
UcL' 

University of California 

Ernest 0. Lawrence 
Radiation Laboratory 

A JO5}iS01" J1JN2I01"T P1PLIFIER 

John Clarke * and Janes L. ?aterson 

May 1971 

TWO-WEEK LOAN COPY 

This is a library Circulating Copy 

which may be borrowed for two weeks. 
For a personal retention copy, call 

Tech. Info. DivisIon, Ext. 5545 

Berkeley, California 

C 

(5. 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily C nstitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 





/ -1- 	 UCRL-20519 

A JOSEPHSON JUNCTION AMPLIFIER 
* 

John Clarke and James L. Paterson 

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

Laboratory, Berkeley, California 94720 

Positive feedback has been used within a double 

Josephson junction quantum interferometer to achieve a 

current amplification of up to 100. 

The superconducting quantum interferometer1  consists of two 

2  Josephson junctions mounted on a superconducting ring. The critical 

current 	of the interferometer is an oscillatory function of the 

magnetic flux applied to it, the period being one flux quantum, q). 

This device hasbeen the basis of several instruments,such as the dc 

Squid3and the Slug, which measuie nagnetic fields andelectric 

curents and voltages. 	A current, and henèe a voltage, may be 

measured by passing it through a coil coupled to the interferometer. 

• 	 The instrument is often used as a sensor in a feedback system. 

• 

	

	 the interferometer is operated on the 

steepest portion of the citicai current osciliation, where the change 

in critical current for a given change in applied magnetic flux is a 

maximum. Operated in this mode, the interferometer does not have a 

significant amQunt of current amplification s  Suppose a single-tuin loop 

of inductance L is perfectly coupled to the interferometer, which also 

has an inductance L. The current amplification is defined as the ratio 

of the change in critical current to the change in current in this loop 
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The current change in the ioop required to produce one-half an oscilla-

tion in critical current is just /(2L). The greatest possible ôhange 

in the critical current (i.e., thegreatest modulation..depth) is..q 0/L. 

The highest obtainable valüeof Ourrent gain is therefore  

= 2. In practice, because the modulation. depth. may be, less .han ,/L, 

or because the loop and inté±ferometer ma3j'be imperfectly: coupled., the 

gain is usually somewhat less than 2. 

• We have used positive feedback within the interferometer to achieve 

a current amplification of up to 100; in theory the gain is unlimit- 

ed. The principle of the feedbacktechnique is indicated in Fig.'l.Ca). 

in whibh two identical Josephson junctions, A and B. each capable of 

supporting a maximum supercurrent i, are mounted on a superconducting 

ring. A magnetic flux is applied to the ring either from an external 

source or4 alternatively, by means of a current (I) in the upper arm of 

the interfe.rometer'.of Fig. 1(a). This arm has an inductance L 15  and the 

flux generated is 	= L11. The current flowing through the junctions 

(i) can be fed into the loop at an arbitrary point aand extracted 

at an arbitrary point b. If the current feed is completely symmetric, 

I divides In such a way that it does not contribute any net flux to 

the loop. If a and b are asymmetric, however, i does generate a net 

flux in.the loop.. Suppose that a small magnetic flux is applied to the 

ring so that the critical current changes. If the change in critical 

current produces a flux..in the interferometer that is in the same 

direction as the applied flux, the feedback will be positive, whereas If 

the flux opposes the applied flux, the feedback will be negative. As 

a result, the critical current oscillations will be asymmetric The 
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steeper slope corresponds topositive feedback. 

The parameter a describes the asymmetry of the current 

feed (see Fig. 1(a)).. For the symmetric case, a = 0.5, whereas for 

maximum asymmetry, where i enters at a.' and leaves at b' in Fig. 1(a), 

= 1.0. (we neglect. the junction inductances ). The total flux 

in the interferometer is, for arbitrary a, 

= 4'A + aLIB 
-(i  _a)LiA, 	 (i) 

whee8  

= •+ . 	= i. 
A 	B 	sn A + i sin B  . 
	 (2) 

in 	 m  

Here, . 	is the applied flux, i is the critical current of each juric- 

• 

	

	 tion, and 6
A  and B  are the gauge-invariant phase differences in the 

superconducting order parameter across junctions A and B respectively. 
7 	 8 The two phase differenáes are related by the equation 

ÔÄ B = 2 rT4. 	 (3) 

•Eqs. (l)-(3) have been used to determine the critical current as a 

• 

	

	 function of 
A  for given values of a. L, and i. It is convenient to 

introduce the dimensionless parameters Jc = 1/21, the reduced critical 

current, and = 2Li/, the degree of feedback. 

Fig. 2(a) shows the variation of j with reduced applied flux, 

LI/q, for 	20, and various values of a As a is increased 

from 0 5 to 1 0, the oscillation becomes more and more skewed, and the 

gain of the interferometer, which is proportional to the slope, increases 

by a factor of about 10 On the right hand ordinate we show the change 

in critical current (Ai) in reduced units Li/(/L) 	The reduced 
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modulation depth (ML/) for a = 20 is about 0.86 and is independent 

of cx. In Fig. 3(a) we show the effect of increasing a for a = 1. The 

degree of skewing increases as 0 increases-  and the steepest slope is 

in fact approximately equal to in the limit of large $. In theory, 

then, we can achieve arbitrarily high values of amplification. Notice 

that as + , the modulation deptI tends to its limiting value 0IL. 

• 

	

	 Fig. l(b) shows the configuration of an experimental thin-film 

interferometer, each junction being a Pb-pu/Al-Pb (sNs) junction. 9  

An8000A strip of lead (Pb 1) was evaporated on to a glass substrate, 

and then 	an insulating layer of SlO in which two narrow regions were 

masked off. The third film was a 70OoA disk of Cu/Al (3% Al). Finally, 

an 8000 A strip of lead (Pb2) was deposited. The interferometer thus 

consisted of two junctions, A and B, connected by two sections of the 

lead strips. Thin film junctions were used 1ecausea high degree of 

asymmetry (cx 1) could be achieved easily. SNS junctions were chosen 

• 

	

	 first, because their high reproducibility insured that the two junctions would 

be nearly identical, and second, because their critical current in- 

crease rapidly as the temperature is lowered, so that 	can- be varied 

over a wide range for a given interferometer. Each junction had an 

area of about 2.5 X 	 cm2 , a critical current (i) at 1 .2K of typically 

imA, and a resistance of about 2 X  10_6  0. 

A potentiometer (outside the cryostat) was connected across the 

two ends of each lead strip, and the current through the junctions (i)was 

aplied to the two sliders The value of cx could theefore be controlled 

by adjusting the two potentiometers. A magnetic flux was applied by  

means of an additional current, I, in the upper lead strip (Pb2). This 

strip was about ten times narrower than the lower one (Pb 1), and 
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therefore contributed about 10/11 of the interferometer inductance, which 

was estimated to be approximately 2 X  10 11 
 H. The crItical current was 

measured by adjusting the dc current (1) to be just above the critical 

value, so that a dc voltage (v) was developed across the junctions. A 

critical current change, 5i , gave rise to a voltage change &v 	RtSI, 

• 

	

	where R is the parallel resistance of the junctions ( io 6ç). This. 

voltage was monitored by means of a superconducting voltmeter. 

The measured period in I of the critical current was roughly 100 hA, 

corresponding to an interferometer inductance of 2 x -11 H. This result 

is in good agreement with the calculated value. Experimental plots of 

and ML/p against A'o = L 1I/ are shown in Fig. 2(b) for = 22 and for 

several values of a. The curves are in good agreement with the theoreti-

cal ones, except that the modulation depth varies somewhat with a. The 

same variation occurs in Fig. 3(b) where we plot iiL/ against 

for several values of , with a I. We conjecture that effects arising 
single junction 

from the/diffraction envelope are the most likely cause of this variation. 

We have attempted to determine the noise level that limits the 

current resolution of our device. The changes in critical current must 

of course be determined with the junctions in afinite voltage regime. 

In thisstate, the junctions wi1linduceá noise current in the inter-

feiorneter that will set a lower limit on the value of I which may be 

detected We measured the noise current, using a current bias 

supplied from a high impedance source 	With 	60 and T ... 1.5 K, we 
obtained a value of 10 _8  A (± 50%) in a 1 Hz bandwidth The junctions 
in this experiment were of smaller area than usual, and each had a 

c- resistance 	' i1rii 1 c 	 10 
i. 

- 
a- '--' 	 anm eta3 	haveshown:thàt the 
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spectral density for the current noise in a tunnel junction in the 

limit eV < kT is S 1 (w) = 2kT/( 1TRs), where R is the static resistance 

(v/i) of the junction. Kanter and Vernon 11  found that this result was 

approximately correct for point contacts. In the present case, the 

noise measurement was made with a current bias of bmA (2mA per junction) 

and a voltage of about 1 nV, so that R = 5 X 10 	2 per junction. 

This value of R leadsto a noise current of 9 X A in a 1 Hz 

bandwidth. The good agreement between theory and experiment is 

perhaps fortuitous, and further measurements are being made 

The resuits.achjeved so far with the ànimetric interferometer do 

not constitute an improvement in the state-of-the art measurement of 

magnetic field or current. The current noise associated with the 

junctiQns is high because the junction resistance is low. In addition, 

the requirement of a second quantum interference device (Slug) to 

measure the changes in critical current makes the system impracticable 

asan instrument. However, both problems may be overcome with juno_ 

tion whose resistance(R) is approximately 1 2. The noise current 

shouldbe reduced to about 10 	A/YrHz. If 	100, the voltage output 

of the device ( R5i) will be roughly 10 9V for an input of 10 A.  

This voltage is detectable with a room temperature amplifier in con- 

junction with a cooled transformer,: so that the system would be limited 

by the junction.noise. 	. 	. 	. 	 . 	. . . 

Finally, the asymmetric quantum interferometer may be viewed as 

a three-terminal device with current amplification. In principle, the 

device may be used in any configuration possible for a conventional transis-

tor A voltage amplifier is shown in Fig 4(a) The voltage gain is .... 	.. 	.... 



7 	 UCRL-20579 

approximately (R/R), where B is the junction resistance, and R. the 

input resistance. The power gain is 2 (R/R.). Magnetic field.measure-

ments are made by connecting the input circuit into a superconducting 

loop to which the field is applied. A flux amplifier may be realized by 

biasing the junctions from a constant voltage source, in series with an 

inductance (see Fig. 4(b)). The flux gain is approximately (L/L.), 

where L. and L are the inductances of the input.and output loops respec-

tively. The output coil may be multi—turn, so that high values of 

• 	amplification are attainable. 

• 	We are grateful to Dr. J. P. Walter for performing the computer 

calculations leading to Figures 2(a) and 3(a). This work was performed 

under the auspices of the U. S. Atomic Energy Conmiission. 

* 	Alfred P. Sloan Foundation Fellow. 
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Fig. 1(a). Schematic of double junction interferometer, with junctions 

A and B. The current i is fed asymmetrically into the ring at the 

points a and b. The signal current, I, induces a flux L 11 into 

the ring. 	(b) Experimental quantum interferometér (dimensions in 

cm), 

Fig. 2. Variation of reduced critical current (j) with reduced applied 

magnetic flux (L1I/) for several values of ct: (a) theory, 

= 20, (b) experiment, 	= 22 

Fig. 3. Variation of reduced changein crItical current (iLJ)with 

reduced applied magnetic flux (L 1I/) for c = 1 and various values 

of (a) theory, (b) experiment 

Fig. 1. Asymietric interferometer used as (a) voltage amplifier; 

(b) magnetic flux amplifier. V represents a constant voltage bias 
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