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SUPERCONDUCTING QUANTUM PHASE DEVICES
John Clarke
Department of Physics, University of'Californiavand

Inorganic Materials Research Division., Lawrence Radiation
Laboratoéry, Berkeley, California 94720

- INTRODUCTION

The prediction and subsequent dlscovery of the Josephson1 effects have
given rise to a variety of new dev1ces and techniques. Joseéphson devices are
now w1dely used in low temperature laboratories for the measurement of . tiny
low-frequency voltages and magnetic fields, and con51derable work is in pro—

_ gress to investigate their use as ‘high frequency detectors and mlxers.: One:x
'of the most important uses of the Josephson effect has been in the precis1on
measurement of e/h, and the maintainence of the standard of emf All of

these uses involve what may be termed "quantum phase effects" that is,’. ef--
fects that explicitly exh1b1t -the macroscoplc quantum nature of superconductors.
In this' article, I have tried to glve an account of some of the quantum phase

devices which have been developed, and to briefly describe their appllcations.

SUPERCONDUCTIVITY AND QUANTUM PHASE EFFECTS

According to the microscopic theory of superconductiv1ty of Bardeen,
Cooper, and Schrieffer,2 the electrons in a superconductor are subject to 1
‘h_an attractive 1nteract10n which gives rise to bound electron pairs.é The '

»fenergetlcally most favorable state of the system requires that these Cooper
palrs have the ‘same center of mass momentum, or, quantum mechanically, that
'they have the same phase. All the pairs in a superconductor may be described

by a 31ngle macroscoplc wave function or order parameter, and have (in the'

absence of. applied flelds) 1dentlcal quantum mechanical phase ¢ The
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eristenee of this: macroscopic quanﬁumvstate was first proposed b&’London.3
Thevpairing theory'explains the two properties of a superconduetor fhaﬁ were
firsf discovered: 1ts zero electrical res1stance at zero frequencles, and
" the Meissner effect, which is the exclu31on of a magnetlc field from the
bulk of the sample By surface currents flowing in a thin skin layer or»pene—
pration‘depthf Both effects nely'implicitly on the maeroscopic quanﬁum staﬁe.
of & superconductor; but do not demonstrate it expllcitly.' A ﬁhird’major"
f property, flux quantization, clearly exhlblts macroscopic quantum effects.
FVOrlglnally:proposed by London,3 flux quantlzatlon was flrst observed experl—
m‘ozan‘t::allly,4 in 1961. " The amount of magnetic flux contalned in a superconducting -
ring eanuot be arbitrary, but must be quantized in units of the flux quantum,
¢o,= h/2e‘ﬁ 2 X 10-7 gauss cm2, If a superconducting’ring contains~uo flux
if is in the n = 0 quantum state. A magnetlc field applied to this rlng w1ll
.be opposed by a ecirculating supercurrent that will maintain the rlng 1n the

= 0 state. <

AuOther very lmportant mahifestation of the maeroscopic Quantumfﬂature'
of'superconductors is the Josephsoul effect. A.review.of fhls topic by
-Pf-W. Anderson appeared in the Novembggﬁgésuevof Physics Today, aud'l shall
only briefly mention the essential features.

Josephsonl cons1dered two superconductors separated by a thln insulatlng
barrler, and proposed that Cooper palrs would be able to tunnel through the
barrier w1thoutvdeveloping a voltage across it. 'The flow of pairs:constiﬁutes
a supereurrent. :The supercurrent JS geuerates a differencebA¢ befweenvthe
phases:of_the_order parameters in ﬁhe two'supercouductors aecordiﬁg'tovthe

s

relation
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Jg = 4, sin (Ad). (1)

The‘dc Josephson effect oocurs for js <_jl; for JS > Ji, a finite-rolteée’ie
developed across the barrier. The effect waS'first observed by Anderson‘end
Rowell6 in a crossed-film tunnél junction similar to the one shown in Flg. 1(a).
A typical current-voltage (i-v) characteristic is shown in Fig. 2(a).

At<f1n1te voltages, the ac Josephson effect occurs, and the éupercurrent
oscillates with time; Eq. (1) is still valid, butlA¢.evolves ﬁith‘tine‘ecé

cording to the relation

& (8¢) = w=2pum, o (@)

" where Au is the electrochemlcal potential -difference across the junctlon. If

thls potentlal dlfference is purely electrostatic in origin, Au = ev. a
voltage of 1uV corresponds to a frequency of about 484 Mz, Notice:that
Eq. (2), with Au = eV, can be written as V = (h/2e)v = ¢ v, so that'the
Josephson voltage—frequency relation and flux quantlzatlon are 1nt1mately
related. |

5’6

o Thevcoupling energy”’" of a Junction is E, = -¢ J'/(2w)‘ If Jl is of

order 1mA, E is about 2eV, apprec1ab1y less than the binding energy of &

) s1ngle hydrogen atom It is for thls reason that a. Josephson Junctlon may

be used as the basis of a very sen31t1ve device..

Other types of Junction that have been 1nvest1gated are shown in

‘Figs. 2(a) - (£). They all have. a zero: voltage supercurrent up to a well—

(see Fig. 2(b)),
deflned meximim known as the critical current /and all obey Eq. (2) at

finite voltages. The most useful'Junctions for device work have.been:the
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Flg 2(e)) the proximity effect brldge (Fig. 2(d)), and

2(£)). Fabrication of rellable Junctions has been a maJor

difficulty in this field. However, recent work on tunnel Junctlons prepared

in a glow discharge mechanically robust p01nt contacts, proximity effect

br;dges, and vari

improving.

1. 'Magnetometers

ants of the Dayem bridge,8 suggest that the situation is

- QUANTUM PHASE DEVICES

N

One family of Josephson devices relies on the double-JunCtionl?xinter; '

conducting ring,

.roon temperature

ferometer illustrated in Fig. 3(a). Two junctions are connected on a super-

and their total critical current monitored by means of a

amplifier. The critical current is a periodic function

of & magnetic flux applied to the ring as shown in Fig. 3(b) ‘with a perlod

of one flux quant

um, ¢°. This 1nterference effect, first performed by Jaklev1c,

Lambe, Sllver, and Mercereau,12 is an elegant demonstration of the macroscoplc

quantum state in

quanta can pass t
the interferomete

For practlca

X cm2; Clearly,

field resolutlon
flelds . by measuri

the applled magne

a superconductor. When the Junctlons are in’ a finite voltage

'reglme (as they must be to enable the critical current to be measured) flux

hrough them into the ring. As the applled flux is increased

r moves through a succession of quantum states, n = 0, 1, 2 ...'

1l ressons, the maxlmum ares of the double junction is about

the dev1ce ‘can be used as a dlgltal magnetometer w1th a maximum

of about 2 x lO =7 gauss.. However, one can detect much smaller

ng the small change in the critical current that arises when

tie flux is changed by a fraction of a flux quantum Forgacs_a
and Warnlck13 were able to detect magnetic fleld changes as low as lO =9 gauss

in a 1 Hz bandwidth w1th a de Squid (Superconductlng Quantum Interference

1
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Device). The 1imit was set not 5y‘thé‘sﬁpéf§ohdﬁcting aévicé, but rgtﬁér 5y‘
noise generated at the input of the room temperature amplifier. .Howevér, the
" present authdr énd Jamés L. Pa.terson,lh have recently dévéloped an "ésymmétric'
Squid." 1In this variation, the current (i in fig._3(a)) is fed into the ring
in an asjmmetric fashion, for example,bét two points either side of one of.
the jﬁnétions."As a reéult, the symmetric oscillations of Fig. 3(b) become
skewed into the asymmetric form of Fig; 3(c). On the steeper side of the
oscillation, the change in critical current for a given chahge in magnetic
flux may be as much as two orders of magnitude'higher than for the symmetric
’7;q§se. Tt is likelyvthat this simple modification of the de Squid will ap-
breciably increase its sensitivity. |

15-18

A numbér of workers have developed single junction'quantum intef-

" ferometers, which have become known as rf Squids. These devices have 5éen
'?preferred ovér the dec Squids Becausé only one Junction is required; and also
‘ becausé the method of readout gives voltage amplification in th§ hélium bafh;
Rf Squids are now avéiiable comméréially. If an increasing‘méghéﬁicvfieldvis
appiied‘to a supercdnducting loop.containing 8 singie.Junction, the‘quaﬁtum’
state of the ring changes as flux quanta move in through the junction. .The
single junéfion interferpmeter can be used aé a magnetometer by<cbupling_it
to the inductance of a tank circuit, as shown in Fié; L(a). Aq acvcurfent
‘(io) is applied to the tank circuit aﬁ its resonant frequency. Thé amplifude
 of thé voltage across the tank circuit is periodic in the flux applied to

‘ the interferometer, with;g'period of one flux quantum. The éppliedifluk
modulates the effeétivé‘indﬁétance gf the interferémeter,_and,hence the
resonant freqﬁency=of the ténk circult. Tﬁe advéntége of thishfechniéue_

lies in the amplification obtained in the resonant circuit which is ét-liquid
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ﬁshélium temperatnres.'The'field sensitirit§=is comparatle to or somevhst Better _
than that of the dc Squid. A photograph of an.ac Squid made by Mercereau
and Nisenoff appears in Fig. h(b)j Zimmerman > has made rf Sdﬁids'ﬁith a
"fractional-turn loop," an ingenions modification;that increases the potential‘
sensitivity of the'device{by perhaps an order of magnitnde.' :
~ The magnetic field semsitivity of both dec and rf Squids‘msy be’inénessed
By;msans of the superconducting flux transformer shown in Fig. 5(a). A mag-'
netic field applied to the pickup coil generates a persistent supefcgfréht in_
“the transformer. This supercurrent in turn applieS'a magnetie finxfto'tﬁe |
,Sqnid. If the area of the pickup loop, A 1 is greater than that of the secondary
loop, A23 there will be an enhancement of the magnetlc field sen51t1v1ty " A
simple treatment shows that if. Al > A_, the enhancemént is approx1mately
(A /A )1/2. Enhancements of one order of magnitude have so far been achleved.
Magnetometers, usually w1th transformers, have.been used 1nva vsriety of
-applications, for example, in'measuring tiny susdeptibilities-in low"magnetie
’fields. Gollub et al;2o have measured the fluctuatlng susceptlblllty of 8
.superconductor at its tran31tlon temperature. Dr. J. E. Mercereau has.re- a
Lported susceptibility measurements on chemieal proteins. The samﬁléfis‘in-
‘serted into the magnetometer in a small dewar, and its temperature can be
varied from 1K to 300K. This technloue represents an order—of—magnltude't
1mprovement over present methods. A further applicationvof the'magnetometer
“is to detect very small displacementS'of 8 magnetievbodyg: This_instrnment
has potential as a gravimeter. |
A flux transformer may slso’be used to measure magnetio fielé gradients,
as shown in-Fig. 5(b). Gradient sensitivities of better than 10 +C gauss]cm'

" have been reported. Zimmerman andvFrederickzl’ezlhave used a gradiometer :
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ﬂ!to take magnetocardiograms py_pieciné s porteble'cryostat COntaining:the;
~gradiometer on the patient's chest. The tlny magnetlc fields generated by
the heartbeat . were plcked up by the gradlometer ampllfled and dlsplayed
on an osc1lloscope.
2. Voltmeters
A magnetometer may be converted into s galvanometer by coupling it to a‘
superconducting loop. A variation on this principle is the Slug (Super—
conductlng Low-inductance Undulatmny Galvanometer Fig. 1(f)), whose critical“
ifcurrent is modulated by a current 1n the nloblum wire. ThlS form of coupling
kls equlvalent to pa351ng the current along one of the superconductlng arms
of ‘the 1nterferometer shown in Fig. 3(a) These galvanometers are used as
'fvoltmeters by connecting a resistance in series with the coil, as in Fig. 6.
The voltmeters are almost invariably used as null—seeklng devices in a feed- o
back system If the resolutlon of the galvanometer is AI the coil 1nductance i
L, and the series resistance R the voltage sen51t1v1ty is AV RAI and‘the
tlme-constant T L/R The lowest inductance that can be achieved in a
circuit w1th a single turn loop and dlscrete components appears to be about

?10_8 H. For a tlme-constant of ls . the lowest value of R is correspondlngly

10_89. The resolution of the galvanometers is in the vicinlty of 10 ? - 10 9A,
and the voltage resolutlon therefore 107 16 - lO 7 V. However the Nyqulst |
,noise generated in a resistance of 10 89 at UK, w1th a clrcult tlmeaconstant
of ls, is about 8 x 10 16 V. Consequently, the resoiutxon_is limited‘by'
Nyqulstvn01se. | | V

For higher valnes of circuit resistance, 1t is usual to impedence-match -

':the voltmeter by using a multlturn 0011 to give corresponalngly hlgher current

resolutlon w1thout increasing the tlme—constant L/R However, as{tﬁe.

’
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résistance increases’and a progreSSively higher”turns-ratio is requiréd' the ‘
losses multiply, and eventually it is no longer possible to achieve voltage

. measurement that is llmlted by Nyquist noise in the resistance sat hHe _
temperatures. The present upper llmit of re51stance appears.to be 10 -2 QiiOf Q;
‘It is intriguing to realize that there is appamently no way at preSent'toa
observe Nyquist noise in a hHe temperature resistance in the range of ronéhly
1070 - 100. Values of resistance.above 100 can be transformer-matched.to
roomAtemperature low noise amplifiers;

Thesenvoltmeters'have been used in Hall effect_andIthermoelectricﬁmeasure-
ments at liquid hHe temperatures, and alsa in detecting voltaées‘due to flux
flow in type II superconductors; A further use23 was to compare'the véitagés'
of steps induced on the i-v characterlstlcs of two d1ss1milar Junctions while'
they were irradiated at the same frequency (see next sectlon) The‘voltageS’_

Hwere found to differ by less than 10~ 7V, corresponding to i part . in 108.

"'3.  Measurement of e/h

Perhapseh the single most important use of the Josephson effect has been
in the measurement of the fundamental constant ratio e/h. When a Josephson _
Junction is irradiated Wlth microwaves, a series of constant—current voltage

steps is induced on the i-v characteristic,-25 as indicated in Fig;'7; Thése

steps appear at'voltages;
v, = nhuw/2e, _ ()

where w is the angular frequency of the microwaves, and.n is an 1nteger.
The applied mlcrowaves beat with the osc1llat1ng supercurrents in the junctlon

to produce 8 zero frequency component whenever the supercurrent frequency is
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equal to the‘microwave.frequency; or”a nultipleHOf‘it These Zero frequency
components are manifested as dc supercurrent steps at flnlte voltages. By‘
_accurately measuring the microwave frequency and the voltages at whlch these
steps appear, one has an estimate of 2e/h.

: The measurements are important in three respects. Flrst they prov1de
a 31mple and accurate means of maintaining and comparlng standards of emf
in terms of & frequency. Second, the new value of e/h has had a cons;derable.l .
impact on the values of meny fundamental constants. Third, an adcurate value
of the fine structure,constant 0, may be.obtained from 2e/h This value of
o is believed to contain no correctlons from quantum electrodynamics (QED),
and msy be used . to 1ndependently compare QED theory w1th QED experiments.:

Extensive measurements of 2e/h have been made, pioneered by work at

.Ethe University of Pennsylvania by Langenberg, Parker, and Taylor.26' ehé*
5Pennsylvan1a grouphavemade seven high prec1s1on determlnatlons, the NPL in

the U.XK. three, and the NSL in Australla and the PTB. in West Germany, one.

each. When these values of 2e/h are expressedm-nﬁterms of the NBS as—malntalned '
volt of 1969, they agree to w1th1n lppm, The latest Pennsylvania reSult27
is 2e/h = 1483.593718 * 0.000060 MHz/u BS@@ (— 0 12 ppm).. These results are.
'summarlzed and discussed in a paper by Flnnegan Denensteln, and Langenberg.27
At present, the various national laboratories of the world malntaln the '
standard volt by means of cells. Every three years or so the cells are taken
“to the Bureau Internatlonal du Poids and Mesures (BIPM) in France and inter-.
»,‘compared ‘These transfers often 1nvolve some loss of accuracy, because the o
cells” have to be removed from their controlled env1ronment However, if the'
voltages of the various standard cells can be expressed as a Josephson fre~

quency, 1ntercompar1sons are relatlvely gimple, and do not 1nvolve transportlng
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the cells. Dr. B. N. Taylor at the NBS reports that the U.S. legal volt will
soon be @aintained in terms of a Jcsephson.frequéncy;.and that the standards
laboratories of other countries are expected to follow suit.

It should be emphasized that the Josephson junctlon is not used to define

the volt. The standard volt is expressed as a Josephson frequency, which then S e

- provides a very convenlent and accurate means of re-establlshing the volt in

| another laboratory. ‘ The present accuracy of:frequencyvcallbration ;n.terms
}of‘tﬁe as;maintained volt is about 1 parf'in iOT, although the abéclﬁfei§clt'
5:is knowc only to * 2.6 ppm. | | | | |

IdThe value of 2e/h obtained by Parker ef al.28 ‘was about 38 lO ppm
smaller than that given by the 1963 least—squares adjustment of the fundamental

30 to@ersﬂérm

constants by Cohen and DuMond.agA This result-led'Taylop et.al.
a‘new adjusfment. A crucial point ‘in their adjustment.was‘the'ccmﬁineticn"
of 2e/h with various other quanﬁiffes (which do hot.cchtain significaht

known QED corrections), to obtain avvelue of the finecstructufe consteﬁ£,eq,
.~ which is thought to be independenﬁ ovaED effects. This."non-QED“fvalde.for’
o was 20ppm higher than the 1963 value, which did involve QEB:effecte. jThe”
’nev value of.a has resolved a ncmber of discrepancies'betweeﬁ'QED expeiiﬁents

and theo:y.3o

Other fundamental constants have also been. affected by the
new adjustment,3o for example h has been 1ncreased by 9lppm.vv

It is striklng that a SOlld contalnlng.lo2 electrons/cm3 can’ yleld a
high precision measurement of & fundamental constant 1nvolv1ng the charge on

a single electron.. The fact that this measurement is p0551ble is & dlrect

consequence of the,macrosc0p1c quantum state in;a superconductor,'c :

4. High frquenqy,generators,'detectOrs; and mixers

Considerable effort has been made to use the ac Josephsoﬁ effect fof?the
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' generation and detection of hiéh freoﬁenCy'electromaghetic éaﬁiatibn;3li_1£,f
.now seems unlikely that the Josephson Junction~willrbe imporiaﬁﬁias.a'geheretor;
'because of the relatively low~power'levels aveilable. A major problem is the
'1mpedance mismatch between free space (377R) and the. junctlon (typically lﬂ)
The same mismatch of course arises with detectors, so that relatlvely llttle
of the inc1dent radiation is actual]y transferred into the Jgpctiopgvahe,most'
successful detectors havebbeen point contacts; aithough'the coup;ingpof r;die{f‘
tion to them is not well understood.

Slnce the appllcatlon of electromagnetlc radiation to e junctlon modlfles
the current-voltage characterlstlc, a varlety of detectors are possible.p‘In; 
. principle, a detector could be. realized by monltorlng ‘the he1ght~of one of
.;the induced steps (see Fig. 7). Changes in step helght are detected by |
current biasing the junctlon at a voltage Just above the step voltage. The
voltage across the Junction is then a function of the step height. Uhfortunately,
in order to achieve high sensitivity, a large amplltude step is requlred 80 that
a high dynamic resistance appears just above &hd below the step. As a8 conseguence,‘
pﬁis techniquevis_not very useful at low sigﬁal levels. However,vsmell'signels‘
also modify the critical current (n = 0 step) of'the juncfion; Since the |
‘ condition V nhw/2e is satisfied for all w for n = O the junctlon may be used
4s a broadband detector At a given frequency, the Junctlon has a square—law “

_response to small signals, but the spectral response is usually compllcated.32

' The best detector. to date appears to be that of B Ulrich 33 at_AustinggTexes,”
who has achieved a noise equlvalent power (NEP) of 10” h W/JEE- “';“et a
wavelength of lmm. Ulrich has used ths device in the McDonald observatory

at the Unlver51ty of Texas for Astronomlcal observations.

Richards and S’terling3LL have made & regenerative detector-by“placing a-
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_ point contact in a cayity; RadiatLon emltted by the Junctlon at a resonant
= frequency of the cavity generates a standing wave whlch in turn couples
energy back into the Junction.35 The result is a self-induced step on the
i-v characteristlc, somewhat similar in appearance to the radlatlon—lnduced
steps of Fig. 7. If broadband radlation is admitted to the cav1ty, there is’
na large response of the self-lnduced step to radiation at the corresponding
cavltv resonant frequency. ‘The response is confined to a narrow band‘Whoee
central‘frequency may be adjusted by changlng the cav1ty size and. shape.
Rlchards and Sterling achleved an NEP of 10 W/fﬁ_ at a wavalength of lmm
Yet another type of detector is the heterodyne detector, in'yhich the
junctlon is used as a mixer in conjunction vith a local osc1llator. If the
Josephson frequency is w., the signai frequency’ ws, and the local 0301llatorf
_frequency wL, Grimes and Shapiro36-showed that steps will appear 1n.the i-v
cheracteristic whenever | ”
.+ + m = 0, . ':. ._(ﬁ).

J S L

~

where n and m are integers. If wslis close to wL, the combined signéls are

equlvalent to one signal modulated at wL - ms; The local osclllator ‘can be
made to generate a large step, whose amplitude varies with the signal strength.
.This technique overcomes the major drawback of the induced—step detector .
Amentloned earlier. It is also p0351b1e to mix the 31gnal with a hlgh harmonlc |
“of the local osc1llator, so that hlgh frequency 31gnals, 1n the far 1nfrared
for example, can be detected with a. local osc1llator of conveniently low fre-

quency. McDonald et al. 37 have successfully mlxed a 891 GHz si gnal from an

HCN laser with. the gy® v'harmonlc of an X-band local;oscillatora'
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Josephson detectors have'improved the'State-of-the-art of_high frequenoy
detection by perhaps an order of maghitude at certain wavelengthsgafjwﬁich
conventional bolometers have low sbsorptivity. The’main'problems with the
Josephson'detectors appear to be the lack of suitable completely reliable
v':junctions, and the difficulty of impedance matching them to free space.

However, work in these areas is intensive, and one may hope for further

improvement .
5. Josephson Jjunction thermometry
Kamper38 39 has suggested the use of the achosephson effect in absolute

‘noise thermometry at.hHe temperatures and below. A junction.is’biased at g

ilow voltage by connecting it across a small resistance R, through whlch ‘a

"l>current is passed. The Johnson noise voltage generated by this re51stance

"at a temperature T modulates the ac Josephson frequency whlch as g result

' has a llnew1dth

dv. = MTEIR )

The 11new1dth of the radiation emitted by the Junctlon is therefore proportlonal
to the absolute temperature of the resistance. Kamper et al.hO have used this
"thermometer down to temperatures of 20 mK, and suggest that temperature measﬁre-
‘ ment down to 1 mK is feasible.

.Other n01se and fluctuation phenomena could be measured w1th thls tech—

nlque.v

6. Computer elements
Matisoohl has shown that'a JoSephson-Junction mey be switched from a

zero-voltage to a finite-voltage state in less than 10-9s, so that the
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Junction could possibl&_ form thé'basis éf'é/iégic élemént in a éomputer.
He has élso used two junctions in parallei (és iﬁ Fig. 3(a)) as a fiip—flop.hz-

.Anderson, Dynes, and Fultdnh3 have reééntly used Jéséphson juﬁctidns in  '
a "flux shuttle", which is a prototype counter or shift register. They cén—
~structed a serles of Junctlons in the ladder configuration shown schematically
in Fig. 8. The crltlcal current (1 ) of each junction is chosen so that each
loop can contain at most one flux quantum, supported by a c1rculat1ng supér—
current, w1thout externally applled fields or currents. This requlrement im-
plies 2 ¢ > Lic > ¢ , where L is the inductance of'the loop.

If a current of approprlate magnltude (between 1 and 2i ) is applled
to AlA ’ most of 1t will flow through Junction A, which will" momentarlly be
driven into a finite voltage state, and a flux quantum will be admitted into
" loop 1. The.éurrent around loop 1 will be'rediétfibuted,and Junction A will
return to a superconducting state. When the drive current is remOVéﬂ,Ja flux
quantum_will remain in loop 1, maintained by a cirCulating'§upercﬁrrenﬁ:
o a second flux

quantum will be admitted to loop 1. However, Junction B, which cannotjsustain

= ¢6/L. If a further current ‘drive is applled to A A

sufficient current to maintain two quanta, opens, and admits orie of theiquanta
‘into loop 2. In this way, a succession of current pulses‘applied'aﬁ A1A2 wiil
propagate flux quanta alohg the ladder. The arrival of a quaﬁtumqaf (say) fﬁé
tenth loép can be sensed by a flﬁx»detector. Conééqhently, the ladder behaves
as a counter.- | |

| AnderSon et al.h3 also demonstrated the use of the devicé'és a'éhift
vaegister. Suppose that loop 1 contalns the only flux quantum 1n the ladder,
: ﬁith a supercurrent J 01rculat1ng as in ‘Fig. 8 If an approprlate current

less than lc’ is applied to B2Bl (1 e. in the dlrectlon of J) Junctlon B
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will bpen}to transfer the quantum ianto loop 2, where it will remaiﬁ when the
current is removed. On the other hand, if loop 1 was initially "empty", the

current applled to BB, will not exceed ic, and no flux quantum will be

271
introduced or transferred. In this way, the current'pulse epplied te BQBl
transfers the contents of loep 1 (0 or 1) iﬁto'loop 2. TNotice incidentally,
that if both loops 1 and 2 initially contain one flux quantum (of the same
polarity), B carries no current. When the current pulse is applled it is
insufficient to "open" Byand no transfer of flux occurs. o
\ By successively applying currentlpulses to each junction‘(beginniné:at:
j the end of the ladder), we can shift the contents of the ladder aldﬁg one’
: loop. In other words,ﬁwe have a protbtype shift register. |
~ CRogENICS |
A1l of the devices'described_must, of course, be operated at lOW'teﬁfefa-
tures; usually in the liqﬁid hH_e range, 1 - k4 K. Until.recently, this reéuiéite
hasvrestricted the use'ofuéuch devices to'low—temperature laboratories. How~
ever, smail, robust metal cryostafs are now being more cbmﬁenly uéed,.andihaQe‘
opened up the(possibility of operating low—temperature devices in more rigofous
enyironments; For example, e\cryostat designed by P. L. Richérds at Berkele&
uwiiivremain cold for over 12 hours with 1 liter of liquid helium. The cfyostét _
is about 20 em hlgh and 16 cm 1n diameter, and is quite portable.
CONCLUSIONS
0f the dev1ces I have descrlbed the magnetometers and voltmetefs are
already w1dely used._ They are commer01ally avallable, and one may eipect -
thelr appllcatlons to expand The e/h measurements are now mostly being under--

teken in standards laborator1e83 and will be of continued importance in mein;

taining voltage standards and determining fundamental constants. The eleetro-
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magnefic radiation détéétbfs aré jﬁst béginniﬁg“to siénifiCantl&'improVe'the
state of thé art of'high fréQuency détection; Considerable work rémains'fo
be done in this aréa before thé ultimaté‘sensitivity of theéé devices is
attained. Such ingenious néw ideas as the flux shuttle offer intriguing
possibilities, but require-inténsivc developﬁent.
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" Figure Captions

Fig. 1. Types‘o} JosephSOn Junction
(a). Crossedbfilm tunnel Junction.6 The first £ilm of (for example) t1n
is allowed to oxidize before the second strip is dep031ted The
Junction thus consists of two superconductors separated'by_a thin
layer of metal oxide.. |
(b)? Superconductor-normal metal—sunerconductor junction,T in which-the:
| .oxide layer of (a) is replaced by a copper £ilm.
{e). Dayem bridge,8 con31sting of a thin superconducting film w1th a
necked-down region forming a weak link
. (d); Proxlmlty effect Junction,9 in which the Dayem bridge is further
| "weakened" by & normal metal overlay
(e). Point contact junction.lp
(f). Slug,ll consisting of a bead of solder froaen ahoutﬁthe oride coating
ofia piece of niobium wire. o
j:Fig.,Q(a). Current-voltage.characteristic'of'tunnel Junction.

(v). Current-voltage characteristic of "weak link" (Slug).

' 'Z Flg 3(a). Double Junction quantum 1nterferometer two Junctions mounted on

a superconductlng ring.» A magnetic fleld applled to the plane of
the ring modulates the'critical current of the two junctions _
" Junction.
(b). Typical plot of cr1t1cal current 'vs applied magnetic flux for ‘a double/
(c) Skewed osc1llatlons from an asymmetrlc double junctlon.-
Flg. L(a). Single junctlon quantum 1nterferometer, coupled to- which is the
1nductance of a tank circuit. The amplitude of the voltage (V ) .

across the tank circuit is an oscillatory function of the. flux K

applied’to the intefferometer.
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'(b). Rnotograph of en rf Scuid;'

Fig. 5(a). Superconducting flux transforuer.. The flux applied ﬁo thevnick-up.
loop (1) generates s supercurrent in the transformer,. and hence a
flux in the Squid. (X indicates a weak-1link), '3_V | |

(b). Magnetic field gradiometer.' The loops.(l) and (2) are of equal
areea but opposite sense. The flux generated_invthe Squid is pro-
portional to the difference in the_fielde at (1) and (2).

Fig.A6. Superconducting voltmefer ’The currentilv V/R induced in the loop

| of 1nductance L generates s magnetlc flux in the 1nterferometer.

Fig. 7. Constant-voltage current steps induced on Sn-Sn0-Sn Junctlon by
UGHz radiation. o |

fié.AB; Schematic of flux shuftle as‘a counter of shift registere Loop 1
contains a single flux quantum malntalned by the c1rculat1ng super-

current J = ¢0/L, where L is the loop inductance.
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