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ANALOG OF THE AC JOSEPHSON EFFECT . IN SUPERFLUID HELIUM*
P. L. Richards

- Department of_Physics,‘University of California
R : - .and
Inorganic Materials Research Division,
Lawrence Radiation Laboratory,
Berkeley, California 94720 -

ABSTRACT

‘When a chemical potential difference exists between the

superfluid helium on two sideslof'an orifice, supeffluid flow

.tékes pléce'at a critical velocity accompanied by the -creation

Of quanfized vortices. The frequency with which vortices are

.

crgated is expected to be equal to the chemical potential dif-

‘ferencé (the anaiég bf'the ac Josephson fregquency in supercon-

ducting tunneling). An experiment is described in which this

fréquency cbndition is verified by a method analogous to that

used ‘in superconductors. Experimental conditions were se-

1écted,$uch that the gravitational head difference mgZ was the
dominant contribution to the chemical potential difference.

Z was measured by a‘capacitance‘techntie; "An ultrasonic
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transducer was used to modulate thelflow:tﬁrough the ofifiée
ét'the frequenby w so that~thé rate of creation of vortices
was Synchronizéd with'ﬁhe modulationlfreQﬁenéy. ’The.system
‘yéé’qbséfvéd to exhibit dynamic stabi;ity:at values of
hegd-diffefeﬁce‘z=nhw/n'mg corresponding ton qﬁaﬁtized
“'Yoftices cfeated'every‘n' cyéies of the.df.fhe modﬁlation.
Tﬂe-éorre5ponden¢e between theory and experimént is most.
_»cdﬁvin¢ing under experimeﬁtalvconditions such‘thét the
stréngth of the stabiiity.decreases rapidly with increasing -
valueélof fhé iﬁteger n'. This was found to occur with small
orifices aﬁd.with”moderate modulation amplitﬁde in agrée—
 ﬁent with the results qf the gnalogous experiments in

superconductors.

K./'
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I. INTRODUCTION .

The superfluid state of liquid Heh is in many ways remarkably

similar to the superconducting state of the eléctrons in metals at

|
l

low temperatures. This analogy has been useful to the investigators

of both systems. In particular it'suggestsbthe possibility of

obsérving‘in supérfluid liquid helium effects related té the well
known Joséphsoﬂ éfféctsl of supéréonductivity.‘,The majof difficulty
in attempting such expériments is in the construction of a barrier
through which superfluid helium atoms could tunnel. Itvﬁas geen
suggéstéd? that tunnéliﬁg_could’oécur through a barrier pierced with

holes of atomic dimensions ~dut this has not jef been experimentally'

‘verified.v P. W. Anderson suggested to the author that this difficulty

could‘ﬁe_évoided by constructing a superfluid helium analog of the
3,k

AhdérSon—Dayem experiment. Their experiment, which is schematically
illustrated in Fig. 1, is similar to the clgssic\ac Josephéontékperi-_
ment éxcept that a narrow neck in a supercondﬁcting thin film takes

the place of a tunnel junction. The superfluid He Analog of this

‘ geomeﬁry’consists of two vessels of He connected through a small

orifice as shown in Fig. 2(a). Early experiments done_én this system

in c¢lose collaboration with P, W. Anderson showedithat when the

" 'flow through the orifice was moduiated with an ultrasonic transducer

\

the time average flow ceased for periods of minutes or longer at
various values of the head difference Z between the baths. This.

phenomenon'was interpreted as the analog in -superfluid He of the

current steps in the Anderson-Dayem experiment. These results were
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,reéorted.and'diécussed iﬁ several places.‘ zsuBsequéntly, this 
' éxperimeﬂt has been répéated by a nﬁmbérvof workers including
Khbraﬁa and Chandrasekhér'and Khorana and Ddﬁglass.a In this
f'papérvwé.will gi?é‘g full discussion ofvthé_é#péfiﬁent and'présent
improveé féSults;'.

| ‘II. THEORY

.”A."Aferagé Rate of Vorﬁex Crossing

As;waS'first.pqinted.out'by W. Ziﬁmermang the‘expériment

deécribed'héfe-Can be understood_f;om two.points of view. One
is tﬁé'Qﬁantum méchaniéal approach ﬁsed in the first féport;sv the
otherLisvtb use claSéical.flﬁid"dY§amiés biué‘VOrtex quantization.
. Both.pdihts of view wiil-bé revieﬁed iﬁ_this section as each éontri—}r
~Butes-t§'a physical uﬂﬁerstandingfof the effect. .Following Feynman10
‘we caﬁwde$¢fibe the flow of superfluid helium by a_#ave function
Y= Woei¢Q£2 where Wo is fhe ground-state_?g?e,fﬁnction of the fluid

at rest and the phase ¢(r) is a potential function for the superfluid

velocity distribution v ()

Jé
g

(1) ="_¢;<£)'~}. o (1)

The requirement that ¥ be single valued leads to the condition

$V¢ + ar = n2m, n =0, 1, 2.... | (2)
so that the circulation . ° o | -
- 3 - r_"..}-1- . .
K E fIs dr e v ; v (3)‘

. Eqﬁatibns'(Q).ahd (3) are interpreted as describing quantized vortices
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in subeffluid helium. -fn the case of g vbrtex liné wiﬁh cylindrical
symmetry (3) becomés v, = nﬁ/mr; # veiocity fiéid whichAfalls off as
r_l and in which each hélium atom has'angular momentum nﬁ;~ The shape
énd position of the vortex liné is convéﬁtionally discussed in terms of
_the position of the core inside which ﬁhe ébbvé vélocity distribution
is no ldhger valid.ll“ If the-édre is closed onvitself in a circle of

radius R we have a vortex ring whose energy E and momentum p (perpen-

dicular to the plane of the ring) are known from the classical dynamice

of a frictionless fluid of density psl2
1 .2 1n8Ry 7 . -
E= EpSKR [ '(3- ) -1 ] o k (W)
-
. 2 .
. P =p  KTR". : B (5)

. The existence of quantized vortex rings in superfluid He has been -

most clearly verified by Rayfield and.Réif;B

ﬁho found that the core
radius a * JA and that the quantum of circulation K = h/m, that is,
that n = 1 for their experiment.

Implicit in the above picture is the.assumption that the phase

factor ¢ is coherent over macroscopic distance, so we can define the -

.-—.phase difference Ad = ¢(£2) - ¢(£i) between'two'points and consider

-4ts evolution in time. A time[eiqlution of the phase difference is

expected if there is a chemical potential difference An between the

. two points. _Bel:f.a.evl)4 showed that'fof a weakly interacting Bose gas

the phase contains the term - ut/d so we expect that within an additive

‘constant

-

= Mth. (7)
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The same argument can be made for superconductors from the work of

15

Gorkhoff. Except for a factor 2 due to pairing the result is the

same. Joéephsonl stated that condition in the form h%%-— 2eV.

'Wé:can now relate the chem1cal potentlal dlfference to the rate of |

* wortex motion using the éxperimental geoméfry of Fig. 2(b). We choose
a path'of‘integratibn bEtweénvpoints in the'two:baths which are far
“from the orifice so that the fluid is_nearly'stétiohary, If the
tempergture is the sameiét'the two points, then Aﬁ = ﬁgz. From (l)-éné

(7) ve obtain

A¢-§-¢I2 = mgZt/h ®
Thy _.

so that the phase difference (and Yelocify integral) increase linearly

in timé} :Thesgvrelatibns are easily ﬁpdefsto6d in thefegime of
.,_accélérating potential'flow through'the orifice. ;Exberimentally, how-
ever,-géspeadyvstate isvraﬁidly fegched invwhich_the heliﬁm flows at &
critical vélocify aCComéanied by fhe_production of vorticiéy. It can
be séeh‘from-(é):fhét the phaseldifféréncé A¢vihvthe présehce of a

vortex will depend on which side of the vortex core the path of inte-

grétidn‘paSSes, In general, the phase difference between any two points

will change by n2m when a vortex with n quanta of circulation passes
 between them.16 We can obtain a &escriﬁtion of the experimentally
observed steady state if we assume that vortex cores which carry n

quanta cross the path of integration at an average frequency
(v) = mgZ/nh , (9)

w1th the proper 51gn to cancel on the average the phase Sllppuge 8\

v
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- The cérfespbnding fregquency in the'supercondudting case is
{(v) = 2eV/nn. o (10)

We thus'identify the ac'Joséphson fréquéncy with the average_réte of
crossihg of sihgle quantum vortices. It éhould be noticed thatvthe
arguménf'pfesentéd here doeé‘ﬁot rely on a speéific m;dei”of vortex
motidh. Suéh a model is; however,'helpfulrin visualiiing the proéess.
A model for fluxoid crossing is easily obtained for the Andersoﬁ—
Dayem}bridge. The self magnetic field of fhe critical éhrrent breaks

| into the film atkode edgeAas & quantized fluxdia. Under the influence
"~ of tﬁe‘Lorentz f@rée‘this fluxoid migfates‘across the bridge thus
nacés;gfily cutting the paﬁh of intggration frqm one side to the other.
If we éséume pérféét symmeffy, then fluxoids of opposite sign will
‘énéer‘from opposite’sides. They will méet and anhihilaté due to their
mutgal_attractidn. A similar bictufe for_liQuid'heliumlcan aiso‘be

" found. Let us assume thaf.vorticitylis produced in the form of
quantized vorteéx rings in the orificé ésvéhpwn in Fig. 2(b). We
,ﬁust'éésume that the vOrtex core is'préduced at the orifice walls so.
fhaf all éossible.paths of integr#tion through the Qrifice iniﬁially
thréad fhé vortex ring. .The vortex rihg wifh radius.approximatély
equél_fo thaf of the Orifice will then move down stream, gradqallyv

.u@ff-lbse‘éngrgy~due to collisions with phonons aﬁdvrotons (normal fluid),

and shrink to a rotoﬁf13 The véloéity iﬁtegrai of Eq. (8) will increase
linearlylwith time as long as fhe vortex rings stay threaded on_thé

' éathﬁpf integratibn.. It is, of course, more likely that in the steédy

| state the rings_will cross the péth and move avay at an average fre-

[
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quency equal to the vortex creation frequency. The conditions for

the validity of Eq. (9) are thus satisfied.

As was mentloned earller the average frequency of vortex crossing

(creatlon) can also be obtained from classwcal hydrodynamlcs plus

- i
-vortex quantlzatlon.9 In the spirit of Feynman s derlvatlon of the

critical velocity at annerificelo we assume that the force ngnRg
‘accelerating fluid through an orifice of radius:R is equal to the

momentum of a vcrtexvriug'(S) times the frequency 'of creation V.

Assumiugithat'the circuletioﬁvK:= nh/m we obtain the frequency for

| vqrtei'creetion’(9)>giveﬁ:preViously. This argument does not

explieitly displey the average nature of the vortex creation frequency.
Tt makes the additional aesumption that any contribution to the pres-
sure pgZ due to'normal fluid acts to'acceierate normal.fluid. A

more general argument was given by Anderson6 who showed by integrating

- Euler s equatlon for a c1a551cal frlctlonless fluid that the chemlcal

'potentlal dlfference between tw0‘p01nts in the fluid is equal to the
time_averege rate at'which-vorticity (Zﬁz) is transported across the
line Jdining(them. In superfluid helium Y}Xs_= 0 everywhere except’

at the vortex cores around which the circulatien K= nh/m. Anderson's

’

~result; which is not particulary useful in classical fluids, thus gives

the vortex crossing frequency in superfluids.

"L-‘f “ o B, " Synchronization of'VorteX'Crossing

A direct observation of the vortex crossing frequency, such as

can be done to superconductors, to be difficult in helium. There is no

—

| electromagnetic radiation to facilitate observatlon of the predlcted

‘peak in the frequency dlstrlbutlon of the current flow 1n a
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1

free':running orifice.'/" The success oOf ‘the . "Anderson - Dayem
'experiménta’h shows that the heterodyne technique suggested by Josephson1

17

for the case of tunnel junctions, does work

in the superconducting bridge. It can best be understood as a synchroni-
- : ‘ .

%zation of the'vortex crossing to . a modﬁlation of the current. If the

' supér¢ﬁrrent is modulated as shown in Fig. 3, vorﬁex nucleation will

be enhéhceq‘af'times of high velocity and suppressed'ét times of low
‘velocity.viThus the vortex crossing'frequehcy determined by Aﬁ wiil
<corfesp§nd.io'n ertices crdésing evéry n' cyclesvof the modulation
where h’ani n' are positive integers. The existence of an observable
.effect.dépe;ds‘pn the stability of the éystem (that is, the.constancy
of n and~n'ﬂ-at values of Au which-correspond'to small vaiuesvof n and
gspecially éf n'. Thé data in Fig. 1 clearly shéw sych stability of
thé SUpércééducting Eridge at voltage values V = nhw/n'2e corresponding
to thé'crbséing'frequency:in Eq..ﬁbl Current steps with n/n' = é,>3
are called ﬁarmonics of fhe fundemental n/n' = 1 step and those with

fractional valﬁes of n/n"are called subharmonics."The‘stability of

" the more pronounced current steps is indicated by the horizontal lines

leading to the top and bottom of such.sfepé. These-reveal a tendency
for the sy;ﬁem to "Jump"‘to the step rather thaﬁ occupy a range of
neighboring Qoltages. The range of instébility is directly related_

to the curreht source impedance uéed; Although the existence of such
StéPS is PlaPsiblé from thé synchronization argument given above,.the .
detailed natﬁre of the stability, in particular the selection rule

‘for step height, is not understood in deféil.' For cases to whi¢h‘the
Joseﬁhson tunneiing theory epplies, the hon-iinea# differential equafion

i
.
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. governihgﬂg jﬁnction driveﬁ>byAfinité impedan;e dc and ac sources

'cﬁn be.written down. Although solutionsvafe difficult to obtain, this

" theory seems. to account adequafely for the.observed_‘phenomena.18 Such

2 deté%ied treatment does no£ eiist.for,the Dayém 5ridgé, but qualitatively
similer behavior is to be éﬁpected. The superfluid He case of intereét

| . to us here has been qualifatifely discusséd by Anderson{6 Even in

the gpsence of detaile@ tﬁeory, synchronization effects ana;ogous

to'thosévin the Dayem bridge can be predicted with confidence.

III. MEASUREMENT OF CHEMICAL POTENTIAL
“As:was.pointed,out by Donnelly, a number of contributioné to the
chémiéalﬂpoténtial (the‘GiEbsAfree énefgy per atom) may be impoftant
in an experiment‘of the type.described here. Bekarevich and Khalatnikdvlg

have.shown,that"the gradient of the chemical'potential has the form

_ —— | |
VP Ay svr - 2Ry (v - v )2 ' (1)
m p 2p im0 =8 ,

o>

Our ékpérimentél‘conditiéns weré'selectedISuéh that only the first term
in (11) i; important near the surface of the bath'wheré Z is measured.
- We ‘thus obtain Ap=mVP/p=mgZ. So that'the_stébility of the system is

expected when
" 2 = phw/n'mg. _ - (12)

If one of the baths contained N static vortex lines per unit area
of the fluid surface, then the second term in (11) would contribute
~ Au=AhN/p, where A= —(psh/Qm) 2n avN, the ratio of internal energy to

vorticify;.depehds only weakly on N. 'NeithervthiS/term nor the last

§ s
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‘term in-(ll), which depends on the counterfiow of super and normalvfluid,
_'is_expected to be 1argevnearithe‘free surfeee. ih.the femperature

range ofeinterest 1.2<T< 2.i K the decay of a vortex ring due to
COIIisions'with rotons and phonons (mufual frietion)'ie very-rabid.13

In the absence of rotation of the apparatus; only a small number of
stable vortex lines should be excited. Effects whlchican be escrlbed
to such linee (persistent currents) are deeeribed in Section v-¢C
Aetemﬁefature'difference‘befween the two Saﬁhs will_centribute the
well known fountain effect term Au# -msAT. In early experimentsh such
an effect arising from the heat generated by the transducer vas clearly
seen;-‘A fraction of the measured Z wae attfibuted to preferential flow
of normal fluid ﬁexcitefious) ﬁhrough the orifice away from the warm
vé‘*  transducer.’ It is estimated that the heat conducted between the
two ueths, which detefmined'AT, was shared'neefly equally between
viscous normal fluid flow thfough the orifice and a Kapitsa resistance
“1imitedrheat flow fhrouéh theveepacit0r~wails;-'Differential.evapefa—
_tion from the two baths was minimizea:bybthe uee of connecting tubes of
- emall aiameter. In the expefiments.reporued here care was taken to
avoidVSuch temperatufe differences. It proved p0551ble by carefully
mlnimlzlng the dlstance 2 between the transducer and the orifice, t6
’obtaln adequate modulation levels with negligible temperaturevdlfference.
In peinciple, exéerimentel situations could be contrived in which any
- or aliiterms inA(ll) contributebsignificantiy to the chemical pofential.
'“Such variations of the experiment described here would serve primarily :

to verlfy (11), a task which. could be accompllshed more ea51ly with

more conventional equilibrium (Au 0) experiments
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Y TV. APPARATUS - .

ihe ékperimental apparatus shown in Fig. 4 was used to obtain the

data pfesenfed here. It differs in.several details from the apbaratus
5

The-present experiment was

|

performed in a sealed can immersed in pumped He 1n31de a conventlonal

glass cryostat The He helght 1n31de the can was meesured using -a

coax1al capac1tor.' Guarded leads connected the capacitor to a commercial

cepacitance bridge operated at variousdfrequenciee near 3 KHz. Changes

in lefel wereineasured.B&_reéding'the off-balance siénalvfrom the
bridge.witn;e ioek—in'emplifief.; fﬁe 1owé; end.of the capaciter:was
sealed'with a one mil Ni_foii containing a“singie orifice.go The
ekperimental Eeth'wes'filled by'condensatibn 6f room temperature He gas

at an over pressure of ~ 200 Torr. The condensation took’pleee slowly
. . : . -

.enough‘tc avoid a head difference 2 betWeen the inside and outside of

the capacitor. The filling was monitored by observing capacitance changes
whicﬁ;hed.been,calibfaﬁed’by'reising or lewering fhe'capacitor by

a'measufed,ameunt. ‘The upper endvof'the"cepacitor‘communicafed with

the He vapor above the experimental bath through a narrow standpipe

whose upper‘end was maintained above TA to evoid the conceptual and

~(perhaps) practlcal dlfflcultles of a superfluld system multlply _ e
.connectedYVIa film flow. Heat leakage down the Standplpe and electrlcal
' leads ‘and heat generated by the capacitance»measurement may have

.caused e_fountain effect contribution to Z. Such equilibrium’effects,

includlng those caused by surface ten51on do not affect the measurement
since the 'zero" of head dlfference was obtalned from the measured

capacitence at equlllbrium. Since the surface areavof the He in the
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.cepacitef is ~ 0.5%.of that in the bath, changes in the experimental .
bath level were neglected except durlng calibration when a correction
was applled for the rather larger change in capac1tor displacement as

it was ralsed or lowered. The homogeneity‘of the capacitor spac1ng

placed a limlt of .~ 2% on the absolute accuracy of measurement of Z.

L, B s The flow through the orlflce was modulated using a quartz frequency—
'”ccntrol.crystal driven at its longltudlnal resonant frequency of
| ) w°/2wé10h;6KHz. The 1 x 6 mm end face of the crystal was placed as

close as practical (£ ~ 0.2 mm) to the crifice; The rms velocity v

of the”endAof the crystal was estimated by measuring its resonant Q

(R S50t Lo

while immersed in the He bath‘and also the total heat P éenerated for
a.giQEn drifelvcltege. For a driven hermonic oscillator with a uniform -
ﬁaes diStficutién the°stored energy mv2/h=PQ{mo. 'To“obtain the ?éloéity
offthe flnid in the orifice thevﬁelocity of the end of the transducer
must be:multiplied by a factor D2/£d ~ 100. Here Dfis'the effecti?e
diameter of the end of the transducer which is slightly larger than its
thickness, end'd is fhe.orifice diameter. The calibration of orifice
' velocit&_in terﬁs of drive nolfage varied greatly from run to run
becaﬁse'of different yalues of L. Typical estimated yelocities ranged
_-~from 1-to 100 cn/sec;
| .fewAédfive voltege threshold -~ IQvtimes fhe largest useful velues was
observed sbove Vhich_the signal from the capacitance bridge became very
| i | noisy.  This threshold was assumed to mark the onset of cavitation in

the He.?
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V. EXPERIMENTAL RESULTS

A. Critical Velocity
The critical velocity for flow through tﬁe ofifice was meesured
'.by raiéiﬁg.or lowering the capacitor aesembly suddeniy and ﬁonitoring
the. capac1tance as a functlon of tlme. Tybgcai results'are shown in
Fig. 5 for a 12 u dia. orlflce. They correspond to a head dependent
;~cr1tlcal_veloc1ty vé ~ 32 ‘em/sec for 7Z=0.5 mm decre351ng to ~ 1 cm/cec
for Z=4051mm.22 Flow at smaller values_of Z was masked by perlodlc
sloshingfof the.He.in.the‘experimental vessel excited by the change in
level of the capacitor. The Feynmanlo expression for the critical

velocity'invan orifice
= [151(*81?) -4 | | (13)
mR "7 a ¥ '

., can be obtalned by equatlng the rate of loss of potentlal energy ngnReV
as fluld flows through the orifice with ve1001ty \ o? to the energy
of a vortex»rlng (&) tlmes thelr rate of creatlon (9) Under our
experimenfal-oondltlons>the predlcted vc =3 cm/sec is somewhat'larger
than our measured limitiﬁg yalue of ~ 1 cm/sec. To fit our data for

' largef §al&es of Z we would have to assuﬁe eithef fhat vortices emaller
than the.orifice size are cfeated or that vorfioes witﬁ more than-one

’.quantuﬁ of circulation are createa in this range. Careful measurements
of the limiting critical velocity for small Z‘by Trele and Fairbapks23

revealed reasonable agreement with (13) for n=l in ceftaih.cases with

larger orifices and lower temperatures. The estimated values of rms

velocity in the orifice driven by the modulafion»are at least comparable

to the'limiting critical velocity. This appears to be necessary for
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vortex synchronization to be effective.

B

_ _ R K 3 ,
Experiments were usually begun by applying an ac drive voltage to

Pumping Effect

{
[ .

v the transducer with the suberfluid in a quiescgnt state at Z=0. Below

a minimum drive amplitude no effect was observed. For larger amplitudes
He was stéédily'pumped toward the bath with the transducer (out of the

capacitor)L This pumping effect was also observed in He above TA which

: had°beeh”su§ercooled’to avoid bubble formation. Novthreshold for

pumping was found in thé_feWiéxpériments doné'fbr T > TA' This
obsérvatidﬁ is'éXplained‘by assuming that thé tfansduéer is‘acting as

é claéS;cal‘fluid pump. Since the trénsducér cannot be located symmetfi-
cally over the orificé,’largé fiuid‘velbcitiésutfaﬁsverse tb the
orificé axis afelexpécted) Thé'aéymmetry of the éeométry means that
fluid i§ driven écross oné side of tﬁe'qrifice'so thét a head differeﬁce
is'froduéed. The apparafué adts as a Pitot tuBé for the measurement

of this transverse velocity. No- Bernoulli pressufé is obtained until

vorticity is created. ‘A threshold velocity is required for vortex

creatibn»in the superfluid state but.not above TA;' The observed

pumping saturated at Z=V2/g from 1 to 10 mm, corresponding to transverse

velocities of lolto 30 cm/sec.

C. Evidence for Vortex Synchronization

Without vortex synchronization, the head difference Z would rise
smoothly to its saturation value determined by the pﬁmping action

described above. The vortex synchronization phenomena described in

' Section IIB produce_dynamic stability of the systém at values of 7 given
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in Eq.:(l2); ‘ihése correspond to n.vortices crossing every nf cjeles
of thévmodulation} This‘stability is dramatically illustrated by the
data in Figs. 6 and 7. In thesé figures, the:ordinate haé been
'adJusted'éo that Z=iO diviéions corfésponds to oﬁe vortéx crossing
per'cjcle; that ié,'to Z#ﬁwyMg. In each ruﬁ,the equilibrium value of
Z wés.ésﬁablishedAand'fﬂéh the transducer was turned on ét thévtime
markéd "start". In the lowest curve of Fig. 6 the.transducé£ amplitude
| vas-suég as to rump a satﬁrafion héad value close to one full step |
(rx/nbﬂ'.':"j]_f-)_.;1 Thé”system sHowéd remarkable stability at tﬁié step,
returning to it_ﬁWice after short excursions. These excursions were
prbbébly causéd by‘mechanicél shocks. The n/n'=3/2 subharmonic step

is also}in evidenée. The gppefvtwo curves coriespond successively

to larger pump‘saﬁuration values as‘well'as_hiéher modulation velocities
’ in'thebbrifice. The center curve shows stroﬁg stability for n/n'=l
through 6 and }éther wééker'stability on identifisble 1/2, 1/3, and .1/
steps‘in'between. It is expected.that thé apparent stébility of a
step increases‘as the pump apprbaches its ;atﬁratién valué'and ceases

. to drive 2 upward. 'Perhaés this effect counteracts an. intrinsic

weakening of the stability for larger values of n/n' such as is

_ Qbserféd in the superconducting data shown in Fig; 1. ‘The three curves

shown in Fig. 6 vere obfained on widely separaﬁed occasions with
different values of £ and so thé orifice modulation velocify is not
directly related to the pump driv; voltage V. The correiétién between
modulation velocity and saturation height is reasonably close; howevef,
and we cénvconclude from the inspection §f these data and from the

many.hundfeds of runs from which they were selected that for relatively
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low modulation levels the harmonic steps are rather mere stable than

the subhermbhicrsteps. At larger modulation'leVels such as in the
top curve, this preference for harmonlc steps dlsappears and a quantita-

tive verlflcatlon of (12) 1s more dlfflcult Our first reported resultsS

‘were ebte1ned,w1th relatlvely‘large modulatlon velocities compared with

those.shown here.

The modulation volﬁdée aﬁd traﬁsdueer placement for fhe iower curve
in Fig. T are identieal vith those for the cehter curve in Fié.i6. The
differehees'between the two curves appeered to be'due to the previous

history of the baths (trapped vorticity) and to uncontrolled shocks and

'.vibrations reaching the apparatus. Despite'ob?ious differences, the

main features of the curves are similar. The upper curve in Fig. T

shows “the effecfvof‘increasing ﬁhe orifice size. Agaih; es with large
ﬁodulafioh amplitude, the preferenCexfor whole steps is reduced. The
20u orifice size is estimated +o be large enough that a vortex line ma chis
not be carrled across the oriflce by the transverse velocity in one
cycle of the modulatlon;' We thus expeCt severalvvortices to be simul-
taneouSly present in the neighborhood of the Qrifice.v No steps at |

all'#ere seen for orifices lerger than 50¢ dia. In the presence,of

-lerge transverse velocities duevto’ misalignment of the transducer

the idealized picfure of vortex rings presented in Section II is almost
cerfaihly_not correct. All that is necessary to explain the observed
effects, however, is to postulate vortex crossing at the proper rate.

This experiment does not, therefore, give detailed information on the

actual configuration of the vortices. _.

’Although no detailed theory exists for the occurrance of_sﬁbharmonic
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nsteps,:tne observations reported here are reasoneble on fairly general
grounds. .The Josephson current of a tunnel junction biased at a
_constantvvoltege is a pure Sinusoidalbfnnction.of'time.. The applicetion
of a SinnSOidel modulabion creates harmonic,'bnf not eubhermonic steps.
The current'fIOW‘in an"orifice or Anderson?Dayem bridée nitn.fixed bias
is certeinly not a sinueoid.. Ib follows from Ed; (8) tbet tne flow
fincreasesjlinearly until a'vortex crossing occurs. The harmonic content
of thisrflow'createsVthe’subnarmonic steps when'a moduletion is applied.
It is certainly plau31ble that thls harmonic content is rlcher when the
modulation amplltude greatly exceeds the critical veloc1ty or when the
orifice is large enough to accommodate several vortices at once.

One'frequently”observed feature of the datekis that“Z,returns to
a value eomewhat below.its starting value when the.fransducer isr
switched off. A similar effect occurs in the published data of Khorana
and-ChendraSekhar.7 Oneeexplanetion is that some reeidual vorticity
remains in the beth COnteining the transducer for ; period‘of'many
minntes‘after bhe transducer is turned off. The equilibrium, ﬁhich
corresponds to Au*O would then occur at a lower He level in the
transducer bath because of the second term in Eq (ll)

- It should be noted that the experiment described herevdiffers_in
one important respect from the Anderson-Dayem experimeni:T There a
'highlimpedance constant current source was used and the I-V curre was
observed to jump across regions ofvinstability as discussed in Section ITE.
Here the dec current source is the analog of aAcharged capacitor and
its impedance is low compared with that of the:orifice. Consequently

a moré nearly continuous approach to dynamic equilibrium is observed.
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' The ac source impedance is also low.

- One other detailed point is that.beéause of the nature of the

current source a position of dynamic equilibrium at constant Z corresponds

to no net flow of He. This is indéed fortﬁnate since the normal fluid
is at least partially clamped by the orifice and any He flow produces
a temperature difference between the baths and thus an sAT contribution

to Ap. Such effects can be neglected after the system has reached

thermal equilibrium on any given step.

VI. 'CONCLUSIONS
Nearly five years have passed sinée the'firstypositive results5

were announced for the superfluid He analog of the ac'Josephsbn effect.

During that time the experiment has been repeated in more than six

. laboratories and.the data have’impro#ed greatly. The experiméntal

situation,»howéver, isrétill unsatisfactory in.Several respécts.
The experiments remain difficult to perform. That is, not all of

the variables are under control. Although stability of the bath for

various values of 2 occurs regularly, data of the quality shown in

Figs. 6 and 7 must be selected from many hundreds of runs, Evén.

fhough'plausible reasons for the selection usually ekist, it is not

-clear to what extent the natural tendency to select data which agree-

with a p;econceivéd theoreﬁical idea'hﬁs concealed important features
of the He experiment. This'is especially serious when an attempt is

being made to test a>£heoretical predictiqn invthe form of the ratio Qf
two infegers with no reiiable‘information about sélection rﬁles. What
canlbé'said withlgonfidence is that conﬁ;;ions qf dynemic stabiiity

with 2 # 0 (and thus Ay # 0) can be produced regularly, and that
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experimenfal conditions can be foﬁnd (Figs. é and 7) for which the

: measuréd values of Z can bé fit qﬁantitativély by the expressipn

Zz = nhw/n;mé with a plauSiblé_sysfematic vériétion of the integers n and
n'. ‘We thus conclﬁéé with réasonablélconfidéncé that»tﬁe theory hés
'.been ferified.. |
| jAllsqf the successful experiménté Xnown to the author are performed
‘,ip apparatus.identical in most important feépe¢£s ;o that originally

‘ uséd.’ So far.only>oné Hé analog of th§ many supérconducting Joséphsoh'
'éfféct pﬁgnoména haS"been'obserfed. This probiém'seems important ‘

ehoﬁgh{toIJUStify s wider range of experimental efforts.
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" FIGURE CAPTIONS
u:Aﬁderédn andiDayém éhowéd that.thé de currehf—voltagé characteris-
_ticvbf'a sﬁperéondﬁéting»thin film Bridge:eihibits_véftical steps
ih'the cﬁrrént”whéh thé voltagé is modulated at ‘& microwave frequency
" The steps .occur because the flow of quantlzed flux01ds across.
the brldge becomes synchronlzed w1th the modulatlon They represent

a‘stablllty of the system whenever the natural frequency ofvfluxoid

‘crOSSithQéV/h corresponds to n fluxoids'every n' cycles of the

modulatlon

(a) Schematic dlagram of the superfluld hellum analog of the
Anderson-Dayem experiment. Two vesséls of helium connected via a
55311 §rifice or.shért ¢hénhel‘a¥e fiileaito"diffefent levels to
provide a chémicéi p¢tentia1 differénce'méz. The resuiting flow
is modulated by an ultraéoninfransducef. (b)'Voftex rings

¢rossing the path of ihtegration

3. Schematlc representatlon of vortex synchronlzatlon ‘caused

‘by 8 51nu501dal veloclty modulatlon for the case of a natural

frequency of vortex creation equgl toithree vortices per cycle of
the hodulatidn. .Thé tie's represénf the times at which vortices.
aré‘created; |

h; Apparatus used'fbr thé_present.meaSUreﬁenté. The bréés can

waﬁ 5{5 cm od. The He inside the capacitor is shaded darkly to

-make it more visible.

5. Deéay-of a head difference Z between the two He baths which

was created by repeatedly raising and lowering the capacitor. The

'Qritical'felocityvdrops from 32 cm/sec to about 1 cm/sec as the -

+

el o
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head Z decreases.
Fig. 6. ‘Measured valués of héad différencé Z vs time fOr various
: vﬁlueé of tﬁé'ac voltagé drive on thé ﬁraqsducér. Thé hérizontal
regions indicate qynamic'stability‘of thé'Hé at finité_Z dgé to
vo;tei synéhroﬁizatién. |
Fig. T.  Measured'valués of heéd différence Z“vs timé for two diameters
i éf.orifice. The modulation amplitudé is‘appfoximately the same

as'for the center curve of Fig. 6.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commxss1on nor any person acting on
behalf of the Commission:

A. Makes any warranty or representatlon expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report. _

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract

with the Commission, ‘or his employment with such contractor.
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