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SUPERCONDUCTING DEVICES FOR MILLI1’~~TER AND SUBMILLIMETER WAVELENG1HS~

P. L. Richards
Department of Physics, University of California, Berkeley, California 94720

Josephson junctions are highly nonlinear and respond up to infrared fre-

quencies. A wide variety of high frequency applications have been explored.

• In addition, several high frequency superconducting devices are being de-

veloped which do not use the Josephson effect. These include a supercon-

ducting version of the Schottky barrier diode for use as a heterodyne mixer

and a video detector, and also a composite superconducting bolometer. In

This review, we will discuss the state of development of superconducting

mixers, detectors, and parametric amplifiers at microwave, millimeter , and

4 ~
. submillimeter wavelengths. Emphasis will be placed on developments which

1have taken place since 1974 when a previous review was circulated

Super—Schottky Mixer

:~ In an ordinary Schottky barrier diode, thermally excited carriers give an

I—V curve of the form I 
~ 
10 exp(SV), where S — e/kT at room temperature .

When such diodes are cooled, the S parameter usually saturates at a few

• : times the 300 K value, and non—thermal noise is seen. Although not under—

:~ stood in detail, these effects are usually ascribed to leakage currents.

A version of the Schottky diode has been developed2 to obtain large S—values

at low temperatures. It operates in the tunneling dominated region and is

nonlinear because of the sharp energy gap structure on the superconducting

density of states near the Fermi surface. The effect ~s essentially the

same as quasi—particle tunneling in a superconductor—insulator—normal metal

• junction.

The best super—Schottky performance demonstrated thus far has been with
S ~~ diameter Pb spots on high conductivity p—type GaAs . Values of S

iø~ V
1 have been obtained which are essentially equal to e/kT for the am-

bient pumped ~He temperature. When care is taken to minimize leakage cur-

rents, the range of voltage AV over which S is constant can be sufficiently

wide to obtain an intrinsic conversion loss to < 5 dB. Parasitic loss due

:
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to the junction capacitance and the spreading resistance into the semicon—

ductor contributes additional conversion loss. In experiments at. 9 GHz,

this additional loss L was ~ 3 dB. Since L will increase as u2, it is a
p p

serious problem for higher frequency operation. It can be reduced by in-

creasing the conductivity of the semiconductor, or by changing the conduc-

tion geometry. Improvement is possible by using a number of smaller diodes

connected in parallel. Alternatively, a very thin semiconducting barrier,
3such as the etched single crystal Si barrier , could be used.

Experiments at 9 GHz on a 1.1 K super—Schottky have given a single sideband
• mixer noise temperature T — 6 K and a conversion loss of 7.5 dB. This is -
• m

the lowest microwave mixer noise temperature ever reported. It demonstrates

the high potential of these devices for low noise applications. The satu—

ration level of this mixer has not been reported, but it can be estimated

from given values of SAy — 6.5 and S 10”. A mixer with R~ — 400 Ohms

should saturate severely at ‘~s P~~ ~ 1O~~ W. This corresponds to a dy—

namic range of < 10” for Tm — 6 K and B — 1 GHz.

Super—Schottky Video Detector

Because of its high S—value at low temperature, the super—Schottky is an
• extremely quiet video deterçot2. In this application, the range of volt—

ages over which S is constant is of importance only to the saturation level.

Experiments at 9 GHz have shown an NEP of 5.4 x 1o 16 w//ü~ ata temperature
of 1.06 K. This is the best microwave video NEP yet reported. Parasitic

loss contributes more than a factor 2 to this NEP and would be increasingly
important at higher frequencies, as is the case for the mixer application.

Ps

Josephson Effect Mixer With External Local Oscillator

A Josephson junction can be operated as an efficient mixer with a very

small amount of local oscillator power 
~ L0~

• The Josephson mixer there—

fore resembles the large S—value mixer discussed above. The details of its

operation, however, are entirely different. If P~~ at a frequency wto
/2 1

~
is coupled to a Josephson junction, constant voltage steps with zero dif—

ferential resistance appear which are separated by multiples of the volt—

L ~~~~~~~~~~~~ ~~~~—~~~ ---
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age V — t~w~~/2e. The steps are zero frequency beats between the AC Joseph-

son frequency and the nth harmonic of w~~. The most useful type of Joseph—
son mixer is biased with a constant current to a region between the n — 0
and a — 1 steps. In order to do this, it is necessary to use a type ~f

Josephson junction such as a point contact, Dayem bridge, or small area
• tunnel junction, which has no hysteresis on the static I—V curve. The RF

impedance of a Josephson junction biased in this way is real and nonlinear.

It will serve as an efficient heterodyne down—converter for small RFsj~gnals.

The operation of a Josephson mixer can be most simply understood as follows:

The total RF current, — + 1
L0 i~ amplitude 

modulated at w1~,. If

• ‘RF 112 , the height I of the zero voltage (a — 0) step is suppressed

essentially linearly by 1RF’ so is modulated at w~~ by an amount propor-
tional to dl /dI . If the junction is biased with a constant direct cur—

• o RF
• rent to a point between the a — 0 and n — 1 steps, the bias voltage swings• at WRF by an amount proportional to R.~(dI /dI~~). The conversion efficien-

cy L~~is thus proportional to R.D
(dI /dIRp)

2.

The detailed performance of this mixer has been calculated using the re—

sistively shunted junction (RSJ) model. At values of the normalized Ire—

• quency aRF WRF/2el R “ 1, the conversion efficiency into a single side-

band can be considerably greater than unity. The nonlinearity is of high

order so that efficient harmonic mixing is possible.

-J If the frequency at which the Josephson mixer is operated corresponds to

fi > 1, the conversion loss increases as a2. Even for a >> 1, the Joseph—

son mixer retains an extraordinary capability as a harmonic mixer. Down—
4conversion from 891 GHz with an ~ 1 GUi local oscillator has been observed

The performance of Josephson effect fundamental mixers has been evaluated
5 6 7at least semi—quantitatively ‘ ‘ at 36, 135, and 300 GHz using Nb point

contact junctions with less than the full theoretical values of ICR. In

most of this work, ~ — 1 corresponded to ~ 300 GHz. The most complete re—
5sults are at 36 GHz where the measured conversion efficiency of 1.4 and

the noise Tm — 54 K were in good agreement with analog computer calcula—

tions based on the RSJ model including thermal noise in the shunt resis-

tance. Based on this model, it is possible to estimate the performance of

Josephson effect mixers if we assume that non—hysteretic Nb junctions with

I
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the full theoretical value of I R will be available, so that0’lat ” lTHz.

The mixer contribution to the system noise temperature should be Ta ~ 0.05

to 0.1 times ~T where V is the frequency in GBz and T is the ambient tern-
• 8perature in Kelvin

There are practical lower limits to the value of Ta/T which can now be
reached for small 0. The predicted proportionality T ITa v occurs only if
the RF source impedance is optimized. The optimum sOurce impedance is cc R

f or Q <c 1. Since it is difficult to transform the impedance of a free

space wave below a few Ohms, optimum coupling to single junctions is hard

to achieve for 0 ~ 0.3. Consequently, the experimental values of TafT

should be ~ 30 throughout the millimeter region. We will discuss below the

problem of avoiding hysteresis under the operating condition required for

best performance. A series array of junctions would in principle solve

most of these problems and allow the predicted values of TmIT to be ap-
proached8. This prediction has not yet- been tested experimentally.p
Although the performance of the Josephson mixer cannot be understood in
terms of a curvature parameter S, it shares some features of large S value

mixers, including a low saturation power level. The mixer is badly satu—
- 

• 
rated when the signal power is comparable to 1O_2(I~R)cornpared with a local

oscillator power 12R. It seems plausible that the saturation level would

be increased by the use of a high impedance series array of Junction since

the power per junction would be decreased.

-~ 
- Josephson Effect Mixer with Internal Local Oscillator

I.,

The AC Josephson currents in a point contact junction which is biased at a

finite voltage have been used as the local oscillator for a millimeter wave

heterodyne down—converter9. Since the low frequency noise in the junction
frequency modulates this local oscillator over many hundreds of MHz, coher—

• • eat down—conversion of monochromatic signals is not obtained. When used as

a receiver for broad band thermal sources, temperature sensitivities ~T (

0.3 K were measured in I sec from 40 to 260 GHz. This corresponds to a
receiver noise temperature T

R ~ 6 x 10~ K. It is thought that this number
could be significantly reduced with better coupling of the junction to the

• RI signal. Although the usefulness of this device is limited by its wide
tO bandwidth, the sensitivity is high enough to be interesting, and the

•! ~~~~~~~~~ ~~~~~~~~~ 
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absence of any requirement for a local oscillator leads to great conven—

ience of operation.

Josephson Effect Video Detector 
-

2
The maximum zero voltage current of a Josephson junction decreases as
for I~~ << 

~~ 
Consequently , if no local oscillator power is applied , a

non—hysteretic junction which is biased in the resistive region with a
constant bias current will act as a square law detector for small signals’0.
As was the case with the mixer , the complexity of the Josephson effect
makes this device quite different from the classical diode rectifier. For

signal frequencies w~ which are low compared with the Josephson frequency
set by the bias voltage w — 2eV I tt , there is classical video detection
which is proportional to d V /d12. There is a dispersive enhancement and

a change of phase when w — w3, and the response is proportional to RD 
—

dV /dI for u > w .
0 0 S J

Relatively low impedance junctions, in which the rounding of the I—V curves
by fluctuations is not severe, must be resonantly coupled to the RF radia-

tion. Higher impedance junctions are easier to couple to free space radia—

tion, but are dominated by fluctuations~~. The experiments in both cases

are in reasonable agreement with the RSJ model theory and give NEP ~ 3 to

s x ~~~~~ W/vii at 90 to 120 GNz. This NE? should scale as ~2 at higher

frequencies. Some frequency selecUvity can be obtained if the junction is

biased with a modulated voltage centered around hw~~I2e. Since the re-

sponse is dispersive in form, it is only useful for narrow—band signals.

The observed NEP for junctions operated in this mode is considerably higher
12than the values quoted above

Superconducting Bolometer

Thermal (bolometric) detectors have historically been the most sensitive
wide band receivers of submillimeter wave radiadon. These consist of a

radiation absorbing element, a thermometer, and a thermal link to the heat

sink. To keep thermal noise and heat capacity to a minimum, sensitive
bolometers are operated at pumped “He (or even 3He) temperatures. In con—

- ~~~~~~ -
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trast to diode video detectors which are in practice limited to a single
spatial mode of electromagnetic radiation, the area of a bolometer can be

adjusted to couple to any number of modes . The best submillimeter wave
bo].oineters available13 use an” 200 OhmsIO metal film on a transparent

dielectric substrate as an absorbing element, and a superconducting Al

film operated near its critical temperature of 1.4 K as the thermometer.

Such bolometers have shown sensitivities of NE? — 2 x 10
_iS 

W//ii~ with

areas of 0.08 cm2 and response times of r — 50 ms. This NEP can, in prin—

ciple, be reducea by a factor “~ 3 by decreasing the substrate thickness or

• increasing its Debye temperature, and a factor in excess of 10 by operating

at 3He temperatures. The numbers achieved represent a major recent im—

provement in performance at submillimeter wavelengths compared to that

previously available from monolithic semiconductor boloiseters. The primary

reasons for the improvement are the increased radiation absorption effi—

ciency, and the low heat capacity.

Parametric Amplifiers

Under a variety of bias conditions, Josephson junction exhibits a non-

linear inductive reactance~ If this reactance is pumped from a suitable

source, parametric gain can be obtained. Gain is generally observed only

q if some care is taken to control dissipation at parasitic (unwanted) corn—

bination frequencies. If the junction resistance is made large compared

‘3 with the termination impedance of the parasitic , then the idler is said
to be shorted out. In this case no power is dissipated due to current flow

at the parasitic frequency. Since junction impedances rarely exceed 20

Ohms, this condition is difficult to meet at microwave frequencies. Alter-

natively the circuit impedances can be made large compared with the junc—

tion resistance. Although this termination is frequently used, it does r~ t

prevent dissipation at the parasitic frequency, since currents can still

flow and dissipate power in the quasiparticle shunt which is internal to

the junction.

Josephson effect paramps can be pumped either externally with a microwave

oscillator, or internally by means of the AC Josephson currents. Two
classes of parametric amplifiers have been developed which are based on
these two approaches . We co tsider first the externally pumped , and then

_ _ _ _- 
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f . the internally pumped paramps.

Externally Pumped Paramp

The best performance of an externally pumped Josephson effect parametric

amplifier has been obtained with a doubly degenerate negative resistance

mode of operation in which the junction has zero DC (current and voltage)

bias. The physical symmetry of a junction which is biased in this manner

implies that the nonlinear inductance will depend only on even powers of

the current. The amplifier is therefore operated with 2 w — w + and
- — w ~ w ~ w . The lowest parasitic frequencies are at ~ 3 ~ and ~ 5 ~p 5 i p p

Amplifiers of this type have been operated at 10 and 33 GHz using a series
array of Dayem bridges~

4
, at 9 GHz using a series array of tunnel junction15,

and at 36 GHz with a single point contact~
6. Gain in excess of 10 dB Is

generally obtained if the bandwidth is sufficiently narrow to avoid satu—
17ration on external noise . Since the external power which can be carried

without saturation increases with the number of junctions employed, the

gain bandwidth parameter C ~w/w is larger for the array paramps. Values of

k-i 12—15 dE gain with 10 percent bandwidths have been observed at 10 and 33

GHz using arrays of “‘ 100 bridges. The dynamic range of these amplifiers

is relatively small, and is influenced by parametric oscillations (or am—

• plification of junction noise) in a way which is not well understood . It
appears nOt to be a sensitive function of the number of junctions employed. -

•

The noise measured in this type of paramp has generally been dominated by
noise from the (room temperature) circulator and the heterodyne receiver

which follows it. In most cases it has only been possible to set an upper

limit to the noise expected from an amplifier operated with a cooled cir—
‘I

cula tor. These upper limits typically correspond to TN 20 to 50 K.

A theoretical model has been used to interpret the array paramp which as-

sumes that all important idlers are shorted~~. Since each individual junc—

tion sees a high impedance RF source, and thus becomes unstable for pump
currents in excess of I , it appears that the open circuit idler theory

t6

may be more appropriate. Based on this theory , the maximum normalized
frequency at which such an amplifier can be operated is 0 — 0.3. Although

L
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heating can still be important, some forms of hysteresis on the DC I—V
curve do not directly affect this device, since they disappear under the
operating conditions in which the zero voltage current is suppressed esamt—
tially to zero by the pump .

• Attempts have been made to operate an externally pumped Josephson paramp

in the singly degenerate mode in which w w f2. Parametric oscil—

lations have been seen in tunnel junctions and point contacts, but not
16,18gain

Internally Pumped Paramps

Gain has been observed19’20 at 30 MHz and 9 GHz in an internally pumped
singly degenerate parametric amplifier with w + w — w and w w . The

3 point contact junction was voltage biased in a low inductance (resistive

SQUID) configuration so as to provide a voltage—clamped pump at w — 2eV/h .

~~~ 

-

~~ 
• 

The circuit was resonant at w w1 and short circuited other important

- combination frequencies. This amplifier closely resembles a conventional’

type of varactor paramp with a single important idler frequency. It is

• di fficult to provide the required circuit properties for this amplifier at
microwave frequencies because of the ~ 10 Ohm impedance of typical point

• contacts. A series array of junctions might alleviate this problem, but it

would have to be operated in a synchronized,voltage biased mode which has

:.; • not yet been observed at microwave frequencies.

A more promising type of internally pumped amplifier for high frequency
applications has been developed independently by two groups ‘ . Although

:~ the devices appear qualitatively similar, the discussion of them is quite

different. One was analyzed as a resistive SQUID without reference to the
- I—V curve of the contact , and the other was ana lyzed in terms of the step

induced on the measured I—V curve by a cavity which was resonant at u~. In

both cases, w c w and the important idler frequencies are at w — w andp 5 ½ 3 S p
at 2w — w .  The measured value of C AwIw was only 4 x 10 due to cou-
pling limitations for the low impedance junctions employed . The maximum

theoretical values are ~ 0.4 for normalized frequency 0 ~ 1 and � (20)
2 for

0 ‘ 1. It therefore appears promising for operation at frequencies above
• 100 GHz. The noise temperature of this amplifier reaches a minimum value

!~ !
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of 42T at 0 — 1. Because of its large noise, this amplifier will be corn—
- I petitive only at relatively high frequencies .

I The two idler parametric amplifier discussed above will up—convert signals
-
‘ from the idler at w — w to the signa l frequency w . When resonated at

~ ~‘ 2”
— w — 115 MHz , it served as a parametric up—converter to 9 CHz with

5 p
a low noise temperature ~ 3.6 T and a power gain of 25. The relatively

large noise in the two idler paramp can be understood in terms of the pa-

rametric up—conversion of ambient temperature noise from the low frequency

-* idler at w —
~~~~~S p

• This parametric up—converter can in principle be coupled with a low noise

down—converter such as the super—Schottk y to provide low noise single fre-
quency amplification. This combination has been proposed as a low noise IF

anpilfier for a heterodyne receiver based on the super—Schottky heterodyne
-

~ / ~ mixer22.

Properties of Real Josephson Junctions

The resistively shunted junction (RSJ) model with the full (energy gap

• limited) value of I R  — ir~/2e, and thermal noise in the shunt resistor ,
has generally been used to predict the ultimate performance of high fre-
quency Josephson effect devices. The actual performance of such devices

has usually been limited by the (frequently) less favorable properties of

real junctions.

4 For high frequency operation, a large value of the I R product is nearly
‘0 C

always desirable. This can be obtained with high T superconductors under

ideal conditions. Clean Nb point contacts have the full theoretical I R
(except at high impedances) but , unfort unately , are rather unstable . The

more stable oxidized Nb point contacts tend to have smaller values of I R.

Full values of I R are generally found in tunnel junctions and variable

~~~ ~ • thickness bridges, where the phase variations are confined to a small re—

•;~~ ~ gion, and not in Dayem or proximity effect bridges.

Devices which must be biased at finite voltage suffer from the general pro—

~~~ ~~~ • blern that hysteresis appears on the I—V curve of most well—shielded junc—
tions when they are operated at low temperatures and with large values of

h. — -
~-.~~~~ ~~~~~~~~~~~~~
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ICR. According to well known models, hysteresis can be caused by internal
capacitance, by heating, and by a frequency dependent external impedance.

Some progress has been made in understanding the importance of these sources

of hysteresis in various types of junctions.

Internal junction capacitance does not generally contribute to hysteresis

on the I—V curves of point contacts and thin film bridges, although Joseph-

son plasma resonances in the submillitneter wavelength range are certainly

possible. Capacitance certainly dominates the performance of the usual

types of evapo rated—film , oxide barrier tunnel junctions. Recent work23

with small area high current density tunnel junctions has shown, however ,
that their properties are essentially similar to these of point contacts
and variable thickness bridges .

Heating appears to be a severe limitation to the performance of the classi—
cal Dayem bridge which has uniform film thickness. The characteristic times

for excited quasiparticles to relax to the phonons, and for the phonons to
24escape to the substrate or He bath correspond to low microwave frequencies

Heating effects are reduced if the j unction region looks into a large enough
solid angle of (superconducting) metal that the excited quasiparticles can

diffuse away and be replaced by equilibrium quasiparticles , rather than re—
4 lax in the junction region. This condition can be met in point contacts ,

in tunnel junctions with thick metal films, and in variable thickness

• bridges with thick “banks’t . Recent experiments with these last structures
• have shown RF induced steps out to 3.7 mV25 , where the temperature at the

center of the bridge has been computed to be ‘~ 20 K. Steps have been seen

out to 17 mV in Nb point contacts 26 which corresponds to a temperature at
the center of ~ 100 K. These estimates based on the Wiedemann—Franz law27

strongly suggest that tunneling through a normal layer plays an important

role at high frequencies and/or high voltages , even in three—dimensional
point contacts and variable thickness bridges.

An additional source of hysteresis can arise from the effects  of the ex-
ternal circuit impedance. If this impedance is very high at all frequen—

des , then the I—V curve obtained from the RSJ model (without noise or RF

— -- -, bias) is hyperbolic and shows no hysteresis. A reduction of the external

impedance (at a given frequency) leads to a depression of the static I-V
curve at the corresponding voltage . If the current at the bias point  is

_ 4•~ — -~
S
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depressed below 
~~~~ 

there will be negative resistance and hysteresis. This
effect is easily understood in the limit of zero external impedance at the

bias f requency . The pair current then varies sinusoidall y in time so that
it makes no time average contributiot~ to the total (DC) current. A junc-

tion which is used in a high frequency device viii usually be tightlq cou—
pled to a f inite RF source resistance. The static I—V curve will there-
fo re be depressed in the neighborhood of the RF frequency , and negati e
resistance will occur in the absence of fluctuations (T = 0).

The effects of curren t fluctuations , which arise from ex ternal noise or
Johnson noise in the shunt resistance, is to smooth out hysteresis. The

noise parameter r = 2ekT/I h is the ratio of an effective fluctuation cur—

rent to the critical current. As r approaches unity it becomes possible
to DC bias at any point on the I—V curve. Since the fluctuations (‘iso co t—

tribute directly to device noise, it is desirable to minimize them by oper-

ating in a shielded environment and at low temperatures . There is a ten—

dency for devices which require a stable bias point at finite voltage to
• have a minimum practical operating temperature, below wh ich hysteresis
.4-

appears.

It is difficult in practice to distinguish between different sources of
- - hysteresis. Hysteresis from any source grows rapidly as the temperature

decreases, since 
~ 

grows and the fluctuation current decreases. For a

-
~~~ junction with a constant IR  product , operating voltage, and temperature ,

the noise parameter r increases in proportion to R. At thc same time R

grows relative to the external circuit impedance, so that both the hys-

teresis caused by the external circuit , and the fluctuations which mask i t ,
tend to increase with R. Hysteresis from heating will depend primarily on

V (in the three—dimensional Wiedemann—Fra nz model 28) or on the d iss ipated
power V2 /R , so will decrease in importance as R , and therefore r , Increases.

The use of ser ies array s of Josephson junctions has often been mentioned as
-
~~~~~ a way to improve device performance. Several important advantages can be

obtained in this way. The array impedance can be several hundreds of Ohms ,

so that junction matching is simplified . Each junction In a series array

looks out into the high impedance of the other junctions, so that hyster—

esis ar ising from the ma tching circu it should no t be a prob lem in arr ays
containing many junctions . 
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The primary difficulty with arrays of junctions is that the spread in junc

tion properties often makes it difficult to obtain the required bias condi—
tion. Arrays have been successfully used only in the case of the exter-

nally pumped parametric amplifier which requires no DC bias. If series

arrays can be made in which most of the junctions have critical currents

which differ by only a few percent, they would be useful for such devices

as the video detector or the heterodyne mixer with external LO. These re—
I 

quire a DC bias, but do not depend critically on the value of the Joseph—

• son frequency. Unsynchronized series arrays will not be useful for devices

such as internally pumped parametric amplifiersor mixers which require a
narrow width of the Josephson oscillations.

-~~ 

• 
- Experiments at relatively low frequencies have shown a tendency for closely

spaced junctions to synchronize and act coherently28. It is speculated

that the injection of non—equilibrium densities of pairs and quasiparticles

from one junction into its neighbors may cause this effect. If such syn—

chronization could be extended to the microwave frequency range, it would
- 

-
~~ - permi t the use of arrays in several of the intethally pumped devices. Such

arrays would couple useful amounts of microwave power into an external cir—
cult. At frequencies low enough (or with arrays small enough) to avoid

I internal resonances , synchronized arrays might be useful as wide band volt—
age controlled microwave oscillators.

- 
Conclusions

The future of Josephson effect high frequency devices depends critically on

the detailed properties of available junctions. Idealized calculations

based on the RSJ model predict useful performance at millimeter and sub-

millimeter wavelengths for many of the devices discussed here. Although
- some measurements at millimeter wavelengths approach the theoretical per—

• formance, many do not.

Difficulties in obtaining large values of I
~
R without hysteresis are often

mentioned. In some cases these are due to heating and improvement is pos—
sible in principle. The fundamental limits to the performance of single

4 junction devices which arise from the coupling to the RF source, however,
- - have not generally been given adequate attention. Although arrays of Jun e—
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tions will in principle alleviate these problems , a major effort will be
required to produce arrays with adequate uniformity .

Very similar performance is now being obtained from the best point contacts,

variable thickness bridges , and small area tunnel junctions. The proper—
- 

- ties of all of these structures deviate from the RSJ model in ways which

are understandable from the full microscopic theory. The effect on high

frequency device performance of such phenomena as subharmonic gap struc—

ture, etc, are not generally known. They may be very important, especially

for junctions operated with samli r. Careful measurements of the high
29frequency impedance of appropriate types of junctions may be the best

way to obtain general answers to these questions.

In the enthusiasm over the Josephson effect, there has been relatively

little recent work on non—Josephson superconducting devices . The excellent
prospects of the super—Schottky diode and the superconducting composite

bolometer show that these possibilities should not be neglected .

The author gratefully acknowledges helpful discussions with many persons
including R. Chiao, 3. H. Claassen, K. K. Likharev , Y. Taur , and M. Tinkham.
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