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t. INTRODUCTION

This is the Annual Progress Report for Contract No, NOOO!4-81-C-
2495, "Demonstration of SQUID Parametric Amplifier,'" covering the
period from 14 September 1981 through 14 September 1982. The objectives
of this project are the development and demonstration of a low noise
SQUID microwave parametric amplifier. These objectives were met during
this year by addressing SQUID amplifier design, circuit fabrication,

measurements, and noise analysis.
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2.  WORK PLAN

This is a new contract for development and demonstration of a fow
noise Superconducting QUantum Interference Device (SQUID) parametric
amplifier at microwave frequencies. The focus of this contract is the
investigation and demonstration of a SQUID negative resistance amplifier
at X-band. A SQUID array is then projected to increase the available
power and operating impedance. The approach adopted utilizes monolithic
superconducting integrated circuits which were designed, fabricated, and
tested at TRW.

Three tasks were undertaken in the first year:

Task 1. Amplifier design and fabrication,

Task 2. Measurements,

Task 3. Noise analysis.

A number of the steps are very similar to those required for a contract
with the Office of Naval Research, "Application of Josephson Junction
SQUIDs and Arrays.'' Such steps are carried out jointly, and are reported
to both agencies. TRW is also conducting Independent Research and
Development on Advanced Josephson Devices. That research is principally
concerned with developing Josephson integrated circuit fabrication
capability. Some of the activities of that project impact on this contract

and are discussed here.




3. PROGRESS

3.1 Transformer Design

Since the SQUID paramp is necessarily a very low impedance device,

a suitable transformer is an essential ingredient for evaluating the
basic device, particularly with respect to available power. |In order
to carry out this transformation in both impedance and dimension in a
reproducible and predictable manner, the transformer is integrated with
the active circuitry in a monolithic fashion.

The basic architecture of the transformer was presented in the
contract proposal. We have refined the design for the TRW fabrication
process and reconsidered the problems of launching from 500 coaxial
cable into 500 coplanar line, dimensional step from | mm coplanar line
at 509, and construction of capacitors in the lumped element impedance
transformer. The electrical design was optimized numerically using
COMPACT with a computed VSWR < 1.25 over the 8-12 GHz band (Figure 1).
Figure 2 shows the equivalent electrical circuit and the geometrical
layout.

A test of the effect of changing dimensions in 50Q coplanar line
was performed by fabricating three 50Q transmission lines: a continuous
coplanar line at mm dimensions, a sharply stepped coplanar line, and a
short, tapered transition as shown in Figure 3. The measured performance
showed no significant differences between the three lines. Therefore,
the input LC circuit in the transformer intended to tune out the inductance
of the step in the coplanar line was deleted.

The transformer was designed to be fabricated on a 2 inch silicon
wafer 0.015 in. thick with a minimum line width of 50um. An OSM micro-
wave launcher drives the 50Q coplanar line which has a center conductor
width equal to 1.3 mm, a ground plane spacing of 0.4 mm, and an effective
dielectric constant of 4.4, The coplanar line is tapered at 500 to a
center conductor width of 50um, ground plane spacing of 30um, and an

effective dielectric constant of 6.4. The reduction in € and its
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Figure 3.

Photograph of the 500 coplanar lines

used to test

dimens ional

chanqes.




dependence on linewidth results from the finite thickness of the Si
substrate. The 12 microstrip in the transformer is 50um wide and
separated from the Nb ground plane by 50nm NbZO5 and 200 nm $i0.

It has an effective e=13.

The transformer design incorporates short (<i/4) sections of co-
planar and microstrip lines which act as lumped inductors and capacitors,
respectively. The inductive lines are 50 coplanar lines terminated by
l.. microstrip, with L=2,./v, where Z, is the line impedance, « the line
length, and v the propagation velocity. Capacitors are I5i and 0.5
microstrip either terminated by 50Q coplanar or used as open parallel
stubs. The capacitance of short, open lines is given by C=%/Z,v.

Photolithographic patterns were defined as U-level masks and pro-
duced at the TRW Microelectronics Center for the combined dimensional
and impedance transformer. For the dimensions and tolerances required,
masks were fabricated directly at the reticle level in an Electromask
pattern generator. Figure 4 shows the computer-generated composite of
three 1 cm x 2 cm chips which will be fabricated on 2" silicon wafers,
.015" thick. Each chip has 2 coplanar inputs with tapered lines. On
one chip the reduced width coplanar line couples directly through; on
the second chip, transformers from each end are connected for in-out
transmission measurements. The third chip has each coplanar line and
transformer terminated with a matched resistive load. Figure 5 is an
expanded plot of the transformer and terminating resistor on the third
chip.

The transformers were fabricated ina | cm x 2 ¢cm format on 2"
diameter silicon wafers with an insulating SiO2 surface. Three test
chips are produced on each wafer. Following fabrication, the wafer
was cleaved with a modified Tempress scriber and the chips mounted in
a holder suitable for connection to an 0SM coaxial bulkhead launcher.
Measurements are made at T=4K with an HP-8410 Network Analyzes. The
1 and S

Only the magnitude of S is reported since the phase is difficult to

data are in the form of the scattering matrix coefficients S 12°

calibrate with long coaxial lines into the helium dewar.
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The test transformer chips are mounted with a coaxial connector
at each end as shown in Figure 6. As anticipated, connecting the
coplanar input to the bulkhead connector was a significant problem.
An acceptable solution is to use In solder to connect gold ribbon from
the connector center pin to the bulkhead to the coplanar lines. To
facilitate soldering to the Nb film, a gold film is evaporated over the
Nb. This is done before the Nb is patterned. Figure 7 shows the
response of the simple tapered coplanar lines at 4 kelvin; Figure 8, the
response of the double-ended transformer, in which the 500 coplanar line
is transformed to 1Q microstrip at the center of the chip, and then
transformed back to 500 coplanar at the other end of the chip. We have
not measured good S-parameter characteristics with the terminated trans-
formers and we attribute this to a problem in making good contact with

the resistors.

3.2 SQUID Amplifier

The first phase parametric amplifier is an rf SQUID biased at a
phase of m/2 across the junction and driven by an 18GHz pump. The SQUID
was designed to utilize the Nb/NbZOS/PbBi junctions used at TRW. The
source impedance derived by /L/C is set at 0.3Q such that the 1Q trans-
former load will result in Q=3. The design valucs are selected by

setting the flux quantum energy = lOka, producing:

L = SpH

c = 65pF

8 = 1

iC = 67uA )
j, = 9A/cm

50 um x 14.9 um = 745 um2

Masks were produced at the TRW Microelectronics Center using an

Area

Applicon computer-aided-drafting system and an Electromask Pattern
Generator. With the 50um linewidths required, masks were produced
directly at the reticle. Four amplifier chips were placed on each 2"
diameter silicon wafer (1 cpm x 2 cm format), encompassing two different

amplifier configurations. Figure 9 is a computer generated composite

10
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FIGURE 6. Photograph of transformer test chip mounted in a
brass holder and connected to two OSM bulkhead connectors.
The tapered coplanar lines at each end are visible in the
photograph. The grey rectangle in the center of the chip

is anodized Nb covered with Si0, The transformers are loca-
ted in the same rectangle but are not clearly visible in the

photograph.
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22), the lover is 522.

e-ended 507 to 10 transformers

The upper graph is Sy {and S

Response of the doubl

measured at 4K,

Figure 8.
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FIGURE 9. Layout of six masks on the two inch wafer. The upper
two chips are amplifiers referred to as SQP1; the lower two chips
are amplifiers SQP2.

e R s P -

it




of the multi-level mask set for the four-chip layout. Each chip contains
two coplanar line inputs along the center line, and test junctions at the
top and bottom of the chip.

Two different configurations of the amplifier were designed, SQP 1
and SQP 2. Figure 10 shows the enlarged layout of SQP 1. The transformer
input to the SQUID is at the left; the pump input at the right. Figure 1]
is an expanded plot of the six masks at the center of the chip, showing
the impedance matched signal line at the left and mismatched pump line at
the right. Both the microwave pump signal and the dc phase bias will be
supplied by the coaxially fed pump line.

Figure 12 shows the layout of SQP 2. This chip is symmetric with
two matching transformers (509 to 12) connected symmetrically to the SQUID.
The SQUID shown in Figure 13 is two inductive sections in parallel across
the 12 microstripline. Since these inductors are the same as that of SQP
1, there is a reduction of L by a factor of two. To retain the same value
of B8(=1) and resonance frequency, the junction area and hence iC and C
are doubled. Also the Q is unchanged in this configuration. In this
configuration we can operate the device as a transmission amplifier with
a 3dB loss in gain. The pump signal is injected in one of the transformer

inputs with a subsequent mismatch,
3.3 Fabrication

The amplifiers were fabricated on 2" silicon wafers using Nb/Nb203/PbBi
junctions and Pbin interconnect lines. Nb films deposited with our S-gun
system exhibit Tc>9K and a residual resistance ratio =4. The junctions
were fabricated by reactive-ion-oxidation followed by thermal PbBi
deposition in the same vacuum system.

Significant problems with contact resistance and junction quality
were encountered after the change from sapphire to silicon substrates.
This was done to permit multi-chip fabrication and to eliminate photo-
resist exposure problems at the edges of the substrate. Since silicon
is more fragile than sapphire, samples were held in place in the vacuum
system with vacuum grease rather than rigid clamping brackets for heat

sinking and mechanical support. This tends to contaminate the front

15
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surface in the lift-off process following deposition. We have been
successful at cleaning with hot xylene prior to the acetone lift-off,
but a better solution is still being sought.

In addition, the lack of in vacuo surface cleaning just prior to
deposition was judged to be another source of contamination. This was
demonstrated by carrying out other depositions in the ion gun system.
However, this approach is not a satisfactory solution since the vacuum
system is not equipped for multiple component depositions, and the
deposition of other than PbBi fiims contaminates the vacuum system for
junction formation. Consequently, the general purpose e-beam evaporation
system was modified under our [IR&D program. This modification entailed
installation of an rf sputtering system on which the substrates are
mounted. In this configuration, the surfaces are sputter-cleaned prior
to deposition. Also, the ion-gun system is prepared with a PbBi
deposition prior to junction formation, providing a consistent back-
ground for reactive-ion-oxidation.

Figure 14 is a photograph of a SQUID paramp chip before mounting in

the microwave test setup.
3.4 Analysis

Because of the eventual importance of the noise and saturation per-
formance of the parametric amplifier in an array configuration, we have
continued with numerical analysis of noise and dynamic range. This
analysis will be reported at the 1982 Applied Superconductivity Conference
and submitted for publication in the IEEE Transactions on Magnetics. A
draft of that publication is attached.

The result of the calculations are: 1) the nearly degenerate SQUID
paramp of the design developed here has a constant noise temperature To
equal to the device termination temperature; 2) the amplifier response
is linear to several percent of the flux guantum energy; 3) the single
SQUID paramp is easily saturated by broad-band noise if that noise tem-

perature is much greater than IOTO; 4) the coherent SQUID array paramp

20
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has the same noise temperaturce as the single SQUID parametric amplificr,
indicating that the array of N SQUIDs will have a dynamic range N tine
that of the single device. further details are included in the attached

draft of "SQUID Parametric Amplifier,”

In conjunction with analysis of a resistive SQUID voltage-control led-
oscillator, we have observed that the resistive SQUID biased at 2. |, where
S is the SQUID LC resonance frequency, will oscillate almost exclusively
at AJ/Z “y for v=1 and Q~2. This can be viewed as a degencrate paranctric
oscillator similar to that predicted for the SQUID parametric amplificr
if Q;J‘(Ap)*l. Thus, it appeared very likely that a similar low noisc

ampliticr could be operated with a self-pumped resistive SQUID.  Very

recently Calander, et al have reported such an experiment although in a
non-degenerate form [J. Appl. Phys. 53, 5093 (1982)]. Wc have proposcd
to carry out specific analysis and measurements of this amplificer next

year.
3.5 Measurements

Tests were made of several amplifiers at 9GHz using a cooled x-band
circulator and an H-P Spectrum Analyzer as a receiver. No useful data
was obtained, probably because of poor device quality as discussed above,
and the poor noise figure of the SA. Just at the completion of this
year, we received a NARDA low noise x-band GaAs FET amplifier to provide
improved N.F. and also increase isolation from the SA. Measurements of

new devices will proceed in the next quarter.
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L.  CONCLUSIONS
Several fabrication problems have been resolved and we expect to

provide quantitative measurements next year. Analysis of noise and
dynamic range of the single SQUID and SQUID array continue to indicate

very useful application of the SQUID parametric amplifier.
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APPENDIX A

SQUID PARAMETRIC AMPLIFIER
A.H. Silver and R.D. Sandell®*
TRW Space and Technology Group
dne Space Park, Redondo Beach, CA 90278

J.P. durrell and D.C.

Pr idmore~Brawn

The herospace Corporation
P.O. Box 92957, los Angeles, CA 90009

Abstract

The single junction SQUID was previously shown
by analysis and saimualation to be an attractive
cardidate for a parametric anmplifier. Further
calculations of the noise and saturation behavior of
the nearly degenerate parametric arplifier have now
been performed by rumerical sinualation. These
sunulations clearly show that the amplifier noise
tarperature  will be approximately the device
taperatwre T, and that the amplifier will be
campletely saturated in the presence of white noise

characteristic of 307,. Signal saturat.igg of2 the
aplifier also occurs for an output power 10 “f ¢ /2L,
strongly limitang the dynamic range. Howéver, a

ooherent array of M single junction SQUIDs is shown to
have a signal saturation level increased by N relative

to a single 30UID, with no increase in noise
teperature, resalting in an N-fold irprovement in
dynaruc¢ range.

intraduction

We have previously shouml that the single
junction (or rf) SQUID is an attractive candidate for a
single idler parametric amplifier in temms of gain,
bandwidth, and phase stability. Furthermore, a
specific linear array of tightly coupled SQUIDs was
shown to support a stable mode identical to the single
SXID amplifier, but with power increased by N and
impedance by N/2, where N is the nuwber of SQUiDs in
the array. The saturation and noise behavior of such
amplifiers has now been camputed and gives further
support to the use of the SQID as a low nmoise
parametric amplifier.

INPUT SIGNAL LOAD
n i 3 ,/
R

_’__
PUMP AND 3
DC BIAS

Lg Ic T c
Figure 1. Equivalent circuit of the externally

pumped SQUID parametric amplifier.

*Sypported by the Naval Research Laboratory, OContract

No. NO0014-81-C-2495.

Manuscript received November 30, 1982

onsider the SQUID of Fig. ] with aiLruanwe o
and a Josephson tunneling JUNCLion  witl. Crituta.
current I _ and capacitance . For freguci..es
below the energy gap frequency, we nejlect e ircerl.:.
quasiparticle resistance campared to tin lomi re.sta.
R. This configuration obeys the Jloersioricves ei.:m. .

“ e
& +p +Esins +4 =E(t)

where € is the phase of the Jusephsorn -.oot.o.,
B-g'iLl , m=v L/C/R, time 1s meas.red u. w..'s of
o = VL/C amd E(t)= 1(t)/l_ where

o c

1(t) = I+l cos wot + 1008 -t .

1o 15, and I represent dc bias, siaral, ani poryp
input currents.” For ¢=l, r<0.5, an operaiing pount sot
by 6 =2, and punped at freguency - 2. Wil phasc
amplitude approximately r/4, the nga:ly degenerate

SQUID parametric anp]xifier has high gaur. axd &

gain-bandwidth relation
G(0)( Lu)2= n2

Optimun bandwidth occurs for a loaded O=1/r=2.

Successful performance of parametric arplifiers
can be achieved by using circuit resonances to store
idler power and thereby drive the system awa, frarm
chaotic or marginally stable conditions. The bare
Josephson tunnel junction exhibits a gmall signal
‘plasma resonance which has been_ explored for
-superoconducting anplifier operation®. Wo useful
device, however, has resulted fram either an unsiuanted
single junction or multiple junctions. On the other
hand, the low 8, tunnel junction SQUID has a shant
inductance L and junction capacitance C which allow a
well-definred, large signal resonance to oocur. 7his
same 1LC resonance can Re preserved even in a large
array of coupled SQIDs". This closely aporoximates
the classical requirement for a successful arplifier.
‘Furthermore, for the SQUID amplifier, 1_ in Eg. (2) 1is
chosen to bias the junction phase 8 at'r /2 where the
plasma frequency is identically zero. Therefore, the
Josephson plasma resonance 1is not involved in the
operation of this parametric amplifier.

Saturation

The gain was prx'eviously1 determined fram both
closed-form analysis and numerical simulations in the
very small signal limit in the absence of noise. By
increasing the signal amplitude in the ocaopater
simulation, the large signal response has now been
calculated, providing estimates of both linearity ani
saturation. Calculations were performed for §£=1 anl
n=0.5 with punp amplitudes urrsz.a and 3.2,
corresponding to a small signal gairf of 10 and 15 dB,
regspectively. Figure 2 shows the caputed idler power
as a function of input signal power for signal
frequency at 1.05f_ (L =2.8) and 1.025f_ (E _=3.2) with
no noise added. TRe rBrmalization of the s‘ggxm input
and idler power is nf kT, where fo--o/i.’r and
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Fiiire 2. Comjuted idler response as a function of the
input signal for two values of the pump level and
amplifier gain, E =2.8 (10dB), and Ep-3.2 (15ab) . The
power 1s noma‘.ngd by nfokT B yhere nkTo is equal to
the flux quantum energy and is the resonance

frequency of the LC circuit.

nks -:02/23.., the energy of one flux quantun in the
SWID inductance, and Tg is the operating temperature
of the SQUID. 5SQUiD anplifier_slﬁabricated in a thin
filn, format can have L< 5x10 i, corresponiing to

n=104. In both cases plotted in Fig. 2, ga}a
campression ld§ accurs at an idler power = 10
nf XT_ or 10~ .05 /2L. §§rongzsaturation in the idler

ocgp.lg sets in about 3x10 “f ¢ “/2L. We point out that
the idler power 1is used test gain campression
because the coputed signal power in a two terminal
device includes both the input and oOutput powers.
Frequency separation of the nearly degenerate idler
makes the gain camputation more straightforward.

Strony saturation near an output power of
3x107%f ¢ /2L 1s expected on the basis of the flux
modulatfo model of the SQUID. ne expects strong
saturation in output r below the level of the pump
power computed as f_;,.“/L, where ¢  is the amplitude of
oscillatory flux i {he SQUID atP the puap frequency.
The maximun value of ¢ _ for a well designed amplifier
with 8 =] is ¢ ax" ; more appropriate values are
e?/G.z Thus, pégrong saturation is expected below
( o /2L)/36, in good agreement with the results in

Fig.%2.

Noise

In practice, the naise perfarmance will
determine if these gains can be realized and over what
bandwidtlh) a useful dynamic range can be sustained. The
added noise temperature of a classical,
nearly-degenerate, high gain parametric amplifier is
that of the idler termination. While the SQUID
parametric amplifier obeys the classical equations at
very mmall signals, the nonlinearities in the system
make it necessary to determine the noise response for a
wideband amplifier. We have performed a classical
noise calculation to determine the ocantributi of
potential noise sources such as punp noise” or
up-conversion noise fram near dc. Punp noise is
expected to be minimized if the purp amplitude is such
that J,(A)) is near its maximum value, where Ap is the
furdfnen 1 camponent of the phase response to the
punp . Upconversion fram very low frequencies should
be ineffective since the resulting idlers are far fram
the signal band.

The calculation was performed by adding a
Johnson noise generator in the load resistance R. This
has the effect of adding broadband noise at both signal
and idler ports, of the pararp simultaneously. The
Bachelier-Wiener® process was used to simulate the

noise with discrete time intervals 1, suh that the
cutoff frequency wu ®1/2: =3.2. . It is antiClputed
that this noise bandwidth will Include all significant
noise frequencies. The noise process is generated by a
random walk in the phase 6, which has a ussiarn
distribution of time increments with variance ¢, where

(00/21)202 = 4KT _RT. )

Figure 3 displays the caputeld ougj.t
tamperature as a function of T for the saw two

amplifier conditions used in determining tle gal.
saturation, t‘}1=2.8(10d.8) and L =3.2(15dE). Simalar to
the scale n Fig. 2, tt unit  of tegeratire

measurement, 10 'nT.. relstes temperature to the flux
guantun energy via ?\T = “/21k. The calculated outj..t
noise temperature for smail input temperatuare urdicates
that the classical resalt, 2T x gain, 1S aproxis
achieved. owever, saturation  of the  Outr s
tamperature and associated bright line gain cagroessio.
exceed that anticipated by the idler performance snow.
in Fig. 2. A camwparison of the integrated broaiiand
output power to the narrowbarnd adler’signal  powe:
indicates that broadband noise can mare easily saturate
the amplifaier.

Based on the results shown above, t ..a -
SQUID is a low noise amplifier with useful but lirated
dynamic range which 1s potentially susceptiltle o
broa d nolse saturation. The utility of & SXio
array” toO increase the total operating power ani mare
impedance matching easier would be limited 1if the
output noise power scales with the nunber of SX'iDs as
does the signal power. Therefore, we have perforresl a
nolse calculation on the array similar to that for the
single SWiD. 1n calculations aml suimulations on the
array performance, each SQUID is assuned to be loaded
with a resistance R. An indeperdent Johnson noise
generator with the same cutoff frequency 3.2.  anl
other characteristics as that used for the sxngleqsxlb
was added to each resistor. Thus, each SUID 1s
independently excited by thermal noise. Fram the ay
point-of-view, the uniform mode of the amlifier  1s
excited as well as all other modes which lie below the
cutoff frequency. As a result, the signal and idler
ports are correctly excited by noise 1f the end effects
are neglected. Thus, the response to the effects of
the bath tenperature are adequately simulated, although

Otp= 2814~ 1010
'~ Otpe 321 10m%0 h

(AN 1

OUTPUT TEMPERATURE 1104 nT 1

"
10 o
INPUY TEMPERATURE 10 4T )

Figure 3. Computed output noise temperature of the
SQUID parametric amplifier as a function of the input
noise temperature for the same two pump (gain) con-
ditaons as shown jn Fig. 2. Noise temperatures are
normalized by 10" 'nT_, where n 1s the ratic of the
flux quantum energy to k'ro.

25




TABLE 1
COMPUTED NOXSE RESPONSE OF THE
SQUID ARRAY PARAMETRIC AMPLIFIER
The output noise tamperature for 4, 16, and 32 SQUIDs
noimalized to that of a single SQUID for the same
pump level and input noise temperature.

INPUT OUTPUT NOISE TEMPERATURE
PUMP NOISE
LEVEL TEMPERATURE . 16 32
110740 T) JUNCTIONS | JUNCTIONS [ JUNCTIONS
Eg=28 1 18 15 X
1008 GAIN 6.6 14 12 12
24 17 21 X
106 13 25 X
£g=32 ! 08 06 09
15 d8 GAIN 66 18 14 X
24 X 34 X
106 X 29 x

it is not an accurate representation of a broadband

signal. The latter distinction does not exist for the
single SQUID.

Table I suwmarizes the calculated output
temperatures for arrays of 4, 16, and 32 junctions.

The results, normalized to the single SQUID case,
clearly demonstrate that, in the linear response range
of input tenperatures, the SQUID arrays exhibit no
excess noise over that for the single SQUID. At the
higher tamperatures there is same evidence of noise
increase. Scatter in the numbers in Table I reflects
the accuracy of the noise calculations rather than
significant variatians.

This result means that an array of N single
juxtion SWIDs, operated as a nearly degenerate,
externally punped parametric amplifier”, will have the

following specifications relative to the single SQUID
paramp:
Gain =]
Bandwidth =]
Impedance = N/2
Saturation Power = N
Noise Temperature = 1.

Since the array responds cnly to noise in the uniform
mode, the total noise power does not increase while the
signal power saturation level increases as W. The
excess noise temperature of the nearly degenerate array
aplifier operating at 4 kelvin is 4K, assuning the
amplifier load is also at 4 kelvin. However, the
dyngnic range is limited by saturation level of
10 mfo)(r and by a rnoise floor ogm;‘.owr , with a
resulting anic range equal to 10 Nn° Reascnable
values of the ratio n= (flux quantum energy/ugmal
energy) are about 107, with a maximum value of 10” set
by the Josephson penetration length limit on junction
size. The array size may be limited by uniformity of
Josephson current density and lithography, by parasitic
capacitance or stray ﬁeldi, ar by impractically high
impedance. Certainly 1-10°-10 s}n‘*ud be realizable.
Thus, a amic range at least 10, and possibly as
high as 10°, can be contemplated at }0dB gain without
addressing new probl areas. Witq the , more
conservative value of 107, based on msl0’, N=10°, the
output ut.urat.éon power will be 0.6,V at 10GHz (6LW at
100Giiz); at 10", saturation power will be 6Q.W at 10GHz
(6004 at 100Giiz).
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One further note about related measurements on
Josephson parametric amplifiers and chaotic behavior.
The simulations reported here ard in Ref. 1 show that
the Josephson junction, when incorporated into a 1ow ¢,
low Q SQUID which resonates the junction capsCitance
with the SQUID inductance, has modes of operation whuch
are predictable, nan-chaotic, and respond linearly.
However, at large excitations, the behavior clearly
becanes nonlinear with strong saturation, subharmax,c
generation, and other unexpected effects. Calendar?,
et al have recently reported low noise tamperatures
(=30K) for “"ghunted" Josephson tunnel junctians whact.
were self-pumped via imternally generated Josephsor.
oscillations. These devices were in fact low
inductance "resistive" SQUIDs with ¢ -factors
approximately 2 and 4 for the lowest noise arpiifiers.
These results strongly suggest that the externally
puped configuration proposed by us wil)l perform as a
low noj amplifier. Despite the suggrstion of
Calander”, et al that the extermal purp is a source of
noise rise in Josephson paramps, only circumstantial
evidence is offered that this is the case. Ve sugjest
that low noise follows fram the low g, low o SWID
configuratjon. Analysis of the resistive SID
oscillator® shows a variety of instabilities for even

modest values of Q or £, including subharmonic
generation and anharmonic oscillations. ot
surprising, the general rule to avoid these

instabilities appears to be (¥<2, similar to the
requirament to avoid subharmonic geneiat'mn in the
extermally punped parametric amplifier®. Thus, the
internally pumped amplifier should be qualitatively
similar to the externally punped device without
flexibility in setting the purp level ,although
avoiding the need for a seeparate oscillator amd
adjustment for both the oscillator level and the dc
phase value. Furthermore, a method of generating an
internally pumped SQUID array amplifier does not appear
to be at hand.

Re ferences
1. A.H. Silver, D.C. Pridwre-Brown, R.D. Samxdell,
and J.P. Hurrell, “Parametric Properties of

SQUID Llattice Arrays,” IEEE Trans. Magn.
MAG-17, pp. 412415 (1981).

2. S. Wahlsten, S$. Rudner, and T. Claeson,
“"Arrays of Josephson Tunnel Junctions as
Parametric Amplifiers," J. Appl. Phys. 49, pp.
4248-4263 (1978). N.F. Pedersen, "Zero-Voltage
Nondegenerate Parametric Mode in Josephson
Tunnel Junctions,"” J. Appl. Phys. 47, pp
696-699 (1976).

3. M.J. Feldman and M.T. levinsen, "Theories of
the Noise Rise in Josephson Parawps," IEEE
Trans. Magn. MAG-17, pp. 834-837 (198l).

4. G.M. Jenkins and D.G. Watts, Spectral Analysis
and Its Applications , Holden-Day, Inc. (1963).
5. N. Calander, T. Claeson and S. Rudner, "Shunted

Josephson Tunnel Junctions: High Frequency,

Self-Puped Low Noise Amplifier," J. Appl.
Phys. 53, pp. 5093-5195 (1962).

6. A.ll. Silver, R.D. Sandell, and J.2. Wilcox,
"SQUID Voltage-Controlled-Oscillator,” 1IOE

Trans. Magn., current lissue.




:
3

DISTRIB

UTION LIST
FOR

TECHNICAL REPORTS

CONTRACT NO.

Or. Martin N Nisenoff, Code 6854
COTR Contract No. N00Q14-81-C-2495
Naval Research Laboratory

4555 Overlook Avenue, S.W,
Washington, DC 20375

Administrative Contracting Officer
Naval Research Laboratory

4555 Overlook Avenue, S.W.
Washington, DC 20375

Ref: Contract No. N00014-81-C-2495

Director

Naval Research Laboratory
4555 Overlook Avenue, S.W.
Washington, DC 20375

Attn: Code 2627

Defense Technical Information Center
Building 5

Cameron Station

Alexandria, VA 22314

Mr. Edgar A. Edelsack
Code 414

Office of Naval Research
800 North Quincy Street
Arlington, VA 22217

Dr. Fernand D. Bedard
Department of Defense
RO3

Fort Meade, MD 20755

Dr. Nancy K. Welker

Laboratory for Physical Sciences
4928 College Avenue

College Park, MD 20740

Dr. Kenneth Davis, Code 6855
Naval Research Laboratory
4555 Overlook Avenue, SW
Washington, DC 20375

Mr. Max o, Yoder

Code 414

Office of Naval Research
800 North Quincy Street
Arlington, VA 22217

ST AT M Py s e

N00014-81-C-2495
50

12

27




Dr. James E. Zimmerman 1
Mail Stop 2137

National Bureau of Standards

325 S. Broadway

Boulder, CO 80302

Dr. Clark A. Hamilton 1
Room 2137

National Bureau of Standards

325 S. Broadway

Boulder, CO 80302

Mr. Ernest Stern 1
MIT-P-327

Lincoln Laboratory

P. 0. Box 73

Lexington, MA G2173

Dr. Ted Van Duzer 1
Dept. of Electrical Engineering and Computer Science

University of California

Berkeley, CA 94270

TRW Documents Section 1
Tecnrical Information Center (TIC)

Buiiding S, Room 1930

One Space Park

Redondo Beach, CA 90278

28

- - - e ey e ———

T .’.‘: -t ?-WA,*I* . N -
-







