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ARSTRACT
ION THAPPING TH ROTATING SUPERFLULD LIQUID HELIUM

UNDER PRESSUEE

Measurements of the lifetime of negacive fons trapped in
rotacing superfluld 1lquid hellum have been made in the range
10 o 1000 seconds az a function of temperature and applied
eleceric field at the saturated vapor pressure of the ligquid.
Heasurements of the lifetime of trapped negative lons have
also been made in the range 20 to 400 seconds as a functiom
of cemperature and pressure from the vaporization pressure
to the solidification pressure of liquid helfum,

The experiment invelves observing the amount of trapped
charge released by the liquid upon cessaticon of rotatiom. 4
reproducible amount eof charge 1s initially f{rapped in the
liquid rotating at & rad gec”l and held 1in rotation for a
variable waiting period before release. The decay in the amount
of the trapped charge in the rotacting liquid has been chserved
by this method to be exponential In tine.

The data are Iinterpreted in terms of medels which hawe
recently been proposed in the literacture for ico—trapping in
the rotating liquid. There are twe models involved: First,
the nepative lom is assumed to be an electron contsined in &
hollew cavity in the liquld of appreximately 20 E radius. oOf
particular interest is the pradiction of this "bubble nodel"
that the size of the negative ion decresses as preasure is applied

to the liquid., Second, the vatating liquid is thoupght to consist
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of a uniform array of singly quantized vortices, The ions are
aszgsumed to be trapped by hydrodynamic forces on these vortex
lines in the rotating liquid and to escape from thasa vortex
lines by thermal asctivation,

The activacion energy for escape of an ion from a vortex
line can be detarmined from the temperature dependencea of the
lifetime of cthe crzpped ion, The radius of the lon can in
turn be determined from this asctivetion energy. At saturated
vapor prassure such analyeis of the data indicates that the
radius of the negative ion is between 18.9 A and 20.6 §. As
the pressure is raised from saturated wapor pressure to 24 atm,
the rasdius of the nepative ion decresses by 38%Z. This derrease
compares favorably with the prediction of a 2imple form of the
“"bubhle model” that the radius of the negative ion decreases
by 35% over the same pressure ranpe, The depeandence of tha
lifecrime of the trapped nepative lon upon the applied elactric
field can also be understood in terms of these models,

In addition, studles have been made In which trapped lLons
are used to probe certalin properties of the rotating atate of
the llquid. B5uch studles include observations of the growth
and decay of vortlcity in the superfluid brought about by the
starting and scopping of rotarion of the vessel contalning the
Mquld helium.

hver the full range of pressures and temperatures covered

in this experiment, no positive fon trapplng was observed,
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1. INTRODUCTION

1, Iwo=Fluid Model of Syperfluid Liguid Helium

Helium (He) becomes a liquid at 4.18°E under one atmo-
ephare pressuré.l‘s The liguid state ie chought te awist duﬁ;.
to absolute zeroc as lopng as Ithe pressure is kept less chan 25
armospheres. It iz only by aﬁ application of pressures in
excess ef 25 atmospheras that hellum sallidifies. This bhehavior
is a consaguence of the large quantum=-mechanical zero=point
energy of the heliuwm atoms and the weak inter.partiﬂ_le forcas
betwaen the atoms, _

At Ty=2.172°K, the so-called "lambda point", the liqui&
undergoes a phase tramsition, This phase cransition is
characterized by a logarithmic singularity in the specific
heat of the liquid, Below this transition temperature the
liquid exhiblts rather scrange "superfluid" properties,
which appear. to be quantun=-mechanical effects on a ﬁacrnsnupir:
scale. Tor example, below Tl the ligquid will flow readily
through very small channels even 1If above Ty che liquid flows
very slowly through these channels. Below Ty the liqqid alao
has an anomalously large abillity to cenduct heat while above
T, the liqﬁid conducts heat about as well as alr at room
tempu?atur&.

In 1938 London suggested that the cransicien of liquid

helium from & normal liquid to & "super" liquid at T; might be




related to the condensation in momentum space of an ideal
Dose-Elnstein gas.ﬁ For the 1deal Bose gas the condensate
consists of atoms in their ground scates.

Around 1940 1n a series of papers Tisza developed a
"two~fluid model” to describe the observed mechanical super~
fiuld effects.? In this model the liquid is considered to he
a combination of tweo Interpenetratring flulds, z normal fluid
and a superfluid. ZEach component s azsigned a separate
valocity and density: 3ﬁ and p,, for the normal fluid, and 35
and gz for cthe superfluld. The total density of the fluid
and the densicies of the two components are related by the
expression p = p, + p..  Siwmilariy, the total mass current 3
is given by the relacionship § = BaVn + bgvgr The superfluld
ficws at small veloclties with no dissipation and carries no
entropy, The nomal fluld is wviscous and carries all of the
entropy. The densities p, and py; are temperature dependent,
and at T, the fluid is entirely normal fluid while at T=0"K
the liquid is eatirely superfluid.

Landau developed a quantummechanlcal cheory of super-
fluld belium which reflects the two-fluld mﬂdet.a In this
theory the liguid is in its ground state ac T=0°K. For
tempetatures slightly above D°K the liguid is considered to
be weakly excited, The weakly exclted ztates of the liquid
are reparded as being sets of separate elementary excltations

of the liquid as a whole, These elementary excitations form




a gas of "quasi-particles" moving through the liquid, sach
having a definite eneargy and momemtum. Thesa quasi-particles
can collide with sach other and with the walls of the coentainer
giving the appearance cthat there is a second fluid present in
the background fluid, The asrmal fluid is identified with

this gas of excitations; the suparfluild, with the background
Fluid in which these excitations move,

Landau, in an attempt to treat the density and the mass
current of the ligquid at 0°K as quantum=-mechanical operators,
arrived at the conclusion that the curl of the superfluid
waloellty field is zern {curlizh = 0} for the lowest state af
the fluid. Thiz led him to postulate the existence of a
localized excitation (curl ;; d 0) of the liquid which suvbse=
guently became known as a "roton". The other excitation
postulated was a low energy somndlike excitatien, the “phonon".
Landau was able to make cercain plausibility arguments to
obtain a form for the dispersion curve of these two excita=
tions. From the form of these dispersion curves and from
coneiderations of the conservation of momentum and energy 1o
the creatlon of these excitations by superfluid flow along a
boundary, Landau was able to account for the ability of the
superflulid to flow witchout dissipation below a certaln critical
veloacity.

2, Superfluid Flow ,

In 19%4% Omsager proposed a further restriction upon the




suparfluld motiont: the circulation of the superfluid shpuld

he quantized according to the relatien
gl
g%, al = n o (1)

where n i2 an inceper, h is Planck's constant, and m 1z the
mass of the helim atnm.g Feynman later pracanted a more

10 Both

thorough discussion of this quantizsation condition,
Onsager and Feymaman suggested by analogy with che wave
mechanics of single particles that the superfluld velocicy

could be exprassad in the form

¥, # S prad p (2)

vheare ¢ ig tha phase of a single=valued complex quantum-
mechanical wave function characterizing the flow af the
liquid. Sinca ;; iz a gradient of a scalar, Landau's eriterion
that curl ;; = (0 {2 automatlcally sacisfled. For the wawve
function to be single valued the phasa, 4, of the wave func—
tion must change by Iintegral multiples of v around any closed
path, This condition implies quantization of circulation as
stated by Eguation (L).

The condition curl 3; = 0 requires that n = 0 in Equation
(1) if the rlosed path of integration does not enclose an

internal boundary of the liquid. However, around boundaries

which make the liguid mulriply commected n need noc be zero,

Vinen performed an axperiment to check this quancization of




cireulatiom condition around an internal bommdary in liquid
halium.ll The apparatus congisted of a fine wire stretched in
the liguid. When pluciked, this vire had degemerate circularly
pelarized modes of vibration. With circulation present around
the wire the degenaracy wag lifted. The resulting frequency J
splitting Wwas proportional to the clyculatlon. There Wwas some
evidence for stable circulations at n =0 and n = 1. Hore
recently, Whitmore and Zimmermann have rapeated the Vinen wire
eyperiment and have observad m = 0,1,2, and 1} levals, 12

Alga nroposed In the Ongaper~Feyoman theory ig the eqisge
tence of line singularities in the superfluid wvelocity fleld
which make the liguid effeetiwvely multiply connected. Thesge
so=called "vortex lines" would have quantized circulation, A
stralght lina wvortex would have the following cylindrieslly

aymmetric velocity field

- h =
Tylr) = gomm B (3)

expressad in terms of cylindrical cocrdinates r, 8, z with the
z axis coineciding with the vortex core. A vortex line elither
will end on itself in the form of a ring or will end at the
boundaries of the fluild,

The kinetic energy densicy E near a stralpghe line vorcex

is piven by the expressaion

..o | h pg(x)
£ FH — @)




The superfluid density must go to zero aE ¢ approaches zero
in order that the kinetic energy density not become singular.
The problem of vortices in the condensete of a dilute intery-
acting Bose gas has been consldered by Fetter.l? & good
approximation te the density of the cundanéate nir) near a

vortex line found by Fatter is

n(r)} = nie) ?i_:f (5)

where "d" 1s a parameter chavacterizing the size of the “core"
of the vortex line, Not well understsnd at the present time
1s the relatlonship between the condensate of this Bose pas
model of ligquid helium and the suparfluid density of the Ewe=
Fluld model. Howewer, E£or the analyses presented in this
thesiz the superfluid density is asswmed to obey Equation (3) F
near a wvortex dine as a first approximation.

Except for the quantizarior condition the velocity fields
of these wvortex lines are ldentcical oo the veloelicy flelds of
viortex lines in the ideal £flulds of ¢laszlical hydeodynamics.
Thus wortex lipes in superfluid liquid helinm will have the
game dynamical propertles as wortex lines In ideal fluids. In
particular, wortex lines in ideal fluids musc move with the
fluid 1lf there are no foreass aEting on these lipnes. However,
iIf there éra forces acting on these vortex lines, these lines
must drife relatiwe ro the filuydd, In ligquid hellem such

forces might arise from the scattering of the microscopic
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excitations which comprise the wormal fluid by the vortex lines
and from the pinning of the ands of the vortex lines to the
wallz surrounding the fluid.

There i3 experimental evidence for quantized vortex ring:
{n = 1) in liquid heligm at 0,3°K. BRayfield and Reif obaserved
the creation of vortex ringa by energetic ions in the liquid at
these tamperatures.lﬁ They obsérved the characterlstic proper-
ty of a classical vortex ring: che energy of the ring is
wvary nearly inversely proportional to its propagation welocity.
Dsing ions in thas sgme temperature region, Gamota and Sanders
have observed another property of a classical ring vortex: the
ensrgy of the ring is very naarly proportional ta the size of
the ring.15

Feynman's discussion of wortex rings also sheds some light
on the problem of critical wvelocities for superfluid flow
in fine channels. From Landau's theory the superfluid should
be able to flow without dissipation up to 60 meters/second.
However, critical wvelocities are observed at velocltles several
crders of magnitude smaller. Feynman pointed out that vortex
line and ring ereatiom at the walle of a channel could produce
a much lower eritical veloelty. His estimates are in better
agreement with the observed critical velocities.

Thare ig other evidence for the exiscence of vortex lines
in liquid heliwm. In particular the rotating stace of the

suparfluid {s thought to involve vortex lines. This topic




will be considarad in the next sectlon of this chapter.

In surmary, the flow properties of superfluid 1igquid
halium can be described in terma of a two—fluld model. Landau's
excitation theory leads naturally ta the two~fluld medel and
accounts well for the thermodynamic properties of liquid
hellum near T=0°K. The Onsager-Feynman theory requiras that
tha cirveulation of the superfluid be guantizad and adds anothery
excitatisn of the liyuid, the vortex line.

3. PRotacine Liguid Helium

Landau considered in his theory the rotating ztate of the
liquid, He pointed ouc that the conditiom curl $§ = () implias
that in a retating eylindrically-symmetric simply-connected
contalner, the guperfluid wust remaln at rest. Osborne in
L8530 tested thie prediction by observing the meniscue of the

rotating liquid.lﬁ

If the superfluld were not participating
in the rotation, then only the normal fluld could contribute
ko the parabollec meniseus expected for a uwnilformly rotsting

11quid,” The relevant equation is

Zp?

w R

h.p“_”'..._ {6)
o ¥y

where h 1s the depth of the meniscus, p, the normal fluid

density, ¢ the total fluid dansity, thy the angular velocicy,
E the radius of the rotating bucket, and g the g;avitatinnal
accaleration., The normal fluld densicy 1s temperature depen=

dent. Then h, the depth of the menlscus, should be temperature
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dependant alse, Osborne found that the depth of the menigcus
was not temperature dependent and thue that the whole 1iguid
appeared to rotate like a sclid body. This obeervation
appeared to contradict Landau's prediction that the suparfluid
component wWould not rotate.

In 1955 Hall and Vinen propagated thermal waves called
"second sound" in a rotating bucketr of supesfluid helium.l?
These thermal waves are propagating fluctustions in che relatlve
densities of normal and superfluld componenta. These flue=
tuatfons are accompanied by counter motion of normal and
guperfluid components, They found that attenuation of the
second Eound waves increased when rotation was started. This
attenuation was anisotrople, taking on its maximum wvalue for
waves propapated perpandfcular to the axls of rotation. Atten=-
vation of waves propagated parallel to the axis of rotation did
not change with rotation. The fact that Hall and Vinen were
able to see second soumd propagating in the liquid meant that
the rotatlion did not destroy the superfluld character aof the
liquid. ,

The nsager-Fayoman wvortex=line model provided a des=-
cription of how the superfluid component could appear to
rotate as a solid body without losing 1lts “superfluldity™.

In this model the valocity fleld of the superfluld component

in steady rotatlon consists of an array of vortex lines with

ona quantum unit of clreculation for esach line. The axes of
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these wortex llnes are parallel to the axis af rotation. For
a uniform dense array of vortex lines rhe macroscopic welocity
field resembles that of solid body rotation,

Lat ua comstruct 2 circular closed line integral of the
eyperfluid valocity in a plane perpendicular to the axis of
the eotating liquid., Aszume in steady-gtate rotation that
the velocity field has eylindrical symmetry on the average,

Then, we have the relarion
-
§o edl = 2y vy (r) (7)

where r is the radius of the circular path. 5Sinece curl ﬁs =0,
everywhere except st tha vortex cores, 3tokes theorem states
that the closed line integral executed in Equation (7) is equal
to the sum of the eireulacions around each voartax line con-
tained within this closed line intepgral. $Hince the array is
unl form, we can define a uniform vortex line densicy (per umit

area), ¥, Therefore,
& 2
5, ral = SIE, (8

Equations (7) and {8} combine to glve

vg (1) '%= wr (9)

This I3 the welocity fleld of sollid body rotation where
¢

. {10)
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For votating speeds relevant to the experiment diseussed in
this thesis, w = & radian sec 1 which implies N = 10" vortex-
lines cm~2.

Feynman showed for a bucket of 1 em radius rotating at 1
radian set‘llthat_tha energy necesgary to create this unifurﬁ-.
array of vortex lines is only 2% higher than the energy of a
ripidly rotating body. HMore recently Fetter has cnnside}ed
the case of an array of vortex linmes in a rotating annulus.l8
He found in the limit of hipgh rotation epeeds where there is
a dense array of vorcex lines that the free energy of the
rotating liquld was a minimum for a uniform array. Fetter has
polnted out also that the array of vortex lines probsbly exists
in the form of a atable crianpular lattice,1?

Hall and Vipnen interpreted their secund.suund Tesules In
terms of the Feynman=Cmsager theory. The vortex lines provide
a "mutuwal friction" force berween the superfluld sand che omormal
fluid components which attemuates the sacundlsound wave. The
alignment of the vorfices parallel te the axis of rotatien will
produce a larger attenuvacion of the second sound waves propa-
gﬁting perpendlicular to che axis of rotation.

Bot well underscood at the present time is how the
vorticity is ecreaced in the first place., It is assumed chat
when a bucket is set inte retatlom, vorE&x lines appear at

the walls of the buckat and move 1lnto ths liquid; Durivg this

build-uwp of verticity, the normal fluid is accelerating and
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applying fnrces}tu the vortices if they are moving relative Eo
the normal fluid, There is evidence that the stata of thea
liguid 13 guite turbulent during acceleration and deceleration
of the liqufd. Second sound attenuation experiments indicate
that during éppruximately tha firac 30 sécunda after sudden
acceleratfion or decelaration of a rotating bucker contalaing
ligquid helium; tha attenuarien of sacond somd reaches a
maximum and ‘then decays to a vaiun nunsiﬁfent with che final
rotation spéed.zn This excess attenuvactfon is obzerved for
wavas propagating perpendicular and parallel to the axis of
rotation, This implies that the wortex. lines are not, on the
auerape, parallel to the axis of rotatlion during these transient
periods. These vortex lines prnhahl? form a tangled array
during_aéceleratiun and daceleration. The density of cthis
tangled array appears to be higher during thasa parinia of
acceleration and deceleration than the demsity of the stable
arcay of vortex lines eventually formed during sceady rotation,

Ohserved also in varlous rotatlon experiments 1s a cime
for creation of a stable rotating atate of the ligquid which
is ou the order of 100 seconds.?l The time r&quimeﬂ for the
1fquid te slow down 12 obzerved to be on the order of one
fourth of the time necessary for the creation a’lf the stable
rotating state, |

4, TIons in Yiguid Heliym

Both positive and negative fons in liquid helium hawe
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bean used as microscopic probes of some of the properties of
superflutd 1iquid helium, 22724 e mobility, defined as the
deifr velocicy of the ions under an applied eleceric field
dividad by the srrength of that field, of both species has
beaan intErprEtaﬁ quite succassfully in tefma of the Landan
excitation theory of 1iquid helium. . What is of interest for
tha pu&poses of this thesls are the structures of the fone.

Atkins has proposed an electrostriction model far_the
structure of the positive 1on.2% In this model a Het ot Hez+
Lom is.surrnundad by polarized helivm atoms. Tha eleckro-
striction pressure is caleulated to produce a sphere of solid
helium arouwnd the ion of approximately 6 & radiue. Atkine
discusses the possibilicy of the ion growing larger if the
external pressure Is raised to a value close to the solidi-
ficatlon pressure. Whether or mot the iom will grow depends
upon the assumed magnitude of the surface energy of the 1::-!1.

The so-called "bubble model" seems to account best for
the obseryed behavior of the negative ion. This model was
firet proposed by Ferrel26 and developed further by KuperzT
and uth&rs.zs'sl. This modal has recently recelved strung
confirmation in an experiment performed by Northby and
Sanders,3¢ This model depends upon the phenomenon that in
effect a repulsive ™hard core" interaction exlsts between an
electror and 2 nectral helium atom.3> The wave function

of the electron, then, has a nodal surface at each atom.
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Bacayse of the high zero-point enargy involved in confining
the salectyon te a cavity of atomie dimensions, it requires an
energy of approximately one electron-volt to place the electrom

3435 Girh additionsl kinetie

in wndisturbed 1liquid helium.
enerpy abowe 3 eV, the electron can propagate in the liquild as
a quagi-free particle. However, it proves to be energetically
favorzble for a small bubble devoid of h&elium atoms to form
around the electrop. The bubble will expand until the
eurface=tension pressure of the bubble and the pressure
sxternzlly applied to the liquid overcome the zero-poine
presgsure of the confined electron. An anergy of 0.2 oV is
required to introduce the electrom into liquid helium in the
bubble state.

Experiments conducted by Horthby and Sanders comsist of
measuring the crogs sastion for photeo-ejection of an electrom
out of the bubble stzte into the gquasi-free state. The radius
at gaturated vapor pressure determined from chis experiment fs
21.2%0.5 &,

Several bubbhle models have been praopased which glve a
negative lon radivs ranging from 12 % to 20 &. Presented below
1= a very simple model.

sssume that the total free energy of the bubble plus

the liquid 13 the following:

o hZ [@]2 2 4nR 3
Te o [R] + o4mR= + P'_':,T- + (11)
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The first term 1g the zero=-point energy of an electron con-
fined to a bubble of radius R with an infinite potential wall
at the surface of the bubble. The second term is the surface
energy where ¥ 15 the surface tengion, The third term is the
work done apsinzt external pressure P in forming the bubble,
Lt saturated vapor pressure and T=1,.65°K in liquid helium
g% 0,34 ergs en”2, 36

Minimizing Ft with respect to R,

3F,

we ger R = 19.3 E. Thiz medel predicts thar the radius of the
negative ion will decyease as the externsal pressure 1is
increased.

4 more complete model of the negative iom sheould include
the following: First, forces due to electreostatic polarization
by the electron ¢f the helium atoms surrounding che bubble
will tend to make the radius of the negative iom smaller than
the radius calculated above. Second, since the well depth for
the eleccren is net lofinite but reather is approwimately 1 eV,
penetration of the wave functiom into the ligquld must be taken
into accoumt, Third, the density of the liquid probably does
not go to zero discontlnuously at the surface of the bubkle
but rather goes to zerc over some finlte distance, Finally,
the bulk gsurface tensien is probably inapplicable to a

bubble of atomle dimensicuns,
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The effective mass of this bubble model ion is probahly very
nearly egual to Its hydrodynamlc mass. This hydrodynamic maas
iz associated with the enerpy of "backflow" of the fluid as
the lon moves through the fluld. For a sphere, Lmmb, ignoring
viscoslty effects, 4.".!1}1:411.11!;37IIr

M, cp =~%(vn1ume of sphere}(fluid demsity),
At 1.6°K and saturated wapor pressure the model asbowve yields
the result
Mgr = 330 My,

where HH& is the mass of the helium atom,

3, Ezperiments Concerning Interaction of Ions and Vortex Lines

Careri ¢t @i, have performed experimenta studying Zons
in rotating liquid helium above 1°K.3% Under the conditiom of
space-charge-linited current flow they cbserved that the
negative ilon current perpendicular to the axis of rotation in
a cylindrical electrode system was attenuated when the appara-
tus was rotating. For a negatlive icn current parallel to the
axis oflrutatinn no attenuaticn was cbaerved. Mo attenuationl
of the pogltive ion current was seen for either orientatlenm of
the current relative to the axis of rotacion.

Careri et agl., suggeated that some of the electrons were
trapped in the hollow cores of the wvortex lines, the croas
section belng larger for electroms travelling perpendicular
to the vortex lines. These trapped electrons would tend to

reduce the applied gzleceric fleld, A smaller applied electric
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field in the reglon of the source of ions (ions were produced by
alpha particle bombardment) would result in a reduced current.
More recently Domnelly and his students have conducted a
series of experiments to measure the c<ross section for capture
of an 1ion by a vortex line, 2992 an fon beam was propagated'- ’
across & rotating wessel perpendicular to the axis of rotation.
The cuerent in this beam wasm not space charge limited. They
chserved an attenuvation of the negative ion current from the
lowest temperature they couvld reach, 0.98°%K, up to approxi-
mately 1,7°K, From these observations they were shle to infer
a ¢cross sectlon for capture of negative igns by vortices.,
These cross gections were gensrally on the order of ID'Scm.
Above 1.7°K no attenuation of the negative lon curyent was
seen. HNo attenuation of the positive lon current was observed
from 0,98 to 1.7°K,

Dougless has performed an experiment measuring the lifa-
time of trapped nepative ione on vortex lines as a funetion of
temperature at the saturated vapor prassura.ﬁﬂ Tha measure=
ment of tha lifatime comsisted of schserving the axponential
decay in time of a population of trapped charge. He cbserved
that the lifetime rose from 1 sacond at 1.72°K to 1000

- seconds at 1.59°K. Wo positive don crapping was seen,

The previously mentismed wvortex ring experiments

should also be included hersa, Both posicive and nepative

ion trapping on vortex rings was seen between 0.3 and 0.6°K,

A
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In summary, negative ion trapplng has besen seen fn the
experimental reglons covered, 0.3 to D.6°K and 0.98 te 1.7°K.
Positive ion trapping has been seen unambiguowsly only in the

lowar temperature region, 0.3 te 0.6°K.

6. Outline of Thesis: Experimental Measurements Made and
Analyses Conducted

The present experiment was wmmdetrtaken for the purpose of

improving our understanding of rthe intaraction betwaen fons and
vortex lines. The following measurements and analysea repre=
gent the accomplishments of this thesis project,
1. Measurementr of the lM{fetime of negative ions trapped
on vortex lines in eotating liquid helfum at saturated
vapor prassure a8 a functio of temperature and applied
electric field to an accuracy greater than the accuracy
of the data of R, L, Douglass,
2. Measurement of the lifetime of trapped negative fons
as & function of temperature for varlous pressures betwesn
the vaporizacion curve and che solidification curve.
3. Search for positive ion trapping at elevated pressures,
4, Use of negative ion trapping to probe some of che
properties of the vortex line structure of rotating
liquid heliim,
The rast of the thesis, excepc for a chapter in which the
exparimencal apparatus 1s discussed, is deveted to analyses of

the massurements listed abopwe, The measurements mentioned in
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Item f1 are used to give an estimate of the radiwe of the
regativae ion at saturated wapor preseure, The dependence of
the lifetime upon applied elmctyle field at saturated wapor
pregsure 18 discussed, From the measurementes contalned in
Item #2 a determination of the preesure dependance of the
nagative jor vadiue le made. Thepe resulte are compared with
the pressure dependence of the radius of the negarive {iom
predictad by our simple bubble medel., Observatioms included
in Item #3 are used to place certain limitatione on the redius
of the positive ion, " In connection with Item #4 the snzlysis
ineludes obsarvations based on ilon behavior of the growth and
decay of the vortieity in the superfluid brought about by the
starting and stopping of rotatien of the vessel contalning the

1iquid helium.
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1T. INTERACTION OF IONS AND VORTEX LINES

1. Mechanism for Ion=Vortex Line Attrzceion

In this chapter a serfes of calculations will be presentad
concarning the trapping of an ion by a vortex line and the
eventual escape of the ion from the wortex line, Such ealcu=
latlons are necessary for the analysis of the lifetime daca.

Let us assume that & spherical i in liquid halium
places the following bowndary condicions on the liquid: the
superfluld density equals zerc on the surface of the ion, and
the superfluid velocity normal to the surface of the ion is
Zero.

Ax pointed out before, wortex lines in svperfluld helfum
are in most respects ldentical to vortax 1ines of clasaical
hydrodynamics. It Is then most interesting that Sir William
Thomson (Lord Kelvin) in 1873 suggested the exisztence of an
attractive interaction between & clasalcal vortex and a solid
sphere in the 11quid:ﬁﬁ

By taking an lofinite straight line for the core a simple
but very important example 15 afforded. In this case the
umdisturbed motion of cthe fluid is 1in circles having thelr
centers in the core {or axls as we may now call it) and their
rlanes perpendicular to it. As is well kaown, the wvelocity of
irrocaticnal revolutlon arownd a straight axils is inversely
proportional to discance from the axia. Hence the potantial
function W for the force experisnced by an infinicesimal solid
sphere 1n the fluld 1s inversely as the square of the distance
of 1ts centre from the axis; gnd therefore the force 1s
inversely as the cube of the distance, and 1s towards the

nearest polnt nf the axis...

He present below a celculation of the effective potential
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eneprgy of Interaction at long range betWean a vortex line and
a sphere satlefying the boundary conditions stated abowe, Cur
caleulation is a modernization of the original caleulacion
pubiishad by Thomson in 1873,

Assume that the vortex line it fixed aleng the axis of a
eylindrical wasgel (C) of infinite length and larpge dismeter
a& shown in Figure 1. Let ¢ be the weloelty potential for this
vortex when sphere I 15 not present, The welocity potentisl
is defined by the following: ¥ = = ¢ yhere ¥ it the velocity
of the fluld., For incompressible flow ¢ satisfies the equation
720 = 0, Because of the vortex, the velgelty field 1s singular
at the wvortex line and the wveloclty potencial is not single
valued, Heowever, a cylindrical barrier ¢ of infiolee length
and small dilameter vhose axis colncides with the wvortex line
may be placed in the fluld to remove the singularity in the
veiocity field. Also, barrier o’ may be placed In the fluld
betweean barrier o and vessel € to make ¢ single valued. From
Lamb.&s Green's theorem for multiply connected reglons is
used to cbtain the following expression for the kinetic energy

T of the fluid

27 = -pﬂuggﬁ- ds am

there the Integral is taken ower ome side of o'and %E-is the

derivative of % normal to o' taken in the same directicn as

"45" in Figure 1. «k is the circulation around the vortex; the
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Fipure 1: Vortex Line and Sphere in a Cylindrical
Veaael
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Figure 2: Coordinate Syatam fer Valocity Potentials
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positive sense of ¥ 13 shown in Figure 1. Wow place sphere I
in the fluid. Let ¢, be the new velocity potentisl., Again we
have ?2¢t = ), We aleo require the derivative of thig new
velocity potential normal to aphere I to be zera,

3,

= | = 0 (14)

on
L

4galn using Green's thearem, we get
2T, = —p xjjfi ds (15)
t o , an

where T, is the new kinetic energy of flow. Alsc by Green's

theoren for Py and ¢ we hawe
nc_.l'j—a-iE as = [fo, 2L ds + f 2L g5, (16)
u,an ¥ t n,an

Therefore, the effective potential energy of interaction U

between sphere I and the yortex line 1s glven by the expresailon
- - [ ) 1 ﬂ
u=-T, -1 Epaiht == 45 an

where d5 and the normal derivative are taken in the dirvectien
of the "outward normal" to sphere £ . We now pass to the linit
in which the dlsmeter of vessel C approaches infinity. Equa-
tion (17} remains unchaunged.

Expressed in terms of cvlindrical coocrdinates based on
the vortex we have ¢ = —-%% (pme FPigure 2), Tet ws expmnd ¢ in

apherical harmenics about x, the position of the center of the
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sphere. For r<x we have

= me=--F, 3
3r,8,8) = § J Cyp Yen(o,8) [{] (18)
L=0 ma-4

where K is cthe radius of tha sphere, r is the dlstance betwsen

the center of the sphere and & field point, and
*
Cop = J//sind 48 db ¥, (8,8} ¢(R,5,0). (19)

Let ¥= 2. = &, We expand ¥ in spherical harmonics and obtaln

° wH ] 4+1
e =1 L e n, ], oo
=) gy

Usfng the boumdary condition expressed in Eguatlon (14), we get

= el
2h + 1
¢ (R_H - ———— Y f . 21
c(R,8,4) Ll ;T,‘__E 1 Com (209 (21)

Making use of the erthogonality relations of the spherical

haronics, wea chtain

e m=+L
U0 = - g )L Cpp Cup(-DREEEL )
=1 m=-%
It can be zeen that
o{R,049} = — K= arctan Reost ] . (23}
2 x + Rsiuﬂcm¢]

The Ceq may he obtailned by expanding this expresaion for
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2(R,8,4) in powers of-% and by making use of Egquatiom {(19).

Then to second order in-%

2 &
0(x) = — L [.ﬁ...T [&ﬁ] H 1+ ﬁ.{.li] " u[_R] TS
2 5| 2w 3 2 9ix X

For.5-<‘ 1, U(z) ia indeed fnversely properticonal to the square

of the digstance from the sphere to the vortex line. In the

fame limit we can writa U(x) in the form

L‘ vel, at x ,J 2
=2, |vel. of| ue to vor:e 75
U(K] 2 5 thﬂrﬂ] ) '[ }

In a recent paper Parks and Donnelly have estimated this
attractive potential betwzen a vortex line and a spherical
ion.%6 They assumed that tha introduction of an ifon into che
moving superfluid reduces the eanergy of the system by an
amount equal to the superfluid kinetic energy contained in a
volume of fluid equal tc the volume af the fon. 1In the limit
cf large distsmces from the vortaz line, this assumption

would give -

vel. at x

U(x) = - Pg [v:éﬂere] ue ta vorte {26}

Fquations (25) and {26} differ by a factor of 3/2 becauss
Parks and Deonelly did not consider in their eatimation of

this potentlal the energy assoclated with superiluld flow
arcund the lon. However, io the limit that the ion is situ-
ated at x = 0, the caleulation of Parks and Donmelly is corract

ard 12 reproduced below,
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The lowest enavgy state of the ion-vortex system is
represented in Flgure 3. Wieth the lon placed symmetrically
on the vortex line, no distortion of the auperfluid flow
aroimd the veortex cccurs, The binding energy of the fon to
the wvortex line, then, is just the kinetic energy of flow

removed by the ion. This change in kinetic enercpy is
L 2
U(x=0} = — 3[[fogviav (27)

where v, = EE;T , t' is the perpendicular distance From tha
vortex to the flald peint, and the intepral 1s carpied out
over the volume of the ion. The superfluid daneity is assumed
to go to zaro in tha core of the wortax lina in the mannar
proposed by Fatter in Egquation (5} (replace ¢ by r' in this
equation). The "healing length" 4 has been detarmined by

Parks snd Donnelly from the wvortex ring experimentsi thelr

result is d = 1.4620.14 A. The sclution to Equatiom (27) is

2 2 i
un) = 2"’5[;_,] R[l - [1 + %z'] slnh“l[%]]. (28)

For a negative isn of 20 i radins, wa obtain -Hégl-ﬁ 60K
and for a positive fon of 6 A radius, wa have -Hégl-i 18°K
vhere k is Belczmann'’s constamt,

Hoat taken into azcoumt 20 far {2 the healing length
asspefated wich the superfluid denalty going to zero at the
surface of the ion. The effact of such a healing lenprh is

to make rhe affective volume of axcluded superfiuld flow
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Figure 3: Representation of the Lowest Fnergy Stata
of the Ion-Vortex System

Figure 4: Perspective Draving of Ion=-Vortex Line
Trapplng Potentlal
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larger than the actusl yvolume of the lon., Alchough Lhe healing
langth for the superfluld density near sn ion is not knowm,
it iz probably not wmuch different from d. Analysis of the
lifetime data will result in a value for U(0}, the binding
enargy of an fon to a vortex line, Svbacituciom of this valwe
of D{0) into Equatiom (28} will deternine an effective hvdro=
dvaamic radius for the iom which may be on the order of d
larger than the actual vadiuas of the lon, Umlesas stated to the
contrary, statements in this thesis abeut “the radius of the
ion" determined from the experimentally measured binding energy
will refer to the effective hydrodynamic radips of the ion.

Presented In Flpure 4 1= a perspective drawing of the
ion trappimg potential with an applied electric field in the
¥ direction. The total trapping potentlial can be expressed in
the following way:

Ut{r,ﬂ} = U{r) — eBreos® (29)

vhere U, is the total potential, U{r) the trapping petential,
E the applied slectric fleld, and e the electronic charge.
Notlire thac the potentlal in the reglon r = x, and 6 3 £
has the shape of a "pouring spout”,

Certaln’ parameters which characterize this pocentlal
are useful in the calculation of the escape mechanism for

the ion cut ¢f the well, They are
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au {r,0}
P =0, {30a)
Fxc
o2 o 1 200 (30b)
C M Sr2
r=xc
, 1 920 {r,0
l.liln - ﬁ ar » (mﬂ}
r=
320 (r,n /2
$2 w1 Fhplmr/nf (304)
M 42
=0
and 2
sz =l T U % B) (30e)
M x2 382

where M 12 the effactive

mass of the lon,

8=0

These parameters are

eszentlally the same as those introducad by Parks and Donnelly.

In the 1limic of large distances from the vertex [see Equation

{24)] we have

pr

[

s _ 1, [amR3]|3
s, = 3o,z

2 .
] L + .;.[%]2 - eErcosh. (31)

e
From Fquations (30a) and {31) we chtain
. il 1
2|3 3
- gk a| ZxeF
Xe R[EweE] 1 --g[p :2] (32)
8

Also we have
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8lE
R
pi1,

w

DN'

2e i

wg
EE ’3_ L] {331:'}

and

The remaining important guantity to evaluate is Wor
Parks and Donnelly were able to calculate v, wsing their madel
for tha trapping potential, To¢ rvepeat, in th&lr maodel cthey
aseuni that the crapping potentlial is just the kinetic energy
of the superfluid flow containad in a volume equal to the
volume of the ion. MNe account was taken of the enerpgy of
flow around the ion which is thought to be the scurce of the

- diacrepancy of 3/2 for the lon at large distances from the
vortex Line, An analysis of the astual flow pattern for an
Lon slightly off=center on the vortex line will be rather
complicated., For an ezcimate of ma we adopt the model of
Parks and Donnelly where no departures of the vortex from a

stralght line are considered. Theair results are

z 1
Pk z 2=+
wl = 52 P 1"'[2'"?][“'7 2
-1
z
X ninh'l[%]][l[l + %!. ‘ {34)

vhere d ie the healing length.
At 1,6°K and at saturated vapor pressure where p_ = 0.12

Em cm'3 snd 1 [(negative ion mobilicy) = 0,18 om {valt-ﬂec)'l,
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these parameters are evaluated under the assumptions that
R= 19.5 &, M 3 W0M, , E » 40 volts cul, and 4 = L.46 i:
Xo = 129 A,
w, = 2,8x10% sec”! |

= 1,2x10!%sec™L .

Ut{x 0)

;’ = = 0,90°K,

and

For other values of applied slectric fleld,

X, = 102 A at E = 80 volts cm-l,
and x, = 441 Aat E= 1 volt eml,

Ancther important parameter that will be useful later
ie 8, the reciprocal of the "current relaxation time" of the’

ion, which i% expressed as

B = {33)

..
uH
For the negative fom st 1.&°K and at saturated vapor pressure
B= 4,0x107 see™l,

2. Escape of an Ion from a Vortex Line

Parks and Donnelly have proposed that the ion behaves
like a Brownlan particle and escapes from the vortex line by
thermal activacion, Se far only the final results of their
calculaticn have been published, Since their results ave
qulte importaot for our analysis of the data presented in
this thesis, a complete derivation i given below,

Parks and Donnelly indicated that their derivation
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commenced with the two-dimensiomal Fokker-Planck esguation, and

thay cited a review artiele by 5. Chandrasekhar,

41 Aceording

to Chandrazekhsar, the derivation can begin with the simpler

stationary-state Smoluchowskl equation 1if the following

conditions: are =atigfied:

1. The trapping well should be dsep with respect to
kT. A deep trappirng well results in & slow diffusion
of the 1on out of the well., This system, then, is
conEldered te be "guasi=stationary" which makes the
steady-state Smoluchowski eguation aspplicable.

2, Grad U .(r,8) should not change appreciazbly over
distances on the arder of the tmean stopplng length of

the ion 4, glven by the expression
1 kT

.;'L"é'-"i
Ancther way of statlng this condition 1s that A must

be small compared to space intervals of interest.

3. 82 »> wl

Implicit in the wse of the Swoluchowskdl
equation is the assumption that &1 nust be small compared
to time intervals of interest. According to Chandrasekhar
w@l is the shortest time interval of intereat--hence the
above inequality.

For the negative ion Items #1 and #2 are satisfled since

the well 12 approximately 6Q°K deep in compariscm to TE1°K and

-] Q
is approximately 200 A wide in comperisem te X 3 § A ar 1,6°K,

For Ttem #3 at 1.6°K and st sacurated vapor pressure, we
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have for the negative ion

Thus this condition 18 reasonably satisfied over the range that
data has beep taken in the expepiment reported in this thesis,
The steady-state diffosion current derived from the

Smoluchowskl aquarion is

i)
I = - D grad £ — 7 f grad Ut{r,ﬂ} (36a)
_ ut(riﬂ} Utft‘.ﬂ}
kT kT
= [1 & prad |f e {3ab)

vhere Db 12 the diffusion coefficient, which satiszsfies the

Einsteln relationship

kT
D-H_E' (377

and vhere £ ip the two-dimensional parcicle density.

The first term in the sready-state diffusion equatiom
[Equation (36a)] is the normal diffusion of particles due to
a concentration gradienc, The second carm represencs the
drift of particles under an applied force, = grad U (r,8).

Asgume that at time t=0 an ion is trapped In the well,

We shall use Eguatlon {36b) to determine che probablicy of
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escape par unic time of this ion out of the well. The ien
densicy f 12 assumed to be small beyond the 1ip of the well.

Let us intégrate the radial component of
Ut{r.ﬂ]
T kT
a
along € 4 0 fyvom r = 0 at the bottem of the well to some point

T = B beyond ¢ = % Then, using Equation (36b), wa hawe

ci
0
) 0, (r,6) U, (x,8)
[1 e I gy =pfe ¥ . (38)
0
B

The ion denaity f 1s assumed to be small at B; the right-

hand side of thls equation reduvces to

{0
o B kT (39)

::Df
vhere U (0,8) = U{0}, the binding energy of the ion to the
vortex line. A sharp peak 1n the value of cthe Integrand on

the left=hand side of Equaticn {38} cccurs at r = x_ since Ut

[
has a maximum there for & = . We can, then, approximate the
integral by the expression
0 {r,9)
E—a
« § {x ,8} [e dr {40)
r c 0

for 8 close to zero. In this regicn we may approximate the

potential by

Uye(r,8) & U(x_,0) - %ﬂngfr -2 )2 (41)
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To a sufficient degree of sccuracy Equation (40) becomes

2 - 2
U{xc,ﬁ) } ch(r xc}

- jr(xc,ﬁ} e kT éé_ ZkT dr {42a)
1l Ulx.,8)
- 5.8 3;—;‘:% fe W (42b)
Therefore,
- % U(0) - Ulx,,8)
1G,® FDE || e . (43)

We wish to calculate the total ion curwent per unit length
out of the well:
=+
I=f3.(x,68)rdb. (44)
-
So far, howaver, we have only considered the wvalue of Jr(“c'H}
for 8 near zers. Let ve define ré(E) to be the pogition of

the maximum of U, for a given value of & where r.(0) = x

c

Equation {43) will be correct for any value of 8 if x. is
replaced by rc(E} and if wa make W, 8 function of 6. For
those values of 8 where x<0, there iz no maxtmum for U.; there
will be litrle contribution to Che current I In thiz region
becavse of the e U factor in Equation {43). For x>0 r (@) is
an even function of 8 which approaches = sz 8 approaches trfl,
w(8) 1s alec an even function of 0 satisfying w,(8) & r (e)~2,

Finally, U[r_ {6},6] has its minimm value st & = D. All these



affects conktribute to make the integrand of EBquation (44) a

maximumm at & = 0, We approximate Ufru,ﬁ), then, in the

following way:
| UCr,8) = U sh(x 02,

Ther=fore,

(o) - v, 1

_ Hol /2~ omsi(x )2
I=Df|- e [ e x_d8.
ol 27kT Lotz <

ra| =

36

(45)

(46)

AS an approximation to the abowve intepral, we extend the 1imits

. of integration te infinlcy; and we obtaln

ooy - Uc
Ye kT

I&Epf —e
o 5,

{47)

Tlet d?ﬂﬂ bz the number of ions 1in the peglon dérdr near

r= 0, Then
Ut(r,ﬁ] - u{d
kT

Zp =
d Nﬁ f, e rdrde,
Let ud approximate Ut(r} in the follewing way:
1
U (r,8) & U{0) +oMulc?,
Taking the infegral of Eguatien {48), we chbtaln

Muir?

= 2KT '
W, .-fn j a Znrdr,

(48)

(49}

{50)
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Agaln excendlng the limics of integration to infinity as an

approximation to this integral, we have
= kLT
HD = f QZ'E%— . {5' 1)

Finally, the probability of escape per second is given by

the expresslon

Ueg) = v
IJ.'F2 W ____ﬂ_
P -.;_=§%_ﬂe kT . {(52)

let t equal the lifetime of the trapped ion. Then,

Uc - {0}
g e
S g ——-—zﬂg e kT . (53)
3 wg, e

This last equation now provides an explanation cf why
only negative ion trapping is seen at temperaturss above 1.0°E,
At 1.6°K and at saturated vapor pressure the negative lon life-
time 15 measured to be on the order of 10% zeconds where
-Eé%l-é ar. Fnr-the positive lon at the same temperature
- E-g-}- = 11, Therefore, at 1,6°K the positive ion lifetime

i1s gmaller than the negative jon liferime by the multiplicatiwve

factar af e'zﬁ--a vary small number., For the posicive ion
_.Ukﬂ & 12°Y, Hence, for the pegitive ifon lifetime to be on

the order of one second, the temperature must be 0.65°K in
reasonzbly good agreement with the experimental observation
that positive ion trapping disappears between 0,6 and 1,0%K,

The final aspect of Equaticmn (33) to consider 1s what
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temperature dependence 1s expected for the lifetime at saturated
vapor pressure, Experimentally the mobllity of the negative

ion at saturated vapor pressure obeys

where 4 = 13.1"1{.':'FEI This behavior can be understood in terms
of kinetic theery arguments about lons colliding with roton
excltations in the liquid. U{0), the binding energy of the
ion to che vertex line, is proporticnal to pg; it 18 cempera-

ture dependent. U_. is very small compared to U{C} and has

c
the felleowing temperature dependence:
L
k|
“L.“[F"g) '
This is negligible compared to the temperature dependence of
{0}, Finally, w& have wgﬁﬂs4 Then the temperature depen~

dence of the lifetime is

b F(RYpg(T)

Fo o T T (54)

T = 3;TT3-3 8

vhere we define f(R)pg (T) = [U, - U(0}]/k and where F, 1s a
congtant, The function f(R) represents the dependence of the
depth of the trapping well upon the siz2é of the lon where R i
the radius of the iom, .

In suemary, the models presented in this chapter appear

to explain in a qualicative way the observed difference between
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pogitive and negative ion trapping. These modals will be
used to snalyze the exparimental results presaented in this
thegis. 1In particular, we ghall attempt te fit Equation {54)

to the axperimental 2ata,
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11I. EXPERIMENTAL APPARATUS AND PROCEDURES

1. Imtreduction
A serlies of preliminary experinents were conducted with

anothar apparatus and have besn reported QISEWhere.&g

During
the execution of these experiments, the following phencrenon
oz obsarved: Charges trapped on vartex lines in votating
liquid helium wers relessed from the liquid when the rotation
of the wvessel which contained the liquid heliuwm was suddenly
scopped. The length of time over which the relaase of the
trapped charge occurred was on the arder of 15 seconds.

A nev apparatus which would make use of this charge
ralease effect was designed to make measurements of the life=
time of trapped ieoms. This new apparatus wWas constructad so
that prezsures up to the gelidification pressure could be
appliad to the rotating liquid.

2, Dverall Apparatus

An overall drawing of the apparatus is presented in
Figure 5., The two glass Dewars zre supported by a stand
mada from welded sections of 2" by 2" hollow aliminum tubing.
The aluminum turntable rides on a 5" diameter alreraft ball
bearing. Inside the ball bearing s commerclal oll ses]l pro-
vides a vacuum sesl between the turntable and the iuner

50

Dewar, The "apparatus flange" to which the pressure wvessel

i1 connected is se=zled to the turntable with a rubber "oO"




41

RUTATING  HbGH
FRESSURE COMMECTOR

ROTATING 1 CONTACT MWERCURY
SLIF RING COMNECTOR

1
ROTETING  ASSENELY
. 5 MIGH PRESSURE HELIUM GRS
ELECTROMETER STORAGE WESSEL
PAESSUPE (aANEE ;M\
APPARATUS
FLANGE ———.] | CrRING  BELT
TURNTABLE~"
B B SUEPORT H-P TIMING BELT

AUEEER COUPLER

V% RN e

AT LA LA
TRANTM G S0
AL FUPRCRT
FRAME
STHCHAONOUS
MOTOR
LIGLD
HEL I i .
FILL CAPHLARY
: TCOMNECTS 1O PRESSURE GAUGED
LoD HEL I

DEwaR

ROTATMG FPRESSURE YESSEL

-

N

—— —==
— ) CENTUAE TERS —q
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ring, The turntable iz driven by a contlnucusly variable
speed (0 to 1750 rpm) transmission which 1s suspended from

31 4 bellows and

rubbar mounts for vibratlion isolatiom.
rubber coupling remove most of the wibratlons associated with
Improper alignment of the transmission with respect to the
ahaft to which the small timing-belt pulley is attached. &
long tubber ™0" ring of 1/4" c¢ross section is used as a belt
to drive the turntable. The "0" ring 1solates the remailniug
tersional wvibrations which come through the rubber coupling.
The turntable speed ranges from 0 to 102 rpm.

Yarigus electrical leads are brought through a mercury
slip ring connector, detalls of which are shown in Flgure 6a.
For control of the pressure in the apparatus during rotatiom,
a rotating high-pressure seal is provided. Detalils eof this
seal are showm in Figure 6b,

For pressurization of the liquid in the low-temperature
portion of the apparatus, the following system is used: A
2000 psl atorage tank of helium gas is comnected teo a pres-
sure regulater, The output of ;he regulater 1s fed through
an actlvated-charcoal trap which is immersed in ligquid nitro-
gen, In this way all impuricies except neon and hydrogen are
remeved from the hellum gas., The purified helium gas then
pasges through the rotating seal to a pressure manifold on
the turntable. A 0 to 600 psl {gauge pressure) pressure

gaugesz with an accuracy of *1/4% of its full scale value,
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33 constitute

a 1/2 liter storage vessel, and assorted valves
this pressure manifold. The cutput of this manifold is fed
through a ¢,010" i.d. by 0,010" thick wall stainless steel
capillary to the pressure vessel at the low-temperature and
of the zpparatus. For low-pressure measurements two mercury
mancm=ters in serles can be connected to the pressurlzatclon
system between the rotating seal and the charcosl trap. In
the intermediacte vange a 0 to 200 pai gsur.:g,a-ﬂI rated atc 21/4%
of its full scale value can be connected to the syatem 1o ‘the
sameé place as the mercury mancmeters. For the high-pressure
range the 600 psl gauge on the turntable is ysed, The 200 psi
and the 600 psi gauges apree wicthin their stated accuracies,
Ho attempt has been made to calibrate these gauges agalnst an
accurate standard gauge.

4 high~speed vacuum pump 1% connmected to the top of the
inner Dewar via a 4" diameter rubber hose.?” The lowest
pressure vhich can be reached with liquid helium in the Dewar
is approximately 300 microns of mercury (T=1.1°%). The
evaporation rate of the liquid is equivalent to a hezat input
of approximately 0.1 watts.

3. Pressure Vessel

In Pigure 7 a more detailed drawing of the pressure
vegsel and its contents 13 shown, In the drawing of the top
view of the spparatus, the dotted lines marked "A" and "B"

illustrate that the side view of the presaure wvessel iz a
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120 degree sectional view.

The pressure vessel is attached to the "apparatus flange"
on the turntable via three 1" o.d. by 0,010" wall stainless
steel tubes. Two of these tubes contain a carefully insuvlated
lead to the slectrometer, The lead in each 1" tube consists of
a 3/16" o.d, by 0,005" wall stainless stesl tube which is sup-
ported every 12,5 cm by teflen plups, At each end of this
lead a vacumm—tight, well insulated feed-through is uﬁed.sIE
The electrometer, which 1s mounted divectly on the apparatus
flange, can be connected o either or both of the two electrom-
eter leads. If only one electrometer lead 1s commected t¢ the
electrometey, the other lead can be connected to an external
potential via the mercury £lip ring covnector. The seven re-—

- maining electrical leads pass through the third 1" support
tuba., These leads enter the pressure vessel wia a leak-tight,

57 Thiz ee2al consiste of geven #30

depountable palymer saal.
copper wires which have been sealed inside a thinwzll copper
tube which in turn is silver solderad intc a8 smell brass flange.
The brass flange is sealed to the top of the pregssure vessel
with sn indium "0" ring, Teflon tubes (1/32" v.d.) provide in=
sulation feor the sewven leads from the pressure vessel to the
apparatus flanga, One has eo be careful about the Inaglaeion

of these leads since there 13 danger of electricsl discharpe

between the lsads through the low=-pressure helium gas above the

liquid.
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The indium—se;l nezedle valve is used for two reasons:
First, it makes possible the filling of the pressure vessel
from the surrounding helium bath. Second, it provides a way of
vanting the pressure vessel should the capillary ever became
clogged. Also, 1t is much easier to svacuate the pressure
vessel throvgh the peedle valve than through che capillary.

The temperature of the bath surrounding the pressure vessal
is regulated. A germanium resistance thermometer which is con-
nected to an A,C. Wheatstone bridge is wsed as a temperature
5=n$nr.5B The output of the bridge is amplifled and fed into a
rhase-sensitive detector. The output of the detector is fed
into 2 5 K& heater in the liquid. In the temperature rtange
covered by chis expefimant the cemperature regulation 1s becter
than *5x1073°K,

4, Electrode Assenbly

Alsg shawn in Fipure 7 are detalls concerning the electrods
system whieh is ugzed to measure the lifetimes. These elactrades,
made of #3003 stainless steel, were electropolished in a solution
of 60% glycerine and 40% phosphoric acid. The insulators are
madeé of teflou. The alpha-particle aource conslets of small
glase beads 40 microns in size which are impregnated with
Pnzlﬂ.sg These beads were glued into a groove on the surface
of the ring-shaped "source" electrods and then were coverad with

a vacuum~deposited layer of gold 2000 &4 thick. The collector is

coanacted to one of the elaccrometer leads, The puard rings are
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grounded. The pate electrode 1 generally set at a poteatial
of —40 volts. The potential between the gate and source eslec—
trodes is adjustable. The end plates are normally set at -850
volts 1o order to provide a confining field to keep trapped
charge from leaking out the =nds of the vortex linss,

1t should be pointed ocut that eléctrodes are normally gold
plated in order to minimize the formation of insulating surfaces
on the electrodes, The charpge bulld-up on such Lasulating sur-
faces could produce wnwanted distortions in the slectric fialdas.
It has already been mentioned that the stainless stes] elee-
trodes nsed in this experiment were slestropolished but not
gold plated. However, we belleve that gold plating =f these
electrodes was not necesgsary for the following reascns: Long
term drifre in the isn current betwesn electrodes are indicative
of the charging of insulating surfacas on the alactrodas, but
no such deifts were ever obsarved in the axperiments performed
with thies spparatus. The obsarved reproducibility af lifetime
naagurements, thich depand upon the applied alectric fleld,
made severzl monthe apart is another indication that ifmaulating
gsurfaces were not forming on the stainless steel electrodes,
It should be emphasized that great cate was taken between low
temperature rung to make sure that only helium gas of high
purlty ever came into contact with the elactrodes.

The alectrodes were designed to have cyliindrical symmecry,

In this way it was hoped that some faformation abour the
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mechanisms invelved in the release of the trapped charge
could be obtained. A non=eylindreical gystem would, upon
ressarion of rotarion, have secondary flow patterns generated
which would furcher complicate the analysis.

For a gate potencial of =40 vwoles the potential differ-
ence batween the gate and the source is adjusted to be *57
volts. This particular value of the potential difference was
chosen to minimize the distortion of the field lines in che
reglon between rhe gabte and the collector near the gap in the
gate when nepgative ions sre cravelling from the pgate to the
collector. The detemminaclon of this particular value of the
potential difference was made with a mock=-up of the electrode
system in an electrolytic tank and {s discussed Elsewhera.ﬁﬂ
The current transmitted by the pap In the gate under these
conditions 15 23% of the source to gate current.

The poteniial between two concentric cylinders with
end plates can be expressed 1o tems of a Fourier series
which iz a solutlon of the Laplace equatlon. The selution
and its evaluation are discussed in Appendix I, We shall
only present the results here.

Representative fiald lines in the upper half of the
region between the gate and the collector are shown 1n Figure
Ba. Let a be the radius of che gace where a = 0,635:0,002 cm,
and 1=t b be the radiusz of the collector where b = 1.747:0, 005

o, The boundary conditions are the following: the gate
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potentlial equals =V, the end plate potentizl is -3V, and the
guard rings and the cellector potemtials are at O voles. The
confining nature of the field is quite evident. FPressented in
Figure %a are plote of the z coemponent of the confining field
at the position "A", "B", and "C" shown in Figure Ba, We ses
that =ear the upper edge of the collector the average value of
the z component of the comfining field for a gate potencial of
-40 volts is & to 8 volrs eml,

In Fipureg 8b and 9b the case where the gate potential
hag been changed to +V 12 prezented. This case reprasents the
experimental #ltuation in which the release of trapped charge
occurs with the electrical forces on the negative loms directed
toward the gate., The magnitude of the 2z component of the con=
fining field is approximsately 60% larger than in the first case,

It is important, psrticularly for the first ser of boun-
dary conditions presented, to estimate the field developad by
the trapped charge in comparfson to the confining field. In
those experiments performed for this thesis in which a 1ife-
time wag actually determined, the larpest amount of cxrapped
charpge was approximately Sklﬂ'l2 coulombs.

Conglder a cylinder of length £ and radius r which
contalns a unlform density of charge p. The field at the

center of either end of this cylindsr 1s

E=2mpfr + 8 = {2 + 2-2115]- {55)
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lec ug use this expression to esrimate the z componect of *he
electric field genarated by a vniform density of charge con-
tained between the gate snd the collector. We let the totsl
charge be 5x10-12 conlombs iIn this region, Lat the length
of this cylinder be equel to the length of the collecstor in
the z direction, The relevant effective radiuve of our hypo-
thetical cylinder ranges from half the distance between the
gate and the collector to the radius of the collector. The
former distance gives E, = 0.7 voles cm'l: the lacter case
gives E; = 1.9 volts nm_1¢ The actval value of Ez iz probably
in bectween these twe values, The larger valua is sei]d
rather emell compared to the average confinlng field of 6 to
B volts em~l. It is only in the reglon very close to the
collector and the gate that the z component of the confining
field is small, Thus the potentiala which have been chosen
for the various electrodes appear to provide a sufficient
confining field.

The remaining characteriscle of the cylindrical-electrode
system to consider 1z the amount of charge which actually
passes thrﬁugh the elactrometer when trapped charge 1is
released and moves toward the collector. Effectively, the
gacte and the cellector are connected by a serles comblnation
of 3 battery and a resisteor, The bgttery provides tﬁa po=
tentlal at which the gate 1s sitting. The resistor represents

the effective input impedsoce of the electrometar, For the
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currents measured iun thia experiment the potential difference
acroas the input of the slectrometer is oe=gligible compsred to
the gate potential. When some negative charge =Q is trapped
in the liguid, a total charge H) 15 induced on the electrodes,
The distribution of induced charge is such as to keep the
potential difference between the gste and collecteor equal to
the battery potential, Lat there be y{+Q)} induced charge on
the gate and {1-y){#}) on the collector, neglecting the
charge Induced on the other electrodes., When the trapped
charge 1s released, it moves to the collector, However, the
amount ¢f charge which passes through the slectrometer 1a
just y¢, Thus the amount of charge one measures upon the
release of the trapped charge 1s generally net the total charge
in the liquid.

We approximate our cylindrical electrodes with end plates
by twe concentric cylinders of infinite length. Assuming a
uniform charge disteibution between the cylinders {not
necessarlly of fnfinite extent in the z direction) and making

vea of Gauas' law, we obtain

TR

where a f2 the vadiue of the gate and b 1s tha radius of the

{56}

¢ollector. Putting in the appropriate values of a and b, we

have v = 0,34. This correction was used in arriving at the
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estimate of 5x10~12 coulombs for the lapgest amount of
trappad charge.
5. Electrical Systems

In Flgure 10 ig shown an overall block diagram of the
electrical systems Involved in the experiment., The eleos=
trometer and its pewer supply are on the turntable. Tha
l2avolt battery power for this power supply and the cutput
of the electroneter pass through the rotating connector,
The heater and the germanium thermometer rotace with the
pressure vessel, The potentials of the gate, socurce and end
plates can be adjusted during rotation and are measured with
a vacuum=tube voltmeter to sn accuracy of =12.51 The output
of the electrometer is connected to the integrating circuit
through a D.C. amplifier g0 that the total charge passing
through the electrometer a3 a finccion of time can be
measyred.®2 The electrometer voltage divider (1% resiscors)
matches the electrometer cutput to the 10 millivelt input
nf the low—speed chart recnrdﬂr.63 This low=spead chart
recorder can be connected to either the voltage divider or
thé.nutput of the Integrating clircuit. The high-speed chart
recorder 1 connected to the cutput of the electrometer only
vhen the low=-speed chart recerder is connected te the cutput
of the integrating circuit.ﬁi The actual sequence coif cpéera-
tions lovolved when the ameunt of charge trapped in the liquid

is neasured will be discussed later.




LOW-SPEED
{-HART
RECORDER

56

G RAHAM
DRIVE
SPEED

CONTROL

—L

0.C.

ELECTROMETER
OUTFUT
YOLTAGE
DIVIDER

AMFPLIFIER

-

INTEGRATING

HIGH-5PEED
CHART

RECORDER

12 -VOLT
AUTOMOBILE

S TORAGE
BATTERY

[

*

POWER

GERMAN UM
THERMCGMWETER

Flgure 10:

SUPPLY

ELECTROMETER
AMFLIFIER

CIRCUIT
END PLATES | ¢ rcTROGE
SQUECE POTENTIAL
GATE CONTROL
RES ISTANCE
BRIDGE
——— | TEMPERATURE
— REGULATOR

HEATER

~ ]-MERCURY SLIP-RING

CONNECTOR

3\TE.IH‘NT.JE'«LE-LE

PRESSURE VES5EL

Overall Disgram of Electrical Syetems



57

A more detalled dlagram of the electrometer and inta-
grating circuits is showm in Figure 11. Both cireults use
an amplifier of hiph gain and of very high input impedance.
The amplifiers centaln ewo nmatched CESB89 elactrometer-tubes.
The grid of ome tube is growmded; che grid of the other is
the input of the amplifier. A transistor amplifier with a
galn on the order of 10" amplifies the wvoltage difference
batween the plates of the ewoe tubes. Provisiom 18 made for
balanecing this potential difference te zero by an adjustment
of the screen grid of one of the vacuum-tukbes. Both cilrcuits
have what 1z commonly refervred to as "pperational feadback".

The feedbaclk leop for the electrometer consists of 2
1011 (+102) 2 resistor shunted by an adiustable 1 to 5 pleofarad
capacitor, The capacitsr controls the respomse time of the
alectrometer: a response time of 1/Z second is ganerally uvsed,
if T i8 the agverage curTent into the Elect;unetar. the averapge
cutput voltage e, of this equatlon sstisfles

e, = - IR (57)

wvhere R ip the feedback resi=ztor and where the gain of the
amplifier 12 larpge snd negativﬂ.ﬁE The averaging mentloned
above occurs over times which are long compared to the 1/2
aecond response time of the clreuit, It is estimaced that
the ipput woltage remains within 106~3 yolts of groumd potential
over the full range of currents measured.

The integrating circult has a 0.01 (:10Z) mid capacitor
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in the feedbark loop which is shunted by a reed ralay, The
input resistor has a resistance of 102(+10%) ohms. The

clrcuit obeys the agquation

t
ed(t) = - =rir geitt'}dt' (58)

T

where ey is the input voltage, e; ig the output wvonltage,

and again the gain of tha gmplifier is large and negative.ﬁa
This integrating circuit has besn calibpated, and R'C' was
found to be 0.98 sec. The read relay is operatad by the
speed control on the transmission which drives the turntable,
The relay is normally closed. It opens when the turntable
speed reaches zera at which point integration of the gutput of
cthe elactrometar bepins.
6. Temperature surements

The vapor prassure of the liguid is measured with a 1/2"
bore manometer containing Dcto1l-5.57 The manometer is con-
nected to the top of the inner Dewar by a one meter length
of 378" o.d. copper refrigerator tubing., One side of the
mancwecer 1s svacuated te pressures less than 1 microo of

68

mercury by a vacuum pump, The oil levels are measured with

a cathetometer and can be measured tc an accuracy of from
£0.01 mm. to 0,02 mm,5?

The lamkda transition in liguid heliuwn Ls casy to detect
wich the temperacure regulating bridge, IE the temperature

of the ligquid 1s rising slowly from below the lambda poing,
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the resiscance of the germanium thermometer will be dropping
smoothly. At Ty the thermal conductivity of the liquid
becomes very poor, The smsall anount of current passing through
the gapmaniom resistor hezts the resistor above the temperature
of the liguild helium, and the resistance suddenly drops. The
regulacor can be adjusted here so that when the rasistance
suddenly drops, the regulator will “over regulaka" and put
too little power into che hearer in the bath, The high-speed
wacuum pump, Which has besn pumping on the bath all along,
then pulls the temparature of the ligquld below che lambda
point agaipn before the regulator can react. The throttle
valye between the vacuum pump and the lomer Dewar is adjusted
sp that when che regulator has recovered, the tcemperature of
the liguid starts to rise slowly again, In this way the
liquid can be kept near the lambda point for long pericds of
time, During this pericd ethe vapor pressure of the liguid
is measured along with the temperature of the region surrcund-
ing the oill in the manomstey. The vapor-pressure tabulations

of the 1958 Temperature Scale’® (where T, = 2,1720°K) were

A
vsed to determlpne the densicy of the ocil at a particular room
temperature. It is estimated that the total error associated
wicth the measurement of the oil denasicy 1s 20,02%Z, The two
parallel curves 1o Flgure 12 represent the uncertalnty in

the temperature of the llgquid hellum bath produced by the

above-mentioned $0,02% arror and by the errors in measuring
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the oil levals In the manomerar (20.01 mm, to Q.02 mm,} 28
a function of the tempersture of the Iiguid,

There arsa two possible sysramatic errors, First, there
may be a pressure drop between the liguld lavel and che top
of the Dewar produced by the gas flow from the evaporating
liquid, In order to check this, a 3/8" oc.d. by 0.010" wall
stainless steel tube ppen to the bath at the top of the
pressure vessel and open to the top of the apparatus was
attached to the 1" support tubes. A special coupling at tha
top of tha inner Dewar made 1t peossible to connect the manom-
ater to the top of thiz tube when the apparatus was not
rotating. At 1.6°K a pressure drop between the top of the
Dewar and the liquld lawel of 1 micron of mercury was obserwved,
At 1.1°K the drop was 21 mlcrons of mercury. Thus all eemper-
atures have been determined from the pressure measuremants
made with the manometer conoected to the 3/8" tube. Second,
there may be a significant thermomolecular pressure drop in
this 3/8" tube at low pressures, The relevant parameters are
tabylated by Roberts and Sydorlak, and the results are shown

"L The indicated corrections

by the dotted line in Flgure 12.
are subtracted from the temperatures which have been determined
from the pressure messurements made with the manometer con-

nected to the 3/8" tube, It is thess correcked temperatures

which are tgsbuylated in Appendix IV.
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7. Experimental Procedurs in Determining Lifetimes

A3 was mentioned at the beginning of thiz chapter, a
sudden step im rotation of a vesszel containing superfluld
liquid helium with trapped charga present brings about a
release of this trapped charge. The released charge then
moves in some mannar under an applied alectric field to the
collectot,

] Tha exparimental procedurs for wmeasuring the lifetime

of the trapped long congists of initially trapping in the
rotating liquid a reproducible amount of charge. Thie is

dona by retating tha apparacus for 6 minutes at 60 rpm with
napative iong travelling from tha gate to the collestor, 4
f=minute rotation period appears to be long enough for the
establizhment of a stable vortex-line system with enough
charge pregent to make lifatime measurements pessible. During
this perigd the low-speed chart récorder 19 monltoring thae
current to the rollector, At rhe end of the S-minute period
the fon current is turned off by a reversal of the electric
field betwaen the source and the gate electrodes, Afcter a
variable walting periad during which the amount of trapped
charge in the liquid is decayinp exponentially In time accord=
ing to e/ uhare T 1s what we shall call the trapping 1ife
time, the rotation is suddenly stopped. Just before the

rotation is stopped, the high=speed chart recorder is con-

nected te the cutput of the electrometer; and the low-speed
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chart recorder is comnected to the output of the integrating
circult, The stop in rotation occurs in approximately 1/2
secend, When the rotation speed control reaches zere rpu,
the integrating circuit is activated. The charge remailning
io the liquid is released, travels to the collector, and is
neagured by the integrating circuwit, The above procedurs s
repeated several times with waiting pervicds of differenc
lengths., The exponential decay of cthe trapped charpe is
measured out to & waltiog time t = 271,

The majcr source of error in determiniong the lifetime
is the measurement of the trapped charge. The short life-
time measursments are the least accurate, for the amount of
charge that can be trapped is less. GSuppose for a curremt [
going from the gate to the collector that AL is capturad by
the vortex lines. If no charge can leak out the ends of the
vortex lines, then the amount of charge Q in steady state ia

02 ral (59)

whera T {5 the lifetime of the trapped ion. Thus the final
amount of charge 1s less for short lifetimes assuming that AX
remaing constank, The above expression ie really enly correect
in the limit that the &-minute rotation peried is long compared
te 1.

In Figure 13 are shown two plots of the axparimentally-
meagurad exponential deacays of tha trapped charge, reprecent-

ing thae full range of lifetimes measured at saturated vapor
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pressure. The larger errors associated with the shorter 1life-
times is evident. The scateter ¢f the data has two sources:
First, one has the random-necise output of the electrometer.
3econd, cccasionally when the rotating apparatus is suddenly
stopped, the electrometer puts out a2 current pulse. This
pulse appears to goriginate at the low-cemperature end ¢f che
apparatus. It 15 thought to be either the result of a slight
movement {during deceleracion) of a conductor which is at a
different potential than the electrometer input, or some
piezoelectric affect assoclated with deceleration forces on
the ceflon insulators. These current pulaes vary from day
toe day, During most of the rums, they were not observed. The
high-sﬁeed chart recorder is used to check for these pulses.
Finally, to miminize the effect of these pulses, the intepyat-
log circuilc is not activated until the apparacus has come to
rest, It is feund that wery little trapped charge is released

from the liquid during the 1/2 second deceleration,
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IV, RESULTS CONCERNING THE ROTATIBG STATE OF LIGUID HELIUM

Data which relate to some of the overall properties of
charge trapped on an array of vortex lines sre discussed in
this chepter, Such everall properties include the bBuild-up of
trapped charge after the start of rotetien, the decay In tine
of trapped charge after the stop of rotation, and the relatiom—
ship between rotatlon speed and amount of charge trappad,

1. Trapped Charge Build-up

In Figure 14 & low-speed chart recording of the current
to the collector ag a function of time 1z presented. Theze
data wWere taken at saturated wvapor prassure With s measured
lifecime for the trapped charge of 925 seconds and with a
gate potentlal of -40 volte, The right-hand part of the
recording represents the following sequence of events: Firvst,
the current between the gate and the collector was turned on.
At the position of the arrew rotatiom at 60 rpm was suddenly
initlated and maintained for 6 minutes. During thig pepiod
the collector current began to decrease Indicating that charga
was being trapped in the liquid. At the end of the 6-minute
rotation period, the cutrent was turned off, {(The low=-opaad
chart racorder was kept connected to the sutput of rhe elec=
trometer for these measurements.) After a 30-gacond walting
period the rotsation was abruptly stopped. The trapped charge

then ran out of the liquid with a8 charseteristic pulase widch
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of approximately 15 seconds. The laft=hand part of cha record=
ing {5 sn exact repeat except that the rotatfon spead was 102
rpm Instead of 60 gpm. In the left-hand chart trace the
incressed vorrex=line densicy which iz brought about by the
increased rotation speed ia evidenced by the greater decrease
i1n the cellector current and the larger amcunt of released
trapped chargs, Also nore that the pulee width for cthe releass
of the trapped charge aftar rocatlon at 107 rpm is sharter than
the pulse width after the &0=rpm rotation,

In Figure 15 rhe lefr-hand corwe is a plot of the build-up
of trapped charge In the liquid as a functlion of time after the
atart of the 60-rpm rotation. The measured lifetime at saturated
vapar preasure was 923 sec and the gare potential was ~40 wolts,
The bulld=up of the trapped charge was measured in che following
way, The apparatus was sel into votation with the gollecter
current turned on. After a certaln length of time had elapsed,
the cutrent wag turned off, A 10-second waiting period then
followed at the end of which the rotatlon was abrupcly stopped
and the amount of trapped charpge released was measured, The
same procedurs was repeated several times for different lengths
of time between the starcing of the rotaction #nd the turning
off of the collector current. The arrow along this curve polats
te the amount of trapped charge in the liquid after & minutes

of retatien, The right-hand curve in Flgure 15 is a plet of

the trapped-charge bulld-up wich the apparatus rotating for
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4 minutes before the collector current was turned on,

If o is the crass section for capture of an ion by s
vortex line, ¥ the vortex-line density (per wolc area), J(r)
the radial current density, and 1t the lifecime of the trapped
ion; the following equation desecribes the time develepment
of the trapped-charge demsity for the case where charge is

not leaking ouwt of the ends of rhe vortex lines:
2 . -2, 60
e J(r)Hs(x) - {60}

Agsuming that during the early stages of the charge build=up

P/t can be neplected, we have

-—EE.:-
e = JHe (1}, (61}

It iy observed experimentally that o depends upon the applled
electric field 5trength.?2 In our cylindrical geometry we
have £ = 1/r, 50 ¢ depends upon positlon. Let 2 be che
radius of the gate, and let b be the radius of the cellector.
The rate of the bulld-up of trapped charge can be expressed

in the form:

b
1;.%.&1_ = 2L rJ(rIB{t) o (+)dr (62a)
a
b
%1, . Nt} o(r)dr (62h)
a

where L represents the effestive lenpth of the charpe distrib-

ution alomg the z axis of the cylindrical=alectrode system.
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Thus we saa that the rate of charge build-up In the ligquid
iz a measure of both N and U.

We inteppret the pepion of positive curvature in the lefia-
hand curve in Figure 15 as a period during which the density
of the vortex lines 18 increasing, The curvature then becomes
negative after approximately 175 seconds of retation. This
region of megative curvature appears to have the same shape
as the right-hand curve which zepresents the case of a 4=
minute rotation before the collector current is turoed on.
This similarity in shape euggests that the vortéex line density
may reach its maximm and stable valus after approximately
175 seconds of rotation.

The following 12 offered as an explanation of the exis-
ten¢ee of a regioen of negative curvature: The rate at which
charge 1s belnp trapped is constant once W 18 stable and is
expressed by the term J{r)W (¢} in Equation (60). 4s the den-
slty of trapped charge builde up, the term o/T can no longer
be neglected. Therefore, ab p increases, %%-will derrease
as 1s observed in Filgure 15. At shorter lifetimes the estab=
lishment of a maximum charge density (where %%—= 0) has been
ocbserved experimentally.

The ilnitial slope of the right-hand curve should provide
an estimate of the cross Bection. This slope is 8.3”10'15
amperas. Tanner hag recently measured ¢ and finds in the

reglon of interest that ¢ 2 1/E where E i3 the applied electric
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field.”3 Por our geometry we have E = ?[rln{bfa}]‘l where ¥V
ie the potential diffevence between the gate and the collector.
Hence, ¢ # r. This relation i3 now used in Equation {(62b}, and

the result is

40
o = dt
effactive H(b - a}tﬂve

(63)

where U.gyp; corresponds to a cross section measured at an effec-

tive field of

ry')
E = . {64}
eff {t + alinibia)

For & gate potential of 40 volts, E.gp ia 33 volts em~t.  Let
us assume that the trapped=charge distribution is undform.
Then we haVE'ge = % g, 10710 amperes where y is the correctien
factor discussed in Section & of Chapter I[IT and equals 0. 34,
With I, = 1.55”13_13 amperes {(from the right-hand recerding
in Figure 1l4) we obtain Pagg = 1,1%10"%cm, Tanner obtains at
1.6°K and 33 volts em * apptoximately o @ 1.3!1ﬂ'5cm. Our re-
sult 15 in reasonable agreement with Tanner's,

The assumption of a uniform charge density can be made
plausible, For p/v small we can vae Equation (61). How we

have that J(z} 2 L/v, ¢ 8 1/E = r, and N 18 a constant. Hence,

%E-is very nearly a constant independent of r.
c

2. Charps Relsase Upon {essation of Rotatiom

Pragentad in Figura 186 are high-spead chart recordings of

the collector current upeon cessarion of rotation for various
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totatisn speeds at satursted vapor presgure with a peasured
lifetime of 925 secoends. The electrometer was adjusted to
have a responge time of approximately 0.2 seconds for the
nmeasurenents. The expeylmental procedure for the upper four
gEraphs cooslsted of rntating at the indicated frequency for
6 minutes wicth the collector current on and with a gate poten—
tial of - 40 wvoles, The collector current was turned off at
the end of the S$-minuts pericd. & 30-sacond walting period
then followed during which the high-speed chart recorder was
activated. At che end of this 30-second walting perilod, the
rotation was abruptly stopped.

The general feaatures of the vpper four grapha are these:
1, The amount of charge released increaszes as the pota-
tion frequency increases. This reflects the fact that
the demeity of vortex lines iz proportional to the rota-
tion fraquency.

2. The length of time it takes the charge to laave the
liquid is longer at slower rotatlom speeds,

3. Superimposed upon the currant pulses are oscillations
the first few cyeles of which hawve the same fraguency as
the rotation frequency. The two wertical lines om each
graph have a saeparation equal to the perlod of rotatiom.
The first line is placed opposite cthe firsc peak of this
superimposed oseclllation; the second line in all cases

falla oppousite the aecond peak of this oscillaztion, The
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origin of thesge asaillatinﬁs i not known at the present
tima.

In connection with Item #2, experiﬁents were performed at
60 rpm vnder the same conditions which apply te theae graphs,
However, approximately 3 seconds after the rotation had been
stopped, the gpparatus was suddenly set into rotatiom in the_
direction opposite to the ariginal &J-rpm rotation. It was
. observed that the remaining charge in the liquid was released
in a time period {2 to 3 seconde) which was shorter than the
time it wduld have taken the remalning charge to leave the
liguid had the rotation not beaen reversed. Another experi-
ment performed in conjunction with these resulte consisted of
totating the liquid at 40 rpm [EIsecunds afcer cthe stop in
rotation) in the same direction as the orlginal 60-rpm rota-
tion, When this 60-rpm rotatlon was re~started, the rate at
which charge ran out of the liguid was immediately reduced tao
a value smaller than che rate observed when the rotation was
not r;-started. This race tapered off te zerp in about 50
seconds. A stop in.rutatiun about 20 geconds later showed
that charge was still trapped in the liquid., Hence, rotation
in the same direction kept some of the remaining trapped
charge from leaving the iiquid,

At the present time= the mode of decay of the vortex line
systeﬁ with the release of trapped charge 1s not well under-

stood, It is hypothesized that a sudden stop or reverse in
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rotation causes vortex lin&sltu be created at cthe walls of
the container and fed into the liquld which, on the average,
have ciréulatinns opposite to the circelations of the vortices
already present in the rvotating liquid. The normal flouid
prnviﬁes a dissipative medium in which vorcex lings of opposite
circulation2 can apptroach one another. The vortex lines of
opposite sign, then, probably annihilate each other and re-
lease the trapped charge. IIn the case where rotation is
re-started in the same direction as the rotation during the
G~minute charging period, it is probabie that vortex lines
are fed intc the liquid whose clrculations have, on the
average, the aémﬂ polaricy as the vortex lines present in_
the liquid at the end of the bH~-minute period. One would
expact the rate of charge release to drop since this "new"
vorticicy would tend te destroy the vorticity of opposite
circulation (produced by the stop in rotation} which is
probably responsible for the charge release.

The velnciﬁy field of the normal fluid after stopping
must also be considered, for any motion of the nermal fluid
relative to the vortex lines will produce forces on these
vortex lines. In particular, during deceleratiom there may
be secondary flow of the normal fluid produced by "end wall
_instabilicdes” due to the fnteraction of the normal fluid with
the end plates of the elesctrode system, Such secondary flow

of the normal fluid will produce forces on the vortex lines
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which may affect the decay of the vortex-line system.

Our obgervation based on ion behavior that Lt takes much
longer to set liquid heliom into steady rotation (175 smc)
than it takes to decelerate the 1iquid (=15 sac) are in
peneral agresment with those of nthers.?&

Thé trace at the bottom of Figure 16 is a racording of
the charpe relea;e upon cessarion of rotacion with the elec-
tric field between the gate and the collector reversed. This
field revarsal was performed at the end of the bG-minute,
60-rpm rotation periocd. The electrical foreces on the ﬁegativ&
ions, then, were directed. toward the gate, In Flgure 8b in
the last chapter the electric field lines are shown for this
configuration. The polarity of the trace in Figure 16 indicares -
that trapped negative ions appear to move along the fleld lines
to the gate'when they zre released, The amount of charge which
appears to pass through the electrometer during the release of
the trapﬁaé charge to the gzate with z reversed field is larger
than the amount of trappgd charge collected at the collector
when tﬁe field betwes=a the gate and the collecter s in its
normal direction. This effect iz expected since the electrom-
eter "sees" only the changé in the induced charge on the sur—
face of the electrodes. In the previcus chapter it was esti-
macted that 34% of the induced charge would be on the gate and
66% on the collector for 2 unlform density of trapped charge

in the liguid. The ratio of charge collected (as measured by




the electrometer) for the two direccions of the eleceric

fiald is then

(charpe collected at _gate) _ 66%
{charge collected at collector}  3&4%

= 1.94 . (&5}

The ratio experimentally is 1.7 for the 60-rpm traces in
Figure 16, Thers are several plausible reasons why the above
estimate might not be accurate. ¢me iz thac the trapped
charge distribotlsn may not have been uniform. Another is
that no account has been taken of the lnduced charge on the
guard rings and on the end plates. Suppose that the charge
distribution is uniform and that the amount of induced charge
on the end plates is neglipible, The collector electrode
does not extend the full length of the electrode system, As
the trapped charge builds up, some of the induced charse may
appear on the guard rings. Lec the ratic of the total induced
charge on the puard rings and cthe collector te the induced
charge on the gate be 1.94, The amount of induced charge on
the guard rings need omly be 4% of the total trapped charge to
give the experimentally obsevwaed ratio of 1,7,

It iz not understood why the length of time required for
the release of the charge In the reversed slestric—field case
is over twe times longer than the time required for the re-

lease of che charge with the field in its normal directiom.

3. The Amowmt of Trapped Charge and the Rotation Speed

Heasurements of the amount of charge trzapped in the liquid
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after 6 minutes of rotation are presented in Figure 17 as a
function of the rotation speed. These measurements were made
at T=1.6355"K and at saturated vapor pressure with a gate
potentlia) of =40 wolts, and they were genarvally made 10 seconds
after the collector current was turned off. The measuvred
Ilifetime of 105 sec was used to extrapnlate fhe messured amount
of trapped charga back to time t=0 when the collector current
was turned off. The measurements of the trapped charge for
rotation speeds under 20 rpm incluﬂe a reversal of rotation
after the etop of rocation, As pointed out before, the length
of time for release of charge becomes longer the slowsr the
rotatlon speed. TFor speeds under 20 rpm these cimes were so
long that the grifts in the electrometer circuit during inte-
pration caused large errors, The rotatlon was reversed in
order to shorten the time for release of the trapped charge.
The error bar on the 4-rpm measurement covers the range of
three measurements at this speed; at higher speeds the scatter
in repeated-msaﬂurements was much less,

" The linear relationship betwaen the initial charge trapped
iv the liquid and the rotation speed i striking. Such a
linear relationship is expected since the deunsity of vortex

1ines iz assumed to be a linear functlon of the rotation spesd.
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¥. PEREESENTATION AND DISCUSSION OF LIFETIME DATA AT SATURATED

YAPOR FRESSURE

1., Presentatiop of Tifetime Measurements at Saturated Vapor

Fressura

In Figure 18 the lifetimes are plotted legarithmically
with respect te the reciprocal of the sbsoiuce temperarure zt
gaturated vapor pressure for various values of the pgate poten-
tial. For the present we shell concantrate on the datas taken
at a gate potential of = 40 volts, The data are tsbulated in
Appendix II.

As predicted by Equation (54), the lifetime does depend
axponentially upon 1/T. This equation 1s repeated here

a FR)p (T

F — —
a_ . T, T (66)

where 4 = 5,1°%, Oue might be tempted to infer directly from
the slope of the data on Pigure 18 that f{(R)p (T) = 130°K.
However, over the tenpersturas range Indicated on this graph,
fgq changes by about 7%, It is essential te¢ take this tempera-
- ture dependence of 0y intoe accomt in determining f{E)pB{T}
from the slope of fnt vs, 1/T.
The elope of the data ig the gﬁaph iz expressed by the

equation
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din(s) _ (@ @0 ol (D]
am - E®e M 25 amTy T A T A (67a)
din[p, (T)]
= f[R)F‘sz} [1 +W" &
denfp (T})
din{l/™ (©76)

How experimentally at T=1,65°K [see Equation {73) at the end

of this section] we have

dinln_{T)}] N
amn - (682)

and therefore

"

130°K+8°K+2°

F(RYpg (1) » 2B 2 K 5 grop, (68b)

The curve drawvn through the = 40-yplt data in Figure 12
ic the result of 2 least-squares computer-calculzcted fic
of Eguaetion (66) o the data whare Fn and £f{R) ara the two
adjustable parameters., The results are
£(R) = 507.421.9°K cmigm 1
and
F_ = {1.78:0.25)x10" 3sec emdgu™t.
Sea Appendix II for discussionm and tabulaclon of the computer

calewlacions,

The - 40-volt data do not auice £all oo a stralght line.
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Instead they have a slightly negative curvature. The computer=
caleulated curve also has a slightly negative curvature. It
appears that this negative curvature is caused by the tempera-
ture dependence of the superfluid demsity. .

Adtrempis were made to see if the legst+-sguares fir could
Le improved by varving & owver the range from 0 to I0°K. FD
and f{ﬁ) changed# of course, but unfortunately no statisctically
significant change In the fir occurred. For the reascns out-
lined in Chapter I, 4 has bheen chosen, then, to bhe A.1°K.

Compared in Figure 19 are the lifetime measurements at
saturated vapor pressure of K. L. Douglass2 and our computer=

73 The slopes agree

calculated curve for the - 4i-volr data.
wall, and it is the sleope which determines the radius of the
ion. This agreement provides an independent check of the
validity of our sudden=stop-in=rotation technique, The dis-
agreement in wagnitude will be discussed in a later section.
Since th; value of F(R) iz extramely sensitive to the
assumed cemperature dependence of the superfluid densgity, it
ie quite important teo state exactly what temperature depen-
deuce has been assumed. JSome recent determinationa of the
nermal fluld density f, are presented in Figure 0. The
naturzl log of Dn {in gm :m'a} iz pletted as a function of
1/T in thiz graph. In the Landau model for liquid helium the

nermal fluid demsity is expected to satiafy the relation
_3R
Pype T (69)
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In thieg temperature range, The cireles represent a recent
calenlation of the normal fluid density by Beyuolds et al.’®

using the relation

P
. - (70)
Cyly
1 +

T52

where ¢ is the total densicy, Cy the specific heat per unit
mase at constant volume, 5 the entropy per unit mase, and Uy
the zecond sound velocity. The squares are the results of

zn earlier calculation by Tough et ai. using Equation [?ﬂ}.??
The triangles oo the other hand represent a direect experimental
measurement of P, b¥ Dash and Taylor empleying the Andronikash-

vili-dislk methﬂd.?g’?g

All three resulr: which are plotted on
this graph, fortunately, have appreoximately the same tempera-
ture dependence,
The superfluid density ps iz defined to be

Pg S0 =P s (71}
Over the short temperature range of interest in this experi-
ment, p does not vary apprecliably. Thus most of the tempera-
ture dependence of pg comes from the temperature Jdependence
of P The total fluid demsity 1s generally a factor of five
larger than the normal fluid density io the temperacure region
of interest. Hence, the 5% dlscrepancy between various

determinations of Py produces enly 2 117 uncertaincy in Pge

The data of Beynolds £+ 71, have been adopted for the analysis
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presented In this thesis.
The following formula falls on the line drswn through the
dgta of Reynolds et ail. in the region indicated batween the
arrows, which corresponds to the temperature interwval aver

which the lifetime date was taken at esaturated vapor prossure:

_ 9.47°K
p. = B.75e T gm end, (72)

0
For the superiluid we have

a
g = 0.14520 - 1.5x1n'3{l§5-— 0.6250)

 9.47°K
- 8.75 & T gm em™> {73)

where p was interpolated from the data of Kerr and Taylnr.aﬂ

2. Discussion of Lifetime Data at Saturated Vapor Pressure

Using the equation developed in Chapter IL concerning the
relaciocnship between f(R}nE and che "depth of che well"
(U{d) - U,] with an average applied electric field of 36
voles cm_l, vne cbtains for F(R) = 507.4°K cmggmrl that the
radiys of the ion is

R = 19.520.6 A.

Megst of the assipgned error of 0.6 A is dee to the udcetrtainty
in the healing length d of the core of the vortex line where

d = 1.46%0,14 A. Here, the average applied electric field

iz defined in the following way!
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E b (74}

vhere vg is the gate potepntial (= 40 volts) znd b - a isz the
distance betteen the gate zand the ecollector in centimeters.

Using Equatione (53), {33b), and {66) we can defipe the

quantities Texperimental and Ttheoratical ©° be
8.1°K
Fo T 2ng
Ty ™ - e and t . = - {75)
Pq ws 3

At 1.6°K we have

Tax = 9.&!10'15 sac,
and Tep ™ 1.0x10~10 gae,
& difference of four orderas of magnitude! That 1s, the life-
time of the trapped 1oms is four orders of mapnitude shorter
than wonld be expected theoretically for an lon of radius
19.5 E. However, from the discussion of the trappine well in

Chapter II it can be seen that the parameter o, is not well

o
knovm. At 1.6°K the aatimace for w, by Parke and Dounelly is
10 . -1 fug
1.2%10" gec -, which can be expressed in the form = = 0,09°K.
In order to decrease 1., by four orders of magnitude, one
T,
could increase Wy by two orders of magnitude; _EE would then
equal 9*K. This means that the ion would have a quantum—
mechanica) zerpo-point emergy 9°K above the bottom of the

trapping well., Thus, if one is to adl]ust the theorecical

results by increasing @ s then quantum-mechanical corrections
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must be taken into account. These ceorrecticns are calculated
in Appendix III. Only che results will be presented here.

Thay are that

2
[hmg f(R)ﬂs s,
I T -
T =t 1 e kT (76}
th 2
_ Duy
kT
I =g

hw
In the limic chat EEE + 0 this expression becomes egual to the
the classical result, Equation {53). The temperature depen—

dence of thizs equation ecan be expressed in che form:

. ﬂ r f(R]ﬂsz) _ £2.1°% _ B_'

T
g ) g °© f b ! a7

9 —_—

l-e T
LY
, Pg(T) [ thu,

WhEt'E 'E = E::: [HB(TG} - k . {?BJ

T was chosen to be 1.63°K, This equation was fitted in the
game way a5 before by a computer to our - 40-volt data where
the adjustzble parametars Fn and £{B) were determined for
various values of EL. In Appendices 11 and 111 the results
of these computations are tabulated.

It turns out that E; = 7.6°K brings T, into agreement with

Tay aftd yields the valupes

£(R) = 525.0¢1.9°K cmigm

-13 1

see cmogm L.
-14

andd Fﬂ = [(2.7020,37)x10

For the above walue of EL. T, =T, = 1l.41x10Q sec at 1.6°K.

ex th
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Hence, we now have agreement between the theoretical and ex-
perimental factors in front of the exponent in Fquations (78)
and (77) far E; = 7.6°K. The radius of the ion for this value
of E; with an average electric field of 316 wolts em~l ig

R = 20.0%0,6 A.

If for some reason Tth were increased by a facteor af ten (say
if B were made larper}, the valus of B; at which Tth = Tax
would be 14.1°K implying a radius of B = 20.60.6 E. For all
that has been congidered abowve, the fit af Equation (77) to
the data is statistically no better than the fit of the clas=
gical equation [Equation {66)] which gave R = 19.5 1.

The use gf thiz larpge value of w, 1s very much open to
guestion. &4 larse wh inplies that a larpge force 1e needed to
meve the Iicn just 2 semall distance off center on the vortex
line. Tnfortunately, we have found no streng physical reasons
for such a large hydrodynamic force to axist.

3. Dependence of Lifetime Upon Applied Electric Fieild

The lifetime ﬁeasuremﬂnts for various applied electric
fields are alsc presented in Figure 18. The potentials of all
the electrodes were scaled according to the ratle of the actuszl
gate potential te the - 40-volt gate potencial. In this way
the cenfining-field configuracion was not altered; only the
magnltude of the fields was changed. The curve dravm through
the data for each gate potential is identical te the curve of

best fit drawn through the - 40-volt data except for a scaling
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factor. These curves seem to fit rfhe data quite well,
Acvcording to fhe models already presented, an inerease
" in the applied electric field should reduce the lifetime of
the trapped negatiwe ion. That ig, an increase in electric

field changes the shape of the lip of the trapping potentisl

well in such a way as to make the depth of the well smaller. ,
The data appear to be in qualitacive agreement with this pre-
diction. The exponentiz]l facror used in fitting the - 40-volr
data has magnitude e, Small percentage changes in the depth
of the wall (for example 1/2%) produced by a change in rhe
electric fleld will appear primarlly as a shift in the magnitude
of che lifarime (eﬂ‘15 = 152}, This cobservation 1s offered as
a partlal explmation of why the curve of best fit drawn through
the - 40=volt datz need only be changed by 2 multiplicative
facter and not in £lope in order Lo fit the data taken =zt
different voltages,

In Flgure 21 the lifetimes are plotted as a functiom of
applied electric field at 1.65°K. The data have been scaled
by a common muleiplicarive factor for the purpese of comparison
with certain rheoretical predictions, The lifetime measure-
ments at - 20 velts and - AQ volts were interpolated from the
curves drawn through the data peolnts for these twe potencials
in Tigzure 18. The applied electric field was chosen to be the

average of the slectric Field between the gate and the collector

[see Equatiom {74)1.
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Referring back to Equation (53), onea finds that the depen-
dence of the lifetime upon electric field cam be axpressed

in the form

Je
T

k
T = AR (7%

vhare & Is a conscant independent of the field. U¢ vepresants
the electric-field-depandent potential of the lip of the trap-
ping well. The lower curve in Fipure 21 Iz a plot of this
functien at 1.65°K for R = 20.0 A, A comparison of this curve
with the daca indicates chat the change in ghape of the poten-
eial well appears to be the major contributor to the electric
field dependenra of the lifetimes at large electric fields

bt not at small electric fields.

In Figure 22 the farctor W¥(b=-a) iz plotted as a function
of applied elactric field at 1.6°K using the data of Tannargl
vhere W is the wortex-line density for a 60-rpm rotation
speed and (b-a) is rhe distance between the gate and the
coliactor in centimeters. Mo measurements of o below 10 volts

1 vere reported by Tanner, For the purposes of this dis-

o™
cussion his data have been extrapclated to lower fields in
the manner shown in Figure 22, This extrapolation probably
under estcimaces the wvalue of o. The reciprocal of B is an
effeccive maan free path for capture of an l1on by a vortex line,

Hence, the factor No({b=-a) is the ratio of the apparatus dimen-

sions to the mean free path. For low glectric fields this




26
ratleo i5 greater than one. For a mean free path on the order
of apparatus dimensions, multiple capture cof an 1ogn by vorrex
lines becomes important. Multiple capture will tend to foflate
Fhe experimentallf observed lifetimes because it takes longer
for a piven ion to escape from the liquid if it is recaptured
several times. It is proposed that.this enhanced recapture at
lower electric. fields is the canse of the rapid rise in the
lifecime at low electric fields.

The differsntial equaticn concerning the capturs and re-
lease of ctrapped charpe which was cnnsiﬂered in the last

chapter is repeated here:

%% -« JON - 2 (80a)

The equation of contiguity i=s

13 -2
- ar[rJ(r}] nt (806 )

For the simplest solutlen assume thet o and T are independent

of r. By eliminating J(r)} from these two equations, we get

g . _nu.fq _13q 21
3rat Noge — T 3x _ (81)

whayz q = pr. We wish to sat up a population of trapped
charge and qbserve its decay for various values of MNo(b-a}.
The following boundary conditions are imposed:

| qlr,t=0) = q,(r) (82a)

and
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t

qfa,t) = qa{a} a T {87L)
where a is the radius ¢f the gate, The sclution of Equation

{81) with these boundary condicims is

t

r. @ on
afr,t) =2 | fdr'qn(r'} o} G“L';H"‘ [Mo (x=r')]R
A n=

it

- |~

L{t")de” + g (1) e {83)

W
o T

vhere Lh{t) is a Laguerre polvnomial of order n, The decay of
the total population of charge is

-t
T

k
gty = 2r e Jdr'qofr'] 1
2

e -1 n ; t/t
+ E—uﬁﬁ% [Ng (b—c') 191 f:r[ Ln{t'J-:'It'] . (84)

The decay in time of the above axpression for various
walues of Wo{b-a) from 0 te 3 has been evaluated, assuming a
unifoym initial charge digtribution p{r,0) = Py This decay
in time, at leasi out co times om the order of 21, appears
te be exponential over the indicated range of MNo(b-a). 4n
"effective lifetime" which is propertional to t and is a
function of Ho{b=a} has been determined from this ocbserved

exponential decay of 0(t) in Equation {84)., The upper curve
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in Figure 21 is the rasult of this “effective lifetime" correc—
tion to the lower curve on this same graph. The apgreement
batween, the data and this upper curve is rather good consid-
ering rhe approximations made in calculating the recapture
effects, For exapple, ¢ was assumed to be independent of v
which Is not the case; also the Initisl charge distribution
may not have been uniform.

Thus it appears that the electric-field dependence of the
lifetime 1s the result of two effects. First, the depth of
the trapping well is elecetric-field dependent, Second, icn-
recapture effects which are electric-field dependent make the
experimentally observed lifetimes appear long=r than the
actnal lifetimes, For the — 40-volt data this recapture
process causes the measured lifetime to be 3 to 43 larger
than the actual lifecime. -

The capturs cross section ¢ [in cthe factor no(b-a)] is
expected to be a slowly varying function of temperarurs over

B...BZ’E'3 Thus the

the temperature range covered in Flgure 1
dependance of the ifion-tecaptura affect upon the applied
electric field is expected to appear in the form of a tempera-
ture~independent shift in the magnitude of the lifetimes in
Figuge 18 and not in the form of a change in the slope of the
data in this graph, Aes was mentionsd before, the dependence

of the depth of the trapping well upon the electric field has

an identical affect unpon the temperature dependence of the
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lifetimes. The sum of ﬁﬁase two effects is offered as an
explanation of why the curve of best fit drawn through the
= 40-velt data need only be changed by.a multiplicative facter
in order teo fit the data taken at other voltages in Figure 14.

The dependence of the measvured lifetime upon rotation
speed at a gate peotential of - 40 veolcrs ac T=1.6335°K is pre-
sented 1lno Figure 23, Since the density of vortex lines N
depends wpon the rotation speed, one would expect the lifetime
to depend alipghtly upon the retation speeq because the recap-
ture process Is a function of M. The lipe drawn on this graph
represents the retation-speed dependence of the lifetimes
calculated frem Equation (84). Within the large error bars
~ shown on this graph, the datz and the theoretical prediction
arg in qualitative agreement.

It was shown in Figure 19 that our - 40-volt data and
the data of R. L., Douglass agread in slope but not in magnitude,
R. L. Douglass stated that an applied field "exceeding 20

veltsfem™

was used. His peometry, although cylindrical, is
rather different from cursg. Our applied field ranges from

- 23 wvolts en~l at the collector to - 63 Qolts el ar the
gate with a gate pﬂt&nfial of - 40 wolts, We suggest that
the shift in magnitude between our data and Douglasaz' could
very well be due to a difference in electyic-field configura-

tims which can affect the lifetime measurements in the two

waya previously astated.
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Also indicated in Figure 21 is the ranpge of electric
fi=1ds found between the gate and the collector with the gate
potential at ~ 40 wvolts. Within this range the lower curve
représents the spectrum of lifecime found between the gate and
the collactor. It is Important to see 1f such a spectrum
affects the experimentally observed exponential decay of the

trapped charpge in zny observable way. The relerant equation s
b - rEr]
e} = 2vfe po{ITdr (85)
a

where T(r) iz the pasition-dependent iifetime and where recap=
ture affects have been neglecced. A numerical solution of
this integral has heen performed for T=1,63°K, ¢ = 24.0 i,

angd p, = constant, This integral was evaluated by factoring
out an exponential facror for a lifetime corresponding to an
applied uniform electric field of 36 wvolcs cm.l [the average
field as defined in Equatlon {74}] and then calculating cor-
rections to this factor., [n Flgure 24 both the decay calcu-
lated for a uniform field of 36 volts cm'l and the decay
calculatad for the actual nonmolform field are presented. The
decay of the trapped charge pressnted in this graph for cthe
actual electric field appears to be exponential out to times
on the order of 27v. The lifetime for che nonuniform field
case is 3% larger than the lifecime for a uniform figld of

36 vales cm-l and corresponds to a lifetime of an 1ot in a

uniferm electric Field of 33 volts cmfl. This increase in
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the lifetime is oxpected for the nonuniform field case sinece
there is more charge in the region of lower slectric field
where the Iifefimes are longer for a uniform initial charpe
distribution.

Up to thig point in the analysis, the charge discribublen
hae been assumed to be uniform. In the last chsapter it was
showm that during the zarly stages of the charging of the
wvortex lines the dersity of frapped charge is expectaed to be
nearly uniferm. Hewevey, as the densicy of trapped charpe
builde wp, charge will escape mora rapidly from che liguid,
the rate being p/t. One then might expesct the charge dansity
to becoma nonunilform, the density being larger where the 1ife-
time is lomger. The ratlo of the G=minute charging period to
the lifetime iz a possible measure of this nonuniformity which
might resuit. The proposed nonuniformity in the inftial densitcy
of trapped charge has been evaluated in the limit of lifetimes
which are short compared to the 6-minute charging period. In
this limit one would expect the following: QD{r] = r(r}.

This initial condition has been applied to Equakicn {(85%. The
resulting numerical solution appesars to be an exponentlal decay
In time st least out to times on the ovder of ¢v. Tho effec-
tive lifetime for this decay 1= approximately 1% longer than
the lifetime for the actual electric field with a uniform
initial charge distribution shown in Figure 24,

The possibilicy of a systematic erreor In the lifecime
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nessurements now arises, As shown above the inicial charps
distribution may depend upon the magnitude of che lifetime.
Thus the averaging of the spectrum of lifetimes found between
the gate and the collector, which determines the experimentally
measured lifetime, may depend upon the magnitude of the life-
time being measured. This regqulres thac & correcticon in the
form of an increase 1ln stope be made to cthe datz in Figure 148.
If pur estimates are correct concerning the initial charge
distribution {(ranging from Pa # const. ac long lifetimes to
Pp & 1{r} at short lifetimes), then the correction te be
applied to the experimental daca is on the order of 1%. This
produces a negligible increase in che slope of che data in

Fipgure 15.
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V1. PRESENTATION AND LISCUSSION OF LIFETIME DATA UNDER

PRESSURE

1. Presentation of Lifetime Data under FPressure -

All the lifetimé.measurements at pressures between the
saturated wvapor pressure and the suiiﬁificatiun Preszsure were
made with the gate potential at = &40 volts and at a rotation
speed of 60 rpm. The experimental procedurs consisted of
aﬂjusting the applied pressure to some constant wvalue, Life-
time measurementa in the range 20 to 400 seconds were then
made at four different temperatures while the pressurs was
held constant. This procedutre was repeated at sixteen dif-
ferent pressures. The data are tabulated in Appendix IV.

At any given pressure the lifetimes were pilotted loga-
rithmi;ally as a function of the reciprocal of the absclute
temperature, It was found for most of these plots that the
data fell along straight lines, as observed in Figure 18 for
the data at saturated vapor presaure., The slopas of the
data on this kiad of plot are shown as a function of pressure
in Fiéure 2%, These slopes are also tabulated in Appendix IV,
They are an indirect measure of the depth of the tragping well..

Since the data at any glven pressure fell aleng straight
lines in the previously mentioned log plot, it was masy to
interpolatas the data. In this way curves of constant life-

time in the pressure—temperature plane were calculated,
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In Figure 26 three curves of econstant lifetime, at 20, 85,
and 350 seconds, are shown, The data are also tabulated in
Appendix IV. Ar 24 atm and at the solidifizatiom curve, at
least three measurements of the lifetime were made in the ‘
temperature interval between a liferime of 20 seconds and the
lowest temperatyre attainable, 1.095°K,

It iz important to emphasize rhat lifetime measurements
were actually made on the solidifiecation curve with abouk 2
to 3% of the volume of the pressure wvessel occupled by solid
heliw. Thete are two ways to check to see 1f pne is on the
solidification curve. Firse, one can add more helium ko the
pressure vessel and observe no inecrease in the final pressure.
Second, 1f the pressure vessel 1= full of liquid helium, the
température dependence of the density of the liquid 13 such
that the pressure of the liquid will drop as the temperature
i= increa=zed ar copstant demsity. If there is sorme s0lid
helium in the pressure wvessel, the pressure of the liquid-
501id mixture will rise fpllowing the solidification curve
until all of the sollid helium has melted. Both of these
technlques were used cp insure that the lifetime measurements
were made on the solidificaticon curve.

Springerr and Donoelly have performed a rotation
experiment o which indirect measurements of the lifetime of
the trapped negative ion were made as a function of pressure

84,85

and temperature. The crngs section for capture of a
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negative ion by a2 vortex line was detearmined as a function
of temparature at sevaral different pressures. A beam of
negative ions was propagatad in a direction perpendicular to
the axis of rotation between two planar electrodes, From the
ohaervad attenuatien of this beam during rotation the capture
croes section was determined. Below a ecertain temperature
which depended upon the applied pressure and which we shall
call T'(P), the crose sectlon was observed to increase with
increasing temperature at constant prassurs, Above T'(P) tha
cross section fell vapidly te zers, Springett and Donnelly
wvere able to estimate the trapping lifatime of the negative
ion from analysis of this ragion of rapid change in the cross
section with temperature.

When an ion was capturad by a vortex line in their appa-
ratd, the Lon Would start €0 mowe along the wvortex lLine
away from the ion beam. The ion was driven by the electric
field developed by the other trapped ions and by the iong in
the beasm. For wery long lifetimes this trapped fon would
eventiwally reach a position opposite one of the adpes of the
collecror, rtha electrode to which rha curvent measuring device
was connected., Mmee this pasicion had been reached, the ion
wag no longer able to reach the callecrar If escape from the
vortex line occurred. Thia escape of the trapped ion beyond
zn edpe of the collecror was the cause of the attenuation in

the ion beam, Let tn[T,P} be the averape time for a trapped
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ion to reach an edgs of the collector. Springett and Donnelly
pointed out that the region of rapid falloff in the creoss
section corresponded to the lifetime being on the order of
L They used the following equation, proposed earlier by

Dnnnelly,ﬁ6 for their snalysie of the region of rapid fslloff

in the cross section:

_ L, {T,F)
I(T,P) = ofT' (1),P] e TP (86)
wvhere 0 15 the carture cross section determined from the
measured attenuation in the ion beam and where T{T,P) is the

lifetime of the negative ion.

Springett and Donnelly have decermined the tempersture

ofT,¥F
s[T"(P),P]

found the locus of peoints in the pressure-tempersture plane

at which = 1/2 for =ach pressure, Thus they have
which satisfy t /1 = constant. If t, is alse a constant
independent of pressure and temperature, then the locus of
peinta should folloew a curve of comstant lifetime in the
pressure—-temperature plane, The cpen circles in Figure 26
represent the locus of polnts for t, = coustant. Their data
agree satisfactorily with gurs, and the comparison indicates
at of approximately 10 seconds fer their experiment,

o

2. Discussion of lifetdme Measurements under Pressure

Before the actual data are discussed, it is important
to point out that a calculation of the superfluid density as

2 function of both pressure and temperature is needed for
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thisz analysis. At present ne direct and accurate measurements
of the normal or superfluld densicty have been made at elevated
pressures. The normal fluid density had to be calculated,
then, frem thermodynamlc data. Equation (70) was used in
connection with measurements of the second scund welocity,
the entrapy, the specific heat at constant volume, and the
total density which have been made at elevated pressures by
different investigators. The czlculations and tabulatfioms
are presented In Appendix V. The normal fluld density is
probably accurate to a few percent {2 to 5%); the total fluid
density is knowm to #0,1%.

The major temperatura and pressure dependence of the

lifecime 1s expressed in the following equaticm for the

classical case, kTu << 1:
fFIR{P} e  (P,TD
T{T,P) = %ﬁ%gé%% e T (87)
5 ]

wvhere A is a constant and radius R is assumed_tn be pressure
dependent. The function #(P,T) is inversely preportienal to
the mobiliery. The mobility of the negative ion umdar pressure
has beeén measured by several iuvestigators.a?_ﬁg The experi-
mental results are approximated in the foliowing way:

_ AR
R(E,T) =& (48)
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where A(P) = 3,1°K for £ £ ¥ £ 5 atm
and A(P) = [B.1 = (0.0535{P)]°K for 5 atm < P < 25 atm.

Thus we obtain

. f[R{P}%ﬂg{P,T) N E;P} _ salo (b, D))

T(E,T) =F e (89)
where p_(P,T) in the denominator of Equation (B7) haz been
placed in cthe argument of the exponent of this equation.

The curves of constant lifetime in Figure 26 and the
above equation can now be used to decermine f[R(P)] whare
f[R(0)] is ~hosen to agree with the previously determined
radivs of 19.5 ; at the saturated vapor pressure. For the
20~gecond curve of constant lifetime at saturated wvapor pres=
sure, we have f{R)p /T =% 37, &4/T & 5, and inoﬁ =7, As one
moves along this curve of coustant lifetime from P = O to
P = 24 atm, nsz increases by approximately a factor of two,
4/7T increases by 20% and fnp, increases by 102, Then from
Equation {89) we see that E[R{P}] must decrease as the pres-
gure iz increased, which implies that R(P) decreases as the
pressure is increased. The slope of che 20-second curve of
constant lifecime in the P-T plane does not change sbruptly
in the peighborhood of the selidification curve, The product
f[R{P}]ﬂS{P,T}, then, is well-behaved in this region. This
behavior probably indicates that the superfluid density and
the radions of the ion de net change abruptly when the solldi-

fication pressure iz reached.
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The radii of the pegsarive ion az a function of pressure,
caleulated frem the curves of constant lifetime, are presented
in Figure 27. In the caleculatiom of R(P} from f[R{P)] changes
in the superfluid demsicy with pressure and temperature which
affect slightly the shape of the lip of the well have been
taken into account for the average applied electric field of
36 volts em™l. The healing length d has been arbitrarily
shesen to be independent of pressure and temperature. The
solid circles represent the pressvre dependence of the iom

it

radius for the classical case where E¥£—<< 1. The cpen ecircles

rapresent the case considered earlier in this chapter in which
o
B; = 7.6" and R(0) = 20,0 A, For the latter case Equation

(761 becomes
f[R{P]]ﬂg{P,T]

T

A{P)

ai
—.rlp_.-_

T (30)

= A
T{P,T] T—2&

uhea'=a'ﬂ5{P’T};i:,1 tant, and T =1.63°K
er nm, 5 a constant, a0 Cl'-- .

Equation (90) and the curves of comstant lifetime are used to
detemmine R(P) where, for simplicity, E; has been assumed to

be Independent of R(P). The fact that the radil from cthe twe

20.0
19.5

due to the pressure and temperature dependence of &' in the

cases differ by more than the ratic at high pressures is
argment of the exponent in Equation (%8}.
Tn caleulating R{P} from the three cuvrves of constant

liferime, we find 2t any given pressure that the calculated
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Figure 27: Wegative Ton Radius vs, Pressure Calculated
from Curves of Constant Lifetime
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value of the radivs depends

constant lifetime 1a uszed,
[a]

1z alwrays lesz thao 0.2 A.

are an average of the radii
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only sliehtly upon which curve of
The magnitude of this disagreement
The circles plotted in Figure 27

deternined from the curves of

constant lifetime. The size cof the circles plotted on this
graph represent approximately the maximum wvalue of this dis-
agreement.

The solid and dashed curves in Flpure 27 represent the
pradictions of the simple bubble medel considered in Chapter
I, The gurface tencion hasc been adjusted so that at the cat-
urated vapor pressure R = 19.5 A aud 20.0 E, respectively.
£ince the pres=ure dependence of the surface tenzion is not
knowm, the surface tension has been arbitrarily chesen o be

pressure indepetident.

Another way to datermine the radius as a function of

dén{r}
d(1/T)

of particular intersst

pressure is to make use of the dara in Figure 25 where
is plotted 23 a2 functlion of presaurs,
is the szpparent "break" in this data at 6 atm. In Figure 27

the radius zs a3 function of pressure, calculated from the

curves of constant lifetime, shows no corresponding “break",

h -
For the case whare E;E < 1 and R({0) = 1%9.5 & we obtain from
Equation (89) .
(P T)]
din(x) _ _d_ |esBeT))
cam - TIRMI 5E7S T | A(P)

dinip (P,T)]
d{1/T)

vhere the pissing term iz small and can be

91}
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neglected. Using the superfluid densiries tabulated i; Appen=
dix ¥ and the dara In Figure 25 together with Equation (91},
we pbtaln the radius as a funetlon of pressure showm in Figure
28. The solid curve represents Che resulfs from the curves of
constant lifetime data. Thare i5 good agreement at Y and 2
atmospheres betsteen the two methods for calculating the radius
of the ion, Abowe & atrm a rather larpe disagreement occurs.

We suspect that the disapreement has its origin in the
calculacioms of the pommal fluid density. The slope methoed
of determining rhe radius requires more accurate normal £luid
data rthan the curves-pf=conscant-liferime method. For the
latter method the syperfluld density along a curwve of constant
lifecime must be known. Along such a curve the superfluid
density ar 24 atm 1s 402 larger than the superflufd density ac
the vaporizatlon pressure. The total density of the liguld is
known to *#J,1%, and this density is generally a factor of fiwve
larger than the normal fluid densicy in the region covered by
the curves of constant liferime, Thus percentage errors in
the noxmal fluid density calculations produce one fifth that
percentage error in ghe swperfluld densicy, Only one third of
the &40% change in the superfluid density along a curwe of
constant lifetime is produced by a change in the rormal fluid
densicy, For Lhe former method the chenge o the superfluid

density at constant pressure over a smsll temperature interwval

must be determined. The tocal density is a weak funccion of
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temperature. The normal fluid density, then, makes the major
contribution te the temperature dependence of the superfluid
density over this small temperature interval. Thus larger
errors are expected for the slope methed of determining the
radius of the ion as a functien of pressure,

In Figure 29 the normal fluid densicy is pletted loga-
rithmically as a function of the reciprocal of the absolute
tenperature over a wider range of temperature than was con-
sidered in Plgure 20, The middle curve represents the calcu-
lacions of Reynolds et al. %0 empleving thermodynamic data
measured at the saturated vapor pressure. The Lop curve
represents our calculation of the normal fluid densitfy at
J atm pressure. An abrupt change in the slope of these two
results at 1.52°K is quite evident., The lower curve 1= a
plot of the direct experimental measurements of the normal
fluld densicy by Dash and Taylor.?l The lack of such an
abrupt change in slope In the results of Dash and Tayleor is
quite startling and raizees serious questions about the reli-
ebility of ocur normal fluid calculations wsing chermodynamic
data,

It ie now understoad why a sudden uwpward jump in the
radins of the ion occurs betwesn Z and 1 atm when the slope
methed 18 used. A careful look at the curves of constant
lifacime will show one that the 2ifetime measurements at 2

and 1 acm fall on eithey side of 1.52°K. Below 1.52°K our
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normal fluid calculations produce a sudden drop in the quantity
dpp,

a0/Ty -
crease gt temperatures balow 1.52°K, a behavior which will make

p
This means that d(: ) [E;]’ too, will guddenly de-

the radius suddenly larger at these temperatures [see Equation
{211 ].

Until more accurace and direct measurements mder pressure
of the normal and supearFluid densitias are made, the curves-
of-conatant-lifetime method will have to be used. It 1Is sus-
pected that the "break' gseen in the data shown in Figure 25
i3 a product of the temperature dependence of the normal fluld
azd i2 not relarad to any abrupt change in the pressure depen-
dence of the ion radius.

Let us return co Figure 27, There have been 3 satries of
assumptions made In the calculation of the radius of the neg-
ative fon as a function of pressure from the curves of con-
stant lifetime. Weaknesses in some of these assumptions will
now be discussed,

The pressure dependence of the negative lon radius,
calculated from cthe gcurves of comstant lifetime, depends upon
the assumed value of the radius at saturated vapor pressurs,
At saturated vapor pressure there are two values of the radius,
R(0) = 39.5:0,6 & and R(D} = 20.0%0.6 A, which depend upon
whether e, = 0.09°K or g = 7.6°K. The relative strengths
and weaknesses of these two resulfs have already been dis-

-]
cusged. Most of the 0.6 A4 uncertainty in each radius is
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produced hy.th& uncertainty in the.haaling length of the
suparfluid near a vﬁrtex line. The walue of the healiﬁg

"length usad in onr aqalysis was dectermined by farks and

I‘.ig:-ru-uellj,r,g'2 who analyzed the vortex ring experiments in terms
93

of Ferter's”? ecaleulatien for a vortex liﬂa in the Bose gas
condensare [see Fguation fS}]. The connection between the
Bogse gas condensate and the superfluid component of the two-
fluid medel 15 not well understecd. Certalnly a more careful
analysis of how the superfluid density goes to zero at the
core of a vortex line is needed. The gepﬂral probklem of the
applicabiliry of the two-fluid medel in che repgion mear the
core of a vortex line where the superfluid wvelocicy i= large
has not been considered 1n detall In the licerature. Tt is
not known at the present time what values the total fluid
density and the normal fluid density have near a yurtex line.
If, for example, the result of such an anq}ysis were Lo make
the effective healing lenpgth of the superfluid larger than
the presently used value, analysis of our data would result
in a larger ion redins.

Also, at saturated vapor pressure the lon radius was
assumed t¢ be Ilndependent of temperature. HE know that cnly
a 7% change in the superfluid density over the temperature
rénge covered at saturated vapor pressure affects the calcu-

lated binding energy by a factor of 2.2. Thus a very small

change in the radius of the len with temperature ceuld have

a
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a large effect upon the calculated ﬁalue of che binding energy
and hence on the ion radiuq. Fur.example, the surface tension
o Liqﬁid helium is experimentally Known to be slightly tem-

#4% 1f one includes this effect in Bquations

perature dependent.
{11) and {12) of the simple bubble model, one obtains a tem-
perature dependent Llom radius which produces a 4% increase in

cur value of the fon radius calculated from the lifsatimes ac

saturated vapor pressure. We have hére an example of a possible

modification in the experimencally decermined vadius of the ion
which is depenident upom the model assumed for the negative
ien.

For the caleulation of the negative lon radius under
presgure from the curves of constant lifetime, thelhealing
length was assumed to be independent of pressure, In Fetter's
calculation the healh;lg length for a vortex line in the Bose
gpag condensate iz inversely proportional teo th&-square raot
of the fluid densicy. ThHus thg healing length nﬁ the auper-
fluid may in fact be prassura depandent. If Fetter's rasult
1s appliad te our calculation undar pressure, a 0.6 1 reduc-
tion in our value of the radius of the ion at Eﬁ'atm resules.

For our calculatiom of the negative iaq rad£u5 mder
pressure, the dépendence of w, upon the superfluld demsity
was taken into account. However, the assumption was made that
w, was independent of the radius of the ion R(P). In Equation

o

{33) we sea that gy is approximately inversely proportional to
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R(P). If this dependence of , upon E(P) is taken inte account
in our calculations of the negstive ion radius, we obtain the
following corrections: faor H; = J,09°K our value of R{F) art
24 atm should be increased by 0.1 E, and for B; = 7.6°K sur
value of R{P) at 24 atm should be increased by 0.4 R. Since
there is some dquestion sbout the wvalidity of Equation (33)
for the case ﬁ; = 7.6°K, the Q.4 ; corraction should be wviewad
with =onge skepticism.

Alap shown in Flgure 27 are tWo curves representing the
gimple bubble model for R{0) = 19.5 A and R{O) = 20.0 ;.
Possible refinements in this model were considered in Chapter
I and will not be repeated here. The two curves sppear to
agree better with the pressure dependence of the radius of the
negative ion calcwlated from the curves of conscant lifecime
wich ﬂé = 0.09°K than with ﬁ; = 7.6°K. Howewver, the apparent
agreement should not be taken too seriously since the simple
bubble model is in need of refinements, Besides affecting the
predictions of the bubble model, these refinements may also
affect cur experimentally determined radii through che cempar-
ature dependence cof the radiuvs of the lon, which has been
previcusly discussed.

As mentioned before, Worthby and 3amders have measured
the radius of the negatlve lon at saturated vapoxr pressure and
have found R = 21.2:0,5 5.95 They pointed out that thers were

certain aspects ¢f thedr results which were not well understood.
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They mentioned also that modificztions of their apparatus were
under way 2o that the radiug of the ion under pressure could
be mezsured. They said that these mezsurements undar pressure
should improve their understanding of their resules.

Any serious comparison between our results and the results
of Northby and Sanders should perhaps await the completion of
their measurements of the radius of the megative ien under
pressure. However, it 1s certainly encouraging that such
different eyxperiments have produced values for the radius of
the necative ion which differ by only & to B2.

Finally, it should be mentioned that an attempt was made
during the measurements of the nepative ion lifetcime on the
solidification curve to look for positive ion trapping on
wortex lines. Mone was observed at the lowest{ tempeérature
reached, 1.095%°K, or abova, This means that the radius of the
pasitive lon is probably less than 12 or 13 i at these pres=
sures, Positlve ion trapplng was also loocked for at lower

pressures and hipgher ctemperatures; ne trapping was observed.
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VII. CONCLUSTION

The lifetine of nepative lens trapped on vortex lines
has been measured as a function of temperature and pressure
from the vaporizatien pressure to the selidification pressure
between 1.1 and 1.7°K. On the average the accuracy of the
liferime measurements was 2%, The temperature Was measured
to an accuracy ef $.0001°X at 1.7°K and #0.0004°K atr 1.1°K.
The pressures Were measured to an accoracy of 20,002 atm at 1
and 7 atm, *0,03 atm between 3 and 14 atm, and #.1 atm zbove
14 atm. The analyses conducted in thig thesls Iindicate that
the lifetimes as cabulated for ?g = = 50 wolts and a G0=-rpm
rocation frequency may requlre. the application of a maximum
currectioq of =4%, This correctlon 1s mneeded to offset the
effects of multiple capcure of the ions b? the vorcex lines,

At aarurated wvapor pressure the temperature dependence of
the lifetimes is fitted equally well by twe theoretical curves
based on different assumptions about the shape of the bottom
of the trapping potential well. For one curve R{0) = 192.5:0.6 ;;
for the other curve R{0} = 20.0*0.8 ;4 However, the first
curve invelves a reasonable value of the curvature of the
bottom of the well and vields lifetime values wWrong Iin magni-
tude by a facter of 10“ while the second curve ylelds the
correct magnitude but requirez the use of a questionably

large curvature of the bettom of the well. These twe results
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ars to be compared with the 21.20.5 ; radius of the negative
ion neasured by Northby and Sanders. The pressure dependence
of the radius of the negative Lon for R(0} = 19.5 R appears
to agras well with 2 simple bubble modal of the nepgative ion.
Howayer, the resujting radil obtained from analysis of the
lifetime rasulrs both at the wvaporization pressures and ar
highar pressares are strongly model dependent, Further analysis
of the liferime measuvremenrts must zwaltc refinemencs in the
bubble model af the negacive lon,

Oner the full range of pressures and temperztures covered
in thiy experimenct, no positive ion trapping has been seen.
Modifications of the apparatus should be made =o that positive
ion trapping can be investipgated in the temperature region
from 0.6 ta 1.1°K at dlfferent pressores. In this way a
pecter understanding of the structure of the positive ian

might be obtained.
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APPENDIX I

Electrostatic Pocential between Concentric Cylinders with

End Plates

Ler a be the radius of the Inner ecylinder, b the tadius
of the outer cy¥linder, c the distance between the end plates,
and #{r,x) the electrostatic p?tential. Two sets of boundary

condicions are considered:

1.
#y(b,2z) = 0 ¢1(a,2) = ¥
#y (r,0) = 0 ¢, (x,c) = 0
2.
by(b,2) = ¥ 4,(a,2) = 0
$,{r,0} = 0 ¢,(r,c) = 0

where the ericin of the z axis i3 situated at one of the end

plates.

The general selutiom of the Laplace equation for either

set of boundaty conditions is

e r r
e - Tl o) o ]

nwl
where Ia and Kn are the modifiad Baszsel funcl:i-:-ns.gﬁ
Specifically, g ] e
I _ Ko ¢
- . fanh? K, anb]
o A 7l nrz |l ol e | | ¢
bplm2d = 3 In sin[ ¢ ] nna nna
ntl, 3 prn L] Iﬂ - G _— Ko f.'
no [anb]
Iu, c Kn_ e |
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and

I Lnl‘r] K -mTr]_
(-1 K ol ¢ |

- 1 |nta g |BTa

LA § nrz ol ¢ ol €

¢>2(r,z] - ) - sin[—c ] = [art [t
n~l,3,... ol « 1 ol ¢ |
1 [oRa K [1imal
ol & o| ¢ |

The twe zats af boundary conditions applicable to the experi-
mental situation are

$p(b,2) = 0 3 {a,2) = =¥

$, (r,0) = - 2V 4 (r,e) = - 2V,

The selutions of the two previously considered boundary
conditions #1 and #2 cam be combined to give solutfons

vhich satisfy tha tvwo boundary conditions showm above:

¢t{r,z) = - 2y +-¢1{r,z} + 2¢2{r,z],
and
¢, (r,2) = - 2V + 3, {(r,2) + 2¢,(r,2).
Hate alsa
By (r,2)
E_{r,z} = —-——
3¢y (r,2)
Er{r,z) - - e N
3L, (x) 3K, (x)
— - II(x}, and T Kl{x) .

The values of Ez{r,z} shown in Filgures 92 and 9% were

caleylated by computer from the tabulated polynomial




12%

97 ¥or the field lines shown on

approximations to I, end Kb‘
Figures 8a and 8h, Er(r,z) was also calewlated from the
tabulakted polynomial approximation to Il and Kl. The field
linee were determined in tha follewing mamner: At an arbitrary
point near a boundary of the electrode system, the direction
and megnitude of the total eltectric field were calculated from
E. and E,, The field point was then moved a short distance in
the direction of the calculated electyic field. The magnitude
and direction of the electrie field at this new point were
evaluvated, and the field polnt was again moved a short distance
in the direction of the electric field; amd so on. Thi= calcu=
lation was repeated wntil anocher boundary of the electrode

syEtem was reached. The starting point was then changed, and

the calculation repested.
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APPENDIX II

4, Lifetime Measurements at Saturated Vapor Pressure

T 1/T T Error Computer Computer

in T Fit Fit

_ (non-0M) (M)

("K} KD (zer) ~ (aec) {sac) (sec)

?g = = 40 wolts: speed at 60 rpm

1.57956 0.5954 11.1 0.4 11.7 11.7
1.6783 0.59558 10.8 0.7 12.4 12.3
1.6715 2.3953 17.3 .7 17.4 17.4
1.6659 0.6003 22.8 0.6 22.9 22.9
1.6610 0.6020 29.5 0.8 28.8 28.58

1.6602 0.6023 31.0 0.7 © 3.0 30,
1.6545 0.6044 jous 0.8 9.8 39.8
1.6489 0, 6065 51.5 1.0 52,6 52,7
1.6455 9.6077 6.2 1.5 61.7 61.7
1.6350 0,61156 105 2 303 103
1.6347 0.6217 103 3 104 104
1.6286 0.6140 141 4 140 140
1.6130 0.6200 300 3 302 nz
1,6044 0.6233 455 3 456 456
1.5977 0.6259 625 20 630 630

1.5897 0.6290 = 920 20

922 921

?g = - 40 wolts; different rotation speeds
1.6350 00,6116 102 2 3.9 rpm
1.6350 0.6116 107 3 102 rpm
vg = - 80 wolrs; 60 pm

1,6715 f1.5983 11.4 0
1.6528 0.56050 31.3 1
1.6355 0.6114 71 1
1.6314 0.6130 S0 2
1,6170 0.6184 167 3

1.,5961 0,6264 470 1
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T 1/T T Error
In~
(*K) cxh (sec)  (sec)
vﬁ = - 20 voles; 60 rpm
1.6792 0.5955 16,1 3]
1.6592 0.6927 42 1
1.63%8 0.6098 107 5
1.62739 00,6158 230 5
1.6074 0.6221 LBS 10
vﬂ = - 10 wolts; 60 rpm
1.6490 0. 6064 51 2
1.6355 0.6114 157 3
VE = = 5.0 woltz; 60 rpm
1,6490 a, 60684 98 3
1.6355 J.6114& 187 5
?g = = 1.0 volts:; 50 rpu
1.6490 J.6064 148 4]

B. least Sguares Fit to Dats
We wish to perform a least-sSquares fic of Eguation
{656} in Chapter IV to the datz tazbulated in this Appendix
{?g = ~ 40 volts)., The two adjustable parameters ave f£{E)
and F_. Thiz equation can he expressed in the following way
lifetime = g[F ,£(R),T)]
where the Ty, are the temperatures zt which the sixteen life-

time measurements were taken. Let T be the corresponding

lifetime measurements at Tk' We define ﬁk tc ba

ﬁk - Tk - g[FD' E{R} ngj
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where k = 1,2,..444...18. The quantity we wish to minimize is

16

s = J6¢ .

k=1
Howeyer, since che warious Tk are not equally pracize, the
above sum should be weighred according to the accuracy of each
data point. Tet E  be the error for each T, s and let Wy be

the corresponding weight., We dafine

-2
W= (BT

Thus 5 becomes
16

5 = JW,62 .
k=1
The eguation for the lifetime is non-linear in the param-
erer E{R). The proper procedures for linearizing this eguation
and carrying out the lease~«squares analysis are discussed inl
Chaprer 16 of Shchigolev's book.”® A versstile compular
program which could cacry out these pruceduvss, Written
Ey Dr, R. Stryk for his Ph.D. thesiz, was availabla.gg In
cthis prozram a series of correcticns to the walues of E(E)
and F_ are calculated repeatedly until § reaches a minimum,
The minlmur of § is defined to be that valae of (%) and 7
to which a further correcticn would change 3 by less than

1%, The mean square errars of £({R) and F0 are also calcu=

laced and can be represented by

2 —
(5x) hfx)lﬁ =
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whera &% is the rcnt—mean-sguare errar in a parvameter x, h(ﬁ]
is a weighting factor dependent upon the partial derivatives
of p with respect to all the parameters, and 16 = 2 e 14 ig
the number of degrees of freedon, |

' 1
The resulrs of chia fir are

£(R) = 507.411,9°K cmigm 1, -
F_ = (1.78%0.25)x10 Psec cmgm L,
and S = 12,1

The computed wvalues of T from Equation (66) using these waluas
of the parameters are rabulated with rhe data in Section A
of this Appendix (zee colum 'Computer Fit non-(M").

If we apply the chi-squared test, the probability for

14 degrees of freedom that Ve

6ﬂzlﬂp, a2 somewhat marginal lewel of confidence for the fit of

excesds 5 = 12,1 ig approximately

Equation {68) to the data. However, the 10,8=~=econd lifetime
measurement is' rather suspect. If this measurenent iEs
discarded, the probhability chat 12 exceeds 5= 7.3 for 13
degrées of fréedﬂm bacomes 20%. Unrll wore -zccurate measure—
ments of the llfetine are made around lﬂlaecunds, this

10, 8-second measurement should be kepe.
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APPENDIX III

Nuantim=Mechanical Correction for a Narrow Well

Az a fievst order correcticn te the lifetime, quantum-
mechanical corrections to fu in Equation (50} in Chapter II
are considered. We are not considevring possible quantum—
mechanical corrections to the original Fokker=Planck eguation.

We start with Equarion (50):

s
Hmbr
2kT

- -]
N, = £ [ e

2ardr,
He let

Yi{r) = %ngrz.

We wish to include in the integral for W, integration
over all moments of the system. In deriving the Smoluchowski
equation from the Fokker-Planck equation, Chandrasekhar

made the following approximation
k| z

E —_
f(_‘frﬁ} & [f;:‘ﬁ] e T f(—;)

which i3 wvalid for the case where the time intervals of

interest are long compared to E'I.ml It follaows that
-+
£(r) = [{fE(E,3)4%.
Thus we may exXprass No in the form

_%_Fiﬂ
MeT KT o drpapas.

fﬂ
N, = soar Jle
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Therafore,

. f —.E{SiHoDi]
N, = E?E%T J{f]e T 42ea?p

‘where E{5.H.0.) iz the total energy of a two-dimensional

harmonic pscillater. In the quantum—mechanical 1imitc we

-nhtain
Eq (S.H.0.)
fo 2v, KT
Ny = goe( 21h) Ea

For a two-dimensional sinple harmonlc oscillator we have
Enfﬂ.H.ﬂ.) = hmb[nx +.ny + 1)
where n and n}r are guantum oumbers for one-dimensional

"simple harmonic oscillators in the x and ¥ directions, Thus

s _Dwo _ Bugty o Rugny
f,(2vh) %T kT KT
Hﬁ - 2THKT € I b I e
n, =0 ny=ﬂ

This reduces to

|" By E fu,

. faz'ﬁkT kT a_ LT

o g2 ] *
o |i-ei

The above eqﬁatiun which relates N' to f replaces Equation
0 o .
© {51). The final Tesult is Egquation (76).

The leasst-squares fic of Equation (77), which exhibits

the temperature dependence of the quantum=mechanical correction,
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to the = &40=volt data has heen performed for various wvalues

faag
of T They are tabulated below:

N F_ £(R) g B
(°K) (sec em®) (oK _em?y (&)
gm g

2.1 (1.88+0,26)x10713  509,5:1.9 12.1  19.610.6
4,1  (2.01:0.28) " 513.8 " 12,0 19,7 "
6.1  (2.31:0,32) " 519.8 "  11.8  19.8 "
8.1 (2.87:0.39) " 526.7 " 11.6 20,0 "
0.1 ¢3.83:0.52) " 534,1 " 11.5 20,2 ™
12,1 {5,45+0.74) " 541,5 " 1.4 20.4 ™
14.1  (8.15¢1.1) " $49,0 1,8 11.2 20,6 "
16.1  {12.6:1.73 " 556,6 * 11,1 20.8 *
18.1  (20.3:2,7) " 564.1 "  11.0 21,0 °®
20,1 (33.2¢4.4 ) O $71.7 " 16,9  21.2 *
22.1  (55.7%7.4 ) ™ 579,2 " 10,7 2l.4 "

A series of computations with shorter intervals for ﬁ;
were made in the range 7.0 = B; < 8,0°K, In this way the
optimum value H; = 7.6°K was found, which is discussed iz
Chapter IV. The calculated values of T are compared with
the data for H; = 7.86°K in Appendix ITA (see column "Computer
Fit 0M"). For this value of 9, 8 = 11.7. Thus the fit of
the quantun-mechanical equation to the dats is really not
much better than the fit of the slassicz]l equation where

£E=12,1,
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APPENDLX IV

A, Lifetime Measurements as a Functiom of Temperature and

Pressura

vg = - 40 wolts; rotation frequency = 60 rpm

P T Error T Error din(T

inT in r d(L/T)

{atm} 0 (10740 (see) (sec) (K}

M. 297 1.5992 £] 27.5% ] 1161
=0.002 L.5795 " 71 1
1.55%5 " 182 &
1.5390 " 470 9

1.995 1. 5595 n 20.5 1 107%]
0,002 1.5390 " 51.0 1
I1.5203 " 122 3
1.4991 " 330 &

3.00 1.5208 n 19.6 .3 952)
=0.03 1,499% h 35 2
1.4799 n I 2
1.4%388 " 26 a

4,00 1.4793 " 26 1 9322
0,03 1.4584 " 65 1
1.4399 " 147 2
1.4185 " AB0 7

5,00 1.4474 " 30,5 1l 84tl
£].03 1, 4349 " 3l 3
1,4240 " 77.5 1
1.4145 n 115 2
1, 4042 " 181 2
1.35941 " 200 5

&, O 1, 4315 " 21 ) 79.5¢]

0,03 1.4188 " 345 1
1.4078 " 51.5 1
1.39%3% " 72 2
1,3880 " 114 2
1.3795 " 160 3
1.3675 " 277 5
1,35%4 " asn 5



Catm)

8.00

0,03

10,00
.03

12.00
.03

14,00
#0.03

{*K}

1,3739%
L. 3542
L, 3346
1,3140

1.333%
1.3143
1.2943
1,2753

1.2936
1.2749
1.2551
1,2353

1.2579
1.2384
1.2192
1.2012

L2355
1.2151
1.1952
1,1747

1.1996
1.1786
1.1590

1.1383

1.1713
1.1487
1.1284
1.10%0

1. 1484
1.1283
1.1692

1.0946

1.1283
1,1072
1.0%42

Error

in'T

( xlﬂ-"ﬁ-n-

3
1

L1

2

1 .
2
1]

L1

K}

T

(sec)

Fdi
58
137
320

23.5
34
128
285

26.5
57,5
142
325

26,0 .

62.5
150
345

17.3
43
107 -
285

23,5
63
165
455

27
82
l9a
530

22
6d,5
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310
19.5

90

Ertor
in T

{sec)

&

AR o L= (=R RSN WA o e B ] WAL e LA RS b LI L X
h

L2 k3

dlnr)
di(L/T)

(*K)

75.5%1

73]

7Ol

65,51

66.5*1

65%)

621

61%1

3723
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Eryor
in T

T Error
in

(x1074°K)  (see) (see)

24

"
[ ]
"

F T
{atm) {"K)
n splidificatiom curve:
25,1 1.1185
10),1 1.113%
1.1041
1.0650

Thermomolecular pressure corréctions have been taken inte

account for the temperatures shown,

ohly approximats,

18.5 t]l
23.5 1
34 2
52 1

Aln(1)
4(1L/T)
(°K)

54%3

dln{t)

Errors in 3(L/T) are

B. Curves of Constsnt Lifetime in the P-T Plane

20 sac

P /T
(atm) (k™ H
0.0 0.5990
1.0 0.6225
2,0 0.6401
3.0 0.6570
4.0 0.6730
5.0 0.6B60
6.0 0.6984
8,0 0.7242
10.0 0.7473
iz.0 0.7694
14.0 0.7912
16.0 0,8114
18.0 0.829%
20,0 0, 8482
22,0 0.8687
24,0 0.8860
25.1 . 8949

85 =ac
1/T
x5

0. 6090
0.63448
f.6544
0.6717
0.6885
G, 7030
(. 7166
0,7433
0. 7670
0. 75300
0.8122
0,8331
0.8525
0.3718
0.89%24
0.9114

350 epec
1/T
cxh

0.6212
0.6472
0.6677
0.6838
0,7037
0,7198
00,7343
0.7621
0.7867
0.8103
06,8327
0,8545
0.8745
{,8949
0.9158

139
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APPENDIX ¥ h

Calculation of Superfluid Density under Pressure

The following farmuls was used In determining p (P,T):

-1
Ua
4 (P'IT} il [1 + ] 1
1] TSE

The themodynanic quantities contained in this formula were
obtained from:

P ¢ Poghoslian and Heye:lﬂz

Elwell and Heyerm3
U Mauer and HerlinlP4
CU= I.-uunasmaalﬂ5
& : Van den Meijdenberg ot al.lﬂﬁ
The themmodynamic data were interpolated graphically . The
nommal fluld demsity was caleulated at 0.05°K intervals
between 1.20 znd 1.65°K at the =zame pressures that the life-
times were measured. Then Inpn vs. 1/T was plotted at 4
constant pressure. (According to the landau model, Ph o e_.?:}
At all pressurets the data fell ressonably well on straight
linez. For 1.3°K and bélﬁw the pu calculations of Bopghosian
and Meyer ware used (they used the same formula a5 we}. In
the region of averlap our calculatioms of Py and those of
Boghosian and Meyer agree reasonably ;ell. The values of Pa

along the curves of constant lifetime were Iinterpolated from

the !npn vs, 1/T plots. The value of pg &long the curves
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of constant lifecime is cabulated balos,

20 sec 85 ser 350 gee
P 1/T P 1/T Py C1fT P
p— | m_ P | - _1
K K K
am) Cxh @ kD Ep ) &y

0o 0.,5990 00,1152 0,6090 0,1180 0,622 0,1I08
10,6225 0,1222 0,6348 0,1252 0.6472 0.1276
20,8401 0,1273  0.6544 0.1296 0.5677 D.1316
3 0,8570 00,1308 0,6717  0,1329 0.6858 0,1348
4 0,6730 0.1338 0.68B5 0.1360 0.7037 0,1379
5 D0.680 0.1361 0.7030 0.1383 0,7198 0,1402
6 D0.698;% Q0.13R5 0.7166 0.1406 0.7343  0.1424
8 0.7242 0.1427 0.7433 G.1456 0.7621 0.lae3
10 00,7471 00,1461 0Q.7670  0,.1480 0,7867  0.1495
12  0.76%4 0,1492 0.7900 0.1510 0O.8103 D,.1524
14 00,7912 0.1520 0,8121 00,1535 0,B327 00,1549
16 0D.8114 0,1545 0,8332 00,1559 0,.8545 0,1573
18 0.829% 0.1567 0.85323 0.1580 0.8745 0.1594
20 0.8a482 0.1587 0.8718 0.1600 . 0.8%4% 0.1614%
22 0.BeB7 0.1607 0.8924 0.1619 0.9158. 0.1632
24 -0.8860 ° 0.1621 0.9114 0.1636
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