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SUPERCONDUCTING QUANTUM PHASE DEVICES 

John Clarke 

Department of Physics, University of California and 
Inorganic Materials Research Division., Lawrence Radiation 

Laboratory, Berkeley, California 94720 

INTRODUCTION 

The prediction and subsequent discovery of the Josephson1  effects have 

given rise to a variety of new dvices and techniques. Josephson devices.are 

now widely used in low temperature laboratories for the measurement of tiny 

low-frequency voltages and magnetic fields, and considerable work is in pro-

gress to investigate their use as high frequency detectors and mixers. One 

of the most important uses of the Josephson effect has been in the precision 

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 .exhibit the macroscopic quantum nature of superconductOrs.. 

In this article, I have tried to give an account of some of the quantum phase 

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

SUPERCONDUCTIVITY AND QUANTUM PHASE EFFECTS 

According to the microscopic theory of superconductivity of Bardeen, 

Cooper, and Schrieffer, 2  the electrons in a superconductor are subject to 

an attractive interaction which gives rise to bound electron pairs The 

energetically most favorable state of the system requires that these Cooper 

pairs 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 single macroscopic wave function or orderparameter, and have (in the 

absence of applied fields) identical quantum mechanical phase, 	The 
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existence of this. macroscopic quantum state was first proposed by London. 3  

The pairing theory explains the two properties ofa superconductor that were 

first discovered: its zero electrical resistance at zero freqi1enoies, and 

the Meissner effect, which is the exclusion of a magnetic field from the 

bulk of the sample by surface currents flowing in a thin skin layer or pene- 

tration depth. Both effects itely implicitly on the macroscopic quantum state 

of a superconductor, but do not demonstrateit explicitly. A third: major 

property, flux quantization, clearly exhibits macroscopic quantum effects. 

Originally proposed by London, 3  flux quantization was first observed experi-

mentally in 1961. The amount of magnetic flux contained in a superconducting 

ring cannot be arbitrary, but must be quantized in units of the flux quantum, 

= h/2e 2 X 10 ' 	m gauss c 2 . If a. superconducting ring contains no flux, 

it is in the n = 0 quantum state. A magnetic field applied to this ring will  

be opposed by a circulating supercurrent that wilimaintain the ring in the 

n=Ostate. 

Another very important manlfest.3.tion of the macroscopic quantum nature 

of superconductors is the Josephson1  effect. A review of this topic by 
1970 

P. W. Anderson appeared in the November/ issue of Physics Today, and I shall 

only briefly mention the essential features. 

Josephson1  considered two superconductors separated by a thin insulating 

barrier, and proposed that Cooper pairs would be able to tunnel through the 

barrier without developing a voltage across it The flow of pairs constitutes 

a supercurrent. The supercurrent j generates a difference t4 between the 

phases of the order parameters in the two superconductors according to the 

relation 5 	 - 
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is = ii Sin (4). 	 (1) 

	

The dc Josephson effect occurs for j S < 	for J > j 1 , a finite voltage is 

developed across the barrier. The effect was first observed by Anderson and 

Rowell6  in a crossed-film tunnel junction similar to the one shown in Fig. 1(a). 

A typical current-voltage (i-v) characteristic is shown in Fig. 2(a). 

At finite voltages, the ac Josephson effect occurs, and the supercurrent 

oscillates with time. Eq. (i) is still valid, but A0 evolves with time ac-

cording to the relation 

1 - () = 	= 2i/h, 	 (2) 

where AV is the electrochemical potential difference across the junction. If 

this po±ential difference is pure1t electrostatic in origin, AV = eV. A 

voltage of liV corresponds to a frequency of about 1 81  MHz Notice that 

Eq. (2), with ti = eV, can be written as V = (h/2e)v = v, so that the 

Josephson voltage-frequency relation and flux quantization are intimately 

related. 

The coupling energy' of a junction is E = o j 1 2) 	If j is of 

order lrnA, E is about 2eV, appreciably less than the binding energy of a 

single hydrogen atom It is for this reason that a Josephson junction may 

be used as the basis of a very sensitive device 

Other types of junction that have been investigated are shown in 

Figs. 2(a) - (f). They all have azero voltage supercurrent up to a well- 
(see Fig. ?(h).), . 	. 	. 

defined maximum 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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point contact'°  (Fig 2(e)), the proximity effect bridge 9  (Fig 2(d)), and 

the Slug 	(Fig 2(f)) Fabrication of reliable junctions has been a major 

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

in a glow discharge, mechanically robust point contacts, proxithity effect 

bridges, and variants of the Dayem bridge, 8  suggest that the situation is 

Improving 

ANTUM PHASE DEVICES 

1. 	flëtometera 

One family of Josephson devices relies on the double-junction12  inter-

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

conducting ring, and their total critical current monitored by means of a 

room temperature amplifier. The critical current is a periodic function 

of a magnetic flux applied to the ring as shown in Fig. 3(b),with a period 

of one flux quantum, q. This interference effect, first performed by Jakievic, 

Lambe, Silver, and Mercereau 5 12  is an elegant demonstzatibn of the macroscopic 

quantum state in a superconductor. When the junctIons are in a finite voltage 

regime (as they must be to enable the critical current to be theasured),flux 

quanta can pass through them into the ring. As the applied flux is increased, 

the interferometer moves through a succession of quantum states, n = 0, 1, 2 

For practical reasons, the maximum area of the double junction is about 

2  i cm 	Clearly, the device can be used as a digital magnetometer with a maximum 

field resolution of about 2 X 101 gauss However, one can detect much smaller 

fields by measuring the small change in the critical current that aIses when 

the applied magnetic flux is changed by a fraction of a flux quantum Forgacs 

and Warnick13  were able to detect magnetic field changes as low as 10 gauss 

in a 1 Hz bandwidth with 6 de Squid (Superconducting Quantum Interference 
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Device). The limit was set not bythe superconducting device, but rather by 

noise generated at the input of the room temperature amplifier. However, the 

14 
present author and James L. Paterson, have recently developed an "asymmetric 

Squid." In this variation, the current (1 in Fig. 3(a)) is fed into the ring 

in an asymmetric fashion, for example, at two points either side of one of,  

the junctions. As a result, 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 change in magnetic 

flux may be as much as two orders of magnitude higher than for the symmetric 

ease. It is likely that this simple modification of the dc Squid will ap-

preciably increase its sensitivity. 

A number of workers 
15-18 have developed single junction quantum inter-

ferometers, which have become known as rf Squids. These devices have been 

preferred over the dc Squids because only one junction is required, and also 

because the method of readout gives voltage amplification in the helium bath. 

Rf Squids are now available commercially. If an increasing magnetic field is 

applied to a superconducting loop containing a single junction, the quantum 

state of the ring changes as flux quanta move in through the junction. The 

single junction interferometer can be used as amagnetometer by coupling it 

to the inductance of a tank circuit, as shown in Fig. (a). An ac current 

is applied to the tank circuit at its resonant frequency. The amplitude 
01 

of the voltage across the tank circuit is periodic in the flux applied to 

the interferometer, with.a period of one flux quantum. The applied flux 

modulates the effective inductance of the interferometer, and.henee the 

resonant frequency. of the tank circuit. The advantage of this technique. 

lies in the amplification obtained in the resOnant circuit whiáh is atliquid 
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11 

helium temperatures The field sensitivity is comparable to or soewhat better 

than that of the dc Squid. A photograph of an ac Squid made by Mercereau

1.  
and Nisenoff appears in Fig. lt(b). Zimmerman19  has made rf. Sqiuidswith a 

"fractional-turn loop," an ingenious modification that increases the potential 

sensitivity of the device by perhaps an order of magnitude. 

The magnetic field sensitivity of both dc and rf Squids may be increased 

by means of the superconducting flux transformer shown in Fig. 5(a). A mag-

netic field applied, to the pickup coil generates a persistent sueréurrent in 

the transformer. This supercurrent in turn applies a magnetic Plux.to the 

Squid. If the area of the pickup loop, A1 , is greater than that áf,the secondary 

loop, A2 , there will be an enhancement of the magnetic field sensitivity. A. 

simple treatment shows that if A 	A2 , the enhancement is approximately 

(A1/A2)1'2. Enhancements of one order of magnitude have so far been achieved. 

Magnetometers, usually with transformers, have been used in a variety of 

applications, for example, in measuring tiny susceptibilities in low magnetic 

.20 	 . 	.. 
fields. Gollub et al. have measured the fluctuating susceptibility, of a 

superconductor at its transition temperature. Dr. J. E. Mercereau has.re-

ported susceptibility measurements on chemical proteins. The sample is in-

serted into the magnetometer in a small dewar, and its temperature cai n.biEi, 

varied from 1K to 300K. This technique represents an order-of-magnitude 

improvement over present methods. A further application of the magnetometer 

is to detect very small displacements of a magnetic body.. This instrument 

has potential as a gravimeter.  

A flux transformer may also he used to measure magnetic field gradients 

as shown in Fig. 5(b). Gradient sensitivities of better than 10 	gauss/cm 

21  have been reported. Zinunerman and Frederick' 22  have used a gradiometer 
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to take magnetocardiogrs by placing a portablè cryostatcontiring the 

gradiometer on the patient's chest. The tiny magnetic fields generated by 

the heartbeat were picked up by the gradiometer, amplified, and displayed 

on an Oscilloscope. 

2. Voltmeters 

A magnetometer may be converted into a galvanometer by coupling it to a 

Superconducting loop. A variation on this principle is the Slug (iiper- 

• 	 conducting Low-inductance Undulaty Galvanometer, Fig. 1(f)), who àritical 

current is modulated by a current in the niobium wire. This form of coul1ng 

is equivalent to passing the current along one of the supercotiductjg arms 

of the interferometer shown in Fig. 3(a). These galvanometers are used as 

voltmeters by connecting a resistance in series with the coIl, as in Fig. 6. 
• 	The voltmeters are almost invariably used as null-seeking devices in, a feed- 

back system. If the resolution of the galvanometer is AI, the coil inductance 

L, and the series resistance R, the voltage sensitivity is AV =RAI, and the 

time-constant T = L/R. The lowest inductance that can be achieved in a 

circuit with a single turn loop and discrete cOmponents appears to be about 
-8  

10 H. For a time-constant of is, the lowest value of R is 	 Qndl'ngly  

The resolution of the galvanometers is in the vicinit of l0_8 - 

and the voltage resolution therefore io 6  - 10 7
V. However, the Nyquist 

noise generated in a resistance of 10_8 at 'ix, with a circuittëonstt 
16 of is, is about.8 x 	

Consequently, the res1utjorj is JAmited by, 

Nyquist noise. 

For higher values of circuit resistance, it is usual to impedance_match 

the voltmeter by using a muititurn coil to give coespondingly higher current 

resolution without increasing the time-constant, L/I. However, as 1  t1ie 
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resistance increases and a progressively higher turns-ratio is required, the 

losses multiply, and eventually it is no longer possible to achieve voltage 

measurement that is limited by Nyquist noise in the resistance at He 

temperatures. The present upper limit of resistance appears to be 10 - io'c. 
It is intriguing to realize that there is apparently no way at present to 

observe Nyquist noise in a 1 Hé temperature resistance in the range of roughly 

lOT - lO?. Values of resistance. above 10 can be transformer-matched to 

room temperature low noise amplifieI-s. 

These voltmeters have been used in Hall effect and thermoelectrjc measure-

ments at liquid He temperatures, and also in detecting voltages due to flux 

flow in type II superconductors. A further use 23  was to compare the vOltages 

• of steps induced on the i-v characteristics of two dissimilar junctions while 

they were irradiated at the same frequency (see next section). The voltages 

• were found to differ by less than 10 V, corresponding to 1 part in 10 8 

3 	Measurement of e/h 

24 
Perhaps the single most important use of the Josephson effect has been 

in the measurement of the fundaiental constant ratio e/h. When a Josephson 

junction is irradiated with microwaves, a series Of constant-current voltage 

steps is induced, on the i-v characteristic, 25  as indicated in Fig. •7 These 

steps appear at voltages' 
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• 	 equal to the microwave frequency, or a multiple of it. These zero frequency 

components are manifested as dc supercurrent steps at finite voltages. By 

accurately measuring the microwave frequency and the voltages at :which these 

steps appear, one has an estimate of 2e/h. 

The measurements are important in three respects. F1rst, they provide 

a simple and accurate means of maintaining and comparIng standards of enif 

in terms of a frequency. Second, the new value of e/h has had a considerable 

impact on the values of many fundamental constants Third, an accurate value 

of the fine structure constant, a, may be obtained. from 2e/h. This value of 

a is believed to contain no corrections from quantum electrodynamics (QED), 

and may be used to independently compare QD theory withQED experiments 

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

the University of Pennsylvania by t,angenberg, Parker, and Taylor 26 The 

Pennsylvania group havemade seven high precision determinations, the NPL in 

the U K three, and the NSL in Australia and the PTB in West Germany, one 

each. When these values of 2e/h are epres*é&iterms of the NBS as-maintained 

volt of 1969, they agree to within ± lppm The latest Pennsylvma reSult21  

is 2e/h = 483 593718 ± 0 000060 liz/iVNBi9 (± 0.12 ppm) 	These results are 

summarized and discussed in a paper by Finnegan, Denenstein, and Langenberg 27 

At present, the various national laboratories of the world maintain the 

standard volt by means of cells Every three years or so, the cells are taken 

to the Bureau International du Poids and Mesures (BIPM) in France and inter-

compared These transfers often involve some loss of accuracy, because the 

cells have to be removed from their controlled environment }ovever, if the 

voltages of the various standard. cells, can be expressed as a Josephson fre-

quency, intercomparisons are relatively simple, and do not involve transporting 
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the cells Dr. B. N. Taylor at the NBS reports that the U S legal volt will 

soon be maintained in terms of a Josephson,frequèncy, and that the standards 

laboratories of other cotrntries are expected to follow suit. 	 . 

It should be emp1iasized that the Josephson junction is not.uséd to.. define 

the volt. The standard volt is expressed as a Josephson frequenày, which then 

provides a very convenient and accurate means of re-establishing the volt'in 

another laboratory The present accuracy of frequency calibration in terms 

of the as-maintained volt is about 1 part in 107 , although the absolute volt 

is known only to ± 2.6 ppm. 	. 	. 	. 	 . 	. 	. 

The value of 2e/h obtained by Parker et ai. 28  was, about. 38 ± 10 ppm• . 

smaller than that given by'the 1963 least-squares'adjustment.of the' fithdamental 

constants by Cohen and DuMond. 	This result led Taylor et al. 3°  to 

a new adjustment. A crucial point 'in their adjustment was 'the 'c'ombinat1on' 

of 2e/h with various other quantities (which do not contain .signifiant 

known QED corrections), to obtain a value of the fine. structure constant, c, 

which is thought to be independent of QED effects. This "non-QED" value for 

was 20ppm.higher than the 1963 value, which did involve QED e±'fects. The 

new value of a has resolved a number of discrepancies between QED experiments 

and theory. 30  Other fundamental constants have also been affected by the 

30 	 . new adjustment, for example, h has been increased by 91ppm. 

It is striking that a solid containing io22 electrons/cm3  can yield a 

high precision measurement of a fundizuental constant involviig the charge on 

a single electron... The fact that this measurement is possible is a direct 

consequence of the macroscopic quantum state in' a superconductor. 

1 	High frequency ,generators, detectors, and mixers 

Considerable effort has been made to use the ac Josephson effect for the 

':•':... 
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31 generation and detection of high frequency electromagnetic radiation 	it 

now seems unlikely that the Josephson junction -will be important as a generator, 

because of the relatively low-power levels available. A major problem is the 

impedance mismatch between free space (377) andthe junction (tyically192). 

The same mismatch of course arises with detectors, so that relatively little 

of the incident radiation is actual3y transferred into the junction The most 

successful detectors have been poiit contacts, although the coupling of ra.diá-

tion to them is not well understood. 

Since the application of electromagnetic radiation to a junction mo.ifies 

the current-voltage characteristic, a variety of detectors are possible In 

principle, a detector could be realized by monitoring the height.of one of 

the induced steps (see Fig. 7). Changes in step height are detec'ted.by 	- 

cur:Pent biasing the junction at a voltage• just above the step voltàgè. The 

voltage across the junction is then a function of the step height. UnfOrtunately, 

in order to achieve high sensitivity, a large amplitude step is required so that 

a high dynamic resistance appears just above hd below the step. As a ccniseguence, 

this technique is not very useful at low signal levels,. However, small signal 

also modify the critical current (n = 0 step) of the junction. Since  

condition V = nXiw/2e is satisfied for all w for n = 0, the junction mar be used 

as a broadband detector. At a given frequency, the junction has a square-law 

response to small signals, but the spectral response is usually complicated 32 

The best detector to date appears to be that of B. Ulrich, 33  at Austin, Texas, 

-14 who has achieved a noise equivalent power (NE?) of 	W/V 	, at a 

• 

	

	wavelength of 1mm. Ulrich has used this device in the McDonald observatory 

at the University of Texas for Astronomical observatiOns. 

3  Richards and Ster1in 	have made a. regenerative detectrn.•bvT)ThinR. ..--------- -------------
.4 
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• point contact in a cavityç, Radiation emitted by the junction at a resnan-t 

frequency of the cavity generates a standing wave whiáh In turn couples 

enerr back into the junction. 35  The result is a self-induced step on the 

i-v characteristic, somewhat similar in appearance.to the radiation-induced 

steps of Fig. 7. If broadband radiation is admitted to the cavity, there is 

a large response of the self-induced step to radiation at the corresponding 

cavity resonant frequency. The response is confined to a narow band whoèë 

central freque4cy may be adjusted by changing the cavity size and shape.

-14 Richards and Sterling achieved an NEP of lO 	at a wavelength of 1mm. 

Yet another type of detector is the heterodyne detector, in whIch the 

junction is used as a mixer in conjunction with a local oscillator. If the 

Josephson frequency is wa., the signal frequencyw5 , and the local oscillator.  
36  • frequency w i, , Grimes and Shapiro showed that steps will appear in.the i-v 

characteristic whenever 

Wj  + nw5 + mwL = 0, 	 4) 

where n and ni are integers If WS  is close to wL , the combined signals are 

equivalent to one signal modulated at w - The local oscillator 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 

mentioned earlier. It is also possible to mix the signal with a high harmonic 

of the local oscillator, so that high frequency signals, in the far infrared 

for example, can be detected with a local oscillator of conveniently low fre-

quency McDonald et al 	have succesful1y mixed a 891 GHz signal from an 
th 

HCN laser with.the 84 harmonic of an X-band loca1Osciflator.  
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Josephson detectors have improved the state-of-the-art of high frequency 

detection by perhaps an order of magnitude at certain wavelengths.atjch 

conventional bolometers have low absorptivity. The main problems with the 

Josephson detectors appear to be the lack of suitable completely rel&able 

junctions, and the difficulty of impedance matching them to free space. 

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

improvement. 

5 	Josepjson junction therniometry 

38,39 Kamper 	has suggested the use of the ac Josephson effect in absolute 

noise thermometry at.He temperatures and below. A junctionis biased at 

low voltage by connecting it across a small resistance R, thru€h which a 

current is passed The Johnson noise voltage generated by this resistance 

at a temperature T modulates the ac Josephson frequency which, as a result, 

has a linewidth 

• 	47rkTR 
2 

0 

The linewidth of the radiation emitted by the junction is therefore proportional 

to the absolute temperature of the resistance. Kamper et al. °  have used this 

thermometer down to temperatures of 20 niK, and suggest that temperature measure- 

ment down to 1 mK is feasible 

Other noise and fluctuation phenomena could be measured with this tech- 

ni que 

6 	çputer elements 
41 

Matisoo has shown that a Josephson junctior may be switched from a 

zero-voltage to a finite-voltage state in less than 	so that the 

[I 
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junction could possibly form the basis of a logic element in a computer. 

He has also used two junctions in parallel (as in Fig. 3(a)) as a flip_flop.42 

Anderson, Dynes, and Fuiton4  have recently used Josephson junctions in 

a "flux shuttle", which is a prototype counter or shift.register. They con-

structed a series of junctions in the ladder configuration shown schematically 

in Fig. 8. The critical current (i) of each junction is chosen so that each 

loop can contain at most one flux quantum, supported by a circulating super-

current, without externally applied fields or currents. This requirement im-

plies 2 > Li 
>0 

where L is the inductance of the loop. 

If a current of appropriate magnitude (between i and 21 ) is applied 

to A1A2 , most of it will flow thràugh junction A, which will momentarily be 

driven into a finite voltage state, and a flux quantum will be admitted Into 

loop 1. The current around loop 1 will be redistributed, and junction A will 

return to a superconductfng state. When the drive current is removed, a flux 

quantum wll remain in loop 1, maintained by a circulating supercurrent 

J = /L. If a further current drive is applied to A1A2 , a second flux 

quantum will be admitted to loop 1. However, junction B, which cannot sustain 

sufficient current to maintain two quanta, opens, and admits one of the quanta 

into loop 2. In this way, a succession of current pulses applied at A1A 2  will 

propagate flux quanta along the ladder. The arrival of a quantum at (say) the 

tenth loop can be sensed by a flux detectOr. Consequently, the ladder behaves 

as a counter. 

43 Anderson et al. also demonstrated the use of the device as a shift 

register. Suppose that loop 1 contains the only flux quantum in the ladder, 

with a supercurrent J circulating as in Fig. 8. If an appropriate current, 

less than I, is applied to B231  (i.e. in the direction of J), junction B 
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will open, to transfer the quantum into loop 2, where it will remain when the 

current is removed. On the other hand, If loop 1 was initially "empty", the 

current applied to B 
2  B  1  will notexceed IC  and no flux quantum will be 

introduced or transferred. In this way, the current pulse applied to B 
2  B  1 

transfers the contents of loop 1 (0 or 1) into loop 2. Notice 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 applied, it is 

insufficient to "open" Bjand no transfer of flux occurs. 

By successively applying current pulses to each junction (beginning at 

the end of the ladder), we can shift the contents of the ladder along one 

loop. In other words,we have a prototype shift register. 

CRYOGENICS 

All of the devices described must, of course, he operated at low tempera- 

	

tures, usually in the liquid He range, 1 	4 K. Until recently, this requisite 

has restricted the use of such devices to low-temperature labOratories. How-

ever, small, robust metal cryostats are now being more commonly used, and have 

opened up the possibility of operating low-temperature devices in more rigorous 

environments. For example, a. cryostat designed by P. L. Richards at Berkeley 

will remain cold for over 12 hours with 1 liter of liquid helium. The cryostat 

is about 20 cm high and 16 cm in diameter, and is quite portable. 

CON CLUS IONS 

Of the devices I have described, the magnetometers and voltmeteis are 

already widely used They are commercially available, and one may expect 

their applications to expand. The e/h measurements are now mostly being under-

taken in standards laboratories, and will be of continued importance in main-

taining voltage standards and determin5ng fundamental constants. The electro- 
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magnetic radiation detectors are just beginning to significantly improve the 

state of the art of high frequency detection. Considerable work remains to 

be done in this area before the ultimate sensitivity of these devices is 

attained. Such ingenious new ideas as the flux shuttle offer intriguing 

possibilities, but require intensive development. 
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Figure Captions 

Fig. 1. Types of Josephson junction 

(a). Crossed film tunnel junction. 6  The first film of (for exaniple) tin 

is allowed to oxidize before the second strip is deposited. The 

junction thus consists of two superconductors separated by a thin 

layer of metal oxide. 

(b). Superconductor-normal metal-superconductor junction, 7  in which the 

oxide layer of (a) is replaced by a copper film. 

(.c). Dayem bridge, 8  consisting of a thin superconducting.fjlzn with a 

necked-down region forming a weak link. 

(d) Proximity effect junction, 9  in which the D&yem bridge is further 

"weakened" by a normal metal overlay.  

Point contact junction) °  

Slug, 11  consisting of a bead of solder frozen about the oxide coating 

of a piece of niobium wire. 

Fig 2(a) Current-voltage characterstic of tunnel junction 

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

Fig. 3(a). Double junction quantum interferometer: two junctions mounted on 

a superconducting ring.. A magnetic field applied to the plane of 

the ring modulates the critical current of the two junctions. 

junction. 
(b) Typical plot of critical current vs applied magnetic flux for a double! 

(c). Skewed oscillations from an asymmetric double junction. 

Fig 1 (a) Single junction quantum interferometer, coupled to which is the 

inductance of a tank circuit The amplitude of the voltage (iTs ) 

across the tank'circujt is an oscillatory function of theflux ID 

applied to the interferometer.  
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(b). Photograph of an rf Squid 

Fig. 5(a). Superconducting flux transforijier. 	The flux applied to the pick-up 

loop (i) generates a supercurrent in the transformer,. and hence a 

flux in the Squid (x indicates a weak-link) 

(b). Magnetic field gradiometer 	The loops (1) and (2) are of equal 

area but opposite sense. 	The flux generated in the Squid is pro- 

portional to the difference in the fields at(1) and (2). 
Fig. Superconducting voltmeter. 	The current I = V/B induced in the loop 

of inductance L generates a magnetic flux in the interferometer. 
Fig. Constant_voltage current steps induced on Sn-SnO-Sn juntion by 

1 GHz radiation. 

Fig. Schematic of flux shuttle as a counter of shift register. 	Loop 1 

contains a single flux quantum maintained by the circulating super- 
current J = 	0/L, where L is the loop inductance. 
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