe two thresh-
old values, the first one corresponding to the creation of
vorticity, and the second to the instability of the whole
Quid with respect to turbulence. Therefore for the erst
threshold one would observe a -critical velocity inde-
pendent of temperature, while for the second one, using
a Reynolds-number criterion (involving the total
density of the Quid, since the normal Quid and super-
Quid are now strongly interacting), the critical velocity
would show the same temperature dependence as the
normal-Quid viscosity. There is some experimental
evidence ' for the occurrence of two thresholds; however,

generally only one Qow regime is considered at high
velocities for which a number of expressions4 have been

given in the literature. However, their comparison
with the experimental results is not easy. Therefore it

,has become usual to represent the nonlinearity by
adding some extra terms to the linear equations of
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slit) on j, the following expression for F, is derived:

F,„=Ap,p„j jv, —v„i' —es'j(v, —v) . (5)

(2 and ss are constants depending on temperature. )
A theoretical explanation of this expression has been
given by Vinen' in terms of the scattering of vortex
lines by the normal Quid. A number of experiments7 do
not agree with expression (5), and it is therefore in-
teresting to look more closely at. the assumptions on
which its derivation has been made, namely,

(a) the same form of the equations describes the
whole range of velocities higher than the critical value;

(b) the velocities and the temperature gradient are
unifo1nl 1n the Qow direction.

For the 6rst poiIlt we recall our plevlous analysis
which indicates that two types of supercritical Qow may
exist: a mutual-friction Qow in a low range of velocity
and a turbulent Qow of the Quid as a whole for still
larger velocities. On the other hand some measurements
on the drift velocity of ions' due to the normal Quid
have shown that, while for low velocity the relation
is satisfied, for high velocities the data indicate that the
velocity may be less than v„o.

A large number of experiments concerning the tem-
perature difference at the ends of capillaries or slits in a
counterQow process may be found in the literature. * —"
In the majority of them the uniformity of the tempera-
ture gradient dT/ds is assumed to hold at all velocities
without direct experimental evidence, and therefore
dT/dh is evaluated by DT/I. where AT is the tempera-
ture difference between the ends of a channel of length
L. Since the existence of a normal-Quid jet outside of the
channel has been demonstrated, "the temperature may
be diferent from the bath temperature in the jet itself.
This effect may be important when I, is small and hX'
is measured as the difterence of the hot-end tempera-
ture and the bath temperature. The experimental data
obtained by Chase' indicate that the temperature
gradient is not uniform. In fact Chase made a correction,
to the measured temperature difference in order to
evaluate the gradient at the cold end of his channel, but
this was an extremely empirical correction, since it was
based on the experimental results themselves. Only two
experiments13'4 have dealt with the temperature dis-
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tribution along a capillary. They were concerned with
the growth of vorticity and therefore the range of heat-
input values was restricted. to a small interval around
the critical region. %e shall mention only the Peshkov-
Tkachenko results since Mendelsshon used only
three thermometers. Peshkov-Tkachenko had 12 ther-
mometers more or less equally spaced along a capillary
1.4 mm in diameter and 8 m long. They report the
results at one value of the bath temperature, T= j..34
'K. The temperature gradient is uniform and follows a
cubic law in the heat input from the critica. l value up to
60 mW/cms ( 4 j„;t,;„~).In this case, then, there is
agreement with the derivation of expression (5) for
F,„.Better yet, we may say that there is agreement with
the Oliphant15 calculations which show that the Gorter-
Mellink hydrodynamical equations plus the conserva-
tion equations in the form (2) lead to uniformity in the
Qow direction of the temperature gradient as well as of
the heat Qux j=pSTv„. KGectively, at this temperature
and for this range of heat current density, one would
have observed a true mutual-friction Qow. No checks
of the uniformity of d T/ds in a larger range of velocities
and for diferent geometries have been made. Therefore
a study of the normal-Quid velocity and temperature
distribution along a channel for a large range of heat
current density is interesting.

In a previous paper" it was shown that heat Qow has
no inQuence on the mobility p of positive ions as long
as the ions are dragged, with velocities less than 7.5
m/sec, by an electric field E which acts in a direction
perpendicular to the Qow direction. Therefore the drift
velocity of the ions induced by the heat Qow must always
be equal to the normal-Quid velocity. The positive ion
may then be considered as a probe for investigating the
normal-Quid behavior as long as its drift velocity, in-
duced by the electric Iield, is less than 5 m/sec. This
restriction comes from the requirement of having a
probe as simple as possible, whereas the known mobility
discontinuity'r at 5 m/sec may involve a complicated
pI'o cess.

On the other hand it is known, from experiments in
rotating helium, " that the negative ions interact
strongly with the vorticity, They may thus be used as
probes for indicating the presence of vorticity as well
as for determining the critical velocity value.

Q. PRELIMINARY RESULTS

(A)

The normal-Quid velocity e„may be derived from the
measurement of the deQection0. of the ionic beam due to

Fis. 41, 142"/ (1961) /English transl. : Soviet Phys. —JETP 14,
1019 (1962)j.» T. A. Oliphant, Ann. Phys. (N. Y.) 23, 38 (1963)."G. Careri, S. Cunsolo, and M. Vicentini-Missoni, Phys. Rev.
136, A311 (1964); referred to as I.

'~ G. Careri, S. Cunsolo, and P. Mazzoldi, Phys. Rev. 136,
A303 (1964).

18 0 Carcr1q W. D. MCCorm1ck1 and F. ScaramQzz1~ Ngovo
Cimento 22, 215 (1962); Phys. Letters 2, 61 (1962).
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b)

nately made by a grid (81), one slit 0.5 mm in width
(82), and two parallel slits 0.5 mm in width each (83).
ln each case the linear dimensions were as in Table I.
In apparatus 82 and 83 a carbon resistor (Allen-Bradley
100+0.5% ~s-W size) was placed near the heater. The
difference between its temperature and the bath tem-
perature was then measured differentially with a sensi-
tivity of about 0.01 m'K. The bath temperature was
measured by means of a carbon resistor calibrated
during each run, ' and the accuracy in the absolute
value of the temperature was of the order +0.005'K.
DiRerent sources were used which provided ionic beams
of variable density ranging from 1X10~ to 2)&106
ion/cm'. Figure 2 shows the comparison between the

o4

o 2

oG

o2

40-
3E

cm
sec

30-

o/

oHo
&:~~& Perspex

$ji~r

20-

Polonium source

+IG. 1.Schematic view of the apparatus (same as Fig. 1 of Ref. 16).

TABLE I. Linear dimensions of the various apparatus.

Apparatus

A
Bi
82
83

s(cm) distance
grid-collecting

electrodes

0.8
1.0
0.8
0.8

a (cm')

0.38
0.46
0.34
0.34

I.(cm)

8.0
6.7
6.7
6.7

a Row of normal Quid in a direction orthogonal to the
beam itself: tann=s„/pE. s" However, in order to
obtain the absolute value of the velocity, we must know
from independent measurements the ionic mobility.
Since we want to study the hydrodynamics of the normal
Quid we must be certain that the extracting electrode,
necessary to get the time-of-Qight measurement" of the
mobility, does not induce any perturbation of the
velocity field. Therefore we will compare measurements
taken with different apparatus both with and without,
and with various geometries of, this electrode. The appa-
ratus and techniques are the same as used in I (see Fig.
1).In apparatus 8 the extracting electrode Vg was alter-

10-
0 Apparatus 82: T = 0.952 'K

Apparatus A; T = 0.953 'K

10
I I I I

20 30 40 SO 6 ~mW/

FIG. 2. Drift velocity of positive ions as a function of the heat
current density, as detected in apparatus A (symbol V) and in
apparatus 32 (symbol o) at about the same temperature.

results obtained with apparatus A and the ones obtained
with apparatus B2. The slight disagreement may be
explained by the difference in the temperature of the
two runs. Since a better agreement was observed when
changing the form of the electrode from one slit to two
parallel slits, we conclude that the velocity field is
indeed left unaltered and that measurements taken
with the various apparatus are comparable and equally
reliable.

(&)

Ior low velocities, the Linear theory must hold.
Therefore the measured velocity must satisfy relation
(4).This check could be more easily done, because of the

II S. Cunsoio, Nuovo Cimento 21, 'I6 (1961).
S.Cunsolo, M. Santini, and M. Vincentini-Missoni, Cryogenics

5, 168 (1965).
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FIG. 3. Drift velocity of positive
ions for low heat current densities
at the temperature T=1.307'K.
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sensitivity of our technique, at relatively high tem-
perature. A number of runs were made around 1.3'K
and all agree in giving, for low heat input, the normal-
fluid velocity according to relation (4). In Fig. 3 the
results for one run are shown in detail. In contrast to
the results of Ref. 8 there seems to be a tendency for the
velocity to increase more than linearly with heat input
when this becomes suKciently high. To investigate
this effect further, a number of runs were made in the
temperature range from about 0.900 'K to about 1.310
'K for a large range of heat-input values. The tempera-
ture difference between the ends of the channel was
determined, together with the velocity, since the
knowledge of this quantity would allow a comparison
with the Row regime studied in channels of comparable
size and geometry by other investigators. In particular,
Vinen' studied the difference in temperature between
the ends of a channel which has a rectangular section
2.40X6.45 cm' and L= 10 cm, and Chase' did the same

for one with a circular section of diameter 0.8 mm and
L=5.16 cm.

The velocity shows a nonlinear dependence on j.
As may be seen from Fig. 4, where the results of some
runs are shown, it is therefore dificult to 6nd an em-
pirical relationship between e„and j. The comparison
with the velocity value expected on the basis of the
linear theory shows that the measured values are
substantially higher than ~„.Moreover it is not pos-
sible to get a unified picture of the results for the whole
temperature range investigated. The temperature-dif-
ference results are shown in a logarithmic plot in I'"ig. 5,
from which one may see that the experimental values
are well represented by a relation of the form used by
Chase'.

AT=D( j—jo)";
(D gp s functions of T) .

In the common temperature and heat-input ranges, our

sec
80.
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FIG. 4. Drift velocity of positive
ions as a function of the heat cur-
rent density at various tem-
peratures.
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PrG. 5. Temperature diGerence between the ends of the channel as a function of the heat current density. Numbers
attached to the curves are the temperatures in 'K.

results may be compared with the results of Vinen and channels was slightly difterent, and one needs to know
Chase. It is dificult to make a good quantitative check how the temperature gradient varies along the channel.
with either experiment because the geometry of the In any case, there is a good qualitative agreement as
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may be seen from Fig. 6 where the exponent e of relation
(6) is plotted as a function of the temperature together
with the Chase values. Ke may then conclude that we
are dealing with the same type of Qow encountered in
all experiments on heat conductivity in helium II at
high velocities.

Ke could then discuss our results along the same line
as the Gorter and Mellink mutual-friction theory. But
in this theory there is the assumption that, whatever
the velocity, relation (4) is valid; and, if we may believe
that the deQection of the ionic beam due to the heat
Qow gives the true normal-fluid velocity value, our
results contradict this assertion. Ke must then investi-
gate the possible sources of error in our measurements
which may falsify the absolute value of the velocity.
Ke recall that in order to evaluate the velocity, we had
to mal. e some assumptions (see I) concerning the uni-
formity of the ion source. While it is dificult to explain,
by assuming a nonuniformity of the source, the dis-
crepancy between the measured value of the velocity
and the predicted one, it is desirable to examine the
method in order to avoid any assumption which could
be questionable. Therefore a new apparatus was
designed in which more accurate deQection measure-
ments could be made by introducing the possibility of
a slight movement of the source electrode along the
channel. Then the movement necessary to restore to
each electrode, in a Qow situation, the values of the
current registered at rest, is directly related to the
beam deQection. Furthermore, the apparatus was pro-
vided with two ionic sources and relative electrodes
which allow the possibility of measuring the velocity
at different positions in the channel. At the same time
the temperature distribution along channels of various
geometries was studied.

III. VELOCITY MEASUREMENTS

Ayyaratus and. Exyerimental Procedure

The experimental arrangement is the one used in the
previous work: a counterQow of normal Quid and super-
Quid is established in a direction orthogonal to the
direction of the electric 6eld which acts on the ionic
beam. Therefore the over-all design of the apparatus is
again an ionization chamber with several detecting
electrodes, wherein an ionic beam is produced by a.n 0,
source and deQected by the heat current. However,
the geometry is diferent in that we now have an
apparatus with cylindrical symmetry in which the
sources are placed on a central electrode leaving a
channel of toroidal cross section (R;„~=2 mm, R, t,

=9 mm). The collecting electrodes are placed on the
external cylinder. The reason for this geometry is
found in the fact that we may be certain to measure the
mean value of the velocity over the cross section of the
channel, while in the rectangular channel this point
could be questioned. A schematic view of the apparatus
in shown in Fig. 7. The central electrode is directly

))))X
, 4i

c'~

))))/

oG
))))),

'
1cm

tZ)&l Perspex

WllÃllrlA Gj)4' br/55

~""' ':~ Silver

Polonium source

Pn. 7. Schematic view of the apparatus. The detail shows
the cold end of the channel.

Ax= tv„=v„ ln—,
2@V Ej

connected to a screw at the exterior of the Dewar, and
its movements are registered by cathetometer reading
of the mark at 8 with a precision of &0.02 mm.

The measurements are done while holding the poten-
tial difference V between the source and the collecting
electrodes Axed. Then the ion moves in an electric field
given by

V
~(r) =

In(R2/R, ) r

8&, R& being, respectively, the radii of the central and
the collecting electrodes.

If the potential difference is such that the drift
velocity of the ions never exceeds 5 m/sec, the mobility
of the ions is constant and the time necessary for the
ion to cross the channel is given by

E'—E' E
ln—.

2@V Ey

If, during this time, the ions are dragged by the normal
Quid, the beam will suBer a displacement Ax:
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Therefore we can check the validity of the method
employed in the previous work for evaluating the beam
displacement from the change in the currents of the
external electrodes, simply by checking the validity of
the relationship between AI; and Dx, namely

100- 60

80- electrode 4' - 80

electrode 2

- 100

Experimental Results and Discussion

(a) Positieeions

40- - 120

20- - 140

0- -160
I I

38 40 42 44 hx (m)

FIG. 8. Changes in the current of the external electrodes as a
function of the source position. The lines are drawn according to
relation (11).

(10)

where I3 is the current received by the central electrode,
and d; the length of the section of the external electrode
j facing the source, which will be evaluated as in I.

and the external electrodes will register a change in
current AI;, which may be evaluated as in I, and is

given by

In order to check relation (11)we register the change
in the current on each electrode for a known displace-
ment of the source at a given potential difference, and
we compare the slope of the experimental curve with
the one predicted by (11).This was done in a number ot
runs at different temperatures, for each source, and for
various values of the potential difference. The agree-
ment is very good, as may be seen from Fig. 8, where the
data for one source are reported. For the same run, the
velocity as a function of the heat input is shown in Fig. 9
where, for comparison, we draw the line expressing the
relation (4). The results at the three positions of the
channel are clearly different because the experimental
error is smaller than the size of the symbols. The results
for electrode 4 are in agreement with a continuous
change of velocity along the channel. A number of runs,
for different values of the bath temperature, agree in

giving evidence of a velocity gradient in the How

direction. From Fig. 9 it is evident that in some posi-
tions the velocity may be higher than v„'.

6
V

C 37
980 4K k .005 4K

Fro 9 Drift velocity of posi-
tive ions as a function of the
heat current density at a tem-
perature T=0.980'K at dif-
ferent positions in the channel.
The experimental error is
smaller than the size of the
symbol. The full line represents
the relation e =e„'=g/pST.

electrode 2
u

u 41

0 2 4 6 8 10
I

g ~ mWi~
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(b) ¹gatine Ious

Since these ions interact strongly with the vorticity,
and the presence of vorticity may induce nonrepro-
ducibility, one must be very careful to start the experi-
ment with a subcritical heat current. We will report
two runs in detail:

Run C33: T=1.086'K~0.005'K. The heat input
0.77 mW/cm', is critical in the sense that for larger
heat inputs an additional noise on the currents is
registered which disappears when the helium is kept at
rest for a while, or better still, in a subcritical Bow. The
corresponding normal-fiuid velocity as detected by
measurements on positive ions is 0.12 cm/sec and the
superiluid velocity w, =1.7XIO ' cm/sec. For lower
velocities the 4 electrodes give, within the experimental
errors, the same value of the velocity v = v

Run C34: T= I. 012& 0. 005' K(see Fig. 10). For low
heat input the 4 electrodes give v =e„0. At j=0.36
mW/cm', e„=0.14 cm/sec, v, =1.2&(10 ' cm/sec, the
results for the various electrodes begin to be different,
and on going back to low velocities, the first results are
no longer reproducible. For larger velocities the currents
on the electrodes varied continuously up to 2.8 mW/cm',
and at this value there was a decrease in the total
current. Such a decrease had been observed before'
and was thought to be the critical velocity for a channel.
Now we may say that there is another critical value,
much lower, which is in rough agreement with the
extrapolated value of the Meservey" curve. For this
same run the positive ions gave for low heat input, on
the 4 electrodes, v =~„', but since this was not true for
velocities higher than 0.14 cm/sec, we may also say that
above this first critical velocity there is a gradient in
the normaMuid velocity. The gradient is such that, at
some position in the channel, the velocity may be higher
than v„'. We might try to ascribe the observed gradients
to conduction of heat across the Perspex walls of the
channel. However, on this basis we would expect, in the
first place, the same qualitative effect at all tempera-
tures and quantitatively a higher effect for higher heat
input; in the second place we would nowhere have ob-
served a velocity higher than e„.Therefore, the gradient
is indeed due to the hydrodynamics of the system.

TABLE II.Linear dimensions and number of thermometers in the
channels used to detect the temperature distribution.

Run C 34 T 1.012 'K

Negative ions

, 20-

Y'
, cm/

15-

,10-

~ & electrode 2

0 a electrode 2

.05

I

-2 ~ 4 -5 6 j ~mWy

FIG. 10. Drift velocity of negative ions as a function of the heat
current density at T=1.012'K. Symbols &, & show measurements
taken with diminishing heat current shortly after having observed
the supercritical How. The sequence of the measurements is shown
by the arrow.

IV. TEMPERATURE GRADIENTS

Experimental Apparatus

Since in every hydrodynamic problem the boundary
conditions are very important, we may predict diferent
effects due to variations not only of the geometry but
also of the cross-sectional area and of the length of th, e
channel. Thus the observed disagreement between the
velocity values obtained with the diferent channels by
our and others' experiments' may be due to either of
two causes; that the boundary conditions are diGerent,
or that the velocity is measured at different positions
relative to the heater.

0 (cm') /II(cm) & I, (cm)

R1
C1

R2
C2

36X10 '
9.4X10 '
0.36
0.36

0.06
0.11

0.60
0.68

a dz is the hydraulic diameter.

"R. Meservey, Phys. Rev. 127, 995 (1962}.

12.3
11.6

11.6
11.6

No. of
thermom-

eters

The apparatus used was of two geometries: square
cross section (indicated by the symbol R) and circular
cross section (indicated by the symbol C). In Table II
we report the dimensions and number of thermometers
used in each apparatus.

The channels were made of Perspex, whose walls
were at least 2 mm thick. The heat conductivity of
Perspex is 0.4 mW/'K cm; thus the heat flow across 1
mm of Perspex, for a temperature difference as large as
0.1'K, is equal to 0.4 rnW/cm', which is essentially
negligible compared with the heat input necessary to



produce such a temperature difference. The thermom-
eters were carbon resistors (Allen-Bradley 10 0&0.5%
—,'-W size). They are held in the walls of the channel and
communicate with it through small holes of 0.05-cm
diam in order to introduce as small a perturbation as
possible on the Qow. If a transverse temperature gra-
dient is established over the cross section of the channel,
its inQuence on the longitudinal gradient may be con-
sidered as negligible. The temperature difference be-
tween each thermometer and the bath was measured
differentially. A decade resistor could be placed in
series with either of the internal thermometers, so that
temperature differences could be measured directly. The
sensitivity of the measurement was of the order of
0.01 m'K.

Experimental Results and Discussion

The distribution of temperature along the channel
relative to the bath temperature is shown in Figs. 11
and I2 for the channel C1 for various values of the heat
current density at a bath temperature T=0.973'K.
This channel and the others have been examined at
different values of the bath temperature in the range
T=0.865—1.200'K for heat-current densities ranging
from 20 mW/cm' to about 1 W/cm'. The behavior is

qualitatively the same as that shown for channel C~.
An example is given in Fig. 13 for one of the wider
channels (R2). The temperature distribution seems to
depend on the linear dimensions of the channel. The
arrow on the distance coordinate in the figure indicates
the length of the channel. Extrapolating linearly the
temperatures measured by the two thermometers near
the cold end of the channel, it may be seen that one
obtains the bath value for a distance from the heater
larger than the channel length. The difference decreases
with increasing channel width and with increasing heat
current. This effect is in agreement with the possi-
bility of a temperature variation in the normal-fluid

jet outside of the channel. But in that case all the experi-
ments which determine the gradient by measuring the
difference between the hot-end temperature and the
bath temperature, and assuming gradT=AT/1. , are
wrong by a factor which may not be independent of the
heat input and which is large unless the length of the
capillary is very large compared with the transversal
dimensions. This last statement is satis6ed in the ex-
periments with very narrow capillaries or slits, in which

the normaMuid viscosity values, as determined from
the linear dependence of the temperature gradient on

j, were found to be in agreement with the results ob-
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FIG. 11. Temperature distribution in channel C1 for difFerent
values of the heat current density. The lines are drawn simply to
connect the experimental points and do not show any analytical
relation. The arrow on the abscissi indicates the end of the channel.
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Fio. 12. Same as Fig. 10 for larger values of the
heat current density.
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tained by other methods. """"We may compare our
measurements with the results of other experiments' '
using the difference between the temperature of the
thermometer nearer to the heater and the bath tem-
perature. It is better to make this comparison with the
values of Chase, which extend to lower temperature
than those of Vinen; and for the channel C1, which is,
by virtue of its shape and dimensions, the most similar
of our channels to the one used by Chase. Chase gave
his results in terms of (gradT)*, de6ned as the tem-
perature gradient minus the contribution due to the
normal-Quid viscosity, which for a cylindrical capillary
is given by

grad T=8e„j/R'(pS)'T

(& is the radius of the capillary and the meaning of the
other symbols is clear).

Thus we compare our results in terms of 6'r~,
defined in the same way as (gradT)*, with what we may
estimate from the Chase plot. This comparison is shown
ln Flg. 14 for two values of thc bath tcmpclatulc which
are very close to each other. The range of j is diAerent
in the two experiments but, for the common interval,
the qualitative agreement is good and the slight dis-
crepancy may be ascribed to the different temperature
distribution caused by the difference in the geometry of
the channels. All of our results show that, far from being
uniform, the temperature gradient varies strongly along
the Qow direction. Only for the lowest heat current
densities, that. is for the lowest Qow velocities, may the
gradient be uniform within the experimental errors.
On the basis of a mutual-friction Qow one would expect
a variation of the gradient along the channel due to the
variation with temperature of the quantities entering
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FxG. 13. Same as Fig. 10 for channel R2.

the expression of the gradient in terms of j.
Ap„(p)s
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Fxo. 14. Comparison of the total
temperature diGerence between the
ends of channel C1 with the Chase
results for a channel of the same
geometry and comparable tran, sversal
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» F. A. Staas, K. W. Taconis, and W. M. Van Alphen, Physica 27, 893 (1961).» D. F. Brewer and D. 0. Edwards, Phil. Mag. 6, 1173 (1961).
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Qualitatively, this would correspond to a larger
gradient nearer the heater, which is in agreement with
what we found. However, there is no quantitative agree-
ment, since the variation predicted by (13) is practically
negligible unless the total temperature difference is of
the order of j.'K, while the maximum measured value
for this difference in our experiment is of the order of
0.1'K. We would then have observed a uniform
gradient within the experimental errors. Also expression
(13) does not indicate any dependence on the channel
dimensions.

V. CONCLUSION

The measurements on the negative ions indicate that
before the threshold, revealed by a decrease in the
total current received by the collecting electrodes and
which is explained by the capture of the ions by vor-
tices, another critical velocity exists. This first threshold
is related to the appearance of various effects (larger
noise in the currents, nonreproducibility of the data,
hysteresis) which may be interpreted as indications of
the presence of vorticity in the fluid. The fact that the
superfluid velocity corresponding to this threshold

(v, 1.5&(10 ' cm/sec) is in very good agreement with
the critical value for the creation of a quantized vortex
ring of radius equal to the external radius of the channel

(v, =1.7X10 ' cm/sec) gives support to this interpreta-
tion. Since the second threshold has a temperature
dependence which corresponds to a constant Reynolds
number, one may suggest that it indicates a distribution
of vorticity in the whole volume of the channel such
that the two Quids, being strongly coupled through
mutual friction, may show instability with respect to
turbulence of the Quid as a whole. The results on the
positive ions tell us the behavior of the normal Quid

when there is vorticity. We do not observe any hysteresis
phenomena in this case, and the results are com-

pletely reproducible. The deflection of the ionic beam

gives the normal-Quid velocity directly. The results

indicate the existence of a gradient in the Qow direction.
There is no clear evidence of the threshold for instability
to turbulence but, as in the case of a classical Quid, this

may be revealed by a change in the analytical depend-

ence of the velocity on the heat input. In the case of
mutual-friction flow, this dependence is of a complex
nature and hence the inflection point, which would

indicate the onset of turbulence in the whole Quid,

could be obscured. The fact that the temperature

gradient in the flow direction is not uniform is directly

connected with the existence of a normal-Quid velocity
gradient, since in He II the heat flows with the normal
Quid, and may thus be used as an independent test of
the behavior of the normal-Quid velocity. The assump-
tions on which the mutual-friction-force expression was
derived by Gorter and Mellink and by Vinen (uni-
formity of dT/ds and v ) are not satisfied except per-
haps in a small velocity range. Since the normal-Quid
velocity and the temperature gradient vary with the
position along the channel, one could try to find the
relationship between velocity and temperature gradient
point by point in the hope of deriving the expression
for the mutual-friction force. Some preliminary results
along this line show that the temperature gradient is
proportional to e ' and the proportionality constant
depends on the channel position. More work is in
progress; however, this result may be interpreted as an
indication that there is no empirical necessity for an
additional term in the hydrodynamical equations
describing the mutual friction, since in the presence of
vorticity in the superQuid, the two velocity fields are
no longer independent and the higher order terms in the
equations (being no longer negligible) may explain the
experimental results. For instance the thermohydro-
dynamical equations given by Galiasevich'4 contain
some friction terms which may give instability at large
velocities. This has been independently suggested by a
Leyden" experiment which, indicating that the pressure
gradient for large velocities follows Blasius's empirical
relation for a classical turbulent Quid, has shown that
the Qow may be described better by new solutions of the
equations rather than by additional terms. While the
pressure gradient must be sensititive to the new energy
dissipation which accompanies the creation of vorticity,
the temperature gradient reacts to it only indirectly
through the normal-fluid velocity. This fact may ex-
plain the disagreement found experimentally by various
authors on the critical velocity values, since in order to
observe the threshold for the creation of vorticity in the
superfluid, one must be very careful which phenomenon
is being observed.
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