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PART I

THE RADIAL FLOW OF SUPERFLUID HELIUM

OVER A HORIZONTAL SURFACE



„ 1 „

INTRODUCTION

Although film transfer of superfluid helium has been extensively
1

studied, (Jackson and Grimes, Review Article 1958) most observations

have been made using vertical surfaces. The behaviour of superfluid

helium on a horizontal surface can be quite different, and it was the

purpose of this work to study some aspects of this behaviour.

The experiment reported here had three main objectives:

(i) To study the flow of superfluid helium over a

horizontal surface

(ii) To look for a contact angle between the bulk

liquid and a surface covered by the film'

(iii) To observe superfluid helium flowing over a sharp

edge.

Section (iii ) in particular was stimulated by work on enhanced

film transfer into vessels where the rim was close to or even below
2

the bath liquid surface. Allen (1961) reported that enhanced, but

apparently measurable, film flow took place into a beaker not only

when the rin of the beaker was just at the bath surface but even when

the rim of the beaker was as much as 0.6 mm. below the bath surface.

It had been expected that such immersion would cause the liquid helium

to flow in uncontrollably but this was clearly not the case. It was,

therefore, decided to study the phenomena in more detail.



Circular Stainless Steel Plate Used to Observe the

Radial Flow of Superfluid Helium

PLATE 1
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APPARATUS

The apparatus used to observe the flow is shown in Fig. 1 and

Plate 1. The horizontal polished circular plate A of stainless steel,

was 2.8 cm. in diameter and 2 mm. in thickness. The plate surface was

lapped to ensure perfect flatness to within 5 x iO ^ cm. , Successively-

finer grades of abrasive were employed, finishing with jewellers rouge

which had been allowed to settle in water previously. This gave the

finest possible abrasive. The plate was kept in good thermal contact with

the helium bath B by a copper tube C soldered to it and dipping into the

bath. A 'fountain' pump consisting of a heater D above a 'superleak' E

was attached to the plate by the tube F. The heater was made by winding

40 s.w.g. Eureka wire on a plastic former and inserting this into the

tube via a Kovar seal. The heater had a resistance of ^ 18 ohms. The

'superleak' was made of two sections of glass tubing, 3 cm. long and 3 mm.

inner diameter, packed with jewellers rouge and joined by a glass metal
48

seal. The 'fountain* pump relied on the 'fountain' effect in He II in

which n-fluid flows away from the heat source, balanced by a flow of s-fluid

towards the heat source. The viscous n-fluid was unable to pass through the

'superleak' E, but the s-fluid passed through with ease. The current in the

heater D controlled the rate at which the superfluid component of He II

flowed through the 'superleak' and up to the plate through the central hole,

G 3 mm« in diameter. Thus the application of heat to heater D caused a rise

in liquid level in G.

For high heat inputs He II flowed over the rim of the plate and was

collected and measured in a transparent perspex trough H* which was cemented

to C. The apparatus and in particular the surface of the flow plate, were

protected from radiation, from excessive evaporation and from dust and

* The level in H was measured by a cathetometer.

P>(T.O.



condensed impurities, by a silvered glass shield K, with small clear

strips through which the surface could be viewed. The whole apparatus,

including the radiation cover, could be raised and lowered by means of a

rod passing through the top of the cryostat. For some experiments a

heater was glued under the circumference of the plate. The events on •->

Operation of the cylindriaal trough for the measurement of

angles of contact, showing three possible liquid levels

(a) Convex upwards.

(b) Perfectly flat

(c) Concave upwards.

The width of the liquid surface when its edges show no

curvature (i.e.(b)) together with the radius of curvature

of the trougf)feurface gives the angle of contact.
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the surface of the plate were observed and measured using a

cathetometer.

A subsidiary apparatus was used in an attempt to measure the

angle of contact. The flat plate in the above apparatus was replaced

by a stainless steel trough. (See Plate 2.) The trough was made from

a section of a stainless steel tube whose inner surface, radius 2",

was highly polished. The two sides of the trough were closed by

perspex windows and made superfluid tight by indium seals. (s«.e
A. modification of this apparatus is shown in Plate 2. In this

arrangement the reservoir was filled by dunking, and liquid held in

the reservoir by the 'fountain' pump, the heater for which was placed

near the reservoir. When the heat supply to the 'fountain' pump was

cut off, liquid helium flowed through the 'superleak' to the trough by

gravity. A simple trough was made with no 'fountain' pump which could be

filled or emptied by film flow or by dunking below the bath surface.

Temperature Measurement s

The temperature was measured by measuring the vapour pressure on a

standard manometer, since in this region the vapour pressure is strongly

dependent on temperature. All'measurements were made at a temperature of

1.65°K + 0.1°K, equivalent to a vapour pressure of 7 nun. of Hg.

A graduated glass beaker was mounted above the apparatus on the

support rod and the measured film flow transfer rates out of this

gave a good check for contamination. Film flow rates over dirty glass
49

are much greater than over a clean surface.

Cleaning of Plate

Particular attention was paid to surface cleanliness. Washing of

the plate in carbon tetrachloride was inadequate as this left a thin

film on the surface. The procedure finally adopted was to suspend the

plate in the vapour of refluxing carbon tetrachloride for one hour.



Stainless Steel Trough For Observing Contact Angles

PLATE 2



This method had the double advantage that the liquid washing the

surface was newly condensed and therefore pure, also the solvent would

be hot and therefore more effective in dissolving unwanted grease.
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RESULTS

In the initial runs using the apparatus with the flat plate, four

different situations occurred. These will be described in the order

in which they occurred for increasing heat input to the 'fountain' pump

and therefore in the order of increasing liquid volume flow to the plate.

(a) With zero input to the heater D, the plate was presumably

covered by a static film"*" whose thickness was appropriate to its height

above the bath level or above the level in F . With a low heat input to

D, the level in F rose and the film on A would thicken accordingly and

flow radially outward, as indicated in Fig. 2(a).

(b) As the level in F approached the top of the hole, the film on

A thickened considerably, Fig. 2(b), and this was observable as a change in

the appearance of the plate surface as viewed by reflected light. The

liquid presumably filled the small scratches in the plate surface, thus

reducing the amount of diffusely reflected light and giving an apparent

darkening of the plate surface.

(c) Further increase of the heat input caused the liquid to form

what can be described as a 'dynamic sessile' drop with a sharply

defined perimeter between it and the thick film outside it. This is

shown schematically in Fig. 2(c) .

When the bath liquid was clear of the plate, the surface of the

dynamic sessile drop was disturbed by waves radiating from the centre.

(d) When a comparatively large heat input (« 15 mW) was supplied

to the fountain pump, the dynamic sessile drop extended to the edge of

the plate in the manner of Fig. 2(d). Further increase of heat input

up to 80 mW caused the height of this 'edge drop' to increase to a

maximum h « 0.67 + 0.05 mm.
m —

These topics will now be treated separately.
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(a) and (b) •- Fila Thickness

No attempt was made to measure film thicknesses.

(c) - 'Dynamic Sessile1 Drop

This title seems a contradiction in terms.

'Sessiler is meant to imply that "bulk liquid is located in one

place, over the central hole of the plate.

'Dynamic' refers to the fact that the liquid composing the drop,

was constantly changing. Liquid was flowing in from the fountain pump

and out by film flow from the drop perimeter.

The perimeter of the drop was clearly defined and the contact

angle appeared to be in the neighbourhood of 5 - 10 j accurate

measurements of the drop profile were not made.

(i) Transfer Rate .from .the ..Drop

In order to determine the fluid flow occurring through the

'sessile' drop, a measuring bath H was fitted beneath the plate.

The copper heat leak C was extended underneath the plate to form

a 'skirt.' Liquid flowing from the plate then dripped from this

'skirt' into the measuring bath.

A 'dynamic sessile' drop of the required size, was maintained on

the plate and the rise of liquid level in H observed through a

cathetometer. Marks on the plate surface proved a means of estimating

the drop diameter. This method however, was later superseded by the

use of a second cathetometer.

The main difficulty was in keeping the drop constant on the plate.

If the heat input to the fountain pump was adjusted to give a sessile
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drop on the plate and then left unaltered, the sessile drop shrank

after a time and the transfer rates were reduced correspondingly.

This occurred because, for a fixed heat input, the fountain pump was
2

only able to maintain a constant hydrostatic head above the outer bath

level. As the bath level dropped, the top surface of the drop fell

correspondingly.

The technique eventually adopted was to set the heater current

to a particular value, observe the size of drop formed by this heat

input, and measure the initial rate of rise of the level in the bath H.

These three operations were accomplished in approximately 10 seconds.

The rate of film flow transfer out of bath H, was measured by

observing the bath level after the heat to the fountain pump had been

removed. This rate of fall had to be added to the measurements with a

drop on the plate, to give the true transfer rates from the 'dynamic

sessile' drop. The results are shown in Fig. 3« It can be seen that

transfer rates away from the drop were approximately proportional to

the drop radius. The transfer rate Q from unit length of the drop peri-
"*5 S —I

meter, was 177 1 '5 x 10 cm sec" and independent of drop size. The

drop adjusted its size according to the total flow through G.

(ii) Reason ..for ..the _ ^Dynamic .Sessile..Drop

The existence and stability of the 'dynamic sessile' drop can be

explained in the following way.

Imagine first that a drop exists on the plate under the conditions

described. The drop over the central hole consists of bulk liquid

flowing radially outwards across the plate under the influence of a
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hydrostatic pressure gradient. The film flow outside the drop

perimeter, on the other hand, is independent of the pressure head,^"
and consists mainly of the superfluid component. The contribution of

the 'normal' component to the film flow is small both because of its

small concentration at 1.6°K and because it experiences a large

frictional resistance in the comparatively thin film. The velocity

and transfer rate by the film will follow the curve given by Atkins.^
Since for mass conservation 2nvd = p volume/sec/cm. flowing

from the 'fountain' pump; for a fixed Q, vd will decrease for increasing

r. The film transfer rate v^d^ outside the drop perimeter will increase
with decreasing r in order to conserve mass and also because the film

thickens as it approaches the dynamic sessile drop. At the perimeter

of the drop the transfer rate due to the film and bulk liquid in the

drop are equal.

At the perimeter of the drop there will be a transition between

these two regimes of flowj at a certain depth dQ of liquid on the
plate, the normal fluid flow will fall off rapidly. Inserting the

C Q

observed transfer rate vd ^ 180 x 10 cm /sec. (Patje 12) from one cm.
3

of the drop perimeter on Atkins curve^ of log^vd versus log^d, would
-4

predict a value of d = 2 J2. x 10 cm. and v =8 cm/sec. If the
o s

c

3
rate of supply of liquid through the 'fountain' pump is Q cm /sec ., the

drop will then adjust its size until

Q = 2n vd r
o

where Q 13 volume flow/sec.
d «■ liquid depth

v^ = film velocity

(1)

v ■= fluid velocity

r ° radius on the plate

df = film thickness



0

Sectionof"DynamicSessile
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Therefore for constant vdQ the radius of the drop is directly-
proportional to the rate of supply of liquid through the fountain

pump as observed. (Fig. 3)

(iii) The Shape of the Sessile Drop

Liquid in the drop has a velocity v < 10 cm/sec. and therefore

its profile will be approximately that of the stationary sessile drop. *
This profile may be calculated in the following way.

For equilibrium at the point P (Fig. 5) the hydrostatic pressure

head pgy must be balanced by the pressure due to surface tension.

(2)i + i
rl r2

pgy

(Close to the edge of the drop the fluid velocity is higher and the

Bernoulli effect introduces a small correction.)

where r^ = radius of curvature of profile of drop surface
^ = " " " in horizontal plane (of drop surface)
cr « surface tension

y = depth below top of drop

p = total liquid density

For a large sessile drop — is negligible .

r2
1 dy d^.dy w dVNow — = T- " T- J ~ Sin* -j—
r^ ds dy ds dy

where s ™ arc length

.*. Sin^ dY - ^ y dy
Integrating and noting that V = 0 when y = 0

2
£££ - (1 - Cos V)

<r

S Sin-| where A - fi£
. 2 cT

yL

* Any velocity effects occur in the unobservable drop-film boundary-..



PROFILEOFASESSILEDROPderivedfromequations(3)and(4)page17.
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Similarly for x

dT ~ r~ T
Cos.¥ ^ = Ay = 2^A Sin.T,

x log.^ + 2rjk Cos.|j
-V f

Substituting e for tan.^- gives

x = 2VA (tanh p - j|) (3)

and y = 2jk (sech p) (4)

The appropriate part of the curve represented by these two

equations is shown in Fig- 6. When normalised to the drop height,

this curve gives the variation of liquid depth d with r.

(iv) - Comparison with Atkins 'Transfer Rate 1 Diagram (See Fig. 6a)

For conservation of mass in the 'dynamic sessile' drop

v dr = Constant = 180 x 10 cm /sec.
s '

Eliminating r from this equation and a graphical solution of

d versus r obtained from the above computed profile, gives a

relationship between v d and d. The form of this relationship,

plotted on Atkins graph of log-^vd vs log^d, describes completely
the phenomena observed on the plate surface. There are three

significant sections.
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Diameter Height

ran. ran.

3.0 0.2 + 0.02

5-7 0.37

7.0 O.kl

9.0 0.26

9.0 0.3U

13.2 0.37

16.0 0.3k

25.0 0.51

Temperature s i.6°K

Dynanic Sessile Drop Height

as a Function of Dianeter

TABLE I

N.B. The error + 0.02 mm. is the possible error in the measurement of
height. The actual height of the drop is more uncertain than this
because of the experimental difficulty of obtaining a height
measurement before the drop began to shrink. (Page 12)



" ,v
Profile of a Typical Dynamic Sessile Drop

Lower solid line,the proposed Transfer
Rate for various sections of the

Dynamic Sessile Drop.

Upper solid line reproduced from AtkinsJCritical
Transfer Rate Diagram.

(For significance of sections I to IV see text, pages 19a & 19b)

-5 -3 -2
Liquid Depth (log^d )

-1

FIG.6(a)
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_4 1
I. At the edge of the plate where d « 10 cm. flow is by the film only

and the transfer rates follow exactly the relationship

Vg d - Cd J (\2)
*5 3 ^ 4 -1

(van Alphen ) where C = Constant 1cm sec.
c-x

obtained from Atkins transfer rate diagram . The dependence of film

thickness on r the distance from the centre of the plate, can be

calculated by eliminating v from equation (u) and the mass conservation
s

c

equation

v d r = Total volume flow rate (13)
s

The profile of the film outside the dynamic sessile drop of radius -

1 cm. is shown in Fig.&(<*•).
II.. Near the perimeter of the dynamic sessile drop at some depth dQ of
the liquid, a significant amount of n-fluid enters the flow and a

hydrostatic pressure gradient is necessary to maintain this flow. This

means that the depth of liquid must increase further with decreasing

radius on the plate. In this region, however, the profile of the liquid

surface is determined predominantly by surface tension (See equations (3)

and (4) PJ7) and the drop thickens more rapdily than is necessary to

accommodate the critical transfer rate. The actual transfer rate across

a section in region II of the drop is therefore lower than the critical

transfer rate, and pure superflow occurs.

III. Equations (3) and (4) predict that the top surface of the sessile

drop is flat to better than 0.01 mm. to within 2 mm. of its perimeter.

In this 'flat' region it is obvious that the depth d remains constant

while the transfer rate across unit length of the section continues to

increase with decreasing radius of the section.
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IV. Towards the centre of the drop for sufficiently high heat inputs

the transfer rate v d reaches the critical values v d. On the diagram (Fig.6as s
c

this is where the vertical line, corresponding to region III of constant
3

drop height, cuts the horizontal portion of Atkins transfer rate curve.

This horizontal section of the transfer rate curve which was previously

associated with the superfluid critical velocity, has now been shown by
53

van Alphen et al to correspond to the onset of classical turbulence.

If the drop liquid reaches this critical transfer rate at a radius

r = r then for r < r the transfer rate /unit length perimeter mustc c

increase and therefore the turbulence remains and the liquid must increase

in depth to accommodate the volume flow. This could account for the

comparatively high reading obtained for the height of a drop of diameter
(Table I)

25 mm. At high heat inputs small •blimps' were observed over the centre '

of the drop, as shown in the figure

The edge of the sessile drop is a pseudo hydraulic jump. The

increase in drop height near the centre of the plate for large sessile

drops is a true hydraulic jump similar in nature to hydraulic jumps
#

occurring in classical liquids.

(v) - Sessile Drop Height

The height of the drop was measured as a function of radius. The

results are shown in Table I. Again the main difficulty in making

these measurements was in maintaining the drop steady. An advancing

drop tended to be higher than a receding drop of the same radius. All

*e.g. tidal bore
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the measurements recorded are for approximately stationary drops.

The resulting drop height is 0.35 i 0.05 mm. independent of drop

diameter, provided the drop is clear of the edge of the plate and the

central hole.

The first reading for a drop just spanning the hole and the last

for a drop almost extending to the edge were discarded as spurious. A
at.a drop diameter of 25 cm.

reason for the . . high reading As given above. (P.19)

In order to estimate its height, the sessile drop is considered

as a container emptying at its perimeter by means of film flow. The

maximum velocity of bulk liquid occurs at the drop perimeter where
_k „ .

dQ = 2.2 x 10 cm. and v ^ 8 cm/sec. These values were obtained from
)

plotting the observed vd = 180 x 10" on the curve given by Atkins.

This maximum velocity occurs when the hydrostatic pressure due to the

drop height exactly balances the negative pressure due to the

Bernoulli effect.

i.e. when v = V^gh (5)

Substituting v = 8 cm/sec. gives

2
h => = 0.33 mm.

a value in remarkably good agreement with the observed drop height of

0.35 mm.

(vi) - Waves

When the outer bath liquid level was below the copper heat leak C,

the plate was thermally isolated from the bath liquid. Under these
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conditons, the surface of a drop maintained on the plate was disturbed

by waves radiating from the central hole. Their frequency f = 5 "to 10

cycles/sec. and the velocity u p/10 cm/sec. were measured using a

stroboscope.
Il

Oscillations of this kind were predicted by Robinson and

q
observed by Manchester and Brown*^ under adiabatic, conditions. They

used an adiabatic container connected to the bath liquid by a superleak,

and initiated the oscillations by discharging a condenser through a

heater in the container. They observed oscillations with a frequency

of approximately \ cycle/sec. at 1.6°K.
They predict the theoretical frequency for ideal adiabatic

oscillations to be given by

JL
to = CO. (1 + a)2 (6)

a. J_

K
_

°i \P JL*)
I '"s 1 Frequency of isothermal (nswhere «. -|— - 030UlationS (7)

where A = cross-sectional area of the superleak

JL - length of superleak

a = cross-sectional area of observation capillary

and

2
aTS

a
gvc L s vap.}

(8)
vap.

where S and C are the entropy and specific heat respectively, of He II,
dp
— is the gradient of the vapour pressure curve, and T is the
dTvap.



3
Superfluid velocity through the fine pores of the superleak

m -1v 50 cm.sec
s

c

3
The volume 0.4 cm above the superleak emptied in approximately

20 sees.

A 0.4 3 -1
.. v A = -^r- enr sec.

s
c

A = 4 x 10 ^cm^
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absolute temperature.

When the flat plate used in the author's experiments was clear of

the bath liquid, the arrangement was very similar to that of Manchester

and Brown.^
If the above equations are applied to the case of the sessile

2
drop, 'a' made equal to the area of the drop, say 3 cm. , and

j, 2 (*see opposite)
A = ii- x 10 cm. calculated from measured emptying rates through the

superleak, the frequency of oscillations obtained is ^6 cycles/sec. in

good agreement with the observed frequencies.

The waves once generated at the centre of the plate travel

radially outwards and will have a velocity consistent with the depth of
5*4•

liquid on the plate. They are assumed to obey shallow liquid theory in

which case the velocity of the waves will be given by

v = A/IT

substituting h = 0.035 cm. gives v^6 cm/sec.

The waves on the sessile drop persisted for as long as the drop

was maintained on the plate, several minutes in many cases, and

showed no signs of being damped. Moreover waves appeared spontaneously

on an initially stable sessile drop when the bath level -Pell below the

plate. Both observations suggested that there was a degree of

'positive feed back' in the system, tending to perpetuate wave

production. The following mechanism is suggested for this feedback.

When the heater is first switched on n-fluid flows onto the plate

and, being unable to escape from the sessile drop, it gives up its
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•beat' to the plate, raising its temperature until no temperature

gradient exists between the fountain pump and plate, n-fluid flow

persists in this direction for a finite time after temperature

equilibrium is reached, making the temperature of the plate exceed

that of the liquid in the fountain pump. The reverse thermomechanical

effect eventually takes over and continues until the original

situation is reached. This theory is supported by the observation that

waves could not be produced when the bath liquid was in thermal contact

with the plate. In this case the plate would always be colder than the

liquid in the fountain pump and n-fluid would always flow away from the

fountain pump

(vii) • Contact Angle

The existence of the sessile drop has been shown to be a

consequence of liquid transfer across the plate by two different

regimes of flow; bulk liquid flow and film flow. The angle at which

the surface of the drop approaches the plate is therefore not a true

contact angle as observed for classical non-wetting liquids.

Consideration of the dynamics of liquid flow across the plate showed

that a certain height of bulk liquid would accumulate above the centre

of the plate. The 'contact' angle observed was then the slope of the

predicted sessile drop profile at this depth below the apex.

An attempt was made to measure the contact angle by determining

the width of the perfectly flat surface in cylindrical stainless steel

troughs. The idea was that, as the liquid level rose in the trough,

the angle between the horizontal liquid surface and the trough at the
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liquid edge increased and,therefore, at some point the liquid surface
(Fig. 6 b)

would change from convex upwards to concave upwards. The method works

well for classical liquids. However for liquid helium there were

several reason why the method was completely inadequate.

For example, the perimeter of the expanding pool of liquid in the

trough remains • nearly constant, a situation quite different from

the dynamic sessile drop previously described. The film flowing away

.-from the pool must rise over the edge of the trough. The liquid

meniscus on the trough window tended to obscure the surface being observed.

Liquid helium under nearly all circumstances appeared wetting.

Dzyaloshinskii et al^ have calculated the contact angle for a

droplet of liquid resting on a substrate covered by a wetting film of

the some liquid. They obtained the chemical potential of the liquid

film from a knowledge of the dielectric constant of the liquid and

sub strate.

(9)

where the chemical potential ~ ~ ^

JL = film thickness

c 1:5 dielectric constant

cr «=» surface tension

Measurements of the helium film thickness give the coefficient of
•3

JL and hence hw 6 eV.



Small radius of curvature,
therefore high internal pressure

Drop profile vertical at
the edge.

V

(a) (b)

Two ways in which liquid might flow over a sharp edge

(Fig. 6c)
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Substituting this value in equation 9> and- & = 2.2 x 10 era.
max#

observed here, gives 9 ** 0.1°. This is below the limit of observation

in the author's experiment.

(d) - Flow over the Edge of a Horizontal Plate

When a comparatively large heat input >15 mW was supplied to the

fountain pump, the dynamic sessile drop extended to the edge of the
P.8

plate in the manner of Fig. 2(d). / Further increase in heat input up

to 80 mW caused the height of this edge drop to increase to a maximum

of 0.67 i 0.05 mm.

The problem of the edge drop can be treated classically as a

consequence of surface tension and does not involve any superfluid

properties directly. The surface of bulk liquid helium, like any

classical liquid, cannot follow closely the contour of the substrate

when flowing over a sharp edge. The pressure in a classical liquid

due to surface tension a and curvature — is p =
r *0 r

Flow by a thin layer of liquid over a sharp edge would infer a

snail value of r, and therefore a high internal pressure head of
(Fig. 6c)

liquid is required for this kind of flow over the edge. The profile

of the bulk liquid on the plate is governed by surface tension and a

large hydrostatic head is therefore inconsistent with a small radius of

curvature at the edge. Therefore bulk liquid cannot flow over the edge

until the edge drop increases in height to the point where the bulk

liquid surface at the edge is vertical. One can infer then that the

maximum height b^ of an edge drop of a wetting liquid is given by the
height above the equator of a classical non-wetting sessile drop; that



Fig. 7.
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is, hm is reached when the tangent to the edge drop profile at the
51

edge is vertical. When this is so
1

2^ 2
h - — (10)

m pg

-2 52
Substituting the values for liquid helium cr= 0.33 ergs.cm and

p = 0.145 grm.cm. J gives hm = 0.68 mm. in excellent agreement with the
observed hm = O.67 mm. + 0.05 mm.

Looking at the equilibrium conditions which hold for a flowing

edge drop, the internal pressure at the edge of the drop must be

almost equal to that just below the edge; and Laplace's formula holds

(Pressure at edge of drop) — (Pressure below edge of
plate)

i +i
Lri r2 f —- (ID

where the radii of curvature are as shown in Fig. 7.

Since in this case r^, and r^ are all positive, it follows that
r^y the radius of curvature in the horizontal plane just above the edge
of the drop, must be greater than r^, the radius of curvature in the
horizontal plane just below the edge of the drop. This condition cannot

therefore, be satisfied by the liquid pouring uniformly over the whole

perimeter surface, since this would give a liquid surface radius & »

but only by it pouring preferentially down one or more narrow columns

or rivulets whose effective radii of curvature are given by r^. This is
illustrated in Fig. 7« Since this is the condition for the maximum

height of drop h , any further supply of liquid to the drop will cause

the columns or rivulets to adjust their size and number in order to cope

with the increased flow. The same argument could be applied to the
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filling of a beaker dipped into a liquid so that its rim was held at

a depth d h^ below the surface of the liquid. Filling of the beaker
by bulk liquid will be by rivulets which are convex towards the centre

of the beaker and the horizontal radius of curvature of the rivulet

surface will be greater than the inner radius of the beaker. This
z

could account for the fast filling observed by Allen under conditions

when uncontrollable flooding of the beaker night have been expected.

Flow of Benzene over Talc

In order to confirn that the problem of the edge drop was a

classical one and not limited to liquid helium, a replica of the

circular flat plate was made from Talc (Soapstone.) Benzene was

supplied to this plate by a central hole from a 'constant head' device.

Benzene completely wets talc and, therefore, it was impossible to

maintain a sessile drop on the plate away from the edge.

As soon as liquid flowed onto the plate an 'edge' drop formed

which increased in height with the addition of more benzene,'until

the profile of the drop at the edge became vertical. At this point

the drop height was a maximum li^. A further small addition of benzene
caused flow off the plate by a narrow rivulet, exactly as predicted by

Laplaces equation, and the drop height fell. If benzene was then

supplied to the plate at a rate in excess of the 'leakage' rate,

the edge drop again increased in height until ■he original maximum

height was reached, at which point a second rivulet formed on the

vertical face of the rim of the plate. This sequence was repeated

for increasing flow rates until benzene was pouring over the edge of
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the plate in six or seven rivulets and flow instabilities occurred.

In order to measure the maximum height of the edge drop of

benzene a special plate was constructed having a corrugated surface

as shown.

1 !Tl i
Pig. 8.

Benzene was supplied in a slow stream to this plate.> As liquid

reached each corrugation, the height of the drop increased until flow

over that edge was initiated and the liquid surface would then drop

suuuenly. The drop height reached a maximum immediately before flow

over one of these corrugations and, in this way, several readings for

the maximum height of the edge drop were obtained.

The drop was viewed by a cathetometer. The value obtained for

the maximum height of an edge drop of benzene was 2.6 + 0.2 mm. in

exact agreement with the value predicted by substituting the surface

tension o ® 26.9 dynes/cm. and density p = 0.88 gm/cm^ into equation 10. (P.27
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CONCLUSION

In studying the radial flow of liquid heliun II over a

horizontal surface, it was found that for intermediate liquid supply

rates and under isothermal conditions, a dynamic sessile drop could be

maintained on the plate surface. This sessile drop, unlike those formed

by classical non-wetting liquids, owed its existence to the special flow
by film and bulk liquid

conditions/present on the plate and not to a finite contact angle. For

large liquid supply rates a classical 'edge' drop was formed whose

outermost tangent to the profile was vertical. Under non-isothermal

conditions the liquid surface on the plate was disturbed by waves due

to adiabatic oscillations of the central column of liquid.

Measurements of the thickness of the film and dynamic sessile drop

on the plate should be very instructive. Hie results should give, in

one experiment, a direct confirmation of the curve of transfer rate
s

against liquid depth obtained by Atkins from the results of many

different experiments.
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PART II

ION MOBILITY DISCONTINUITIES IN HBLIUM II
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INTRODUCTION

In 1962 Careri"'',reported observing periodic discontinuities in

the drift velocity of ions in liquid helium for increasing field. He

attributed these discontinuities to the creation of quantised vortex

rings. At the first critical velocity a vortex ring of unit

circulation is created and at subsequent discontinuities, rings with

multiple units of circulation occur.

The work reported here had the following aims:-

(a) To prove the reproducibility of the discontinuities

(b) To elucidate the nature of the discontinuities by

investigating their dependence on the available

parameters

(c) To produce a theory which would predict the observed

periodic discontinuities and explain the existence

of the giant discontinuity at 28 m/sec., also
2

observed by Careri .
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APPARATUS

Fig. 1 shows the arrangement of the eletrical components.

Ions are produced, by the radioactive source S and those of the

appropriate polarity move towards the grid G in the steady electrical

between the grid and collector C. Ions will move towards the

collector during one half cycle of the square wave and return to the

grid in the other. For certain values of field and square wave

frequency, the ions will be able to reach C where they will be collected

and recorded by the electrometer E. As the frequency of the square wave

is increased, the number of ions able to reach C is diminished and so

the current recorded will decrease. The current arriving at the

collector and recorded by the electrometer is given by

For derivation of equation (l) see Appendix 1.
where i = ion current for constant field across the measuring space

= ion current passing through the grid

dQ = grid-collector spacing

y = applied square wave frequency

p = ion mobility

E = applied field

field produced by battery V • SG is called hereafter, the 'grid-source
gs

space. The square wave generator Y__, provides an alternating field

X (1)
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d y
r\ 1 n

—7T" = ~x. i = 0 and v is the cut-off frequency,
p E 2' 'c

For higher applied frequencies, the current remains zero and

does not become negative, since a negative current is meaningless in

this context. Fig. 2 shows a typical set of observations of current

for increasing frequency at different grid-collector fields E .
&c

The current collected will become zero for a given field when

the frequency of the applied square wave is sufficiently high that

ions cannot traverse the grid collector space in one 'forward' half

cycle. With known distance between grid and collector, the frequency

at which current reaches zero, henceforth called the 'cut-off frequency',

gives the velocity of the ion,

= v = 2YcdQ
The grid collector space is sometimes referred to as the 'measuring

space' since it is in this region only that the velocity of the ions

is investigated.

The actual apparatus was set up as shown in Plate 1, and connected

to an Edwards B9A Booster Pump by means of the large pumping box P A

temperature of 1.3°K could be obtained using the backing pump only. For

temperatures between 1.3°K and 0,85°K, the Booster was employed and

controlled by the fine control valve E.

Consider now the individual units separately.

1. The 'Triode' Cell (Fig. 3# Plate 2)

The electrodes were silver or silver plated and separated by

'perspex' spacers.
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(a) The ..Source

The source material eventually chosen was Americium 2hl. This

was supplied "by the 'Radio Chemical Centre' Amershom, in the form of a

thinly coated silver foil. The strength of this source was 100

mLcrocuries. The advantage of these ready made sources is that they

have a protective layer of silver electrodeposited on top of the

radioactive layer, which greatly reduces the risk, of contamination

during use. A 10 microcurie Po 210 source, from the same supplier,

was tried first but found to be of insufficient strength. Consultation

with the Radiochemical Centre revealed that the stated strength

related to the actual quantity of radioactive material deposited on

the foil and, even though this was deposited as a thin layer, considerable

absorption takes place. Consequently the emission of a-particles was

considerably less than anticipated.

Americiun 2kl emits a-particles of energy ^ 5 • ^ MeV and a small

amount of low energy gamma rays. The radiation hazard from the gamma

emission is almost negligible but, as an extra precaution, a 1" thick

lead sleeve was made to fit the appropriate part of the dewarA. Outside

this shield the radiation was undetectable, (i.e. ^-background count.)

The source holder (Fig. U) was constructed so as to facilitate

rapid mounting and, demounting of the radioactive foil.

(b) The JJrid (Plate 3)

A very thin flat grid was desired. Thin (.010") copper sheeting

was drilled with a regular array of holes, each 0.8 mm. diameter,

(Example B.) separated by w 1.5 mm. between hole centres. A circle of

this drilled sheet was then soldered over the ^ .
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hole at the centre of a circular "brass plate 0.7 ran- thick. The total

diameter of the perforated grid was 8 ram. This grid "behaved perfectly

well for the majority of the experiments, even though its open area = 0.10 cm'

was only 20$ of the total grid area. An improvement was obtained by

making the grid from fine brass wire mesh which was cold rolled until

only (.010") thick. (Examples A & C.) In this way a grid with
= 0.14 cm

rectangular holes was obtained whose open area/was -^30$ of the total

area. This second grid allowed more ions through, therefore higher

currents were recorded and greater accuracy achieved. (See Appendix 2)
The source holder and the grids were silver plated in order to

reduce the effects of surface resistance.

(c) The Collector (Fig. 3)

The collecting electrode was made of solid silver soldered onto a

brass bolt which held the electrode in place on a perspex base and

acted as conductor for the current. The surface of the silver plate

was lapped flat and polished with jewellers rouge. The collector

diameter 12 ram. was greater than the diameter of the grid 8 mm, in

order to ensure collection of all the ion beam.

A guard ring was mounted round the collector in order to maintain

a uniform field in the measuring space.

10
The input resistance to the electrometer was 10 j\, consequently

the leakage resistance between the current lead and earth had to be
12

maintained above 5 x 10 h, otherwise a significant amount of the

current would not pass through the electrometer at all.



Fig. 5.
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The guard ring was separated frcn the collector "by a 'moat' cut

out of the perspex base. This groove ensured a long surface leakage

path between the collector and guard ring and thus helped to prevent

the loss of the ionic current to earth. The inaccessibility of the

groove also prevented accidental contamination of the surface with

greasy fingers.

2. The Current Lead

Ions arriving at the collector passed through it, up the brass

bolt into the shield can, through a short lead to the centre shaft on

a Kovar seal, and thence up the pumped coaxial line to the outside of

the cryostat head. The coaxial line was constructed of k mm. O.D.

stainless steel tubing containing a 1+0 gauge -copper wire. The wire

was insulated from the walls by passing it through the centre of a

length of cellular polyethylene tubing. It was essential for reasons

mentioned above, that this insulation remained absolutely dry and

greaseless and, therefore, great care was necessary in constructing the

leads. Six attempts were made before a lead of sufficiently high

insulation was obtained. The ends of the coaxial lead were closed by

Kovar seals. The lead, pumped nearly continuously to maintain good

conditions, was connected via the valve illustrated in Fig. 5, to a

small backing pump. The lead passed through a perspex window in the

cryostat head to keep it isolated electrically from the rest of the

system.

All insulation measurements were performed using a 'Norma

Teraohmmeter1 which was capable of detecting leak resistances of the
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ill-
order of 10 ohms.

Potential to the grid was supplied through an identical coaxial

lead

All other leads were unshielded 1+0 gauge copper wires.

Once a good earth was found, the system showed very little

external pick up.

A flexible coaxial line fed the signal from the cryostat head

to the electrometer input.

3• High Frequency Filter

A large condenser (01 M?) was connected between the current lead

and earth- This effectively filtered out any undesirable high

frequency pick-up and increased the time constant of the electrometer

circuit so that the meter reading was automatically an averaged value

of the current received over approximately 1 second.

This filter had to have the same high insulation standards

required by the rest of the electrometer input circuit. The condenser

which had to be of a high quality, was mounted in a metal can fitted

with a coaxial socket. The interior of the can was kept dry by the

insertion of silica gel dessicant.

^1 The Electrometer

This was a vibrating reed, Wayne Kerr precision electrometer. An

adaptor on the input containing a high resistance converted the current

to an appropriate voltage which the electrometer itself then indicated.

Four ranges on the meter, and three alternative input resistors, gave a

-8 -15
range of measurable currents from 10 - 10 J amps for full scale
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8 10 12
deflection. The input resistors were 10 XL , 10 xl , and 10 xl . With the

g
10 XL resistor in the input, there was insufficient sensitivity, but with

12
10 XL in place, there was insufficient stability since it was difficult

12 ^1
to maintain the insulation much better than 10 XL . For these reasons

most of the measurements were performed using a lO1^ resistance in the

input circuit. The electrometer had a pen-recorder output, which was

utilised occasionally in conjunction with a Honeywell-Brown Pen Recorder;

this was of limited use however, since direct readirgs, for which there

was adequate time, were far more accurate. A typical recorder plot of

current against time is shown in Fig. 6.

5. Square Wave Generator

This was a Model HI Low Frequency Signal Generator. The experiment

required a square wave having one pulse longer than the other. The reverse

pulse was made 10$ longer in order to 'clean' out the grid-collector space

between forward pulses. Ions left in the measuring space after a forward

pulse would blurr the cut-off frequency. In order to obtain unequal pulse

lengths, the above generator was modified as shown in Fig. 7» The insertion

of a 5K potentiometer in the cathode circuits of valve V2 unbalanced the

time constants of the two resonant circuits. In this way it was possible

to make either pulse up to 10$ longer than the other,

6. Temperature Measurements

(a) Conventional oil differential and mercury manometers indicated the

approximate pressure and hence temperature in the cryostat.

(b) A McLeod Gauge was designed and made to cover the range of pressures

most frequently encountered in the ion experiments, that is from 10 to

10 mm.Hg. With this, the pressure could be read with an accuracy of
-3

+ 10 v mm.Hg. which corresponds to an uncertainty in temperature of

+ 3 millidegrees at 0.85°K. The McLeod Gauge was connected to a long
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stainless steel tube which was inserted via two '0' ring seals through

the cryostat head. This could be adjusted so that its tip was just

above the liquid surface. After suitable corrections for the length of

the tube, an absolute measure of the helium temperature was obtained.

The method, however, was conbersone and lengthy and so it was used only

to calibrate a carbon resistance thermometer which was used as the

primary method of temperature measurement.

Carbon.Resistance Thermometer

A 50U.standard Allen-Bradley carbon resistor was mounted below

the triode cell in the cryostat. The resistance was measured by a

standard bridge network. The ratio am of the bridge was carefully

made using constantan wire for both sections in order to eliminate

drift due to temperature fluctuations. The variable resistor was

surrounded by a large mass of copper and the whole bridge mounted in

a thermally insulated box. A fixed resistor was included in the circuit

which could be substituted for the carbon thermometer at any time to

check the operation of the bridge. The bridge output was to a

sensitive galvanometer. Movement of the galvanometer needle was

amplified by an optical lever system. Light from the galvanometer

mirror was reflected from a fixed mirror m1 ft. away and the final

image appeared on a screen ^18 ft. away. The sensitivity obtained in

this way was as high as 20 cm/millidegree.
Calibration

The carbon resistance thermometer was calibrated by measuring its

resistance and the helium vapour pressure at frequent intervals during
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the process of cooling below 4.2°K. Pressure measurement became

unreliable as a temperature indicator below 1°K, therefore the

extrapolation of the resistance temperature curves for the carbon

thermometer was used instead.

7. Temperature Control

It was necessary to maintain the temperature constant to within at

least a millidegree. At 0 .95°K, ^ 100 cm^/volt.sec./°K. .*. a change
of one millidegree would give a 1^ change in mobility. We are looking for

changes in mobility of ^ 6 - 7(See also P. 58)

The normal heat leak to the helium was & 10 mW, which meant that the

Booster Pump was theoretically capable of maintaining a temperature of

0.85°K. The pumping speed of the Booster Pump was controlled by a fine

control baffle valve; if this valve was open a constant amount during one

run, the temperature would gradually fall as the run progressed, because

as the helium level in the dewar fell, so the heat leak to the liquid would

be reduced. The change in temperature was indicated by the galvanometer

spot as described in the previous section. To maintain a constant

temperature the fine control valve was carefully adjusted so as to maintain

a galvanometer spot in one place throughout the run. Temperature drift was

usually about 2-3 millidegrees per hour, consequently fine control valve

adjustments were quite adequate in controlling the temperature within the

desired limits. Occasionally, when for instance the liquid level was falling

past the top of the can, a rapid temperature change occurred; results taken

during this change were usually discarded.

An attempt was made at producing an automatic temperature control.

The galvanometer spot was made to fall on one of two photocells which,



Temperature Control Circuit

FIG. 3.
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"by neans of a simple relay circuit (Fig. 8), switched on or off a small

heater in the helium. The method was found unsuitable because small

heat inputs were easily accommodated by the pump; large heat inputs

produced large temperature fluctuations because the time constant of the

heating system was longer than that for the control circuit. In other

words, even though the heater was switched off automatically, the

temperature still continued to rise until the heater system had

dissipated all its heat and until the pump could reduce the pressure

in the cryostat to its original value.

Control by the f^eedle valve was quite satisfactory so the

technique of automatic control was not pursued further.

8 Telescope

The electrometer and its input circuit, despite good earthing,

remained sensitive to people moving near it. The effect was small but

to improve results, the electrometer dial was read through a telescope

at a distance of ^6 ft. This ensured remoteness and also constant

angle of view of the electrometer needle.
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* O
TK

i

O.968 ±

0-955

0.953

0.931

0.928

0.921

0.918

0.915

O.9!

O.885

0.94

O.885

1

T

Positive Ions

0.005 1.032

1.048

1.050

1.074

1.078

1.087

1.009

1.092

1.063

1.13

Negative Ions

1.063

1.13

p (cm^volt "*"sec. ^")

8.31 1 0.02

9-33 ± 0.03

9.35

11.21

11.7

12.73

14.65

16.00

12.2 ± 0.5

20.3

5.9 ± 0.4

• 8.7

Values ofMotility at Different

Temperatures Close to 1°K

TABLE I



Fig. 110.

N.B. A discontinuity < 2$ would not be seen in these velocity field

curves
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RESULTS

Absolute Value of Mobility

Although not important to the present series of experiments, a few

mobility determinations were made at measured temperatures and found to

be consistent with the values obtained by previous authors; Meyer and
3 4

Reif , Careri, Cunsolo and Dupro. Table I shows the results from one

run in which the temperature was deliberately varied while the applied
# Some of

field E < Eq was kept constant, /these values are plotted on a graph of
p against and compared with Meyer and Reif's curves, (Fig. 9)« The

discontinuities were best seen in the very narrow temperature range

0.9 - 1.0°K, consequently, mobility measurements were restricted to this

region.

Early Attempts at Observing the Critical Velocity

Variation of Grid-Source Field.

The author performed very many runs before ever observing a

discontinuity in the drift velocity of positive ions at 5 m/sec.

A typical run, showing complete linearity of the velocity-field

curves, is shown in Fig. 10. The absence of the discontinuity is shown

below to be entirely due to the mode of operation of the cell, in

particular the setting of the grid-source field E . It seemed reasonable
gs

to operate the cell such that E should be varied simultaneously with E^c,
such that for all measurements E_c 2 E . This arrangement assured a

large ion current emerging from the grid.

* Eo ™ Field at the first discontinuity.
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Daring the first fifteen runs in which E__ was maintained equal to
gs

EgC and where no discontinuities were observed at 5 m/sec., twelve
examples of a discontinuity were observed at a velocity equivalent to

^wlO m/sec. These were assumed to be the second discontinuity. The

velocity at which the second discontinuity occurs taken from these

readings, is 10.35 m/sec. 1 0.9 m/sec. This is double the value,

given below, for the velocity of the first discontinuity.

The discontinuity at 5 m/sec was first observed in a run performed

at constant E„0 < E„. Thereafter the size of the discontinuity was shown6 v
gs

to depend on the grid-source field such that if -—<.0.8, the drop in
gc

mobility at the first step was 6 -*~>10$
Egr

and if >1-5, the discontinuity was ^31". Figs. 11(a) and 11(b)
gc

show this dependence for positive ions; the results were taken from a

series of runs where all other parameters were kept constant.

Negative ions were more difficult to measure on account of their

lower mobility. Here also it was found that no clear discontinuity could

be observed unless the grid-source field was very low. This is presumably
2

why Careri et al have been ■unable to see the first two discontinuities

for negative ions. The author therefore claims the first reported

observation of the first discontinuity for negative ions, (Fig. 12).

A similar effqct was observed for the second discontinuity for

positive ions. For very high fields E > E * the second step was very
gs C2

difficult to observe.

Within the accuracy of the experiment, the effect of varying EOb

from low field < E to high field > E and vice -versa, was instantaneous.c c

* E « grid-collector field at the second discontinuity.
c2
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The time dependence was investigated by setting the grid-collector

field to a value E < E , and to a frequency just above cut-off. While

keeping E constant, E was varied from a sub-critical to a super-
§C S

(P.58)
critical value and the current observed. Previous resultsftsuggest that

the apparent ion velocity for EgC > Ec was enhanced when the grid-source
field is increased beyond the critical field, so that now the constant

applied frequency would be too low to prevent ions from reaching the

collector and a current should be collected. As soon as the grid-source

field was altered, the current began to adjust itself reaching its new

value in about one minute. The time constant of the electrometer circuit

TCasof this order, consequently the change in current can be considered

instantaneous.

The variation in discontinuity size with grid-source field was

observed in another way. The velocity of the ions under a constant grid-

collector field E > E was measured for varying grid-source field. The
gc c

result of such a measurement is shown in Fig. 13* As expected, the

velocity of the ions increased when the grid-source field E^g became
supercritical,(>£„ ) and increased again as E passed through the value"

x c1/ gs
of field for the second discontinuity IE .)

* c^
The Critical Velocity

The existence of discontinuities in the field dependent drift

velocity of ions as observed by Careri, hag therefore been confirmed.

Positive Ions

The value of the critical velocity for positive ions is obtained from

the average of 30 runs in which the discontinuity was particularly
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Multiple vcn
to of vc vCn —

vc 741 ± 8 247

vc 622 207
'3

v 468 23b
c2

5th Nov. vc 198 198
1963 1

5th Nov. v 394 197
1963 2

4th Nov. v 202 202
1964 1

4th Nov. v 615 205
1964 3

4th Nov. v 207 207
1964 C1

Average critical velocity for negative
ions = 2.12 i 0.16 n/sec.

Negative Ion Critical Velocities

TABLE II
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distinct. The average value from these results was

Vp = 5*15 m/sec.

and the root mean square deviation from this = + 0.21 m/sec.

These results include some taken in earlier runs where the

temperature control technique was not fully developed. Excluding these

eleven early runs, the mean critical velocity from the remaining

nineteen runs was

v+ = 5-21 i 0.08 m/sec.c
_ '

The lower r.m.s deviation is an indication of the improvement in

the method used for these later runs.

Negative Ions

Due to a lack of evidence for the velocity of the first discontinuity

for negative ions, all the clearly defined discontinuities are considered
V V

c c
and the values of v found "by calculating 2, 3, etc. The relevant

Cl 2 3
data is shown in Table II. This method is justified when the discontinuity
is shown to be truly periodic (P. 7l»)

The critical velocity for negative ions obtained in this way is

v = 2.12 i 0.16 m/sec.c '

The author has observed only three clear examples of the first

discontinuity for negative ions. These occurred at I.98 m/sec., 2.02 m/sec.
and 2.07 m/sec.

Temperature Independence of Critical Velocity

The author confirmed Careri1s observation of the temperature

independence of the critical velocity.within the narrow range 0.9 - 1.0°K.
This is demonstrated in Fig. 14
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which shows an even distribution of the values of v against p(T). Inc

most of the runs, therefore, the absolute value of the temperature was

not accurately known but was, nevertheless, kept constant to within a

millidegree. N.B. The error bars in Fig. 14 represent the uncertainty
a.

in the measurement of given critical velocity. Factors other than
A

experimental observation must, therefore, account for the small

distribution about v .

c

Other Variables

In order to investigate the nature of the discontinuities the effect

of varying the available parameters was sought.

At one time it was thought that the mobility steps might be due to

a surface effect. The ions, on approaching the collector, might be

trapped on vortex lines or ringsattached to the electrode and the

resulting space-charge could then retard those ions following behind.

Surface contamination might also have the same effect. If this were true,

the direction in which the frequency was changed during individual

determinations of the drift velocity should affect the final result.

For instance, if the velocity of the ions at a given field is

determined by measuring the current at successively higher values of

frequency, the collector will receive current until the cut-off

frequency is reached. Under these conditions the collector surface

could have a space charge attached and this would appear as a reduction

in the measured cut-off frequency. If, however, the measurements are

made starting at high frequencies, then at the point when the cut-off

frequency is reached, the collector should be 'clean' of charge. The

ion current density is sufficiently small such that an appreciable space

charge would require a time comparable to the measuring time to build up.

Several runs were performed where velocities were measured by increasing

the frequency and others decreasing the frequency and no consistent
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effect was observed.

The amount of current collected may also precondition the

collecting electrode *s surface. Again, several runs showed that

restricting the current arriving at the collector had no effect on the

results.

Likewise, the direction in which the applied fields were altered

and the rapidity, within reason, with which readings were taken, did

not affect the measured velocities.

The possibility that macroscopic flow patterns, as observed in
55

classical electrolytes, were set up by the moving ions in He II and were

affecting the critical velocity, was examined by varying the transverse

diameter of the grid-collector space. This was done by inserting a plug

into the existing space, thus reducing the volume of the drift space.*

It was thought that this might alter the size of the discontinuity. In

fact the observations were that, at low E_„, the discontinuity was ofgo

the same magnitude but occurred at a lower velocity, 325 cm/sec. At

high grid-source fields, the critical velocity was again 5*12 m/sec.
This point is worthy of further investigation, as at first sight it

suggests that the critical velocity is connected with macroscopic flow.

For this reason heaters were put into the two halves of the cell to

provide n-fluid flow. (See P. 76)

Vibration

Tapping the dewar during a series of measurements usually reduced

the current arriving at the collector; the current would recover almost

immediately the vibration ceased. No other consistent effect was observed.

* by approximately 50$
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Average
Grid--Collector Discontinuity No. of

Separation Size Examples
(L) Ap
cn. io

l.o 7-5 i 1.6* 2

0.55 6.1+ i 2.0 19

0.1+1 8.3 + 2.3 3

0.3 7-8 + 2.6 5

0.2 6.1 + 3.3 1

Variation of Discontinuity Size

with the Length of Ion Flight Path

TABLE III

* For calculation of the probable errors in Ap, see Appendix 3-
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Variation of Electrode Separation
(P. 54-58)

The dependence of discontinuity size on grid-source field/suggested

that the effect producing the reduction in nobility either decayed with

tine or occurred only once in the early stages of the flight of each ion.

In this way the reduction in nobility would be only temporary and when

EgS > Ec, the ion having undergone the dissipative process before
reaching the grid, appears to have a 'normal' mobility in the grid

collector space. If this were true and E„_ < E„ so that the reduction
gb U

in nobility was initiated as the ion entered the grid-collector space,

then varying the grid-collector spacing should affect the apparent size

of the nobility drop. If the collector is placed close to the grid,

the dissipative process should have a large effect on the total drift

tine, whereas if the collector is a long way from the grid, the process

will have decayed and the overall effect will be less. Table III shows

the results from thirty neasurenents of average step size for five

different values of grid-collector spacing from 0.2 - 1.0 cm. It can be

seen that there is no significant variation of step size. The accuracy

of step size detemination is rather poor and consequently there nay be

a snail dependence which would not be evident fron these results. The

model which suggests that the drop in nobility is solely due to a

dissipative process which acts only once over the first part of the ion's

flight path, is precluded since this model would predict an increase in

step size inversely proportional to the grid-collector spacing. This

is definitely not observed.

* See P. 179, Section 12.
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The Reduction in Mobility at Successive Discontinuities

The percentage drop in mobility for positive ions at successive

discontinuities is

v p

v 6.5$ ±1.5
1

v 7-5$
2

v 7.5$
3

This means that within the limits of accuracy of the experiment,

the three discontinuities are of equal size.

The Periodicity of the Discontinuities

The author's apparatus was only capable of observing the first

three discontinuities with ease. Higher fields could be obtained by

Linking the distance between the grid and collector very small but this

led to inaccurate measurements of velocity.

The values obtained for the first three discontinuities for positive

ions are:-

v = 5»15 ± 0.21 n/sec. from 30 examples (P. 63)
S

(5.21 + 0.08) m/sec . from 19 examples
v = 10.35 ± 0.9 m/sec. from 12 examples

°2

v = 15.25 ± 0.05 m/sec. from k- examples
c3

These are exactly periodic within the accuracy of the experiment.
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The corresponding values for negative ions are:-

v = 2.02 + 0.Oh in/sec. fron 3 examples
C1

v = if .16 + 0.3 n/sec. fron 2 examples
C2

v = 6.36+O.3 n/sec. fron 3 examples
c3

Again true periodicity is observed.

A good example of a run in which three consecutive discontinuities

were observed is shown in Fig. 15*

The Shape of the Discontinuity

At temperatures O.96 - 1.0°K the discontinuity was usually fairly

abrupt. Hie value of the mobility fell to its new level within

30 cn/sec. of the critical velocity. At temperatures below 0.93°K the

change was more gradual. This is illustrated in Fig. l6, where the

nobility is plotted at two different temperatures.

Anomalous Behaviour

On a very few occasions, when conditions favoured the appearance

of a step, no discontinuity was observed. This was attributed to
2

Careri's 'netastability, ' where disturbances in the fluid prevent the

process of nobility loss fron occurring.

In about twelve runs steps were observed midway between two

critical velocities. The effect was not reproducible and'netastability'

is again held responsible.

Blassing the Applied Square Wave Potential

The nobility determinations were performed by applying a square wave

potential to the grid, keeping the collector constant at earth potential.

See Fig. 1 facing P. 34.
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For most of the runs the forward and reverse fields in the measuring

space were equal in magnitude, "but of different duration. The effect

of deliberately Massing the square wave so that the reverse field,

that driving ions from collector to grid, was larger than the forward

field, was sought. This situation is of interest because, by adjusting

the peak-to-peak size of the square wave, it would be possible to have

the ions travelling at v > vc in the reverse direction while still
travelling at v < vc in the forward direction. Fig. 17 shows that, in
fact, this variation had no effect on the discontinuity position or

magnitude. The opposite situation of a higher forward field was not

feasible since this led to indistinct cut-off frequencies.

The D, C. Characteristics of the Triode Cell
The electrodes were connected to constant voltage sources.
The current collected was measured tinder D. C. operation for the

following circumstances: ••

Grid Source Field Grid Collector Field

(a) High Variable

(b) Low Variable

(c) Variable High

(d) Variable Low

The results are shown graphically in Figs. 18 and 19.

In cases (a), (b) and (c), the current rose relatively steadily

with increasing field, except for a discontinuity at ^ 115-140 v/cm.

This discontinuity appeared very like that observed in the velocity

field curves; in this case the current fell below the line of increasing
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current. A field of 135 v/cm. is equivalent to a velocity of 1100 cm/sec.

at the temperature^of this experiment. The drop in current then could be
attributed to a reduction in mobility at the v = v and subsequent loss

due to spreading of the beam. There was no evidence for a discontinuity

at a field equivalent to 500 cm/sec. in (a), (b) or (c). However, in

case (d), the current having initially reached a plateau begain to rise

again quite distinctly at 77 v/cm. and continued to rise linearly without

any discontinuity at 120 v/cm . This last result is consistent with
30

Gaeta's ionic recombination measurements where he observes a rise in

current at fields above the critical value. The velocity at 77 v/cm.

would be 570 cm/sec.

Heat Induced n-Fluid Flow

Heaters were cemented into the grid-source space behind the grid

and into the grid-collector space in the 'moat' round the collector.

Varying heat inputs were applied to these in order to provide n-fluid

flow through the grid and in the measuring space. The effect on the ion

velocity was examined. The following experiments were performed:-

I Heater in grid-collector space.

(a) The velocity-field curves were determined for

C 0-97°K)

(i) No heat

(ii) 3 mW to heater To ascertain the effect of an

increasing n-fluid flow against
the ion current(iii) 10 mW to heater

(iv) 100 mW to heater

(b) Keeping grid-collector field constant, velocity of

the ions versus heat input was determined for

) To see if ions under a
E < E ) supercritical field had a

) greater interaction with
the n-fluid flow
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E < E
gs c

To ascertain the effect
of an increasing n-fluid
flow in the direction of
the ion current

II Heater in grid-source space.

(a) The velocity-field curves for

(i) No heat

(ii) 5 mW to heater

(iii) 10 mW to heater

(iv) 15 mW to heater

(b) Grid-collector field constant.

The velocity of the ions versus the heat input was determined for

)
) To investigate the
) possible effect of an
) increased interaction
) between the ions travelling
) at critical velocities, and
) the n-fluid

(c) With fixed grid-collector field E , the velocity of the
gc

ions was measured versus grid-source field E for
gs

(i) E
gc

< E
c

E
gs

E
c

(ii) E
gc

> E
c

E
gs

< E
c

(iii) E
gc

< Ec E
gs

> E
c

(iv) E
gc >EC E

gs
> E

c

(i) No Heat

(ii) 12 mW applied to heater

(iii) 10 mW applied to heater

E > E
gc ^ c

To look for a

connection between
the variation of

discontinuity size
with E and

§gopic flow
patterns

The above experiments were performed on positive ions only except for

11(b) for which positive and negative ions were used.

The main features of the results are as follows:-

(i) The apparent critical velocity is affected only slightly by the

n-fluid flow. (Figs.22,3_4y 25)
(ii) Apparent ion velocities are relatively unaffected by n-fluid flow

towards the ion source. (Fig.24-)

(iii) Apparent ion velocities are enhanced when n-fluid flow is towards



 



TWO WAYS'HEAT FLUSH* CAN AFFECT SON VELOCITY

(i) SUPERPOSITION OF N-FLUID & ION VELOCITY JCDEDFG

(ii) IONS TRAPPED BY TURBULENCE A-»B THEN AS (i) ABCDEFK

Fig. 21.
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the collector. (Fig.lo)
-O

(lv) Negative ions are more sensitive than positive ions to the effects

of forward n-fluid flow (i.e. towards collector.) (Fig.20 )

(v) The apparent increase in ion velocity is greater than the maxima

velocity of n-fluid flow at the grid. (Fig.20)

(vi) Positive ion velocity-field curves for constant moderate heat inputs

(^ 15 mW) have the same form as the curves for no-heat except the

former has a greater slope. (Fig. 22)

In order to explain these results, consider first Section (v) of

the results, as illustrated in Fig. 20. A simple superposition of the

n-fluid velocity onto the ion velocity is not satisfactory.

The argument runs as follows:-

Consider the situation where the applied frequency is too high to

allow ions to reach the collector. When there is no nett n-fluid flow,

the ion merely makes an excursion into the grid-collector space. The
(See P.46)

slightly longer pulse of the reverse field allows the ion plenty of time

to return to the grid. In a given field an ion has a velocity relative

to the surrounding n-fluid, then if the n-fluid is made to flow, the

ion's velocity in that field will "be changed by the vector addition of

the n-fluid velocity. Now if n-fluid is made to flow through the grid

towards the collector, the velocity of an ion entering the measuring
(JCD, Fig.21)

space will be enhanced. Moreover, on its return trip to the grid, the
(DFG, Fig.21)

ion will be retarded by the n-fluid flow. Fig. 21 shows how the
*

velocity of an ion might be affected. If the n-fluid flow is sufficiently

great, an ion which just fails to reach the collector during the forward

* N.B. The shape of the velocity distribution curve near the grid is
governed by the n-fluid velocity profile as given by
equation 2(b),, P.83b
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pulse will not reach the grid during the reverse pulse. This means that,

at the beginning of the next forward pulse, it will start fron a point

within the measuring space and, therefore, may now be able to reach the

collector during the next pulse. In this way the effective flight path

of ions actually arriving at the collector is shortened. Experimentally,

this appears as a higher cut-off frequency which would be interpreted

naively, as an increase in ion velocity. In this way it is possible to

observe apparent ion velocities in excess of their true velocities by an

amount greater than the n-fluid velocity. At frequencies beyond 'cut-off,'

the ion, after many cycles, reaches an equilibrium situation where the

excess forward velocity is balanced by the extra flight tine in the
(See P.46)

reverse direction, due to the inequality of the pulse lengths. Space

charge effects would give a distribution of ions about the point to which

they return. The true distance the ion has travelled in the positive

pulse, before arriving at the collector, would then be the distance from

the collector to this equilibrium return point somewhere in the

measuring space. If this velocity superposition theory were true how¬

ever, the effect on the apparent ion velocity would be greatest at low

fields where the ion velocity due to the field is low and that due to the

n-fluid flow relatively high. At high fields, the effect should be

negligible. This is not observed. Velocity-field curves for steady

n-fluid flow show a constant percentage enhancement of velocity to the

highest fields used, (Pig* 22.) The results when n-fluid flows through the

grid towards the collector, are almost identical with those which would

have been obtained if the grid-collector space had been shortened by a

constant amount. It is, therefore, postulated that ions are trapped as



NORMAL-FLUID VELOCITY DISTRIBUTION ACROSS THE GRID-COLLECTOR SPACE

(For derivationiiof the distribution see page 83a.)

•1 *2 .3

DISTANCE FROM THE GRID (cm)

FIG.23
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they pass through the region of maximum turbulence close to the grid,

and are released at a definite point within the measuring space, (i.e.

Points B and C in Fig. 21.) The possible effect of this trapping on the

ion velocity is also shown in Fig. 21. At the point B where the ion

ceases to be trapped, its velocity increases to the value which it would

have on the superposition theory. There is no 'a priori' reason why the

point F at which the ion, on its return journey to the grid,^should occur
at the same point in the measuring space, i.e. B, F, C need not be a

straight line. The effect of this trapping on apparent ion velocity is

now calculated. It is first necessary to estimate the extent of the

turbulent region in the measuring space.

Velocity Distribution in the Measuring Space

In order to determine the possible effect of turbulence on the ion

velocity, it is necessary to know the velocity distribution of the normal

fluid within the measuring space. The volume of n-fluid leaving the heater

per second is given by

Vn = cm*3/sec. 2(a)
for non-turbulent flow

where Q = heat input

p = bulk liquid density

S = entropy

T « temperature (°k)
For turbulent flow some of the heat goes into the creation

of vortices.
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Some of the n-fluid vail be lost by heat conduction through the walls

of the grid-source space. By considering the relative thermal conductivity

of the cell walls, an estimated 30$ of the total n-fluid produced actually

passes through the grid holes. The velocity distribution of the n-fluid

as it spreads into the measuring space will be given by

where L = distance from grid

A(L) = area through which n-fluid is passing distance L

from grid.

This effective area has been calculated on the assumption that n-fluid

passing through the grid spreads into the measuring space with an equal

velocity in all directions, rather as a spherical wave might propagate. If

the total radius of the grid is G, then the area of flow a distance L from

the grid, is given by revolving the curve in the figure through about

the axis of the cell.

/ * \ 0 «3Q
Vn = A(L).pST 2(b)

Direction of n-fluid
» flow

Grid open area
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This gives A(L) = « LG + 2uL^ + vG? 2C<-)

This is for L g «* the radius of the holes in the grid

For L ^ g

A(L) = ( n^Lg + 2nl? + itg^) N 2W

where N = Number of holes in the grid.

The values for vn(L) are calculated from equation 2(b) for varying L
from 0-0.5 cm.

These are plotted in Fig. 2,3.

Conduction of heat by the collector accounts for the flow of n-fluid

into the collector,. The magnitude of n-fluid flow here may be slightly

different from that obtained from the graph . However this should have a

small affect on the major portion of the curve away from the collector.

The general velocity distribution curve is plotted assuming non-turbulent

flow. When turbulence exists, the velocity distribution in the turbulent

region will be altered, but this does not affect the argument which follows.

The Onset of Turbulence

It is necessary to establish whether turbulence begins in the

measuring space or in the grid hole and whether this occurs at an n-fluid

or a superfluid critical velocity.

The n-fluid critical velocity is given by
R nr^ (Ref. Van Alphen

v = -7— — Z<&-)
nc P*

where R «=■ Reynolds No. 17006

13 n-fluid viscosity

p = total fluid density
d = characteristic length

In the grid-hole d = 0.08 cm. and v =4.6 cm/sec. )
)Of / (

In the measuring spacp d 0.5cm. v « 0.7 cm/sec. )
nc

0.95 K
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There will be a transition region close to the grid where the
H GC

critical velocity falls off rapidly from v to v . It is evident
c c

from a comparison of the n-fluid velocity distribution curve with the
H GC

values of v and v that turbulence begins at, or close to, the grid,
c

Therefore, for the onset of n-fluid turbulence there is a critical heat
H.

input ea n mW.
c

v

nG

where v = velocity of n-fluid at grid/nW 1 cm/sec.
nG

.*. critical heat input ps 4.6 mW.

The experimental curve of apparent negative ion velocities (Fig . 20)

begins to rise sharply above a heat input of ^ 5 mW in support of this

mechanism.

The superfluid critical velocity is given by

p (Van Alphen)^
T - -i. (2,4)

c a

where d = characteristic length
s/

C « 1 (cm/sec.) *
H

From this v « 2 cm/sec. in the grid-hole
s

c

GC
and v « 1.2 cm/sec. in the grid-collector space,

s
c

The superfluid velocity at any point is given by

vs " ^ vn ( ^
ps

At 0.95°K - « 5x 10"3
ps
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The superfluid velocity distribution is therefore identical in form

but different in magnitude to that for the n-fluid .

For the superfluid to reach a velocity v =1 cm/sec. at 0.95°K,s
c

a counterflow of n-fluid with velocity 200 cm/sec. is required. A heat

input of 200 mW is necessary to provide this n-fluid velocity. It is,

therefore, obvious that at these temperatures, turbulence is initiated in

the n-fluid.

The n-fluid turbulence may then entrain the s-fluid, producing

vorticity in the whole of the fluid.

Turbulent Region

At the critical heat input rj 5 mW (see above), the n-fluid turbulence

is initiated at the grid. For higher heat inputs the fluid in the

measuring space is assumed turbulent to the point where the n-fluid velocity
-l

distribution curve passes through the critical n-fluid velocity ?a0.73 cm-sec.

For the present purposes it is assumed that in the turbulent situation, an

insignificant amount of heat is used to create turbulence, so that the

velocity distribution outside the turbulent region is unaffected. The

distance dfi from the grid over which turbulence exists, can then be found
graphically for varying heat inputs, (from Fig. 2.3 )

The effect of this turbulence close to the grid on the ion velocities,

can be explained by ion trapping. The difference in the effect on positive

and negative ions at different applied fields can be explained by considering
33 47

the variation in trapping diameter as given by Donnelly * ' for the

different situations.
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The Effect of Turbulence on Ion Velocities

The easiest way to see how turbulence affects the measured apparent

ion velocities is to consider theevents occurring during a single reverse

pulse of the applied square wave. Those ions which did not arrive at the

collector during the previous forward pulse now begin to return towards the

grid. At some point d from the grid, the ions enter the turbulentc

region and travel on towards the grid for a certain distance equal to

an appropriate mean-free-path \ and are then trapped by a vortex line.

The ion remains trapped for a time long compared to the period of the

applied square wave. The trapped time can be obtained from the graph
47

by Donnelly giving the Probability of Escape for each species of ion.

The trapped ions produce a space charge reducing the reverse field over

the length 4, thus increasing the effective trapping diameter and

producing even more trapping in the region. The effect avalanches into

the trapping of a large number of the ions a distance \ inside the turbulent

region. Further ions are stopped at this point by the reverse field

produced by the trapped charge and probably fail to be trapped themselves

because all trapping sites are occupied. At the beginning of the next

forward pulse then, ions begin moving towards the collector from a point

(d - \) inside the grid-collector space. The trapped charge also increasesc

the forward field. The free ions therefore reach the collector in a shorter

time due to:

(i) The reduced path length = Lo- dQ + A. =
where Lo=» grid-collector separation

(ii) The increased field due to trapped charge
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It is postulated that near to the grid there is a high density of

trapped ions reducing the forward field to almost zero. The effective

field in the region of free flight of the ion will then be

E.ff - V L- i + X.

where Eq = Field for zero heat input
and the flight time of ions over the distance L - d + k will bec

(L — d + \) ( >7 ; \t „„ - v ° c ' ( /-«■;
eff —=

pE .L^ O o

The apparent ion velocity

(2j )

„ Grid-Collector Separation = L0
Apparent Flight Time teff

pE=3 " O 0 ________

(L - d + k)2N
o C

The Ion Mean-Free-Path Between Trapping on a Vortex Line

It can easily be shown (See AppendixA)that the mean-free-path k for
-2

an ion in a regular array of vortex lines of density 'n' cm and trapping

diameter <r is k - In the present experiment the turbulence is

considered to be a regular array of vortex lines spreading slowly into the

grid-collector space. The density n (L) of vortex lines is a function of

the distance from the grid. Assuming the vortex lines spread out uniformly

from the grid n (L.) ° n (--a_) (2A)
1 TT I—

where ^ •* grid-hole diameter
» distance from grid

n - density of vortex lines at grid
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The mean-free-path between trapping is then also a function of U .

-X (L)
n(L)<T N""

( —) - (zi)

The value of n
^ , the vortex line density at the grid, is considered

constant independent of heat input. At higher heat inputs the turbulence

spreads more rapidly into the grid-collector space and the vortex line

lattice maintains approximately the same spacing.

The average mean-free-path "X from

L a d to I-, = d - is
c

d - A
c

\(L) =
1

TV, (T
S.

Integrating gives

"X

cLL,

"X0-) =
<y\

1

t V

IT (2<A)

"X
and \ + V where

'1

(2t>)

A. comparison between the values of trapping diameter can be
47

obtained from the various results of Donnelly. Since only one mean-free-
-Pt

path between trapping is considered here, the term e related to the

probability of escape need not be considered. The comparative (not absolute)

values of trapping diameters obtained from Donnelly's results are:



- 83j -

Negative ion 120 V/cm. 10

Negative ion 30 V/cm. 4

Positive ion 120 V/cm. 3.1

Positive ion 20 V-cm. 0.9 ? /

Because of the large uncertainties in the absolute values of n

and cr the method can only be used to compare the effects of turbulence

on positive and negative ions and to predict the dependence of the apparent

ion velocity on heat input.

As a typical starting point the apparent velocity of positive ions

at 120 V/cm. for a heat input of 10 mW was 833 cm.sec. while for zero

heat input the ion velocity was 750 cm.sec. \ This result substituted

in equation (2.4w) yields 'X. which is taken with the graphically

determined value of d to give the ration — which is then substituted
c d

C
k k

into equation ( ) to obtain a value for . Other values of

for different fields and for negative ions are obtained by substituting

the appropriate value of cr »

Using these values of ^, and performing the above calculations in
reverse, the apparent ion velocities are obtained. The calculated

velocities shown in Fig. (2,0) agree reasonably well with the experimental

results, both with regard to the different behaviour of positive and

negative ions and for the field dependence of each ion.
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Velocity
of n-fluid

through grid

Velocity
of ions

cm/sec. Avi

Critical
Velocity

v en/sec.c ' Av„

0 500+5 0 520+5 0

3-3cvw|s^c 532 32 + 10 530 10 + 10

$0

13-3

IG-7

556

560

576

56

60

76

565

570

535

^5

50

15

Runs October 8th, October 15th, October 13th,
December 22nd, 1964.

where Av^ = - 500 cm/sec.
Av = v - 520 cm/sec.

c c

Effect of n-fluid Flow on Ion

Velocity and on Ion Critical Velocity

TABLE IV



p
>■

!

I

Vc:
VELOCITY m/sec

FIg.24.
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The Effect of Trapping on the Ion Critical Velocity

When n-fluid flowed towards the source, four runs showed no

consistent change in the critical velocity for positive ions. Fig. 24

shows a noticeable change in v . However two runs showed a decrease inc

v , and two runs showed an increase in v . When n-fluid flowed towards
c c

the collector, a slight enhancement of the critical velocity less than

the enhancement of ion drift velocity, was observed in five out of six

runs, (Fig. 25 and Table IVv) These results are explained in the following

way:-

The trapped ions close to the grid constitute a space charge which

enhances the field in that region of the measuring space where the ions

move freely. The measured flight time of the ions will then be affected

in two ways.

(a) Trapping shortens the effective flight path, thus reducing the

measured flight time and giving an apparent velocity increase.

(b) Trapping causes a space charge to build up close to the grid which

enhances the field and shortens the measured flight time. This produces

a real increase in ion velocity.

When translated to the velocity-field curves (a) enhances the

apparent critical velocity at constant field and (b) enables the ion to

reach the critical velocity at a lower applied field than if no trapping

occurred. This explains the experimental observation (i) that the

increase in critical velocity for a given heat input was less than the

apparent increase in drift velocity. Table IV shows the comparison

between the apparent increase in ion drift velocity and critical velocity

enhancement.
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n-fluid Flow towards the Source

n-fluid flowing in the opposite direction to the ions had only a

small effect on either the drift velocity or the critical velocity of the

ions. It is assumed that classical turbulence occurs in the form of

vortex rings formed in the grid holes. This turbulence is then carried

into the grid-source space. In the grid-source region there is a steady

electric field accelerating ions towards the grid, therefore trapping of

the ions will merely delay their arrival at the grid, and produce a space

charge close to the grid. This would reduce the amount of current arriving

at the grid but would not affect the velocity of the ions in the measuring

space.

Effect of Very Low Heat Inputs

On all the velocity-heat input curves for n-fluid flow towards the

collector, there was an initial rapid increase in ion velocity levelling

off to a steady dependence for heat inputs in excess of £ mW. This

initial increase is attributed to a straight-forward enhancement of ion

velocity by n-fluid flow through the grid.
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DISCUSSION

The periodic discontinuities in the drift velocity of ions in an

electric field have not, at present, been explained satisfactorily.

Careri"'" suggested initially that at the critical velocity, an ion creates

a vortex ring in its wake. The vortex ring would have the dimensions of

the ion and one quantum of circulation. Subsequent discontinuities

correspond to vortex rings of the same dimensions as the first but

having successive quanta of circulations. There are two main criticisms

of this mechanism. They are:

(i) The kinetic energy of an ion at the critical velocity is

insufficient to create a vortex ring of the dimensions of the ion. The

energy of a vortex ring of radius 'r' and core radius 'a1 is given by
31

the classical hydrodynamic equation

E = | p f^r (3 - 1 ) — (3)

where p = bulls: liquid density

f( = circulation
8r

3 = lQge T
11

. o

The radius of the positive ion is given by Kuper to be 6.3A. A vortex

ring of radius 6.3L and core radius ll has an energy of = lO""^4" ergs.

2
This is a factor-- 10 more than the kinetic energy of the positive ion

at 5 m/sec. In fact, the ion has insufficient energy to create a roton

which, according to Feynmann^ may be considered to be the smallest



conceivable vortex ring.

(ii) This mechanism does not predict the observed difference in

the critical velocities for positive and negative ions.
e

The radius of a negative ion = 12. IX; this is almost double that

of the positive ion and is demonstrated by its lower mobility. Thus,

the larger negative ion requires more energy to create a vortex ring in

its wake. If the effective masses of the positive and negative ions

are comparable, the negative ion would require more energy and therefore

a higher velocity to create a vortex ring in its wake. This is contrary

to experimental evidence. The critical velocity for positive ions is

= 5 m/sec. and for negative ions =2.1 m/sec.
Careri avoided the first of these difficulties by suggesting that

the ions co-operated in the formation of vortex rings; several ions

being involved in the creation of one vortex ring. The situation is

analogous to the creation of a smoke ring by a fast moving stream of

gas. On a phenomenological basis, one would expect a co-operative

phenomenon to depend on the separation of the ions. The experiments in

Rome were performed at different ion densities, and those at St. Andrews

at a further different value, without affecting the position or magnitude

of the discontinuity and, therefore, suggest that a co-operative

phenomenon is not the answer.

The discontinuities occur at a well defined drift velocity and any

proposed mechanism must explain why the drift velocity and not the

instantaneous velocity of the ions is significant.

Careri suggested that the process by which an ion created a vortex
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ring and therefore lost mobility, required a time very much longer than

the time for one free path of the ion and thus the average velocity over

several mean free paths is important. This point will be dealt with

more fully later. (See appendix 5 and P. 121)

If it is assumed that the kinetic energy due to the ions drift

velocity is dissipated at the discontinuity and goes into some definite

energy state such as a vortex ring, then there is clearly another

difficulty which must be accommodated in any new theory. The kinetic

energy of the ion increases classically with the square of the velocity

and here the vortex ring theory is successful in that the energy of a

ring of given dimensions also increases as the square of the circulation

(Equation 3-) This suggests, at first sight, that any new system of

energy states must show a dependence on the square of some quantity.

This is shown later to be an unnecessary condition, (Page 109)•

The giant discontinuity in the drift velocity of the positive ions

at = 28 m/sec. observed by Careri^, has now been ascribed by him to the

creation of a vortex ring which then remains bound to the ion. The
(i ,e. vE S3 constant)

hyperbolic fall/of velocity for fields greater than that at which the

ion attains 28 m/sec., is consistent with this picture and comparable

to the hyperbolic dependence of drift velocity on energy of ions at

0.3°K observed by Rayfield and Reif.^ Moreover the energy of the ion at

this velocity is sufficient to create a roton. That the giant

discontinuity at 28 m/sec. corresponds to the creation of a roton by the

ion, tends to emphasize the improbability of the discontinuity at 5 m/sec.

being explained by the same mechanism.
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To summarise the present position - the vortex ring theory of

Careri does not account successfully for the periodic discontinuities,

because the ion has insufficient energy to create the smallest vortex

ring and does not explain the difference in critical velocities for

positive and negative ions. Any new theory must satisfy the energy

conditions, explain the periodicity of the discontinuities and the

difference between the critical velocities for positive and negative

ions.

Ip2
Huang and Olinto have overcome some of these difficulties by

postulating that at the critical velocity an ion feeds energy from the

field into turbulence until a vortex ring of unit circulation is

created. Their theory does not predict an absolute critical velocity

but does account for the difference between positive and negative ion

critical velocities. A detailed review and criticism appears in the

literature survey, Page 168 .
i»

Model Proposed

The model proposed here, which the author claims satisfies these

conditions, is based on the concept of a vibrating ion. The ion is

excited by collision, at its critical velocity, into a vibrational state

and subsequently emits a phonon.

The drop in mobility at the critical velocity corresponds to the loss

of the kinetic energy of the ion and a gain of vibrational energy.

Franck-Hertz Analogue

The process is analogous to the classical Franck-Hertz process where

inelastic electron-molecule collisions excite vibrational energy states
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in the molecule which then decay hy photon emission. In the Franck-

Hertz experiment* when the electric field is increased, the current

traversing the cell increases until the electrons acquire sufficient

energy to excite the first vibrational state of the molecules. The

electrons are stopped when they excite a molecule and this manifests

itself as a drop in current across the cell. A further drop in current

is observed when the electron has sufficient energy to excite two

molecules in successive collisions, i.e. there is twice the probability

of excitation. Similarly the second discontinuity for the ions occurs

when the ion has sufficient momentum to be excited at two successive

collisions. (See Fig. 28)

Positive and negative ions differ in size and structure and

therefore their vibrational energy levels are different. This gives

the required difference in critical velocity.

Calculation of Fundamental Vibrational Frequencies

The fundamental frequency of oscillation of an ion may be calculated

in three different ways. The ion can be considered as (i) a solid sphere

of known dimensions and bulk modulus, or as (ii) a liquid drop where

surface tension is the governing parameter, or as (iii) a sound

resonator.

(i) From a dimensional argument, the frequency of vibration of a

solid sphere of radius R and bulk modulus K and density p is

V = X (K? (MT R v p; K }N t

where X = constant 1

* See for Example 'Principles of Modern Physics' French, A. P.
(Wiley) P. 119
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taken to be n
g

The radius of the positive ion is/6.3^ and the bulk modulus of

9 -2
the solid O.J x 10 dynes cm . The value for the density is somewhat

difficult to choose as, due to electrostriction, the atoms composing

the ion are probably more closely packed than in the normal solid. The
Q

density of the core of the ion suggested by the diagram in 'Atkins'J

paper would be of the order of 2.5 gm.cm . The ratio Effective Mass

to Apparent Volume, gives a density of f^O.J gm.cm for the positive

ion. This, however, gives an average density for the whole ion; the

core may be considerably denser than this. Substituting the value

p = 2 into equation (/), the fundamental frequency of vibration is

3 x 1011 c/s.

(ii) The ion can also be treated as a liquid drop in the same way

that vibrational states are calculated for the nucleus. The nucleus is

treated as a spherical haraaonic oscillator with collective modes of

motion. The equation giving the frequency of vibration*^ is

Y = (5)

where M is the mass of the drop and a the surface tension. The mode

2.-1 corresponds to displacement of the drop as a whole and hence y = 0

for this value. 2 = 2 corresponds to the fundamental mode of vibration.

, v + 11
Substituting values for a = 0-35 ergs/cm. and M = 100 m^e gives a
fundamental frequency of vibration of 1.2 x 10^~ c/s. The value of

surface tension is not necessarily appropriate for an ion.
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(iii) The third, method for estimating the fundamental frequency of

vibration, is to treat the ion as a spherical acoustic resonator. Then

for the fundamental frequency the wavelength is equal to the

circumference of the ion. The vibration is, in fact, a wave on the

surface of the ion. The frequency may be obtained from this, using the

equation c = yh, where c = the velocity of sound in the ion and

a. = wavelength. The velocity of sound in the ion is taken as velocity

of sound in the bulk liquid) in the ion the sound velocity may be higher

than this. The vibrational frequencies obtained from this model are

y+ = 0.6 x lO"'"1" c/s. and y" = 0.32 x lO"1"'" c/s. The particular value of

this model is that although the absolute values of the vibrational

frequencies are not reliable, the comparison between the frequencies of

vibration for the positive and negative ions is directly connected to

their sizes and, therefore, probably correct. If the velocity of sound
ij-3

in solid helium is substituted, the vibrational frequencies obtained are

y+ = 3 ^ 1011 c/s. and y~ = 1.6 x 1011 c/s.

These three methods are not entirely Independent since, for

instance, the velocity of sound depends on the density and the bulk

modulus of the liquid. The range of values for the fundamental

vibrational frequency of the positive ion from the three different

models is 0.6—■> 3 x lO"1""1" c/s. The uncertainty in the values of the

surface tension, velocity of sound, bulk modulus and density, accounts

for the variation in the frequencies obtained. The energies of the

lowest vibrational states for the positive and negative ions is then
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£+ = hy+ = 4 > 20 x 10 ^ ergs .

E = hy = 2.1 >10 x 10 ergs

(6)

Where h = Planck constant

Multiplying the frequencies obtained by Planck's constant to obtain

the energy, is justified only if it is understood that the values

obtained are the lowest energies possible. For example, the energy of a

vibrating tuning fork is considerably in excess of the product of

Planck's constant and the frequency. However, neither the tuning fork

nor the vibrating ion can have energy less than hy.

The lower energy values obtained from the acoustic resonator model

agree best with the available energies.
11

For comparison, it is interesting to compare Kuper's

calculations for the fundamental frequency for radial pulsations of the

'bubble' model of the negative ion. He does this by finding the

'potential' term in the Hamiltonian for the oscillations. This is of

12 2
the form — m y x , where y is the frequency, x the amplitude of

oscillation and m the total mass of the vibrating atoms. We need the

coefficient of x^ in the Taylor expansion of the bubble energy E.

How the pressure at the ion

5E
^ JL_ . 6E

6V 4nr^ 6r (7)

&E
_ , 2 , ,= 4mr p(rj
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In the paper quoted, Kuper lists three contributions to the

pressure at the ionj they are

(i) Pressure due to van der Waals1 attractions

Pv.d.W = C1 - ~2 ) (8)
r„

where d is the mean interatomic distance = 3•6l
(ii) Electrostatic interaction gives a pressure

Pe.s. = ^'2 V~° atm* ^ — (9)
r„

and

(iii) There is an outward pressure due to the kinetic energy of the

electron

atm. I5 (10)
T

..

The pressure at the bubble wall is then

Po - Pkin ~ Pv.d.W " Pe.s. """" — (ll)

Substituting the value of pQ in Equation 11 and differentiating with

respect to r, gives

: 2-ni o o „

■^2 = 10^v + 3 k 10 - — yl10 — (12)
& r r

_ rJ

The equilibrium value for r =12. calculated by Kuper"1"1, gives

2
fL =2.5 x 10^ atm.i = 2.5 x 102 dynes cm 1
6 r2
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'Intrinsic' energy A of a roton = 12.3 x 10"lo ergs.

-j r s
Kinetic energy of a roton at 1°K = -§kT = 0.7 x 10 ergs.

This value for the kinetic energy of a roton is the nost
probable value at temperature T. x

Positive Ion Negative Ion

x 10*^ ergs, x 10ergs.

Energy of vortex ring of sane diameter
as ion with a core radius = 1A 96 2h0

Energy of fundamental nodeof vibration of
ion

(i) Spherical hamonic oscillator 20 (ho)

(ii) Liquid drop model ^ (7.9)

(iii) Acoustic resonator 4.0 2.1

(iv) Kupers' radially pulsating 'bubble' b.O

Kinetic energy of ion at v for effective
mass *= 100 1 0.87 0.19

TABLE V

(40) in brackets because formulae for frequency of oscillation of
spherical harmonic oscillator is for a solid sphere in contrast
to the negative ions bubble structure.

(ii) 7.9 may apply to the positive ion or the negative ion, but not
both.
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This gives

y2 = i -AJL a; k x 1023 c2 sec."2
m 6rs

for m = 100 m.T .he

1 1
This gives y_ = 6 x 10 c/s. which is an order of magnitude higher than

the estimate frora the acoustic resonator model. This result is expected

since radial pulsations would have a higher frequency than surface waves.

The energies of excitation obtained from the three models proposed

are between 5 and 30 times less than the energy of a vortex ring of the

dimensions of the ion, and therefore, make the excitation of vibrational

states a more probable process than the creation of a vortex ring.

Table V shows how the energies from the various models compare with the

energies of vortex rings, rotons and the kinetic energy of the ion, due to

its drift velocity. The kinetic energy of the ion is still low but is at

least of the same order as the vibrational energy necessary.

Excitation Processes

The collision processes by which the ion could be extited into a

vibrational energy state have been studies with regard to the conservation

of energy and momentum. The processes which have been considered are:-

(i) ion + roton —» vibrating ion —»phonon + ion

(ii) ion + phonon —>roton + ion

(iii) ion + phonon —>phonon + ion

(iv) ion + thermal roton—*stationary roton + vibrating ion

—> ion + phonon

It will be shown that (iv) is the most probable process.
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(i) Ion + roton —* Titrating ion —»ion + phonon

In this collision the ion destroys the roton, takes up its energy

into a vibrational state and then decays by the emission of a phonon of

the same frequency as the vibrating ion. For the positive ion, where

m+eff = "k*16 ener§y momentum conservation equations at the
first discontinuity are: •

v2 + (A + ■§kT)-»Ev+ |mv,2-^Ep + imv"2 —- (13)

mvc - (pQ + p) mv' Sp + mv" — (lk)

where Ey is the energy of vibration, Ep the emitted phonon energy, u the
velocity of first sound in the liquid. The energy, and hence the

frequency of the emitted phonon, can be calculated from these equations.
"I /T 9

E^/v A = 13 x 10" ergs, since -imv A and u, t". This gives a
P c a

vibrational energy /vlk x 10" ergs, and frequency 2 x 10 c/s. This

corresponds to a wavelength of 12&, a length comparable to the positive

ion diameter.

The main criticisms of this process are:

(a) The fundamental vibrational states for the positive and

negative ions would have approximately equal energies. This would imply

equal vibrational frequencies for the two ions, a situation which is

difficult to correlate to their different sizes and structures.

2
(b) Since -gmvc A , the process could presumably occur when a

slower moving ion collides with a slightly more energetic roton. This

would result in an indistinct discontinuity, in contrast with the observed

sharp discontinuity.

*Average roton thermal energy. (Rice - Proc. 9th Int. Conference on
Low Temp. Phys. P.89)
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2
(c) At discontinuities beyond the first, the value of Ey =» -grav + A

are far from periodic. The observed periodicity must then be a direct

result of momentum conservation only. An ion going at 2vc has enough
momentum to perform the above process twice in succession. This,

however, requires that at the first discontinuity, the ion be brought to

rest v" = 0 at an inelastic collision. This condition does not fit the

energy momentum equations (13, 1*0 unless the effective masses are

adjusted.

(ii) Ion + phonon —proton + ion

This process is the reverse of (i). Here an ion absorbs a phonon

and then has enough energy to create a roton. The phonon would need to

be of the same frequency as the fundamental frequency of vibration of the

ion. The first discontinuity occurs when the energy-momentum

conservation equations are satisfied

■jbiVg + Ep = A + |mv'2 — (15)

(0.9 + 11.if- = 12.3 + 0.0k) x 10ergs.

mvc + §? = PQ + mv1 — — — ... (16)

(3.33 « 0.18 = 2.1 + 0.75) x 10"19 grm.cm/sec.

This process shows the same inconsistency as its converse (i).

To satisfy energy, momentum and periodicity conditions, and to give
the observed critical velocities for positive and negative ions

V = 0, 80 m[Je and meff> = 160
See Page LL9 for a discussion of the meaning of the effective mass.
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The absorbed phonons are of nearly equal energy and therefore equal

frequencies, which does not agree with the difference in fundamental

frequencies of vibration for positive and negative ions. Periodicity is

obtained in the same way as (i). In discontinuities beyond the first

there is a small amount of energy in excess of that needed to create a

roton. This could go to the kinetic energy of translation of the roton.

( iii ) Ion „+J^honon —-j>jghqnon _-+•

Tliis process is not simple scattering, but the conversion of a

phonon of one wavelength into a phonon of a different wavelength. The

incident and emitted phonon need not be of the same frequency. Because

of the Doppler Effect a phonon, approaching the ion head-on, would appear
laboratory frame.

to have a higher frequency than its frequency in the / This means that

the ion could absorb a phonon having a frequency slightly less than its

fundamental vibrational frequency. If the ion then re-emits the phonon

forwards, this phonon will appear to a stationary observer to have a

frequency slightly higher than the vibrational frequency and, overall,

the ion will have lost energy. There is an upper limit to the allowed

frequency for phonons, corresponding to the Debye cut-off wavelength. At

the critical velocity, phonons with the maximum frequency are just

capable of being absorbed. The momentum of such a high energy phonon is

sufficient to 'stop' the ion when it is re-emitted in a forward direction.

However, it would seem rather a coincidence that, at the critical . ;

velocity, the ion should have momentum equal to twice the phonon momentum

and that the appropriate energies should be correct. Moreover, at

velocities above the critical velocity, the ions can interact with an
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increasing number of phonons and this would suggest a monotonically

decreasing mobility beyond the critical velocity. Also, at 1°K, there

can be very few phonons with energy near the Debye cut-off. The

calculation of v for the ions is as shown
c w

Frequency of phonon at Debye cut-off wavelength = 4.25 x 10^* c/s

Phonon Energy = 28 x 10""''0 ergs. Momentum = 1.15 x 10dyne.sec.

Apparent frequency of phonon to ion travelling at 5 ra/s when two
N .B. Phononvelocity

24S i 11 ii 11 / 240 m/sec.
approach head-on = x 4.25 x 10 = 4.34 x 10 c/s

Oil CT "i "i i i

Frequency of emitted phonon x 4.34 x 10 c/s - 4.43 x 10 c/s.

Energy loss by ion = h(4.43 - 4.25) x 10"1"1 = 1.2 x 10 ^ ergs.

-19
Momentum loss by ion = 2.3 x 10 dyne.sec.

Energy conservation equation:

•giav^ » -gmv'2 = 1.2 x 10ergs.

Momentum conservation:

mvc - mv' = 2.3 x 10 9 dyne.sec.

If = 100 m^e is substituted in these equations a critical velocity of
680 cm/sec. is predicted. This result must, of course, be fed back to the

)

point where the apparent frequencies of absorbed and emitted phonons wore

calculated. If this is done repeatedly, the predicted ion critical

velocity ss 10 m/sec.
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(iv) Ion thermal_roton :^vibrating_ionw+.roton-^.ion,,+ j>honon

In this process the roton is not destroyed "but merely dethemialised
P. 109

by the colliding ion. It is shown later/that the maximum energy becomes

available for the excitation of vibrational states when the ion makes a

head-on collision with a roton in which the rotons momentum p isxo

reversed in direction. At the critical velocity, the kinetic energy of

the ion and the thermal energy of the roton are sufficient to excite the

fundamental vibrational mode of the ion. Subsequently the ion emits a

phonon. If the energy momentum equations are calculated for the emission

of a phonon when a roton and ion collide, it is found that the

instantaneous emission of a phonon, without the vibrating ion intermediate

state, is possible for the positive ion, but not for the negative ion

because, in this case, in order to satisfy conservation laws, the recoil

velocity of the ion would be greater than its initial velocity. Although

there is no 'a priori' reason why this should not be so, the maximum

amount of energy cannot be obtained from the system when this occurs.

When a positive ion of mass = 100 ro. collides at 5 m/sec. with a roton,

the phonon emitted in the forward direction has a wavelength of 100A.

Since (iv) is the most likely process, the dynamics of ion--roton

collisions will now be discussed.

The Dynamics of Ion-Roton Collisions

In order to find the critical velocity at which excitation of the

ion can occur, it is necessary to determine the collision conditions

which make available the maximum amount of energy. A 'head-on' collision

with a roton in which the momentum of the roton is reversed, allows the
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maximum loss of momentum by the ion and, provided the ion momentum mv > 2pQ>
the maximum loss of kinetic energy. Conservation of momentum gives:

mv - 2po = mv' (17)
Where mv, mv" = ion momentum before and after collision

p = roton 'intrinsic' momentum
o

Since the maximum amount of energy available at a collision is

required, the kinetic energy, ^ kT, of the roton must be taken into
account. If this is capable of being absorbed into the excitation, then

the total energy available is

2

Substituting from (17)

E = =• m(v2 - v«2) + (h kT (18)

2p2
E- 2pov+ (i) kT - (19)

II
The mass of the positive and negative ions is /*S100 . This gives

2po ^(^) kT, where 2po = 1.2 x 10 ^"° ergs, and | kT = 0.7 x 10 ergs,
m m

This result is purely coincidental and implies that the maximum energy

available is approximately proportional to the incident velocity of the

ion. The first discontinuity will occur when 2pQv «= Eq, the energy of
the fundamental mode of vibration. Subsequent discontinuities will occur

at integer multiples of the first critical velocity and correspond to the

higher modes of vibration. The velocity separation of the discontinuities

is thus predicted from the dyhamics of ion-roton collisions, but the 'strict'
2

2'o 1
periodicity is then purely a coincidence of the near equality of -Jo and (=■]

m

The experiments have been performed at temperatures in the range

0.85°K - 1.0°K and no measurable change in v observed. This is to bec
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Normalised Energy Available
x from Inelastic Collisions

£ <£(£. - 1 )(JL+ 2) 2 with Eotons

~ve ions +ve ions

2 2.8 3-5 2.5

3 5-5 5-3 5-7

k 8.5 8.3 8.1

5 11.8 11.8 12.2

6 15-5 15.^ 15-5

7 19.5 18.9

Comparison of Energy Available with Energy Necessary

for the Excitation of Vibrational States

TABLE VI
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2

expected since h£° - (•§■) kT 2P0VC ^or "this range of temperatures,
particularly in the case of the positive ions where vc = 5-2 n/s.

For the negative ions loth mv and mv < 2p and for the positive
C1 c2

ions nivc <( 2pQ. Under these conditions a head-on collision of the type
described would result in the ion being scattered backwards with a

finite velocity, while the maximum amount of kinetic energy can be

obtained from the ion if it is brought to rest by an oblique collision

with a roton. In this case the energy available is simply:

+ i lcT (20)

Table VI shows how the energy available increases with increasing

velocity for both positive and negative ions. The values are normalised

to show the comparison with the values of - l)(-£ + 2) 2, the

suggested sequence of vibrational energy states for Jl = 2, 3;

The sequence of energy values fit well for the first six steps, but

diverge somewhat thereafter.

The Giant Discontinuity
p

The giant discontinuity observed by Careri for both positive and

negative ions at a critical drift velocity of 25 - 30 m/s. is also

explained well by this process. The energy available in a head-on

collision with a roton, where the roton's momentum pQ is reversed, is
almost exactly equal to the 'creation1 energy A for a roton. The momentum

and energy equations are:

mv - 2p = mv' + p (21)

(created roton)
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E* = ^n(v2 v'2) + ^ kT = 13 x 10"l6 ergs.= A — (22)

for = 100 Hjje and v* = 28 m/s.
Equal effective masses for positive and negative ions and the

creation of one roton in each case, predicts the same critical velocity

for the giant discontinuity as observed.

Reif and Ray-field"*"^ worked at lower temperatures, 0.3 - 0.6°K, where

the mean free path of the ions between collisions with rotons is long,

compared to their patch across the cell. It is not surprising then that

they were able to observe velocities in excess of 30 m/s. up to 50 m/s.,
without the appearance of a giant discontinuity, since the creation of

a roton at an ion velocity of 30 m/s. requires a collision with another

roton. At 58 m/s. energy-momentum considerations make it possible for

the ion to create a roton by itself.

Since rotons provide the main scattering centres for the ions, their

particular properties will now be discussed.

Collisions with rotons

The nobility of the ions is derived mainly from

scattering by rotons. It is therefore important to consider the effect

of the following points:

(а) Density of rotons

(p) The effective mass of rotons in collisions

(y) Variation of roton density with temperature

(б) The thermal velocity of rotons

(e) The analogy of a roton collision with a vortex ring collision.
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. . 14
(a) According to Atkins , the effective number density of rotons

is

2<# P2 (kTx> e~'A/kT
w = W e (23)

(2 It )*■ h3

where to = effective mass for transport properties from neutron scattering

data, pQ = momentum of a stationary roton and A = energy of stationary
roton, i.e. roton at minimum of energy -momentum curve. At 1°K the

19 8
density of rotons is 0.9 x 10 7 per cm. .

15
The mean free path of ions between collisions with rotons is given by

^ir = J2 f 2 27| ^2^it & hr (v± + vr)s
where 0 = mean collision diameter

Substituting the value of Nr calculated above, the theoretical ion-roton

scattering cross-section for the positive ion, and the thermal velocity

of the rotons ( *■> J200 cm/sec.) gives

+ vi «i

^ir~ 2i7(d ^ = 23^ at Vi = 5 m/sec.
It is better, because of the dependence of on v^, to give a mean free

4.
time t? between collisions.

= h.6 x 10"10 sec. (25)
^i

If this value is now substituted in the mobility equation derived
16

from kinetic theory ,

P - 0.815 4^rl (26)
k I m, + m

mivi

where m^ = mass of roton (See (p) P. 114)



- 111+ _

the mobility of positive ions derived, for 1°K is ^18 cm.^sec. ""'"volt"1.
This is a factor 3 higher than the observed mobility at these temperatures.

The discrepancy can be attributed to two sources. Firstly the theoretical

ion cross-section is taken as the actual physical cross-section of the ion;

it is quite probable that the ion's influence on approaching rotons,

extends well beyond its hard-core boundary. In order to account for the

factor of 3, the positive ion radius would have to be I3R. Alternatively

the use of a simple kinetic theory equation which takes no account of the

shortening of the mean-free-path due to the attractive forces, can affect

the result.

(3) In the previous calculations the effective mass of the roton

was taken as 0.26 & value obtained from neutron scattering

17
experiments '. This assumes that only the thermal momentum of the roton

is active in any collision and that pQ, the intrinsic momentum, is dormant.

If, however, this is not true for ion-roton collisions and, in fact, the

ion does interact with the velocity field of the^roton such that pQ is
affected, then a different effective mass m* = — should be considered.'

2A

Then m* = 2.R m^. Substituting this value in equation (26) together
with the mean-free-time calculated from the theoretical cross-section,

gives = 6.1. This agrees well with the experimentally measured
2 -1 -1 (Ref. 3)

= 5«9 cm. sec. volt

Tne corresponding calculation performed for negative ions gives

tr = 2 x 10 sec. and *= 2.8cm.^sec. ^volt"'" compared to the
p -l (ftef 3)

experimental 1 y determined value of = 3-6 cm. sec." volt" .
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It is, of course, necessary to justify the use of different

effective masses for ion and nevxtron scattering. It is difficult to

produce any quantitative argument in favour of this, but it is postulated

that fast small neutrons interact less easily with the intrinsic momentum

pQ of a roton than a large slow moving ion. The neutron -wavelengths
X used for the scattering experiments, are of the same dimensions

as a roton, while both positive and negative ions are much larger. The

analogy of a roton as a vortex ring helps to illustrate how the size of

the incident particles influences the result of the collision.
T

(y) Equations (23), (2k) f (26) predict that ^ . Near 1°K the
exponential term is predominant. This agrees with the experimentally

observed logarithmic dependence of mobility on temperature.

(6) The condition necessary for the above equations to hold is

that the ion velocity <£ vr the thermal velocity of the rotons.
Now v = (2kT/ua) )2, where wis the effective mass of a roton. At

1°K vr 7300 era/see., therefore under the experimental conditions
employed, v^ « v^.

(e) In calculating the mobility of the ions, rotons have been

treated as ordinary particles. The excitation spectrum of liquid helium

suggests that this is not entirely justified. Rotons correspond to the

excitations near the minimum of the E-p curve and they have two

properties, due to this position, which distinguishes them from ordinary

particles.

(i) At the minimum rotons have zero velocity, since —- = 0, but a finite
6p

momentum. The minimum occurs at an energy A = 8.9°K and momentum
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(8.9 + 1.0°K)
° -1 ■

0

pQ r+i 1.95A . At 1°K rotons with energies up to 10 K are excited, i.e. /
Rotons at the minimum are in 'stable' equilibrium since changes in either

direction involve an increase in energy.
postulated that roton

(ii) The momentum pQ is that due to the rotational motion only. It is /
also have momentum due to their thermal velocity and that this 'thermal'

momentum p can be parallel or anti-•parallel to the 'rotational' momentum.

When they are parallel the total momentum p is greater than pQ, which
corresponds to the right of the minimum, and when they are anti-parallel

the total momentum is less than p and the rotons are to the left of the
o

&E
minimum In the latter case the velocity , is negative, which means

that the direction of the velocity and total momentum are opposed. In

this respect, rotons differ from a classical vortex ring, which always

has its velocity and momentum in the same direction. When a heavy

particle and a vortex ring collide, the vortex ring expands and gives up

its momentum to the particle but the vortex ring cannot be 'reflected'

in the opposite direction.

When an ion collides head-on with a roton at subcritical velocities,

it is possible for the roton to rebound elastically with velocity

reversed but with the original direction of unchanged.

(See Fig. 26)

The author postulates that at subcritical velocities ions colliding

obliquely with rotons interact predominantly with the 'thermal' momentum

p,p of the roton, reversing its direction relative to pQ. In these
collisions p is only slightly affected. However, in an inelastic

collision the ion interacts with pQ + p^ (Fig. 27)• and (Fig. 27(a))
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At a critical velocity the ion 1 absorbs' the thermal energy of the roton.

The details of this process are not clear, particularly as there is no

classical couterpart for comparison.

In order to collide 'head-on' the ion momentum must "be antiparallel

to the 'thermal' momentum of the roton and, in order to he excited into a

vibrational state, the ion's momentum and the roton's intrinsic momentum

p0 must be opposed. Therefore, only those rotons whose intrinsic and
thermal momenta are parallel, are capable of colliding inelastically with

the ion.

In all the previous calculations, the velocity of the ions at
(See Appendix [

collisions has been equated to the measured drift velocity of the ion.

This would not normally be justifiable. In a gas at room temperature for

instance, the mass of an ion is comparable to that of the scattering

molecules and, secondly, the velocity of drift for moderate electric

fields is small compared to the thermal velocity of the ions. Under

these circumstances the drifting ion would trace a very erratic path. In

liquid helium at 1°K for the fields considered, the ions r~e very heavy

compared to the effective mass of the scattering rotons, even if

m* = 2A® and their drift velocity is approximately equal to their
He

thermal velocity. Moreover, the- velocity of the ions is small compared

to the average thermal velocity of the rotons.

Effective Mass of Helium Ions

The effective mass of a positive helium ion for transport properties

has three components, Huper"^:
(a) Displacement mass. This is the difference between the
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total and excess mass within the spherical ion

^ = f n po r+ (2T)
(b) Electrostrictive mass. This is the excess mass, as

calculated by Atkins, due to the electrostatic

attraction of the charge m^ = 2+0 urn
(c) 'Hydrodynamic' Mass ^ u pQ r^ caused by the

necessity to displace atoms as the ion moves.

Substituting p = 0.14 gm/cm^ and r = 6.3^ gives effective mass for +ve ionsO T

=74 a figure which is lower than that given by Kuper (100 e^)* ®-'ie
calculations have been checked and seem to be correct. Eor the negative

bubble model, the displacement mass is absent and the effective mass is

just the sum of the hydrodynamic and electrostrictive masses. Theae are

8l m^e and 17 respectively for r = 12.1& and p = 0.14 grm/cm.
The 'thermal' velocity of a positive ion of mass = 75 m is ^900 cm/sec.

He
at 1°K. In all other calculations the effective ion mass has been taken

equal to 100 .

In order to ascertain the ex-ror in assuming that the drift velocity

and instantaneous velocity of the ions is the same, the expected

persistence of velocity of an ion when it collides with a roton is

19
calculated. Jeans has calculated the persistence of velocities for

collisions of elastic spheres of different initial velocities and equal

mass, and then extended the result to include different masses. The

positive ion has a critical velocity of^ 5 m/sec. whilst the thermal

velocity of the rotons = 70 m/sec. If these particles had equal masses,

the ratio of the average component of velocity of the ion in the forward
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a

direction to its initial velocity would "be

= 0.333
equal mass

Average ion velocity after collision = 0.333 x 5 m/sec., = 1.7 m/sec.
The actual persistence of velocity is given by

m. - m 2m / \
_± r + —/?.) (28)m.+ m m + m I c f equal '1 r r \ / masses

where m. = mass of ion <= 100 m
i He

m^ = mass of roton =0.25 m^e if the neutron scattering figure is
taken or =&.b m^e if the effective momentum pQ is taken into
consideration.

For the positive ion near its critical velocity, the persistence of

velocity when scattered by rotons of mass 0.25 i^e is = 0.997- When
scattered by rotons of effective massT^ m^ the persistence of velocity
is 0-97 Thus, in non-exciting collisions, the ion will lose on average

between 0.3$ and 3$ of its velocity in the forward direction. The drift

velocity is then approximately constant with small perturbations

superimposed on it due to collisions.

The same result is obviously obtained for the negative ion. It

appears then that the original assumption that the instantaneous velocity

and drift velocity are approximately equal, was justified.

The above calculation however, only gives the average persistence

of velocity. The range of values of velocity after impact might be

sufficiently large to invalidate the argument. For the 'light' roton

m =0.25 the maximum loss of velocity by the ion in a head-on
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collision is but for a thermal roton of effective mass m =2^ m^ the
ion could be stopped by the impact. (See alsb Appendix 5)

Discontinuity Size

An explanation for critical velocities has just been given, the

next most important consideration is to explain the size of the

discontinuity. The average drop in mobility at the first discontinuity

at 0.95°K for positive ions is 7$ taken from twenty examples; seven from

the published results of Careri, and the rest from the author's own

observations.
(see also Appendix 5)

As has been shown in the previous section, /the ion continues

steadily towards the collector with only minor fluctuations in its

velocity v , unless it collides with a roton in such a way as to excite

vibration It then drops to a velocity v - v and Ernst accelerate
t G

(See Fig. 28)
through the roton sea to its terminal velocity v^ again. The magnitude
of the discontinuity depends on the relative number of exciting

collisions to normal elastic collisions. One inelastic exciting

collision in every 1$0 ordinary collisions would give an apparent drop

in mobility of the right order. The mean-free-path at v = v+ between
c

exciting collisions would then be = 200ol compared to l'-Jt for the ion-

roton mean-free-path. This would mean that any given ion makes very
*

many inelastic collisions in traversing the cell but few compared to

the number of elastic collisions it undergoes. It is suggested that the

reason only one in 150 collisions are exciting ones is that the conditions

for excitation are very stringent. It may be that the collisions must

occur at well defined angles of incidence. The correct ratio is obtained
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if only those collisions which lie within r*J 2° of a given angle of

incidence are effective. In collisions which do not satisfy these

conditions, normal conservation laws hold and the ion and roton are

deflected. The discontinuity size should not depend on roton density

very sensitively since the ratio of collisions within the specified angle

of incidence necessary for excitation to all other angles of incidence,

will remain the same. The magnitude of the discontinuity varies little

with temperature. At the lowest temperature investigated, the

discontinuity size shows a slight decline. The author attributes this

decline to the decrease in the number of rotons of sufficient energy to

excite the vibrational states. Below 0.9°K, rotons having the required

energy are situated on that section of the Maxwell Distribution curve

dn(E)where is negative. Further lowering of the temperature should

result in a marked decrease in the discontinuity size, however one is

then in a region where the discontinuity is less distinct, so this may

not be easy to demonstrate.

The Shape of the Discontinuity

Above 0.95°K the discontinuity is sharp, well defined and complete

when at a velocity only slightly in excess of v__, e.g. l.lv . Below

0.9°K however, the discontinuity remains distinct, but the drop in

mobility is more gradual, becoming complete at v = 1.5v . In considering

in detail the shape of the discontinuity, the motion of the ion while

accelerating and while travelling at the terminal drift velocity, must

be considered separately for both (i) head-on and (ii) oblique exciting

collisions with rotons.
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(i) Head-on Collisions

These provide the maximum energy for excitation when mv ">2pQ.
(a) Accelerating Region

For the purpose of calculation, the ion is considered as a classical

particle accelerating in a viscous medium. The time required for the ion

to accelerate from velocity vQ to vc is given "by *

t = ~ log^ ( — ) (29)c B e \ V-, - v,d vc/ (See Appendix 6)

where v., = terminal drift velocity acquired in the field E and
d

B = e
m p

The distance covered by the ion while accelerating from vq —* vq is

S = 1
c B

v

v (1 + log ?— ) • 2vcd e y - v
d c

- (30)
(See Appendix 6)

The ion continues to accelerate beyond the critical velocity vq
until it either reaches the terminal drift velocity v^ or undergoes an
inelastic collision with a roton.

The velocity of an ion against time is shown in Fig. 28. The area

below the curve represents the distance travelled by the ion towards the

collector. The shaded portions correspond to the distance lost by the

ion due to an inelastic collision. The area of the shaded portion

relative to the area below the line of constant drift velocity, gives the

drop in mobility. (See also Fig. 28a for E>E )
p2_

*
vq = ion velocity immediately after an inelastic collision.
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These shaded portions are of approximately equal area independent of the

drift velocity, so for a constant drop in mobility the average distance

travelled by an ion between inelastic collisions, must be constant,

(b) Terminal Drift Velocity

The time for which an ion travels with its terminal drift velocity

before making an inelastic collision, must then be inversely proportional

to the drift velocity, if the above condition for constant discontinuity

size is to be satisfied. Since the time between all collisions, elastic

and inelastic, is a constant, the fraction of collisions which are

inelastic must be proportional to the drift velocity of the ion; the

faster the ion goes, the more probable is an inelastic collision. This

can come about in the following way;-

The ion must collide within a certain small angle of head-on with

the roton in order to be excited. The faster the ion goes, the more

readily will this condition be satisfied since then the velocity of any

given roton relative to the ion subtends a smaller angle with the forward

direction of motion of the ion. As the velocity of the ion increases,

the rotons appear to approach more nearly from ahead. Since the ion

velocity is small relative to the roton velocity, the small angle of

incidence within which an inelastic collision is possible, is directly

proportional to the ion velocity. Thus as the velocity of the ion

increases, the number of exciting collisions increases proportionally and

at each collision the ion loses on average approximately the same

distance towards the collector, (because the shaded areas are equal, Fig. 28)

To a first approximation the distance S for which an ion travels
E



VELOCITY



- 127 -

with a velocity v > v , is a constant. The equation of motion is

SE = -d (1 - Ee"B"% + v^ (31)
B (See appendix 6)

which may be solved for t^ = time for which ion travels at velocity v>V£.

The average drift velocity v for the flight of an ion across the

cell will be

SL, + S
* " tpvt - - <32>E c

If p = 10 and Sr = 2000X is substituted into these equations, aJlLI

discontinuity of 9$ occurs at the critical velocity. The theoretical

curve is shown in Fig. 29- This compares well with the experimental

curve except in one important detail. At a field just in excess of E ,

the critical field, the mean drift velocity is less than v . It would,

however, require measurements at very closely spaced fields to detect

this drop and it seems likely that even under these circumstances, the

effect might be obscured by fluctuations in ion velocities due to thermal

motion.

(ii) Oblique Collisions

The first positive ion discontinuity and the first and second

discontinuities for the negative ion cannot however be due to head-on

collisions. As explained elsewhere (Page 111), when mv 2pQ, the
maximum energy is available at an oblique collision with a roton.

The ion is stopped by the appropriate oblique collision and its
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kinetic energy goes into the vibrational energy state. For an ion

travelling at a given velocity < there is a particular angle of
m

incidence for which this process can occur. At the critical velocity

this process is the only one capable of supplying sufficient energy to

excite the vibrational state; however, when the ion is travelling at

velocity v > v , there is a range of angles of incidence for which

collisions will provide the vibrational energy. It is easy to show that

for v vc the range of allowed angles of incidence is approximately
proportional to (v - v ) and that the average collision is one in which

the ion loses momentum mv^. Consequently, for v > v , the ion on
average will not be stopped by these exciting collisions but merely lose

momentum nvc. The constant drop in mobility observed is thus explained
for the case where oblique collisions are responsible for the loss of

ion velocity at the critical velocity.

The mobility p. does not, however, drop to its new level when v is

just greater than v ; it does not reach its new value until v = l.lv
*»» G

at 1.0°K. At lower temperatures the change is even more gradual.

Once the ion has v > v£ it is capable of making inelastic collisions,
so the mean-free--path before the ion makes an inelastic collision must be

measured from the time at which the ion acquires v = v . As the field is

increased the ion reaches the critical velocity earlier and, therefore,

the next inelastic collision will occur sooner. For high fields then,

the ion will make a higher proportion of inelastic collisions and the

mobility will be reduced farther as a consequence.

For fields which give the ion drift velocity just greater than v , thec
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_ 2 log 1 « 3 x 10"10sec.
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drop in mobility is small because the ion spends a large proportion of its

flight time at velocities v < vq where it cannot make inelastic
collisions. (AB in Fig. 28)

The drop in mobility is less abrupt at temperatures < 0.92°K. At these

lower temperatures two effects can alter the shape of the mobility curve.

Firstly the persistence of velocity of the ions will be greater since the

velocity of the impinging rotons is reduced. Also the mean-free-time

between collisions is considerably increased. The first of these effects

is small since v depends weakly on T. The increase in mean-free-path,

however, means that the field necessary to maintain a given terminal velocity

is very much reauced. Thus, after an exciting collision, the ion has much

less acceleration, and it travels further before acquiring v = v . This

means that the effect which resulted in the smooth shape of the discontinuity,

is more marked at the lower temperatures.

Relaxation Time for the Emission of a Phonon by the Excited Ion

It is important to know how long the ion remains in an excited.state

after making an inelastic collision. The decay time for the vibrating ion

in a viscous medium is calculated. The damping may be considered as the

result of internal friction within the ion or, alternatively, as the

probability of phonon emission at the succeeding ion-roton collisions. In

this latter case it seems likely that the probability of emission of a phonon
(see opposite)

is high.'NJ 1. The damping factor, for an ion of mass m = 100 m^e in liquid He
S<o o io

of viscosity >^30 micropoise, is of the order of 10 >10 . The decay
-10

time for the vibration is then approximately 3 x 10 x sec. This is of the

order of the time between successive collisions with rotons and is much less

than the time between successive excitations. Thus it is likely from this

calculation, that the ion will emit its phonon or phonons before the next

possible exciting collision.
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The Variation of Discontinuity Size with Grid--Source Field

The extent of the drop in motility atove the critical velocity was
(See P. 54)

found to depend on the magnitude of the grid-source field Egs. When Egs

became supercritical the size of the discontinuity at vc for positive
20

ions changed from a 6 —* 10$ drop in mobility to ^ 3$- Elsewhere ,

this has been ascribed to the production of an n-fluid 'wind,' through

the grid towards the collector, by the ions in the source-grid space. A

process of elimination suggested that this mechanism was probably the

only one which fitted the results qualitatively. The argument went as

follows: -

The events in the source-grid space can affect either the ion or

the background fluid, or both. The velocity of the ion may be changed

by a single event or by a continuous process, or both-

For example, suppose the ion at v = v creates a bound vortex ring
c

in its wake. The observed drop in mobility can be due to a loss of

velocity at the creation process and to the increased scattering cross -

section of the ion-vortex ring combination. If the creation occurs in

the source-grid space, then a smaller drop in mobility due only to the

bound vortex ring would be observed in the grid-collector space. The

immediate criticism of this process is that even if the ion were stopped

at the creation of a vortex ring, the effect on the average drift

velocity across the cell would be immeasurably small. It would be

necessary to postulate that during the creation process, the ion travelled

at v = vc for a significant proportion of its flight path across the cell.
Even if, in this way, the single event could account for the observed
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*

change in the mobility yet another difficulty is apparent] the extent

of the effect on the average drift velocity would then depend on the

total distance travelled by the ion - the shorter the total distance

travelled^ the greater the effect of the creation process. Variation of

the grid-collector spacing shows no such dependence.

When EgS < E^ the discontinuity remains approximately constant]
when Egg "> Ec the discontinuity; although small; tends to decrease
slightly with decreasing grid-collector spacing.

Another possibility is that an ion; when initially excited, exhibits

an enlarged scattering cross-section which then decays towards its

originaJ. value, or alternatively the same effect would be observed if a

large vortex ring were created behind the ion which then shrank as the

ion accelerated. This would result in a large initial drop in velocity

by the ion but a slow recovery to some final velocity, which is

nevertheless lower than the terminal velocity the ion would have acquired

had it not undergone the critical phenomenon. If the initial loss of

forward velocity occurs in the source-grid space, then the ion will

already have acquired its new terminal velocity when it enters the grid-

collector space. It has been shown on Page 129 that the decay time of a

vibrating ion is very much too small to be effective in this process.

The decay of a vortex ring in the wake of an ion, could be a much slower

process and the ion velocity may not recover for a significant part of

its flight across the cell. However, this model again predicts a

dependence of discontinuity size on the electrode spacings which is not

confirmed by experiment.
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None of the above suggestions wholly explain the experimental

observations and, therefore, the processes which night effect the

background fluid were considered. It is postulated that ions in the

source-grid space set up a flow of n-fluid towards the grid and that some

of this is carried through into the grid-collector space. The production

of this n fluid 'wind' is closely connected with the previously described

model of a vibrating ion. In an exciting collision the ion tends to

polarise the roton momentum along its own direction of travel. The

roton may remain bound to the ion for a short time in which case it will

be further constrained to move in the direction of the ion. Now the

roton-roton mean-free-path = lOOoR (Atkins, Page 109) is long compared to

the ion roton mean-free-path. Thus ion-roton collisions increase the

forward polarisation of the rotons such that after a period of continuous

passage of the ions, a flow of n-fluid corresponding to the preferential

direction of the roton momenta, is set up along the axis of the source-

grid space This flow of n--fluid is carried into the measuring space

through the grid. There the preferential orientation of roton momenta

towards the collector will render them incapable of exciting the forward

moving ions. Moreover ions returning to the grid during the reverse

cycle of the applied square wave potential, encounter a higher proportion

of rotons approaching from head-on. It is possible then that, as in the

case of heat induced n -fluid flow, the ions do not reach the grid on their

return flight and the effective flight path of the ions is shortened.

Phonon-roton collisions tend to destroy this polarisation. Equilibrium

will be maintained when the polarising and depolarising influences



Momentum before

collision L.H.S.

Range of possible momenta after collision R.H.S.

Fig. 30.
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balance. The low ion density in comparison to the roton density, would

suggest'that the effect is microscopic; however factors which support

the concept of a significant ion induced n-fluid flow are:-

(a) Heat flush results for varying fields, explained previously. (P.77-S*

results (iii) and (v))

(b) The experimental observation of flow patterns in electrolytic tanks.^
(c) The ion density though still small, is higher in the source-grid space

than the grid-collector space.

(d) Each ion, at any instant, affects a large number of helium atoms.

(e) Conservation of energy and momentum in roton-roton collisions

predicts that a roton will 'inherit' the direction of travel of

the colliding roton. The form of the excitation spectrum

predicts that rotons with momentum differing from pQ by a large
amount, require an energy much higher than A and therefore at 1°K

few of them exist in the liquid. The spectrum also predicts that

when two rotons with momenta <**> p^ collide the magnitude of their
momenta is very little altered from pQ, since again this would
require a relatively large amount of energy. Therefore the

momentum diagram (Fig. 30) describing such a collision, will be

approximately an equilateral parallelogram of side pQ. The
exchange of thermal energy in the collision gives a slight

variation in initial and final momenta. Fig. 30> a typical

momentum diagram, shows how the maximum deviation from an

equilateral parallelogram occurs when, during the collision,

one roton loses all of its thermal energy to the other roton,
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giving final momenta pQ and pQ + p^. Most collisions, however,
will be represented by a more regular diagram, this means that

the final momenta differ very little in magnitude or direction

from the momenta before the collision. Therefore an individual

roton emerges from the collision either with its initial

momentum or with the momentum of the colliding roton. This is

what the author means by saying that the roton 'inherits' the

direction of travel of the colliding roton. Thus, in this way,

a preferred direction is maintained through the liquid. Rotons

can be considered as possessing 'gyroscopic' stability. In this

way polarisation of rotons near the grid in the grid-collector

space explains the variation in discontinuity size with source

grid field. When E^o > Ec exciting collisions in the source-grid
space are a source of rotons polarised in the forward direction'.

The polarisation of rotons in the region of the grid reduces the

probability of a forward moving ion being excited and increases

the probability of one moving in the reverse direction being

excited. These effects combine to give an apparent reduced drop

in mobility. If the grid-collector
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space is reduced the magnitude of the discontinuity should

"be decreased still further.

An attempt is made here to calculate the extent and effect of any

n-fluid 'wind' in the measuring space.

To determine how far into the measuring space the polarisation of

rotons extends, the flight of one roton is considered. Suppose an ion

in the grid-source space collides inelastically with a roton.

Immediately after the collision the roton will travel directly towards

the collector, having Intrinsic' momentum pQ and thermal momentum p^
polarised in the forward direction of ion motion. Subsequent collisions

with roton3, phonons and ions, will tend to destroy their polarisation.

Since, under the conditions of the experiment, the roton density is greater
than the phonon or ion density, roton-roton collisions only will be

considered. In estimating the effect of the many collisions experienced

by the original roton, concepts from Kinetic Theory have been used. This

will give only an 'order of magnitude' calculation.

The original roton is considered to have the most probable velocity

= 60 m/sec. at 1°K and to collide with rotons of average velocity

= 73 m/sec. It can easily be shown that an average collision involves

the original forward moving roton with another incident at an angle of

82° to the forward direction. Under such circumstances the original
o

roton is deflected, on average, only 0-7 from its original course. The

small deflection is a result of the invariance of the 'intrinsic' momentum

(P. 134)
pa, mentioned earlier,/ Using the principle of random walk, the deflection
0 after 'n' collisions will be, on average:
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0 = n^.7°)
IX TC

For a deflection of ^ , (a deflection of ^
would remove completely the polarisation of the roton in

k
the forward direction.) the original roton must undergo 2 x 10

o
collisions. The roton-roton mean-free-path is ^1000A. Therefore, the

distance the roton travels before being completely depolarised is ^ 2 mm.

In other words, the above calculations show that a roton could travel a

distance comparable to the electrode spacings before being able to

excite vibration in a forward-moving ion. In order to estimate the

effect on the ion beam, it is necessary to calculate the proportion of

'polarised' rotons in the measuring space. The number of roxons normally

arriving at the grid polarised within 1° of the grid -collector direction,

is = 0-5 x lO^/sec. Assuming a constant current of 10 amps in the
9 /

grid source space, rJ 10 ions/sec. arrive at the grid.

If the ion velocity in the grid-source space v each ion will

polarise, by inelastic collisions, 10^ rotons on its journey from the

source. Many of these rotons would normally be scattered before reaching

the grid. There are two effects which counteract the scattering process:-

(i) The directional stability of the rotons described above

(ii) Every ion •■roton collision, inelastic or elastic, tends to

direct rotons along the path of the ion. The continuous

passage of ions in one direction in the grid-source space

increases the proportion of rotons moving towards the grid.

The number of rotons polarised by inelastic collisions with ions,
Ik li+ /

arriving at the grid <vl0 /sec. compared to 5 x 10 /sec. arriving due

to the normal velocity distribution of the rotons. Therefore, in the

region of the grid, the discontinuity size should be reduced by 20$ from 8$ to

6.5$
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by increasing the grid-source field to a supercritical value. Even close

to the grid where the effect would be greatest, the predicted change in

discontinuity size of 1.5$ is small compared to the 5$ observed when the

grid-source field E was made supercritical E > E . (See P. 54)
gs ^ gs ' c '

The effect of the roton polarisation will be reduced with distance

from the grid and the overall effect on the discontinuity size would be

very small. In order to predict an effect equal to that observed

experimentally, it is estimated that the number of 'polarised' rotons
14 /

arriving at the grid would have to increase from 5 x 10 /sec. to
14 /

a-i 15 x 10 /sec. when the grid-source field was made supercritical.

Therefore the number of rotons polarised by inelastic ion-roton

collisions is required to be 'VlO /sec. This is one order of magnitude

higher than that calculated for the observed grid-source current. The-

discrepancy may be accommodated by postulating a greater effect on the

rotons by the ions in the grid-source space. If the penetration of

polarisation is ^2 ma. as suggested by the previous calculation, the

observations could be explained by postulating that when v > v__, no

inelastic collisions occur within 2 mm. of the grid. In this case the

magnitude of the effect would agree well with experiment. Thus I&. can

be seen that an effect which was expected to be immeasurably small,

could in fact become large enough to have a measurable effect on the

discontinuity size.

The idea of an ion produced n-fluid 'wind' explains qualitatively

the observed dependence of discontinuity size with grid-source field.

Quantitatively, the model predicts an effect one order of magnitude

smaller than observed.
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Ions moving at sub-critical velocities may also interact with the

n-fluid 'wind' but this type of interaction will persist at supercritical

velocities and hence no change in the discontinuity should be observed

due to this.

Electric Field Penetration

When considering the above results it is important to assess the

affect of field penetration at the grid, since at first sight, the results
22

could be attributed to this. Verster has calculated the field

penetration factors in triodes for grids of different construction. The

penetration factor D is defined by the equation

D = - ~ - - -- - (33)
a

where V is the potential on the anode and V is the potential requireda g

on the grid such that the region between the grid and the cathode should

be predominantly field free The majority of the author's experiments
(p.39-40;

were performed using a grid made of a thin plate having circular holes
(See Appendix 2)

drilled through it in a hexagonal pattern. Extrapolating Verster's

Graph for the appropriate configuration and size of grid, gives a

penetration factor of 5 x 10 ^ when the 'anode' is 3 mm. from the grid.

This means that penetration of the source-grid field into the measuring

space and vice-versa, can be ignored. The experimental observations also

confirm this result, that field penetration at the grid cannot explain

the variation of discontinuity size. Field penetration would affect the
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position from which the ion "begins its transit to the collector. If

F > F the ion would start from the side of the grid nearest the
gc gs °

source and if E„< E the ion would start from the side nearest the
gc gs

collector. Thus a discontinuity should occur in the velocity-field

curves when E "becomes greater than E' . However, for constant

E' E no discontinuity is observed at E = E „.
gs ' c gc gs
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LITERATURE SURVEY

Introduction

The early work on ions is described and compared with the author's

present ideas.

The mobility of ions in liquid helium was first measured by

23
Williams . The method promised to be a useful tool in investigating

the properties of liquid helium. Ions provide microscopic probes which

are controllable by an applied electric or magnetic field. Their

position, flight path and velocity, can be determined relatively easily.

This renders them superior to measurements of the macroscopic properties

3
of liquid He II, to the neutron bombardment measurements and He

diffusion measurements in determining the detailed properties of the

liquid. The main difficulty in applying the ion results is in

ascertaining the scattering cross-section and effective mass of the ion

Much theoretical and experimental work has aimed at a better knowledge of

the dimensions of the ion. It soon became clear that the mobility of ions

in liquid helium was very low, corresponding to a high collision cross-

section.

Since the original experiments by Williams, the work on the motion

of ions through liquid helium has been concentrated in two centres, Rome

and Chicago. The survey here gives a comparison of the basic experiment

in each centre followed by a report of the two different series of

experiments performed subsequently.

Williams used a simple diode and observed the flight of a single ion
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across the cell. During the ion's flight the current induced in the

collecting electrode is passed through a resistor and the resulting

potential difference recorded on an oscilloscope. The time of flight

is calculated from the shape of the oscilloscope trace. Williams also

did measurements for liquid Argon and found that positive ion mobility-

was approximately constant, while the negative ion (electron) mobility

obeyed a law of the form.

1 (■^ A + BE

where A and B are constant and E is the electric field strength. The

results in liquid helium can be summarised as follows

1. Above the X point.

(a) Mobility very weakly dependent on field

(b) Mobility sensitive to diode spacing

(c) Positive ion mobility = 5 x negative ion mobility
+ 21

Typical value of mobility, p = 0.025 J P ~0.125 cm. /volt, sec

2 Below the X point.

(a) Field dependent mobility - decreasing with increasing field

(b) Temperature dependent mobility - increasing with decreasing

temperature.
4

Williams finds no satisfactory explanation of these phenomena

observed below the X point; the region of prime interest here.

Williams' results were for relatively high fields and widely

separated field strengths, Meyer and Reif and Careri subsequently

investigated mobilities in much greater detail.
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Meyer and Re if"^used a shutter method where pulses of ions were

admitted to a drift space across which they travel under a constant

applied field. The gating frequency which allows these ions to pass

through the second shutter is measured and gives the velocity of the ion.

This method is potentially far more accurate than the pulse method used

by Williams.

The first experiments were performed at comparatively low fields,

i.e. up to 200 v/cm. only and temperatures down to 1.2°K. Later the

measurements were extended to higher fields and lower temperatures. The

preliminary results showed that the mobility was constant in the range of

fields measured and that there was a strong temperature dependence. The

rise in mobility with decreasing temperature suggested p. <*■ Pn •
- A/kT A/kT

Putting pn = e gives p e . If this equation is accepted
then the slope of a plot of log p against T"^" gives — = 8.3°K- To quote

e k

Meyer and Reif, "This value of lies within the spread of values for —K k

deduced from measurements of p by different methods."Kn J
25

Careri had already performed an experiment on the 'heat flush'

of ions to determine the effect of excitations on moving ions. The ions

are constrained to move across a rectangular cell, the two opposite walls

of which form a simple diode, while a heater at the bottom of the cell

provides a flow of n-fluid perpendicular to the undisturbed direction of

the ions. An array of electrodes on the collector side of the cell allows

the drift of the ion with the n-fluid flow to be measured.. The relative
"A 1

.

change in current ^ received at the electrode opposite the source, was
measured for varying heat inputs and from this the deflection of the ion
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beam could be calculated for a given n-fluid velocity. Using known

mobility values, Careri was able to show that the velocity superimposed

on the ions due to the heat flow, was equal to the n-fluid velocity.

Reversing the argument and assuming the superimposed ion velocity to be

equal to the n-fluid velocity, the mobility can be obtained from the
Ai Kvn

equation — = j-rg- where v^ = n-fluid velocity. In this way Careri was
able to extend the measurements of mobility to lower temperatures, (0.95°K),

than had been investigated previously.

Careri's results fitted well the exponential dependence of mobility
3

on temperature described by Meyer and Reif. Moreover the measurements

at lower temperatures fitted the extrapolation of this dependence.

Throughout these experiments, the heat input was kept sufficiently low
2

(^10 mW/cm. ) such that the superfluid flow was non-turbulent. Later
26

experiments showed the effect of turbulent flow.

In turbulent flow the negative ions were dragged in the direction

of the heat current much more than in the non-turbulent region, also the

total current collected decreased. These results were interpreted as a

decrease in the mobility of the ions, ^n the light of more recent

32
experiments (Douglass ) it seems likely that the apparent decrease in

mobility could be attributed to trapping of the ion on vortices. The

enhanced interaction between ion and n-fluid for the negative ions is

consistent with the largereffect of heat flow on the negative ions

observed by the present author.
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The positive ions were affected less by the turbulent flow than

by non-turbulent flow. Two possible explanations are given by Careri.

(i) The n-fluid velocity profile for turbulent flow is different

from that ejected for non-turbulent or laminar flow. A correction

factor calculated by Careri for this effect describes approximately

the observed behaviour.

(ii) Alternatively,it.'issuggested that in the turbulent case some of the

heat goes into the production of the vorticity, and therefore the

n-fluid velocity v^ is not as high as that predicted by the
equation

a
Vn pST

These ideas,applied to the author's heat flush experiments, would

alter the n-fluid velocity profile in the measuring space. However the

effect of n-fluid flow was shown not to be due to a simple superposition

of ion and n-fluid velocity, but to trapping or some other mechanism which

shortens the drift space.A. The n-fluid velocity profile should be modified

for supercritical heat inputs

Careri derives the ion mobility using a treatment similar to that
3 4

employed for calculating the diffusion coefficient of He in He . The two

systems are similar in that in neither case is there any significant

interaction between the ions, or He atoms. Assuming roton scattering to

be the dominant process and using the Landau Kalatnikov expression for the

roton density fields by simple kinetic theory, the expression

»" 3 —TV ° iS exp ( Er> (35)
^ m p0

where = ion-roton cross-section, m^ = roton effective mass,
p = roton momentum

o
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Careri gives for positive ions ^ = 7«3°K
and for negative ions ^ = 6o9°K

calculated from the slopes of the log.jj. versus ^ curves.
Careri also calculates values of the ion-roton mean-free--path and

ion scattering cross-section for postulated values of the effective mass

of 1 m. . 10 m and 100 n
He

, Tie He

Careri postulates a large ion-roton cross-section "because of

polarisation forces; suggests a bubble model for the negative ion and
o

points out that ion-phonon collisions are unimportant even at 1 K.

Later Careri^" measured the ion mobility by the time of flight

method using a triode type cell. This method has been fully described

elsewhere in this thesis. The applied field in this case was in the

form of a square wave. This meant that the method was limited to

comparatively low fields. However while the experiment lacked in the

range of fields available, it gained in the accuracy with which it was

possible to measure the ion velocity and, therefore, the field dependence

of the mobility could be measured in much greater detail. This much

greater accuracy led to the discovery of the periodic discontinuities in

the field dependence of the mobility, the main subject of this thesis.
2

The most recent paper by Careri,, Cunsolo and Mazzoldi , describes

the full range of experiments and results performed by this method. The

experiments were performed at temperatures in the range 0.80°K - 1.02°K
with different ion sources and different cell dimensions. All the

results at different temperatures plotted on a universal graph of

measured drift velocity versus poE where = zero field mobility, show
conclusively that a discontinuity exists in the region of 5 m/sec.
Statistical analysis yields a critical velocity of 5-15 i 0.2 m/sec. for

the positive ions and 2.43 i 0.07 m/sec. for negative ions. Cax-eri's
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results also show that discontinuities occur at multiples of vc up to at
least 5vc> These discontinuities are more clearly defined in the upper

half of the temperature range. The critical velocity for negative ions

is found by finding the average separation of discontinuities at high

velocities corresponding to v >3vc» To quote Careri, "Under no
experimental conditions have we been able to observe the first

discontinuity at 2.k3 m/sec " The present author, by making E

sufficiently small, has observed the first discontinuity for negative

ions.

The observed positive ion critical velocity agrees with the author's

value, while Careri's value for v^ = 2.h3 m/sec. is <^10$ higher.
At very high fields ^300 v/cm. the occurrence of a giant

discontinuity is reported.

Some runs are shown in which certain discontinuities appear to be

missing and others where the drop in mobility does not occur till the

velocity is noticeable greater than the appropriate critical velocity.

These results are attributed to a form of 'netastability' and related to

bath disturbances. An experiment is described in which this

'metastability' was induced by providing artifical bath disturbances

The average drop in mobility at the first discontinuity observed by

Careri was 6$.

Careri then discusses these results. He suggests that the sharpness

of the discontinuity is a results of a long relaxation time for the

process giving the transition, compared to the thermal relaxation time.

The independence of critical velocity and temperature suggests that the
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process is not connected with the density of the excitations, while the

different observed critical velocities for positive and negative ions

lead to the conclusion that the process is characteristic of the ion-

fluid system.

The tentative model put forward by Careri to explain these results

is that the ions create quantised vortex rings which then remain closely

bound to the ion in motion. A vortex ring of unit circulation having a

radius of <xJ10oX, is created at 5 m/sec. The extra dissipation due to

roton scattering by the vortex ring, is calculated from the Lifshitz-

Pitaevskii expression for the Garter Mellink force, and would produce a

mobility change of the order of magnitude observed.

Three 'uncertainties are mentioned in this model;-

(a) The validity of the equations of motion for vortex

rings bound to an ion

(b) The stability of ion-vortex ring systems in motion

(c.) The creation process for the vortex ring is obscure

The experiments and conclusions of Rayfield and Reif are compared

with Careri's results.

Neither Williams nor Meyer and Reif have reported any discontinuities.

Williams' apparatus was probably insufficiently accurate to reveal the

effect and Meyer and Reif concentrated on different effects. It would

be interesting to see if the discontinuities could be observed using a

Meyer and Reif type velocity spectrometer. The author attempted this

but, through lack of time, was unable to perfect the technique sufficiently
to obtain accurate results.
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The experiments giving, the strongest evidence for vortex rings and

giving the best agreement with theory, are those reported "by Rayfield and
13

Reif. They used a velocity spectrometer to determine the velocity of

ions under varying fields at 0.3 - 0.7°K. At these very low temperatures

the mean-free path of an ion is longer than the cell dimensions.

Consequently a very small field is necessary to accelerate the ions to

velocities higher than their thermal velocities.

The results may be summarised as follows:-

(a) Having accelerated an ion to a certain velocity, it would

continue to travel across a field free region and, in fact,

it was necessary to apply a retarding field to bring the

ion to rest.

(b) The potential and not electric field was found to be the

significant parameter in stopping charge carriers.

(c) Fractional energy loss of charge carrier traversing a

field free region was 5 - 1°$ Pe*" era- depending on

temperature,

(d) The velocity of the charge carriers in a field was very

low and inversely proportional to the energy imparted

to them from the field.

It is this last rather unique dependence of v upon E that leads to

the assumption that the charge carriers are in fact ions bound to vortex
31

rings. The Lamb expressions for a vortex ring are
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E = \ p^2r(P - h (36)

v - &<e" (37)

where p = density of hulk liquid

J- circulation

f - ln- T

R ,= radius of vortex ring

a = radius of ring core

Eliminating r from these equations gives v <=*■ 4Hi

The experimental 'velocity-energy' curves fit a curve of

vE = constantj extremely well.
BR Q

Now g = In.—; choosing a = 1A and using experimental results,
cl

Rayfield and Reif obtain =10 cm /sec. This is in remarkable
ll

agreement with the predicted value — = 0-998 x 10 . Thus they assumelil

the charge carriers are vortex rings with a circulation of precisely one

quantum.

Rayfield and Reif speculate that the ion moves freely as a classical

particle around the core of the vortex ring. It was attracted there in

the first place because, by Bernoulli, the core is a region of low

pressure. They suggest that a vortex ring of the dimensions of the ion

is created at ~50 m/sec. whereupon the ion is captured and the charged

vortex ring slows do™.

To check that the charge carriers are vortex rings, Rayfield and Reif

carried out an experiment in which they passed a beam of charge carriers
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through a transverse electric field and measured their deflection from

a straight-through path. The apparatus was something like a cathode -ray

tube. Slits in the first three electrodes allowed a well collimated

beam of charge carriers with a well defined energy, to be emitted into

the drift space. Here they passed between a pair of electrodes applying

a field perpendicular to the direction of motion of the ions. Rayfield

and Reif derive the equation of motion for a vortex ring under these

circumstances and show that E=<.p. This was verified experimentally.

The deflection experiment then provides extra evidence that the charge

carriers are indeed vortex rings.

The energy loss of a charged vortex ring was also measured. This

was achieved in two ways. The first method involved the compensation

of frictional losses by a known applied field. The second method was to

supply the charge carrier with a known amount of energy, allow it to

drift across a field-free region and then find what potential was

necessary to stop it. In this way the energy loss in the field-free

region is measured. The attenuation constant is calculated from these

results. A graph of attenuation coefficient against ^ agrees well with
3

calculated coefficient when scattering due to rotons, He impurities

and phonons, is considered. The scattering cross-section for rotons

3
and for He impurities is determined.

Rayfield and Reif conclude that their experiments present strong

evidence for the creation of vortex rings of unit circulation in liquid

He II and that these vortex rings are bound to the ions.

The present author's model gives a method by which the vortex ring
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is first created, and agrees with Rayfield and Reif's estimate of the

creation velocity of «=' 50 m/sec.

Having measured the ion mobility and its temperature dependence,

the two groups concentrated on different aspects of the problem. Careri

and his co-workers looked for a different method of detecting the

discontinuities, of extending their measurements to higher fields and

different experiments to elucidate the structure of the ions, while

Meyer and Reif meanwhile extended their measurements to lower temperatures

and higher fields.

The other methods by which discontinuities in the drift velocity

of ions have been observed will be described next.

28,24
Careri repeated the measurements of the mobility of the positive

ions by the heat-flush method in order to establish the existence of a

discontinuity at a critical drift velocity. While the apparatus and

method were essentially the sane as described previously, the experimental

procedure was different. Here the beam displacement at different -values

of the field E was observed, keeping the heat input 4 and- bath

temperature T constant. Previously E and T were kept constant and q

changed. Measurements were extended to supere itical fields and the

region near the critical field investigated in detail. The current

changes at the collecting electrode are related to the mobility by the

equation:

AT Kv
f- 5En (38)

Careri detected a discontinuity in the graph of =£ against 5- and
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showed that it corresponded to an ion velocity of 5-2 a/sec. in perfect

agreement with the discontinuity found by the time of flight method.

This heat flush method was further elaborated and another grid inserted

into the cell so that the time of flight of the ions could be measured

simultaneously with the heat -flush effect The results from this more

elaborate apparatus are reported two years after the first detection of
P 0

the discontinuity by the heat flush method. In this later paper Careri

et al argues that the predominant interaction is of the ions with the

n--fluid. The experimental results are presented in three sections.

(a) The effect of heat flow on mobility was investigated.

It is shown that the low field mobility is unaffected by the heat

flow. Hie heat flow in this case was perpendicular to the direction of

ion drift, in contrast to the experiment performed by the present

author, where flow was parallel to the direction of ion drift In this

latter case also it was found that the heat flow had only a small effect

on the ion mobility Careri further observed the effect of heat flow on

the high field mobility. With a fixed heat input, the mobility was

determined at varying values of field strength. A discontinuity in

mobility at a critical field corresponding to a critical velocity of

= 5 m/sec. occurred as in the absence of heat flow At this

discontinuity the mobility dropped to a new lower value and remained

constant until the field was such that the drift velocityh was =75 n/sec.

when the mobility increased again to its previous value Careri does not

attempt to explain this latter unexpected phenomenon and it is not

explicable by the model of the vibrating ion. It may be that the
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effect of the perpendicular n-fluid flow and of the forward moving ions

combine to polarise the rotons in a direction which would make then

incapable of undergoing inelastic collisions with the ions, hence

removing the discontinuity. The author's results for ions travelling

at supercritical velocities showed an increasing enhancement of velocity

with increasing heat input and increasing velocity. Fig. 20

showshow the slopes ^ increase with increasing E. It is suggested that
there is no real discontinuity at 7-5 m/sec but that above the critical

velocity the mobility rises continuously with increasing field.

(b) Careri performed a particular run at constant temperature,

constant heat input in which the angle of deflection of the ions was

measured as a function of the applied field. A graph of tan.a,, where

a = angle of deflection against g-, demonstrates that the data points lie
on two straight lines which meet at the origin. From the value of the

field at the change-over of points from one line to the other and using

the known value of low-field mobility at this temperature, the critical

velocity was calculated and shown to agree with previously determined

values The mobility could have been determined directly from the slope

of the tan.a versus graph; this however gives high values because of

heat leakage through the walls.

(c) Lastly a series of experiments were performed using the straight

forward heat-flush method and the critical velocity observed at

temperatures from 0-9 - 0,97°K.
Careri shows that the critical velocity is independent of temperature,

ion density and apparatus geometry. From these results, the average
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vc = 4.96 m/sec. This value agrees, within the experimental error,

with the critical velocity obtained, by the 'tine-of-flight' method.

The magnitude of the discontinuity observed by the heat-flush

method was found to be approximately equal to that observed in the

'time of-flight' method. From this Careri concludes that the new

dissipation suffered by the ion beam at vc is due mainly to an increase
in its interaction with the normal fluid. A small interaction with the

superfluid would be too small for observation. This conclusion does

not conflict with the model of a vibrating ion, since the drop in

mobility in this case is also ascribed to an increased interaction with

the n-fluid.

These heat flush results therefore neither conflict with nor

confirm the author' s- model.

30,27,29
Meanwhile Gaeta performed a very simple experiment which also

gave evidence of a discontinuity in the motion of the ions at a critical

velocity. Gaeta used a simple diode cell, one electrode of which was

coated with a radioactive material to give a source of ions. Initially

he used and later the 3-emitter Prn ^. An electric field was

supplied between the electrodes, and the current traversing the cell

measured. At a given temperature the current was measured for several

values of the applied field, and the measurements repeated at different

temperatures. Current was plotted against temperature for constant

field. A sharp increase in current is observed in each graph below a

certain value of temperature. By extrapolating the two parts of the

curve, the temperature at which the current increase begins was
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determined. This transition temperature depended on field strength.

Gaeta showed that the product of the known motility at the transition

temperature and the field strength equalled approximately the critical

velocity observed by Careri.

Recombination of the ions is the mechanism which controls the

number of ions available to traverse the cell and be recorded as

current. The rise in current observed below a certain temperature at

constant field, must be related to a decrease in the effective

recombination coefficient. Gaeta, using an earlier technique where two

beams of ions of opposite sign travel across the cell in opposite

directions, looked for a change in the recombination coefficient r. He

observed a fall in r at the critical velocity but of insufficient extent

to account for the rise in current observed above.

Clearly in the single beam experiment recombination takes place

only within the range of the 3-particles which produce the ions, since

outside this range there are ions of one sign only. Ions escaping the

vicinity of the radio-active source should be received eventually at the

collecting electrode. Therefore events in the region where the ions are

produced control the amount of current passed across the cell.

The recombination coefficient measured above is the volume

coefficient r obeying the Langevin expression

r = 4ue(|j.+ + p_) (39)

where e = electronic charge.
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Opposing recombination the diffusion of the ions away from the

columns of high ion density, is also directly proportional to mobility

of the ions.

The horizontal portion of the current vs — curve is evidence that

these two effects in equilibrium, render the current density independent

of mobility.

It is likely that recombination in the region of the production of

the ions will obey a different law. The a or 3 particle produces columns

of ions, each column being then a localised area of high ion density.

Moreover these newly created ions are simple ionised atoms before the

electrostriction forces have time to gather a shell of helium atoms about

the charge to form a bubble-like negative ion or drop like positive ion.

The 'naked' ion most probably has a very much enhanced recombination

coefficient. Recombination in the region of ion production must be high

since only about one ion in a thousand escapes an&Hreaches the collecting

electrode.

In this way recombination in the region of ion production can have a

stronger effect on the measured current than recombination in the drift

space. This could explain why Gaeta observed an effect corresponding to

a large change of recombination coefficient while he could only detect a

small change in recombination coefficient in the drift space.

The author wishes to suggest some alternative tentative

explanations for the observed increase in current at sufficiently low

temperatures, as follows:-

For sufficiently high fields, the large number of ions in the source
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region move at supercritical velocity. Positive and negative ions

reach their respective critical velocities under approximately the same

field hy virtue of the difference in their mobilities

An ion performing an inelastic collision reflects a roton in the

forward direction of ion motion. In this way an ion travelling through

the liquid at a supercritical velocity will be preceded by rotons

moving in the same direction. In order that ions of opposite sign

should collide, they must 'break through' this barrier of rotons.

This could result in a reduced recombination coefficient.

An alternative solution would be to postulate that vibrating ions

recombine with much greater difficulty because of energy conservation

conditions. Ions only recombine if they come within a certain distance

'd' of each other. At this distance the electrostatic forces between

ions of opposite sign prevail over thermal agitation. Thomson suggested

that this distance

-
= 2e2

3kT

For vibrating ions the denominator may be larger. This

explanation suffers from the disadvantage that ions vibrate for a time

less than the mean-free-time between ionic collisions. This would mean

that the probability of two ions, both vibrating, approaching one another,

is insignificantly small.

Another much more feasible solution is as follows

The incident radio-active particles have sufficient energy to

create a succession of vortex rings in their wake. These vortex rings
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will then continue to "travel along the original direction of the particle

while at the same time losing energy by interaction with the n fluid. The

initial velocity of the vortex rings is governed by their diameter

according to the equation

v (Lamb31) - — (Lo)

This means that a {3-particle should create a ring travelling at 100 m/sec.

Within a few mean -free-paths, however, the ring will have slowed down to

1** 100 cm/sec. and simultaneously grow in size.

In the temperature range of Gaeta's experiments, there is a finite

probability of capture of negative ions by vortices (Donnelly.)

It is suggested that the probabilities of capture and escape are

such that the ion will be retained by the 3-particle created vortex ring

for a time comparable to the ion-ion collision time This time is very

much shorter than the time a negative ion is trapped on a vortex line as

32 33
measured by Douglass and predicted by Donnelly .

One must now postulate that a trapped ion finds it difficult to

recombine with a neighbouring ion of opposite sign. In order to recombine,

the one ion must escape from the vortex or the other one penetrate it.

This may be a more difficult process than the recombination of free ions.

Moreover, while trapped the ion is dominated by the motion of the vortex

ring. The experiments of Rayfield and Reif demonstrate how strongly a

vortex ring influences the motion of a trapped ion in an electric field,

particularly at the lower temperatures 0.3 - 0.6°K where the probability
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of capture is high and. the probability of escape is low (Donnelly.) At

0.8°K - 1.1°K where Gaeta observed the increase in current, an ion will

only remain trapped for a short time, nevertheless, the probability that

one ion in a column will remain trapped sufficiently long to escape one

chance of recombination is quite high. When this occurs the distribution

of positive and negative ions along the column is disturbed such that one

more ion, not necessarily the one originally trapped, can escape from the

column.

Donnelly has shown that the trapping probability decreases

exponentially with increasing relative velocity of ion and vortex.

Consequently, when an ion is slowed down by an inelastic collision,

its chances of capture by a slow moving vortex ring are considerably

enhanced. The higher probability of trapping results in an increase in

the number of ions which can escape recombination.

It is not clear what should happen when the applied field strength

is increased beyond the critical value The probability of on exciting

collision increases with increasing field, but the ion is not slowed

down so much in the process. If one assumes that only the negative ions

are trapped, which is approximately true, then at the higher fields the

positive ions are removed more quickly from the range of influence of the

negative ions.

In summary, the increase in current observed by Gaeta below a

certain temperature and correlated with the critical velocity for the

ions, is attributed to an enhanced trapping of the negative ions in
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particular, such that the columnar recombination coefficient is reduced.

It is suggested that the excitation of an ion increases the probability

of its capture by a vortex ring.

Next, the author wishes to review briefly a series of papers,

experimental and theoretical, connected with the structure of the ions

in liquid helium These papers have significance here since the size

and structure of the ions are necessary for calculations of the frequency

of vibration.

Atkins ^ (1959) suggested a structure for the ions which accounts

for their surprisingly low mobility. One may expect ions to have a
Q )

similar diffusion coefficient to He atoms in He liquid, but in fact

the diffusion coefficient and hence also the mobility of the ions, is

much less. Atkins suggested that in the region around the ion, the

density of the liquid is increased by the electro-striction effect. This

is the electrical polarisation of the surrounding atoms such that an ion
1+

drags around with it a large number of He atoms. In this way the

mobility and diffusion coefficient are reduced.

Substituting the molar polarisability into the Clausius-Mosotti

formula and using thermodynamic arguments, Atkins derives the dependence

of density p on the distance from the centre of the ion

P ~ P0 <*^4 (4l)
It is then a simple matter to calculate the extra mass associated with an

ion of a given size. Also the extra mass outside a sphere of radius r^
not associated with the core of the ion, is given by



- i6o -

m - 2tfy''y2 («)
e 2 2

V u, e r
o 1 o c

where NaQ = molar polarisability

u^ = velocity of first sound
e = dielectric constant

o

Y = ratio of specific heats

He shows that close to the ion the effective pressure is sufficient to

solidify the helium. Knowledge of the dependence of pressure on

radius enabled the extent of the solid region to be calculated.

The core of the ion is considered further. The effect of the

electrostriction depends on whether the zero point motion of the charge

in the core is faster than the velocity of sound, or not.

The motion of a positive hole between neighbouring neutral He. atoms,

is considered. The average time between jumps from one neutral atom to

the next would be given by

t 2zAE

where z = Number of neighbouring atoms

AE = energy separation

Putting in reasonable values, Atkins shows that the velocity during a

single jump is^>u^. The effective velocity by random walk is then

v = 6
r&t

where 6 = average interatomic distance
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6
When -r- = u. , electrostriction can follow the motion. This occurs

n2fc 1
when n = lCr. This would lead to such a large cloud of charge that

electrostriction effects would "be obliterated.

Atkins points out, however, that the preceding argument is for a

monoatomic positive ion and argues that a polyatomic ion is much more

likely. He then shows how electrostriction may give a reasonable

approximation for the positive ion in this case.

Atkins suggests that, in the case of the negative ion, the electron

may move freely between widely spaced atoms. This is the basis of the

•bubble' model for the negative ion developed later by other authors.

He then suggests three ways in which the effective mass of the ion

might be investigated.

1. Careful investigation of field dependence of mobility.

2. Cyclotron resonance.

3. Velocity of second sound at low temperatures where ions

are the main contribution to the normal component of

of the fluid.

The most important points from this paper are the suggested reason

for the large ions and the suggestion of different structures for

positive and negative ions, leading to different cross-sections and

mobilities.

35
At about the same time as Atkin's paper, Careri, Fasoli and Gaeta

published an experimental paper, also aimed at elucidating the structure

of ions in liquid helium.

Reviewing Atkins1 original suggestions, Careri et al suggest that
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the structure of the positive ion, is still in question and there are,

in fact, two possible models

I. Solid cluster of He. atoms, polarised round a positive charge,

which may move within the cluster

II Charge distributed in large region with density comparable to

liquid. Charge jumping from one atom to another.

Similarly, three models are suggested for the negative ion:-

I. Solid cluster as for I above.

II. Cloud of charge self trapped by shell of polarised atoms.

III. Free electron moving in large region of the density of the

liquid, escaping by tunnelling any trapping which might

occur.

IV. Charged impurity.

Their experiment was to measure the field dependence of ion

current in a simple diode, completely filled or partly filled, with a

classical liquid (CCl^ and Ng) or liquid helium. When the cell was

partly filled, the liquid gas phase boundary was parallel to and between

the two electrodes. The classical liquids behaved as expected, giving

identical results for positive and negative ions. In liquid helium,

however, some important differences are noted:

(a) Above T^ the current collected at a given field, was the same
for filled or partly filled diode.

(b) Just below T the field dependent positive ion current for the
A.

partly filled diode is much less than the negative ion

current.
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(c) At T 1°K in the partly filled diode, the positive and negative

ion current measured was negligibly small.

(d) When the helium in the cell was solidified, the current fell

practically to zero.

Careri et al point out that the results for the partly filled diode

may he readily understood. Ions need to acquire energy from excitations

in the liquid in order to 1 evaporate1 from the surface. As the

temperature drops below the number of excitations decreases rapidly

and hence the current collected under these conditions falls rapidly.

That the positive ion current is less than the negative ion current -under

these conditions, suggests that the positive ion is a more massive entity

requiring a bigger 'push' to free it from the liquid surface. This

immediately rules out structure I and IV- Little or no positive or

negative ion current was measured at low temperature when a liquid gas

interface was present in the cell, suggesting that tunnelling is absent

or negligible, ruling out structure III for the negative ion.

The solid helium experiment rules out tunnelling by the positive

ion, hence structure II must be discarded.

Careri et al therefore suggest that the positive ion is a cluster

and the negative ion an empty bubble <

Later work supports these models and gives the present author a

model from which to calculate vibrational energies.

Kuper^ gives a more advanced theoretical foundation for the

structure of the positive and negative ions and also calculates their

scattering cross-section. He reperforms Atkins' calculation of the extra
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mass associated with an ion subject to electrostriction. Kuper does this

starting from the Hamiltonian of H He atoms and one ion, and then

considers an ion at the origin of co-ordinates and calculates the volume

of elements containing, on average, the same number of atoms as a

fraction of their distance from the ion. Pressure increases on approaching

the ion and so the volume elements decrease in size. Kuper obtains the

same result as Atkins from this calculation

J
P N ae^

V dp = W
2e r

Po

Integrating and using the equation of state for He gives a positive
, o

ion with a central solid sphere of radius r+ = 6.3A.
Kuper gives the excess mass for transport properties of the ion to

be composed of three parts.

(a) The mass of the solid core as calculated by Atkins.
/ \ 4 8
(b) The displacement mass since when the solid core moves

it must displace this amount of bulk liquid.
1 1 o

(c) 'Hydrodynamic1 mass = —. jn;por^
This gives a total effective mass for the positive ion of ~ 80

Kuper gives 100

Kuper argues that the correct model for the negative ion is a

single electron bound within a shell of helium atoms in the form of a

'bubble'. To calculate the size of this 'bubble' the radius is adjusted

such that the pressure exerted by the electron outwards on the liquid,

is equal to the pressure exerted by the liquid on the electron. The
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pressure of liquid on the 'bubble' wall has components.

1. Pressure due to zero point motion

p^ = 60 atm.o

2. Pressure due to the Van der Waals attraction of He. atoms

outside the 'bubble'.;

2

pv.d.w. = "38(1 " -2) atm-
r

3. Electrostatic interaction gives a pressure

Pes = fir "He atm- (46)2r.„

t, The outward pressure exerted by the electron is

v,2
p . = r atm. (47)

In equilibrium

3?o + ^es + Pv.d.w. ~ Pkin. (^)
_ o

Kuper solves this graphically and obtains r - 12.1A.

Hie effective mass calculated from this radius is = 100 xa^g.

Kuper then goes on to compare theoretical and experimental ion-roton

3 3
and ion-He scattering cross-sections. He states that in ion-He^

collisions, persistence of velocity is significant while in the ion-roton

case, there is negligible persistence of velocity. While this is

certainly true at low fields, this cannot be said for ion-roton

collisions for ions having a velocity v > v as shown elsewhere.
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The collision cross-sections,experimental and theoretical, are

shown to agree fairly well.

Kuper then comments that pressure should affect the positive and

negative ions differently. The solid positive ion should grow, while

the "bubble-like negative ion should shrink under the influence of

increasing pressure. He cites the experiments of Meyer^ and Careri"^
where the mobility of the negative ion increased till at 7 atn. the

two ions had identical mobilities. There was no evidence for the growth

of the positive ion 'snowball1.

Finally, Kuper postulates that the observed limiting value of

velocity kO m/sec. is due to ions creating bound excitations at this

velocity.

The effect of pressure on ion mobility, as mentioned above, gives

important evidence about the ion structure and size. Experiments have

been performed by Careri's group and by Meyer and Reif to determine these

effects of pressure on ions.

39
Cunsolo and Mazzoldi used the 'time of flight' method for

determining the mobility of ions at various pressures. They performed

their measurements at 1.1 - 1.9°K with pressures up to the melting

pressure at the lower temperature and up to the A. point at 1.9°K.
The mobility of the positive ion decreased monotonically with

increasing pressure until, at the melting pressure, no current was

collected. At the A.-transition, the mobility pressure curve dips

rapidly downwards.
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For negative ions the nobility pressure curve first rises then

falls with increasing pressure. Cunsolo and Mazzoldi suggest that the

drop in nobility observed for positive ions, is due to at least two

things; (a) the dependence of the scattering cross-section and (b) the

number density of rotons on pressure. They suggest also that the

results obtained for the negative ion are consistent qualitatively with

the 'bubble' model. Initial pressure increases reduced the bubble size

so that mobility increases and then further pressure increases cause a

decrease in mobility for reasons similar to those for the positive ions.

37
Meyer and Reif 1 performed similar experiments with their ion

velocity spectrometer in which they determined the pressure dependence of

mobility down to - 0-5°K. They showed that at constant pressure logp is

a linear function of T ^ the slope of these lines decreasing with

increasing pressure. These results were essentially the same as those

of Cunsolo and Mazzoldi except that in addition, they showed that above

7 atm. the nobilities of positive and negative ions were identical. They

3
go on to discuss the scattering cross-section of ions with He atoms and

rotons and to show how persistence of velocity increases the effective

scattering cross-section. Assuming ion effective mass and ion-roton

cross-section are unaffected by density changes in the fluid, Meyer and

Reif predict a temperature dependence given by

In. |j, T and pressure dependence by

M- ^P'2 e;xP- (^r) (^9)

They show that their observed pressure dependence agrees very well
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with these formulae and that the decreasing mobility can almost

completely be accounted for by the change in the dispersion relations

in characterising the elementary excitations of the superfluid. In

other words the ion size has little effect on the result. These results

then do not support Atkins' suggestions that at high pressure the

positive ion 'snowball' should increase in size. The negative ion is

still doubtful. The fact that above 7 atm. the mobility of the negative

and positive ions becomes equal suggests that the negative ion 'bubble'

has 'collapsed' and that the structure is similar to the positive ion.

Careri, Dupre and Modena have measured the nobility of ions at

0.2°K by means of a magnetic deflection method. The mobilities obtained

are low compared with the predicted values obtained from extrapolating

measurements of mobility at higher temperature down to 0.2°K. The line

drawn through the points on the graph given, seems rather pessimistic,
I}. 2 /

however, and the zero-field nobility should be at least >10 cm /volt. sec.

It seems likely that even at these low fields the ions create vortex

rings and become trapped.
4l

Meyer reports a similar experiment in which he applies a transverse

magnetic field to slowly moving ions. The mobilities in this case are

consistent with the extrapolated value. In this case, however, the

temperature is 0.^-15°K while the field remains the same.

The paper most pertinent to the subject of periodic discontinuities

in the drift velocity of ions is that recently published by Huang and
k2

Olinto . They propose a phenomenological theory, different from that of
13

the present author, to explain the results of Rayfield and Reif , and of
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Careri, Cunsolo and Mazzoldi . It will "be reviewed in detail here.

Huang and Olinto suggest that all of the experiments on ion

mobilities can be explained by postulating that ions create vortex rings

at the critical velocity vc and that under certain conditions the ion
is trapped in this ring. Under an appropriate field the ions accelerate

to v where they begin to create turbulence. They continue to travel at

vc while converting electrical energy into turbulent energy until

sufficient energy has been transferred for the formation of one vortex

ring of unit circulation.

For comparatively low electric fields in the region where Careri et

al observed the discontinuities, the ion having created a vortex ring,

breaks free and accelerates to its terminal velocity. The exbra drag

experienced at v£ manifests itself as a drop in apparent mobility.

However, for very high electric fields (above the 'giant' discontinuity)

or at low temperatures .(experiments of Bayfield and Reif) the ion can

become permanently trapped by the vortex ring it has just created. In

this case the motion of the ion is dominated by the vortex ring; energy

is fed from the electric field through the ion to the 'charged vortex

ring' system which expands in size and slows down drastically.

Huang and Olinto make the following assumptions in developing this

model:-

1. The vortex ring at creation moves with the velocity of the creating

ion. A vortex ring of unit circulation, travelling at 5*2 m/sec. has a

radius of 98& and an energy of 0.22 eV.

2. At multiples nv£ of the initial critical velocity v£, vortex rings
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of circulation n are created. In other words a ring of unit

circulation cannot "be created at 2vc. Thus the vortex rings created
n° 2

are all of the same radius, 9ok, and their energy is 0.22n eV.

3- The ion begins to create turbulence when its velocity is such as

to satisfy the equation

QvR = — (n = 1, 2, 3, ••• •) (50)
where 9 = a dimensionless number

v = velocity of ion

R = radius of ion

substituting

n = 1 and v = 520 cm/sec.

gives
+ 0

OR = 190A for positive ions.

Huang and Olinto put R-1" = ioX and find that 9 = 6u. However, the

bulk of evidence is for a positive ion somewhat smaller than this

6 .3 "2 6A; this would yield 0 = 30 —=>24, or in HO notation 8it —^lOn.
o

So the choice of R = 10A leading to 9 = 6it has no firm foundation.

4. Charged vortex rings have a life-time long compared to the time

required for velocity measurements to be made.

Huang and Olinto consider the application of this model to the

results obtained by Rayfield and Reif. These experiments were performed

at 0,4 -~>0.7°K. At these temperatures the mean-free-path of an ion or a

charged vortex ring is much longer than the length of the path across the

cell. An ion under the influence of an electric field accelerates and in

a negligibly small time, reaches 5-2 111/sec., at which velocity it creates
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a vortex ring as described above, Because of the long mean-free--path,

there is no mechanism for energy loss, consequently the ion is always

captured and remains captured by the first ring it creates. The charged

vortex ring then continues to gain energy from the electric field and,

in doing so, slows down. The extremely good fit of the experimental

points of Rayfield and Reif to a theoretical curve of velocity against

energy for a vortex ring, strongly suggests that this is a true picture

of the ion's journey across the cell under these circumstances.

The present author's description of these results also suggests

that the ion is trapped by a vortex ring but gives a different mechanism

for the creation of this vortex ring. Huang and Olinto suggest that the

ion cannot accelerate beyond 5-2 m/sec. under these conditons whereas

the present author postulates that the ion accelerates to m/sec.

where it has sufficient energy to create one roton. The two situations

are indistinguishable in Rayfield and Reif's apparatus since the creation

process occurs before the charged vortex ring reaches the measuring space

Huang and Olinto give an argument for the stability or instability

of an ion-vortex ring combination. They suggest that the viscous force

on a charged vortex ring has two components, the viscous force on the

ring itself and that due to the presence of the ion.

The total drag on the charged vortex ring is

f(v1}t) = rjkt) +?f2(v,t) (51)

where F^ = viscous drag on a neutral vortex ring

Fg = viscous drag on an independent ion
? = undetermined parameter
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Huang and 01Into suggest that ^ j and derive the total viscous
force

F(v,T) = nct(T)[p(v) - | - ^*(1 - £ )] * (52)

(* see footnote.)

where n = number of units of circulation of vortex ring

a(T) = temperature dependent coefficient derived from

Rayfield and Reif's results

p(v) = R(v) = radius of vortex ringa

a = radius of core of vortex ring

vq = limit of velocity = 58 m/sec. from roton kinematics.
This viscous drag force has a minimum at a velocity v^ = 33 m/sec.
For steady state motion, the accelerating force due to the field of

strength e must "balance the viscous drag force.

ee = nct(T)[p(v) - - - —-'(l - J )] — (53)
o

If the applied field is insufficient to "balance even the minimum

drag force then steady state motion is impossible.

In this case the charged vortex ring breaks up, the ion slowing down

* If the value f = 1/3 is conscientiously substituted into the
original formulae, the logarithmic term in equation (52)should be multiplied
by 1.5^. This does not alter the general shape of the curve but shifts
the minimum to v = 25 m/sec. However, since the choice of ^ = 1/3 was
somewhat arbitrary and since the value obtained by Huang and Olinto for
v = 33 m/sec. ties in well with e:xperiment, it would probably be better to
adjust ^ in order to give a minimum at the right value. l/^-5 would be
approximately correct.
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due to energy loss and the freed vortex ring accelerating.

If the field applies a force in excess of the minimum drag force^

there are hy the nature of the function [3 - p - —*(l - — ) two4 n vQ
possible values of velocity which will satisfy the steady state

condition. Huang and Olinto assume that the lower of these two

possibilities is the most likely.

In deriving a theoretical curve to agree with the experimental

results of Careri, Cunsolo and Mazzoldi, Huang and Olinto first fit an

exponential type curve to all the known mobility results in order to

find a general form for the relation between terminal velocity v and

applied field e • This curve has to satisfy the two conditions

V0
e --9- 00

m
voo —> M1©8

e —» o

where vQ = velocity limit calculated from roton kinematics = 58 m/sec.
and (j,^ = zero field mobility.

The sxiggested dependence is

(e,T) = vq[1 - exp.t^-2-)] (55)
v

where e = —
o ti0

To this curve Huang and Olinto apply regular perturbations at v ,

2vc> etc. where ions create vortex rings. The periodicity of these
discontinuities in the exponential curve is purely a result of the

original condition for the creation of turbulence by an ion;
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namely:

9v. R. = 2^ (56)
xon ion m x '

The critical velocities for the creation of turbulence are strictly

v , 2vc, 3vc-) etc. However, the measured critical drift velocities will
appear progressively more closely spaced with increasing velocity. At a

field giving v = 3vc, for example, the ion will have spent a significant
amount of time travelling at v£ and 2vq while creating the first two
vortex rings, before finally being accelerated to 3vc* Consequently the
measured drift velocity will be less than 3vc and the discontinuity

h
associated with the creation of vortex rings of circulation 3~ > will

appear at this reduced velocity.. Knowing the external field, the energy

of the created vortex rings and the viscous forces involved, the time

required to create each vortex ring can be calculated. In this way

Huang and Olinto calculate the average drift velocity of the ions for

increasing fields. This gives the detailed shape of the discontinuity.

In a very rough way they compare the shape of the velocity-field curve

thus obtained with Careri's results. The critical velocities and fields

calculated by this method agree well with the experimentally determined

values.

At very high fields, Careri observes a giant discontinuity. Huang

and Olinto correlate this phenomenon with the high field trapping of the

first vortex ring created by the ion. The ring is created at 5-2 m/sec.,

traps the ion and then adjusts its velocity to satisfy the lower root of

equation (53)-

The velocity of the ions falls off rapidly for fields increasing
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"beyond e in accordance with equation (53) and in agreement with
c

experiment.

The present author wishes to question some of the assumptions made

in the Huang and Olinto paper and to compare more carefully the

predictions with the experimental results of Careri and himself.

1. Why should the terminal velocity v^ of the ion necessarily approach

exponentially the roton creation velocity vq = 58 m/sec. as outlined
in the condition

v (e,T) v — - (57)
e

This is indeed a limit to the velocity of the ions, hut one would

expect this limit to occur as a discontinuity in the curve of

increasing velocity with field. It would seem more consistent with

experiment in fact, if the velocity curve was made to approach

50 m/sec. in agreement with Reif's results. This velocity, 50 m/sec.

is however, the measured drift velocity and might, on Huang and

Olinto's model, he less than the true terminal velocity of the

ion v . Therefore experiment rather than theory suggests that the

terminal velocity should approach a velocity somewhat in excess of

50 m/sec. exponentially.

2. The final close agreement with experiment, particularly at low

fields, is purely a result of the choice in the first place, of a

curve which fitted existing experimental results.

3. There seems little douht that the equation describing the form of the
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(v) against e curve beyond the giant discontinuity, is

essentially correct and that the motion in this region is that of

an ion trapped on a vortex ring of unit circulation. It still

requires to be settled how and at what ion velocity the vortex ring

is created.

Reif and Meyer observed ion velocities in excess of ^0 m/sec. This

contradicts the basic assertion of Huang and Olinto that the maximum

possible drift velocity is ^33 m/sec.

Employing their model, these results could be explained in two ways:

(a) The charged vortex ring chooses to adjust its velocity to

the higher root of equation (53)>

(b) The field in which the ion moves immediately prior to

entering the measuring space, is sufficient to give the

ion a velocity v >nvc (n = 1, 2, 3> .....) so that when
the ion enters the accelerating field it accelerates to

(n + -L)vc w^ere it creates a vortex ring with circulation
(n + l). The miniiiium of the function [p - ~ *(l - ~ )]
increases with increasing n. For instance the minimum

occurs at a velocity of & k2 m/sec. for a charged vortex

ring with two units of circulation. Therefore Meyer and

Reif's observations of high velocities could be

consistent with the ion having entered the measuring space

with a velocity already in excess of 2v .
c

This could readily be verified in Careri's apparatus.

Variation of the grid-source field should then alter the

position of the giant discontinuity.
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5- At 1°K Donnelly has shown that only the negative ion has a finite

capture probability on a vortex. This would affect the model in the

region of the giant discontinuity where capture of the ion by the

vortex ring is a fundamental requirement. It seems possible that

the ion may not be captured in the core of the vortex ring,, but

that the vortex ring is held in the wake of the ion. At ~ 33 m/sec*
the vortex ring is sufficiently small for this to seem reasonable.

This would obviate the difficulty.

6. The model of Huang and Olinto seems to be least satisfactory in the

low field region where the periodic discontinuities are observed.

The idea of a gradually produced vortex ring is not easy to grasp

particularly in liquid He II where circulation < ^ cannot exist in
a stable state.

o

T- It is also difficult to visualise how a positive ion of radius rvJA
o

can create a vortex ring of radius SoA and a negative ion radius
o o

>012A create a vortex ring 252A in radius.

Careri also postulates the creation of a vortex ring of this size

justifying this by saying that the effect of the charge on the

density of the surrounding liquid extends a long way beyond the

solid core of the ion. While agreeing with this last statement,

the present author feels that, since the effect of the charge at
o

100A is very small, the 'size' of the ion complex cannot have a
.0

distinct value of 9°A attributed to it. The velocity of vortex

rings of this order of magnitude is also quite sensitive to radius

so an ion of rather arbitrary radius would lead to a very ill-
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defined critical velocity.

Atkins has suggested that the density excess due to the presence

1 o
of a charge is oc . This would mean that 100A from the ion the

r -8 3
excess density is 15 x 10" grm/cm . This is negligible in

~2 3
comparison to the bulk liquid density of 1^ x 10 grm/cm .

Perhaps a small vortex ring of the dimensions of the ion radius

is first produced and is prevented from overtaking the ion,

growing in size as it gains energy from the field through the ion

until its size is consistent with the velocity of the ion.

8. Huang and Olinto suggest that having created a vortex ring, the

ion then accelerates to the terminal velocity appropriate to the

applied field. This prompts the question:- Why doesn't the ion,

having just created a vortex ring, start immediately to create

another? In fact, how can an ion ever accelerate beyond the first

critical velocity? May be, after creation, the presence of the

vortex ring enables the ion to accelerate, by preventing the

immediate production of a second ring. Once clear of the critical

velocity, the ion cannot satisfy equation (56) and cannot,

therefore, create turbulence.

9. At v = nv^ a ring having n-units of circulation, is created. This
results in rings having the same radius independent of n. This

condition would have seemed reasonable had the vortex ring and ion

been of approximately the same size, but they are not by at least

an order of magnitude. One must ask if this limitation is

necessary. The model states that an ion travelling at v = 2vc, for
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example, creates a vortex ring with two units of circulation,

whereas there seems no reason why it should not create the less

energetic and small singly quantised rings.

10. The size of the discontinuity in the mobility of positive ions at

v = nvc as calculated from Huang and Olinto's equations, are:

Velocity jo Drop in p

5.2 m/sec. 1.2

10.3 ei/sec. 2.1

15.1 m/sec. 2.7

19.7 m/sec. 3.2

These are considerably smaller discontinuities than those observed

by Careri and by the present author. The average discontinuity

observed at 5.2 m/sec. was ru 7$.

There seems to be no way of correcting their theory to allow for

this.

11. Ac will be seen from the above figures the size of the discontinuity

was gradually increasing with increasing velocity. Such an increase

has not been observed.

12. On this model, the size of the discontinuity would be strongly
(See Appendix 7)

dependent on the length of the flight path of the ion. The shorter

the path of the ion, the bigger the effect of the creation process

on the overall measured drift velocity. Suspecting a process of this

kind, the present author varied the grid-collector distance and

observed no significant change in the size of the discontinuity.

(See Fig.32)
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13. In favour of Huang and Ollnto's model are the author's results on

the variation of discontinuity size with grid-source field.

Increasing the grid-source field so that ions could have acquired

v = vc before penetrating the grid, drastically reduced the size
of the discontinuity. This would be easily explained on the

present model by saying that for high grid-source fields the

dissipative creation process occurs within the grid-source space

and the ion had acquired its terminal velocity before entering the

measuring space.

14. The calculated shape of the mobility versus field curves, differs

somewhat from experimental observations. Measured mobility has

successively smaller but constant values while the theoretical

curve shows a continuously decreasing mobility with discontinuities

superimposed. This is simply due to the original choice of an

exponential curve to fit all the results. A better approximation

could be made for low field results which would give the observed

discontinuity shape.

Considerable doubt was --thrown upon the quantum nature of the periodic
45discontinuities when Henson published a paper reporting discontinuities

in the mobility of ions in liquid Ar. and N.

Henson used a field ionisation ion source of a type described by

Muller. He passed the ions through a velocity spectrometer similar in

principle to that used in the Reif experiments, but somewhat different in

operation.

The mobilities of ions in both Argon and Nitrogen were observed to
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be constant over a range values of field changing abruptly in a stepwise

fashion, to a new constant level. Zero field mobilities of ions in
) | o r$

Argon are 6.0 x 10" and in Nitrogen 2.5 x 10cm /volt.sec. All

mobility steps were downwards with increasing field, except the first

one in Argon which was upward. The step positions in relation to field,

were dependent on the source field and the shutter field. The steps

though not strictly periodic, they were approximately evenly spaced in

velocity. There is such a strong resemblance to the results in liquid

helium that it seems most likely that the phenomena demonstrates the same

basic effect. Since in classical liquids there is no restriction on

circulation, it seems "unlikely that the results can be described by the

formation of quantised vortex rings. However, vibrational states of

fundamental and harmonic frequencies could be excited. In fact Henson

suggests that this might be the solution to his results. The near

periodicity in the case of the discontinuities in liquid helium was due

to the fact that

2
2Po r^j 1 kT

m 2

If these two quantities are not equal, as may be the case in Argon and

Nitrogen, equally spaced but not periodic discontinuities would be

predicted.
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CONCLUSION

The aims of the original experiment have been achieved at least in

part. The existence of the periodic discontinuities has been confirmed

and the effect of varying certain parameters has been investigated.

The author has measured the critical velocity for the first

discontinuity for both positive and negative ions, and was in fact, the

first to observe the first discontinuity for negative ions.

It has been postulated that the results for ions can be explained

in teiyis of the excitation of vibrational states and the dynamics of

ion-roton collisions.

The theory explains:

(i) The value for the first critical velocity more closely than

the vortex ring theory

(ii) The difference between the critical velocities for negative

and positive ions

(iii) The periodicity

(iv) The giant discontinuity at 28 m/sec.

(v) The variation of discontinuity size with grid-source field

The following experiments are suggested for further study:-

(a) The measurement of ion velocities with greater accuracy,

preferably better than 0.1 'jo, would enable the investigation

of the ion velocities close to the discontinuity to see

whether the average drift velocity v is less than v^ at
fields just in excess of Ec« Definite evidence on this
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point would favour one of the two models proposed for the

discontinuity.

The determination of the detailed velocity-field curve for

ions using a 'Meyer and Reif type velocity spectrometer. It

would be valuable to have an independent observation of

the critical velocities using this different measuring

technique.

The measurement of ion velocities in a normal fluid 'wind-

tunnel'. More elaborate and meaningful results could be

obtained if a uniform normal fluid flow could be

superimposed over the whole flight-path of an ion. The

'wind-tunnel' would require careful designing in order to

preserve uniform field conditions with uniform normal fluid

velocity.

The effect of the grid-source field on the giant discontinuity

would be of interest. If the Huang and Olinto model is

accepted, the giant discontinuity should be affected by the

velocity of the ion prior to its entry into the measuring

space. If the ion velocity in the grid-source space is

greater than v , the giant discontinuity should not occur
C1

until the ion acquires v^ = 42 m/sec. in the measuring space.
Higher ion velocities in the grid-source space should retard

the appearance of the giant discontinuity even further.
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NOTATION

I - RADIAL FLOW

a Cross sectional area of observation capillary

A - Cross sectional area of superleak

d - Depth of liquid on the plate

d - Depth of liquid at which n-fluid flow
becomes negligible

f Frequency of waves

h - Height of sessile drop

h^ - Maximum height of edge drop
£ - Length of the superleak (Page 21)

- Film thickness (Page 2k)

Q - Transfer rate across the plate

r - Radius of Sessile drop

r-, Q o Radii of curvature of drop surface
*-} ->>

rc - Radius on plate at which flow becomes
turbulent

s - Arc length of drop profile

u • Velocity of surface waves

v - Velocity of bulk liquid

y - Depth of liquid below top of drop

e - Dielectric constant

9 - Predicted angle of contact

H - Chemical potential
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p - Bulk liquid density

a ~ Surface tension

¥ - Angle between tangent to drop profile and
the horizontal

co - Characteristic frequency related to the
surface

co - Frequency of adiabatic oscillations
Si

co^ Frequency of isothermal oscillations
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II - IONS

a - Vortex ring core radius

A - Area of grid

c - Velocity of sound in the ion

d - Mean interatomic distance

dQ - Grid-collector spacing
e - Electronic charge

E - Applied field

Ec - Field necessary for ion to reach the critical
velocity

E_„ - Grid-collector field

E
„ - Grid-source field

Ss

E - Energy of vibrating positive ion

E~ - Energy of vibrating negative ion

-■ Planck's constant

i - Ion current

I - Ion current

i ~ Ion current for constant field across the

measuring space

L - Distance from grid

m - Total mass of vibrating atoms. (Page 100)

m,m^ - Ion mass

m - Effective mass of ion
eff

mr - Mass of roton
M - Mass of liquid drop



- 191

n(E) - Number of rotons with energy E

Nr - Number density of rotons
p -- Pressure at the ion

pQ - Intrinsic momentum of roton

p^, - Thermal momentum of roton
Q - Heat input

r - Vortex ring radius. (Page 93)

R,r - Ion radius. (Page 100)

S - Entropy

Sc - Distance covered by ion while accelerating
from v^ - vo c

Sg - Distance travelled between excitations
minus S

c

tfi - Time required for ion to accelerate from
v - v

o c

tg - Time between inelastic collisions minus t
u - Velocity of sound in the bulk liquid

v, v^ - Ion velocity
v+ - Positive ion critical velocity

c

" Negative ion critical velocity

v^ - Terminal drift velocity

vQ - Velocity of ion immediately after an inelastic
ion-roton collision

vr - Roton velocity
v' - Ion velocity after any collision

Vn - Volume flow of n-fluid
x - Amplitude of radially pulsating ion
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Applied square wave frequency. (Page 3*0

Cut-off frequency

Vibrational frequency. (Page 9T)

Intrinsic energy of a roton

Viscocity of n-fluid

Ion-roton collision diameter

Circulation

Bulk modulus. (Page 97)

Wavelength of ion vibrations

Ion-roton mean-free--path

Ion mobility

Bulk liquid density

Ion density. (Page 97)

n-fluid density

s-fluid density

Surface tension

Mean-free-time between collisions

Effective mass of rotons from neutron scattering
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Appendix 1 (P. 34)

The Variation of Measured Ion Current with the Frequency

of the Applied Square Wave Field

Let L = Grid-collector separation

Y = Applied Square Wave Frequency

p. = Ion Mobility

E = Applied Field
3

nQ = Density of Ions per cm
A = Cross-sectional Area of Ion Beam

Then the length of the forward pulse = sees.

The distances travelled by the ions during this time

s = velocity x time = ^ (a)
All ions travelling further than the distance L from the grid will be

collected and eventually pass through the electrometer, which measures the

average current over a time long compared to the period of the applied

square wave.

Number of ions N collected during every forward pulse

N - A ( ^ - L ) nQ (b)
„ x j j . • . Charge collectedCurrent recorded ' i1 = ■ ■ ■„ rr

Period of Square Wave

i = Ne Y amps. (c)

where e = ion charge.

For Direct Current conditions the current i collected would be
o

i = n A. uE.e amps. (d)
o o
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From equations (b), (c) and (d)

1 = xo ( 2 " pEp ^
This is equation (l) Page 34.

N.B. For very low frequency y of the applied field, the situation

approximates the D .C. situation. Under these circumstances the current
i

collected i « and not i since even at very low frequencies the^ L o

field is reversed for half of the time.
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Appendix 2> (P. 39)

Grid Dimensions

Grid A Grid B

Number of Holes 22 21

Shape of Holes Square Round

Diameter 0.8 mm. 0.8 mm.

Area
_jt j p

64 x 10 cm. 50 x 10 cm.

Total Open Area .14 cm." .11 cm.'

Percentage Open Area 20 % ? 30 $> ?
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Appendix 3 (P. 66)

Error in An for Varying Grid-Collector Separation L

Now Ap - nL - p H

where (0.^= Low field mobility

pH = High field mobility

, ion velocity 2yLand n 83 - = *•^ applied field E

where y = cut-off frequency

tt St

Possible error in y ^ l/° (i.e. 5 c/s in 500 c/s.)

Possible error in L = + 0.05 mm.

L Error

2 mm 2.5 $>

3 mm 1.7 $

4 mm 1.25 $

5 mm 1.0 $

10 mm 0.5 $

Possible error in E ^ 0.5 $

Total possible error in p L

4.0 $ 2 mm

3.2 # 3 mm

2.75 $ 4 mm

2.5 $ 5 mm

2.0 $ 10 mm
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Each mobility value is the average of at least six observations.
Possible Error

Probable error in n
^6

Probable error in n L

1.65 $> 2 mm

1.3 $ 3 mm

1.15 $ 4 mm

1.0 $ 5

0.8 /o 10 mm

2 -1 -1
If n-^ = 10 cm volt sec.

0 2 . . -1 -1and *= 9 cm volt sec.
H

Then for L = 2 mm.

An - 10 + 0.165 - 9 + 0.15

- 1 + 0.315

then

An ^ 10# + 3#

Similarly for L = 3> 4, 5 and 10 mms.

Error in An L

t 3.3 t 2 mm

2.6 % 3 mm

2.3 # 4 mm

2.0 # 5 mm

1.6 # 10 mm
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Appendix A~ (P • S3g)

Mean-Free-Path of an Ion in a Regular Array of

Vortex Lines

Suppose there are n vortex lines passing through unit area, each

of 'collision' diameter <r.

An ion starts from some point and travels through this array of

lines until it approaches within the distance 'd' of one vortex line.

It is then captured by the vortex line.

The Probability P^ that the ion will be captured by a vortex line
after having travelled a distance between r and r + 6r equals the product

of the probability P that the ion will not be captured while travelling
r

the initial distance r and the probability P of ion capture within a
C6r

path length 6r.

Now P
'6r

The capture area presented to the approaching
ion at the given section

The total area of the section

CT
^ I*

St/[P
/ /
t ■

o

§=1-

z
/
/
/
/.

/

Pi

V

I I
; i

! ;
- : /

I'
/

n.b 6r . h. cr

b. h
n cr 6r (f)
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P = P
r c

. P n.cr.6r P
6r

(g)

This gives the probability of an ion free path of exactly !r'.

The probability P that the ion will have a free path of lengthc
r

0 - r; or alternatively the probability that the ion will be captured,

somewhere within the range r, is given by

p or
o r

n.cr. P 6r
o
r

(h)

But Pq =* the probability that the ion will not be captured in the
r

range 0 - r.

P = 1 - P = 1 - J n. cr. P 6r
o c o o
r r r

(J)

. dP
o_

- nop
dr

P = Ae
o
r

-n err

Where A = Constant

_ . -n err .

P = Ae n cr6r
r (k)

But the ion is certain to be captured within the range 0 r °°
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oo <

J P ■» 1 - A J -n err . . , s
e ncr6r - A (mj

o r

A = 1

_ -n o-r ,

P =■ n<re &r
r

The mean free path A of the ion in this array of vortex lines is then
oo oo

X » J rP 6r «■ J no-re n°*rt>r = ~~L (n)
o r o no-
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Appendix 5 (P. 120)

The Sharpness of the Discontinuities

The positive ion critical velocity (5.2 m./sec) at which the first

mobility discontinuity occurs, has been determined to within + 0.1 m/sec.

The distinct nature of the discontinuity as shown by this small uncertainty

in the critical velocity, is surprising since at 1°K the random thermal

velocity of the ions is approximately 8 m/sec . Any model which depends on

the instantaneous velocity of the ions would, therefore, predict that the

discontinuity would be so 'blurred' that it would not be observed at all.

K. R. Atkins challenged the Huang-Olinto theory on these grounds at
57

the 1965 Sussex Conference. Huang's reply was that "at rs 1°K the ion

mean-free-path is comparable to its radius, so that the ion performs a

trembling motion, which can be decomposed roughly into a smooth average

motion and a random fluctuation."

In Huang's model the average drift velocity and not the instantaneous

thermal velocity operates, since the creation of a vortex ring takes a long

time compared to the mean-free-time between ion-roton collisions.

For the 'vibrating ion' model to predict a sharp discontinuity, either

(a) the ions are not 'thermalised' between exciting collisions

or

(b) there must be a long interaction time for the type of inelastic ion-

roton collisions which excite vibrations

Suggestion (a) would require a long thermal 'relaxation time'.
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-5 56 58
Substituting a roton viscosity ^10 poise into Maxwell's expression

_9
gives a relaxation time of 5 x 10 sees, and therefore the ion can easily

acquire thermal velocities between 'exciting' collisions. Therefore

suggestion (a) is invalid.

It is necessary to postulate that in the particular inelastic

collision which excites ion vibrational states, the interaction time is

long compared to the mean-free-time of the ion.

The following sequence of events is suggested:

(i) The ion collides 'head-on' with a roton and interacts

with the roton!s thermal momentum. (See P. I * 3). The

ion's forward momentum will be very little changed by

this.

(ii) The ion-roton pair move under the influence of the

applied field, gaining energy from the field.

(iii) The roton is re-emitted in the forward direction of

ion motion with intrinsic momentum p reversed.
o

ROTON

(i) /ION ) «—01

to

(ii)

(iii)
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Conservation of momentum gives

i

mv - 2p = mv (p )X> \ r t

I

where v^ , v^ are the ion drift velocity before and after the
inelastic collision

m = mass of ion

The energy made available when this type of collision occurs

consists of

12 "2
1. Loss of kinetic energy by ion m(v - v~7 )

2. Energy gained from the applied field during the

collision = e^-v t
:& o

where e = electronic charge

= applied field

t = interaction time
o

3. Possibly the thermal energy of the roton (|kT) \

An inelastic collision will occur when the energy made available in

this way equals the lowest energy level for vibration.

2
1 2 I 1

available energy E = ^ mCv^ - v^ ) +e^-vJ)to + (^kT) ....(q )
' 2po

From (p) v = v^
urn

Substituting in (q) ?

2p
E = 2p v — + e£.v t + (-^ kT)*0 m y> o 2

The positive root of this equation v 1
2

is •• "'<¥ + cfi (1 + ) ( r )
2 where p. = v,

p 2p ^ £
where c =* ~ , X =■ + ^ ~ )) an<^ ^ = m°t>ility

o
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The values of and t are adjusted to give the best agreement

between the experimentally observed vq and the critical velocities
predicted by equation ( r).

For positive ions tQ «=» 5»6 x 10 ^ sees.

and E^ = 2.25 x 10 ergs^ where E^ = energy of first
excited state

The use of these values in equation (r ) together with the measured

mobilities p. predict the temperature d ependence of v ^ The calculated
c

values are

T °K Vc (predicted)
5*9

(SantiniJ
0.9 520 cm/sec 520

0.95 505
'

520

1.0 490 520

1.1 425 0C\!

1.2 367 370

1.3 312 310 Icro

1.4 260 520

It can be seen that equation (r ) predicts a drop in critical velocity

with increasing temperature. The values for vq agree approximately with
59the measurements of Santini et al over the range 1.0->1.3°K. The theory

does not however predict the observed temperature dependence of vc above
1.3°K.

If the value t B 5 .6 x 10 ^ sees, and E~ = 1.125 x 10""^ ergs.

E+ °
= are substituted into equation (r ) the negative ion critical

velocities predicted are

* This value for E^ is a factor 2 less than that predicted by the acoustic
resonator model (P. 99 •)
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' °K v (predicted)c
v (measured)

c

0.9 266 cm/sec . 2 > H

1.0 245 2. 210 cm/sec.

1.1 221 1. f

1.2 196 1 d-

1.3 171 V " Lf- ■

9
The agreement is reasonably good.

* Present author.
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Appendix 6 (P„ 125)

Derivation of Equations (29), (30) a^d (31)

(29)

In a viscous medium the retarding force on the ion is proportional

to its velocity. At the terminal drift velocity

Accelerating Force eE = qv^ ( s )
where e = ionic charge

E = field strength

q = constant

At an ion velocity v < v^ the resultant accelerating force = (eE - qv)
Acceleration yr = — (eE - qv)dt m.

Substituting from equation (s )

3t - m. (V£> " v) ( 4 5
A.

Integrating

log (v-p - v) = - ^ t + Constant ( u )

At time t = 0 the ion velocity v ■= vq
where vq = ion velocity immediately after an inelastic collision.

Constant in equation (u ) = log (v^ - vq )

t = s log ^—1° (v )
q v - v

Therefore the time t required for an ion to accelerate from v„-> v
c o c

t =• — log , ( W )c q * ^ - vc
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It has been postulated that at an inelastic collision an ion loses a

velocity vq.
.. v__ - v = v

I* o c

and from ( s )

q =

where p = mobility .

i^quation (w) becomes

eE
_ e

v p
jo K

V
c

— log ( ) (x )
e V - v

c

This is equation (29) in the text.

MI
The distance S travelled by the ion while accelerating from v -> v

c o c

is given by

■I vdt (y)

Now from equation (v )

v = v - v e
3> c

- 9k
m

S_ - J

- sk
j.

v^ - v e dt
c o c

Integrating

(y t} ♦ [
-qt t

mv e
c

m

and S =
c

v t +
c

mv S&c
_£ OfH- -l) (z)
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Substituting for t from equation (x )c

-qt

and rewriting e m

my. [v (1 + log (—£- ) ) - 2v (aa)D > c

This is equation (30) in the text.

The time t = 0 at which the ion reaches velocity v^ .

The ion travels for a time t£ at a velocity v > vfi before being
involved in an inelastic collision.

The distance S£ travelled during this time is given by

S_ = J
c

vdt.

Equation (v ) modified gives

and

m v^ - vc

qt
m

log
q v^ - v

V_ - V
^ c

V^ -V - Hi
v + (v - v ) e

t
E

m

S =
E.

- si

VJ> + (Tc - v> } e
m

dt .

(bb)

(cc)

Integrating

V> *6

- Hie
- - (v - v )(1 - e m )

q x c (dd)

This is equation (31) in the text.
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Appendix *7 (See P. 179)

The magnitude of the Mobility Discontinuities as predicted

by the Huang-Olinto Theory

Equation (35) in the paper by Huang and Olinto gives the ion drift

velocity ^v)> as

Voo_,_ ,-1
T

C

= voo CI + C^L)(^-)gnl~1 (Huang-Olinto, 35)
where eQ = 0.22 eV is the energy of a vortex ring with unit quantised
circulation formed by an ion, charge +e, moving at v = 5.2 m/sec.o

E is the electric field applied over the total flight path L; is the
»

drift velocity obtainable in the flight path in the absence of a

discontinuity; and g^ is a factor given by

gn = 2 (1 - )/l - ~ (Huang-Olinto, 36)
oo

1=1

where E^ is the critical field at the JL discontinuity.
Writing the Huang-Olinto equation 35 as <V)> = v [1 + A]-"*" for

simplicity, the fractional decrease in mobility is given by

& , ^ -<» . —h— (ee)
p v 1 + A v e;

OO

where ^ depends on the grid-collector spacing L through the factor A.
I—

The value of A for a typical experiment can be calculated, e.g. for
2 -1 -1 -1

zero field mobility jjl = 10 cm volt sec. , E^ = 54*5 volt/cm. at
JL = 1, an applied field E = 80 volt/cm. across L = 0.6 cm. gives

-1 -S

v^ = 7.47 m./sec. and gn = 0.950, and a value of A = 6.2 x 10 Thus
O

in the temperature range 0.85 K to 1.0°K and in the region of the first

two discontinuities, A<§[1, and the fractional decrease in mobility is

~ A = — . (~) . g (ff)P eEL v ' n v 1
c
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With equation (ff), the theory and. the results, Page£>£>, can be

compared as follows:

(i) A critical test of the Huang-Olinto theory is the variation of the

magnitude of the discontinuities with the grid-collector spacing L.

Equation (ff) predicts that the discontinuity size Ap is a function of
■i"

the ion flight path L. Thus the shorted the ion path, the greater should

be theeffect of the vortex ring creation process on the measured drift

velocity and hence on the size of the discontinuity. However, the results

shown in Fig. , indicate that the discontinuity size was independent of

the grid-collector spacing. This is in disagreement with the theory.

(ii) The magnitude of a discontinuity from equation (ff) is much less

than the measured magnitude. This shows up in Fig. where for example

at L = 0.5 cm. the experimental Ap - 0.7p while the theoretical Ap = 0.012p.

(iii) The magnitudes of the successive discontinuities should increase

with increasing ion velocity. Thus with positive ions equation (ff)

predicts ^ = 0.012, 0.021, 0.027, for the first, second, third ....
P .

discontinuities. However, the results,v&&/show no variation in the

magnitudes of the first three discontinuities.
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Appendix B

Recent Measurements of the effective Mass of Ions in Liquid Helium

Dahm and Sanders^ have measured the effective mass of ions in

liquid helium using a microwave technique. They derived the momentum

relaxation time from their measurements of the microwave conductivity-

due to ions injected into a reflection cavity. The ion effective mass

is then given by
et

meff" -£
H(0)

where e - electronic charge

t = relaxation time
r

p(0) = D.C. mobility

Dahm and Sanders obtained « AO m^Q for the positive ion in the
temperature range 1,2#K - 1.7"K . The corresponding relaxation time

- 91.6 x 10 sees, is of the same order as the relaxation time

calculated from Maxwells' Equation ( see Appendix 5 Pa8e 202).

The substitution of this new value for the effective mass into the

equations (p) and (r) page 203 would affect the predicted critical

velocity in two ways.
2

(a) The factor ^o _ _kT is no longer negligible in comparison
m ~

to 2p v. The energy available at an inelastic collision is then noO i

longer proportional to v and the predicted critical velocities would not

be equally spaced, (see also page 109)

(b) The momentum of the positive ion at 5 m/sec. would be insufficient

for it to reflect a roton forwards in an inelastic collision.(i.e. mv <
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It would be necessary to postulate that the first three discontinuities

for the positive ions were the result of oblique inelastic ion-roton

collisions.

If the positive ion effective mass is correctly then the

vibrating ion model as set out here is unsatisfactory.

However it seems possible that the effective mass obtained by

Dahm and Sanders is not necessarily the mass of an ion drifting

under the influence of a slowly varying field. They apply a field of
9

frequency 9.3 3C 10 c/s and they are measuring relaxation times of the

order of the period of the applied field.

If the value of the effective mass (AOm^) is substituted into equation
2 -1 -1

(26) page 113 a mobility of 9.9 cm volt sec i3 obtained. This is

a less satisfactory result than that obtained when an ion mass = 100 m^
2 -1 -1

was substituted (6.1 cm volt sec ). The measured mobility at 1"K is

c o 2 14.-1 -15.9 cm volt sec .
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Appendix 9

The Number of Ions in an Excited State

Ions in a field free situation at 1#K have sufficient thermal energy

to become vibrationally excited. The number of ions in an excited state

at any time depends on

(a) The ease of excitation

(b) The ease of de-excitation.

(a)It has been suggested in Appendix 5 that an ion requires a finite

interaction time with rotons in order that it should become vibrationally

excited. During the interaction time energy is fed from the field into

the ion-roton system. For this reason it is harder for an ion in the field

free situation to become excited.

(b)lt has been postulated that vibrating ions are easily de-excited.(P.129)

Therefore at any time the excited state is sparsely populated. When the

applied field exceeds the critical field for the first discontinuity

the population of the first excited state shows a discontinuous increase.




