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- JOSEPHSON JUNCTIONS AS MICROWAVE HETERODYNE DETECTORS
Yuan Taur
Inorganic Materials Research Division, Lawrence Berkeley Laboratory

and Department of Physics; University of California
Berkeley, California

ABSTRACT

‘The properties_of péint cbntact Josephson junctiOné operated as
36 GHz heterodyne defectoré have been extensively studied. ‘Thé .
measured performance is in good agreement with the theory déveloped
for microwave coupling, conversion efficiency, and infrinsic noise
vbased on the-Resistively Shunted Junction model. A'tunable»cavity
matching strﬁcture Vas designed to obtain good RF coupling to the
point contact. B& operating vanadium junétioné at 1.4 K, we have
achieved a single side band mixer noise temperéture of 54 K (referred
to fhe input) with a conversion gain of 1.35 and a signal bandwidth
of the order of 1 GHz. This‘is significantly better than existing
fesistiQe mixers in this frequency range. We have also tried harmonic
mixing, mixing in the presence of relaxation osciliation, énd self
local oscillator mixing with Josephson junctions,_but the results are
not as promising as fﬁndamental mixing with an egtefnal local oscillétor.
Fiﬂally, two additional topics aré:discussed: a Josephson effect
homodyne detector, ;nd a proposed'design for sﬁﬁercdnducting bolometers
making use Qf'the recently developed'superconducting-quantum interference

devices,



I. INTRODUCTION

'In'1962 a thegry was developéd by B. D. Josephsonl for tunneling
of supercurrénts across a junction éonsisting of twb'bulk super-~
conductors separated by a thin insulatihg 1ayerlapprokimately 104
thick. It was experimentally demonstrated later that the effects
observed in such junctions_exist in a Vériety of‘physical arrangementé
which have in common tﬁat two bulk_superconductdrs are connected by
a sméll région'of weak superconductivity.v Theré are three major
kinds of superconducting weak 1inks‘or Josephson juncﬁions_which
are impoftant'for practical applications: (i) Tunnel junctions,

. which comprise the geometry for which Josephson deri?ed his original
theory. (ii) Pdint’contac’:ts,3 in which the junction is formed between
two superconductors with one of them sharpened'to a'poiﬁt. v(iii) Con-
stricted thin film‘bri..dges,a_’5 consisting of t&o sﬁperconductors éon—
nected by a narrow'superconducting film with lenéth and width of the
order qf one micron. It haé beeﬁ suggested that Josephson junctiéns
have very good potential for being sensitive detectors of electro-
magnetic radiation in the millimeter-wave and far-inffared regions.
We shali describe briefly the basic Josephsonvrelations and the
principle of detection. |

In a bulk supefconductor, the conduction electrons condense into
a macroscopiciquaﬁtum.state which can be déscribed'by an équivalent
wavefunction woei¢, here ¢=¢(r,t)»is.a coherent phase factor which is

a function of position and time. If two superconductors with phases



¢l and ¢2 are ébupled by a weak link; the first Josephson relation
states that the current fldwing through the junction is related to

S r '
the phase difference ¢=¢1-¢2 by

I(i) = I_ sing(t) . ' (1)

where Ié is the critical current of the junction determined by the

material, temperature, and geometrical structure of the supercondﬁcting

weak link. The second Josephsén relation states that if a voltage
v(t) isxapplied across the junétion, the phase difference ¢ will

o !
change with time according to the relation

d¢(t) _  2ev(t) o
dt. - T h B (2)

The Josephson current described by Eqé. (1 and'(2) arises from the
transfer of electron pairs without_gnergy loss from one side of the
junction to the other. | |
To'understand the use of Jbsephson junctions for deféction and
mixing, let us combine (1) and (2) to obtain a relation betwgen tﬁé
current through the junction and the voltage acrbss it
© r2e t : : '
I(t) = Ic sin [?r -l.' V(t{)dt'] g (3)
. o .
This equafion defines the characteristic of an ideal Josephson
element. The most interesting result predicted by Eq. (3) is that
when a constant voltage VO isiapplied to the junction, an alternating

current will flow at the Josephson frequency wo =‘2eVo/h. This means



that Josephson junction is an active element which can convert DC
power into AC and vice versa.

By differentiating Eq. (3), we can rewrite it in the following

vform: o
h/2e dI(t)

" — It (4)
Ic - I7(t)

v(t)

‘This is the relation for a lossless inductor with non-linear inductance

L. = _h/2e -
Y 12. Iz(t)
C

This kind.of characteristic is very useful for high‘frequency device
applications. |

There are many different modes to operate Josephson junctions
as radiation detectors.. Among them are the broadband square law mode,6
narrow-band regenerative mode,7 linear-heterodyne_or homodyne mode,8
etc. Since it is desirable in many applications to keep the frequency
information of the detected signal, we are interested in building a’
heterodyne system using the non-linearity of Josephson junetions to
mix a small signal with en external local oscillator and produce an
output af a difference frequencybwhere good qualiiy amlifiers are
available. Another possibility is to.use the Josephson oscillation
as an internal local.oscillefor, but since the in;rinsic noise tends
to broaden the linewidth of the Josephson oscillation,9 this mode

of operation is not as useful.



In order for a high frequency device to function efficiently;
it must be well-coupled to the signal source. This is a rather

difficult problem for Josephson junctions because their impedances

are usually much lower than the impedance of the free space (377 ohms).

Apart'fr6m7practical>problems,‘the impedance of a Josephson junction

0~and IC must be large enough to exceed the

is limited by R < A/eIc1
intrinsic noise in the junction. Among various kinds of Josephson

junctions; we decided to make our device out of point contacts not

only because they are easier to prepare and mount but also because

their impedances are higher than those of constricted thin film bridgés

(low reSiétanqe) and tunnel junctions (low reactance). The signal
frequency at which.we oﬁerate our point contatt'juﬁctions is 36 GHz,
which was chosen for.ease of making accurgtevmicréwave measurements.

In fhis thesis we shall describe the coupling of our point contact
Josephson junctions to microwave fields, the conversion efficiengy
(or gain) of oﬁr'36 GHz mixer and its noise properties. All these

experimental results are in excellent agreement with the theory.

i
}
i
!
i
]
i
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II. EXPERIMENTAL SET-UP .

A. Junction Preparation

1. Junction Material and Fabrication

We have used niobium, tantalum, and vanadium to make point contact

Josephson junctions. They were formed by pressing a‘shérﬁened

superconducting wire against the flat end of another superconducting
wire. Both wires have diameters of 0.81 mm and weré prepared with

- No., 600 emery papers. The tip was usually etched for a few seconds

in a_chemical solution to increase its éharpness. The etching
solution for niobium consists of concentrated HNO3,‘concentrated HF,
and water mixed in equal volumes and the solution for tantalum is a
mixture of 5 pafts concentrated Hy504, 2 pérts concentrated HN03, and
2 parts goncentrated HF. Vanadium wires were usualiy not etched.
After being rinsed in distilled water and cleaned with acetone, the
wires were either set aside in air for several days drvhéated on a
hot plate.to 200°C.f0r 30 minutes.to form an oxide layer. We also
attempted to make junctions without the final oxidization prdéédure,'

but in general it was very difficult to adjust these clean wires to

- form Junctions with desired characteristics,

2. Junction Mounting and Adiustment

bur point contact juncfions were mountéd‘in the middle of a
standard—;ized A-band niobium waveguide (0.71 cm X 0.367cm ID) élong'
the E—fieldidirection as éhown in Fig, 1. A clearancé hole (diaﬁeter

1.32 mm) wasbdrilled on the broad surface of the waveguide to introduce



- Stub
Tunert

O-80 Nb Screw

Choke

—

DN Plunger -

Lo. g &\\%i—

-

—

Eﬁgnol v '\:f\\\¥\f\\\
="

" Choke
Grooves

EESQ}\ .

|

"Glass
Spacers

f‘OQGmthw
XBL737-6553A

' AFig. 1. Niobium waveguide assembly for a 36 GHz

Josephson mixer.

af




the sharpened supercénducting wire ihto the structure. The other
end of thié wire was threaded (000—120) and screwed into a niobium
flange which was DC.insulated from the waveguide by 0.25 mm thick
glass.spacers.

Mést of our experiments were done with preadjuéted niobium
junctions using spacers made from a special gla_ss11 which has the
same thermal expansion coefficienf as that of the niobium. By.
mohitoridg the resistange on a écope, we were able to adjust the:
junction atAroém temperature with a 0-80 niobium screﬁ and locknut,
the whole structure was then sealed in helium exchange gas and‘cooled
uniformly to 4.2 K. Junctions with reSiéténce less than 1 ohm can
be thermally cycled many times without significanf cﬁanges in their
I-V characteristics. However, high resistancé junctions (10-20 ohms)
tend to show open circuits when warmed up énd need to be readquted
for the next tun,

_Wheh tantalum or vanadium was used, the junctions were adjusted
at liquid helium température. This was done by'replécing the niobium
screw with a 0-80 brasé screw driven by a worm gear at the top of
fhe cryostat. The jqnction was then formgd between the tip and a short
piece of tantalum or vanadiumvwire which was threaded (000-120) and
screwed.inté the end of the brass screw. Junctioné made this way were
mechanically stable and'oftén stayed unchanged fof several hours,

allowing plenty of time to make electfical measurements.



B. Microwave Circuit

1. Matching Structure

Since the characteristic 1mpedaﬁce of a standard wéveguide is
much iarger than that of -a typical péinf contact, some impedance
m;tcﬁing structure of cavity arrangement is nécessaty to achieve the
best pefformance of the junction. For this purpose we éut a
conveﬁtionél three¥seetion choke'plunger behind the juncfion and a
stub tuner (3/4)Ag in ffontvof the junction as shown in Fig. 1. The
plunéer ié adjustable along the waveguide at low témperatures. The
stub; whichvconsists of a 000-120 brass écrew; could be adjustedlup»

‘and'doyn by a worm gear when we dealt Qith presététype junctions;
but when thevworm gear waé used tovadjuét the»junction, the stub
tunef was preset at room temperature with a locknut. The performance

of this microwave c#rcuit will be discussed in Section IV ahd
Appendix A.

The ﬁiobium waveguide shown in Fig. 1 was cqnnected to the room
temperature microwave system via a 90 cm lengthbof stginiess steel
wavegulde whicp gave 3 dB attenuatioh.of'fye micro&ave power. A
plece of wedge-~shaped Eccosorb FR (Emersbn and Cumiﬁg) wés inserted
into the low tempefatﬁre end of thebstainlesé steel waveguide as
shown in Fig. 2 to reduée room temperature biackbédy radiation. The

attenuation of this cold attenuator was calibrated at liquid helium

temperature to be (23t0.5) dB.




BNC Connector

A-Bond S.S.
Waveguide —————

!
S.S. Adjustment |

Rods \

b

Wrsasss|ra\rs

Two-pin Shielded
Connectors

Low-pass Feedthrough
Filters

-—— Brass Con

Mu-Metal Can

Cryogenic Coaxial Cable
Twisted DC Leads

5.S. Tubing

Mu-Metal Conduit

Liquid Helium Dewaor

N
[T

Liquid Nitrogen Dewar

e——— Mu-Metal Shielding Can

Brass Can Wrapped
with Lead Tape

Cold- Attenuator

Worm Gear

Niobium Flange

100 uH Inductors

Niobium Wavequide

Plunger Driving Gear

XBL743-5933

‘Fig. 2. Cross-sectional view of the dewar insert.

(=24



-10~

2. Microwave Sources

The microwave power was supplied by two éil-cooied kiystron
sources joined together with a 10 dB directional coupler. Their
frequencies, measured by a wavemeter and crystal detector, were ﬁsually
set at 36.00 GHz add 35.95 GHz respectively. Although no automatic
frequenéy control.unit was used, the klystron frequencyvdrifts were
less than 16‘MHz/hour,'whicﬁ is good enough 'in oﬁr experimeﬁts. The
output power of the klystrons was measured by an.A-band thermistor
connected to a poﬁer meter. All the attenuatérs were carefully
calibrated so ﬁhat we can deterﬁine the microwave power incident on

the jﬁnction to an accuracy of 10 percent.

C. Electronics

1. DC Méasurement

We ﬁeasure'the static I-V curve of.ﬁhe junctionbby a conventional
four-lead techniqué'ﬁith thevyaveguide,'and thus one side of the
jﬁhcfiqn, grounded. The intermediate frequenc; signél (= 50 MHz)
was isolated from the DC circuit by four 100 uH inductors, one in eaéh
lead. Two low-noise differential'amplifiers withuhigh common mode
- rejection (Burr—Brown Corp., model 3620) were used fof current and
_voltage.amplification. When 1t‘was desired to display junction
characteristic on a scope, an audio frequency signal geﬁerator’was
transformer coupled to the driving circuit to avqid ground loops.

In order tovisolate the junction from rédio wave pick—up, all the low
frequency 1eads were carefully shielded and filtered as.shown in
Fig. 2.‘ The insertion loss 6f the pi-section feédthrough fi1ters at

the top of the cryostat is 80 dB at 1 MHz and 20 dB at 25 kHz.
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It is frequently desirable to DC bias the junction with a low
impedancé sﬁﬁrce. This was done by connecting a bias resistor and
-a current measuriﬁg resistor across‘tﬁe junction to form a loop with
inductance of the order of 10 UH. These resistances were chosen to

be small compared with the junction resistance.

2. Intermediate'Frequency (IF) System

The IF signal (at 50 MHz) from the junctioh was coupled to oﬁr
room temperature IF amplifiers via a cryoggnic 50-ohm coaxial cable
which gave negligible atténuation, Figure 3 shows a block diagram of
our IF system., The IF amplifiers have a total gain of 75 dB and a
bandwidth from 20 MHz to 100 MHz. Following the amplifiers we used.
eifher é Tektronix 1401A spectrum analyzer to read the signal power
of a HP 411A RF voltmeter and a, resonant bandpass filter (center
frequency 50 MHz, Q = 3) to measure the noise power in a narrow
bandwidth around 50 MHz,

The front end of our IF system is an Avantek UA142 broadband
amplifier which has an input impedance of 50 ohms. The noise
temperature-TIF of this amplifier when matched to a 50-ohm gource is
110 K. This was measured by connecting a 50 ohm‘resistor at the
input and reading the total noise power. on the RF véltmeter when the
‘temperature of the resistor was changed from 300 K to 77 K. Since
the Johnson noise powef of a resistor is proportional to its physical
. temperature, we can easily célculate TIF by the formula (TIF + 300 K)/

(T..+ 77 K) = PN(300 K)/PN(77 K).

IF
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One could use an extension of this method to determine the IF
coupling efficiency CIF by measuring the Johnson noise from a normal
junétion in the resistive state. The details of this measurement
will be described in Section V.B. For a 50-ohm resistive junction,
we found thét CIF = 0.9 éround 50 MHz. The deviation from peifect

coupling is mainly caused by the shunt Capacitance between the niobium

flange and the niobium waveguide (= 10 pF).

D. Cryogenics

Ail of the experiments wére carried out in a 5.1 cm ID glass
dewar surrounded by a liquid nitrogen bath. The niobium waveguide
assembly was immeréed in 1iqﬁid helium except when working with
preadjusted ﬁiobium junctions. It takes 2 to 3 liters of liquid
helium to cool down the apparatus and fill the dewar. The holding
time is more than 24 hours when operated at 4.2 K and 10 hours when
pumped to 1.3 K.

Wé.regulated the temperature of the pumped helium using a
throttlea.pumping ﬁalve for gross control and a thermometer bridge12
for fine control. The bridge used a 150 ohm Allén-Bradley carbon
resistor as thermometer and a 200 ohm metal film.resistor as heater.
Both résistors were glued onto the niobium wavegulide with No. 2850
GT Stycast. When the waveguide structure is sealed in helium exchange
gas, it is possible to operate the nibbiﬁm junctions abové 4.2 K to

investigate their properties close to the transition temperature.
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III. JUNCTION MODEL

A. Resistively Shunted Junction (RSJ) Model

-fIt was proposed by McCumber13 thaf the static I-V curves of point

contact Josephson junctions can be understodd by an equivalent

circuit which cbhsists.of-én ideal Josephson element shunted by a.
resistor k andva capacitor C. He defined a dimensionless parameter
'Bc = (Zé/h)RZCIé and showed that hydteresis will‘apﬁear on the junction
I-V curve if Bc'2j0.7f Hysteretic junections often show switching
charactérisﬁics-and‘éannot be DC biased at low voltages. Therefore,
almost all of ouf experiments were done with hydtéresis—free point
“contact junctions, implying Bc < 0.7. For such pqint'contacté, it
seems to be reasonable to neglect the effect of tﬁe shunt capacitance
and treat the junction as an ideél Josephson element with a purely.

resis tive shunt.

Recent experimentslg have shown the existenée'of a phase modulated |

quasiparticle (cos¢) current in different kinds of Josephson junctionms.
However, it was demdnstratedls that such a current causes very little

change in the predicted junction properties.used for heterédyne

detection. Therefore we can neglect this term in>our model to,simplify .

the calculations.

Ail of our experimental'reéults were compared with the predictions
.of fhe RSJ model. In sections IIIB and IIIC we consider the static
I-v curvés.of the junction dri§en by current sourqés and the variation

of RF induced steps with RF. amplitude. In section IV a.theory is
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developed based on the RSJ model for junctions tightly coupled to
microwave’fields. 'The mixing and noise properties of a resistively

shunted junction will be discussed in sections V and VI.

B. Static I-V Curves without RF

If a resistively shunted junction is driven by a DC current
IDC’ the differentihl equation which governs the time dependence
of the junction phase is simply

e 30 4 1 sing -1 | | (s)

This equation can be solved analytically for ¢(t). Experimentally,

it is easiest to measure the static I-V curve of the junction, i.e.

. _ " dé
: =< = - =)
a relation between IDC and VDC v(t) ) e { ac In this case,
the RSJ model predicts a hyperbolic I-V curvé
. <
. - {O . if IDC Ic ©
DC 2 2,1/2
: - v >
R(IDC Ic ) if IDC Ic

In the limit of ID >> Ic’ this I-V curve approaches an asymptotic

C
slope 1/R.
In Fig; 4 we compare one of our typical I-V curQes, obtained
from 10w.impedénce niobium juncfions, with the predictions of Eq. (6).
We can fit the low voltage region of the experimental curve to a hyperbola,

but the value of R required for the fit is less than the asymptotic

resistance RN of the junction at high voltages. If we draw a hyperbola
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—l, it falls below the entire experimental

with asymptotic slope rL - Ry
curve. Either heating or phase slip effects might explain this
discrepancy.

For hysteresis—free junctions; static I-V curves measured with
a constant DC voltage bias source, i.e, with source‘resistance much
smal;er than RN’ are similar to those with a constént current source.

- The equivalent circuit should thus contain a series inductance in the

case of voltage bias to account for the absence of negative resistance.

C. Step Height Variations with RF

.It is wéll known that if an RF signal is applied to a Josephson
juﬁction, the'zero;voltage current of the junction will be suppressed
while constant-voltage steps appear on the junction I-V curve at
VDC = nhmRF/Ze. It will be discussed in Section V that this effect
is of ultimate importance in determining the'perférmance of a high
frequency Josephson mixer. In this sgttion we shall consider the
variation of these current steps with the power'df the RF signal applied

to the junction.

1. Normalized Frequency

In the absence of microwave matching networks, the RF source
impedance is high compared with the junction shunt resistance R,
therefore it acts like a constant current source to the junction and

we have

h db

BRI = + .
e ar L sin¢ I I _ sin w _t (7

DC RF RF
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This equation can be written in terms of the normalized currents

Upe = IDC/IC, Opp = IRF/Ic and time T = (2e31c/h)t as

g% + sinq) = a:DC + p sinQT | . | ' | (8)
" where. Q= hwRF/ZeRIc is called the "normalized fréquency"'which
determines thevimportant féafurés of the.RF responsé of the junction.
'It'follows from Eq} (8) that constahtvvdltage.steps appear on

the jﬁnctidn I-V curve éf voltaéés given by the Jésephson‘relationb

Vpe = nﬁwRF/Ze ='nQRIc.. Using avpérturbation method, Kanter16 solved
Eq. (8) in the limit of gy <1 for the semsitivity of a resistively
shunted junction operatéd as a square-law detector. For finite RF
éurrents'Eq. (8) has no analytic solutions. Russgr17 has used an
analbg’céhputer to‘éolvé thié'caSe'and show that tﬁé dependence of

the step heights on RF current in Eq. (8) differs'significantiy from
the BeSsél function depéndehce predicted in Josephéon's.theory assuming
constant voltagg sources. Ih cooperatiop_wiﬁh F. Auracher, we have
used a digital computer to calculate'a series of I-V curves from
Eq. (8) for different values of the normalized RF:CUrrent and the
nékmalized_frequency'ﬂ.

2. Comparison of Egggfimental Résults with Theory.

In order to make comparison with the results predicted by the
current source model, our experiments were carried out without the
plunger and stub. Instead, a matched load was placed behind the

~

point contact so that fhe junétiop sees the waveguide impedance which
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is much larger than the junction resistance R.
In Fig. 5(a) we show a series of experimental I-V curves

measured for different values of the incident RF power P using

RF
a preadjusted niobium point contact at 4.2 K with Q = 0.16. It
is a common practice to estimate the height qf steps from déta which
are rounded by noise by fitting the region between steps to é straight
linelof finite slope. When thisjis done we obtain,ghe estimated heighfs
of the zeroth and first steps.plotfed against /5;; (= aRF) in
Fig. 5(b). To make comparisons with the predictions of the noise
free RSJ model,.we calibrate the hofizbntal scale of the data by the
value of'ocRF at the first zero of the zero voltage step. The value
of the shunt resistance R which was used in this-fit»is the one
required to fit the low voltage region of the static I~V curve in the
absence of RF., The fit is very good despite the crude method used
to oBtain the points from the measured I-V curves. Similar fitsls’19
for thin film bridges havevshown less good agregmeht. In pérticular,
‘there is a characteristic. drop in the height of the aeroth step as
aRF appfoacﬁes zero known as Dayem effect, which does not appegr in
our point contact data.

Comparisons similar to those shown in Fig. 5 are given in Fig. 6
for a higher pressure niobium point contact operated at 8 K with a
normalized frequency Q = 1.67. Both theory and experiment givexa
step ﬁeight dépendence which is cloéer to Bessel functions for large

2. The agreement between theory and experiment, however, is much less

good than for small . The fit is obtained 6n1y over a small range
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Fig. 5. Static I-V curves and step height variations with RF

amplitude for a small normalized frequency. .



~921-

1.0
<
£ 08
(&
206
K
04
e }
(&)
O
o 02
o
DC voltage Vpg
increasing RF amplitude
1.2 T T T T T T T
® n=0
! 2 3 4 Exper. ;
| | =1 s
o Theor. —
<08" v v v ) - : ) -
Q v
0 v v Catibr. ©
<
06| v \ 2 -
©
S v o v
2 04f v o -
% v v
- )
nw 02F AY : M v._
° ®
v ™
o) I 1 1 1 1 ‘ 4 1
0 1.0 - 2.0 30 40 50 6.0 7.0 8.0
"RF current IRF/'IC
| XBL 728-1455

Fig. 6. Static I-V curves and step height variations with RF

amplitude for a large normalized frequéncy.



~22-

of experimental parameters. ~Evenhafter careful corrections are made .
- for noilse rounding, the height of the first step relative tovIc is

less than the predicted value. ' ‘ . - -

- D. Temperature and RF Power Dependence of the Shunt Resistance

In our esperiments, we have also examined the temperatnrevand
RF power dependences of the Junction shunt resistance. In Figs.7, 8
we show two series of junction I-V curves taken for different values
Of‘temperature and microwave power. It is clear that the asymptotic
resistance of the junction is insensitive to both parameters. This
suggests thst there is no significant tunneling contribution to the
junction current for otherwise we would expect a strong RF power
dependence of the shunt resistance arising from photon assisted
‘quasiparticle tunneling20 with a smeared energy gap. .

Energy gap structures, which appear as a bump on_junction I-V

curves at V, . = tZANb(T)/e, were often observed for high resistance.

(R_Z 20 ohms) point contacts but not for low resistance point contacts

such as the one shown in Fig. 4. However, for our purpose to operate

the junction as a device at 36 GHz, we are'only”interested.in the
junction hehavior at voltages much lower'than the energy gap, where

our oxidized point contacts can be closelyvdescribed‘by_the RSJ model.
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IV. MICROWAVE POWER COUPLING

A, Theory of RF Power Coupling to a Josephson Junction

1. Definition of the Problem

In order to construct a high frequency Josephson effect device.
with"good performance, it is necessary ;o.couple tﬁe junction
.véfficiently'toithe radiation source which usually ﬁas_an impedance
muqh.ﬁigher than the junction resistance. F. Auracﬁer and T. Van Duzer2
use&“a digital computer to.calculate the RF iﬁpedénée of a resistively
shunted JOsephsqn.junction by applying an RF current iRF sin wat

to the junction and measuring the Fourier components of the junction

voltage at w They’plotted the real and imaginary parts of the

RF*
junction impedance, which determines the reflection and absorption
of the incident RF power on the junction, as fumctions of the DC bias
current. However, this is not exéctly the information we need to
design the coupiing circuit for a Josephson juncfion mixer. In fact,
the RF impedance they obtained is a strong functidn of iRF and DC
bias current, and under. certain conditions the real part of thi§ RF
impedance becomes negative, which implies that thé Concept of matching
to a Joseﬁhson junction is not adequate.

We appfoach this problem in a different-way by considering how
to find an apprépriate RF source impedance_which maximizes the junction
fésponse for a given amoﬁnt of signal powef.. In principle, tﬁe
condition for the optimum RF power coupling to a Josephson junction

depends on the kind of device it serves. In our case to operate the

junction as a heterodyne receiver with an external local oscillator,
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it is desirable.to maximize the variation of the zero-voltage step
héight Io for a given change of ;he mic;owave'power (this will be
discussed in Section V. A.). From Figs.-Sband 6; this maximum variafion
oécurs in the first period whep Io is suppressed to about 0.1 td 0.5

of its original value Ic' In this range I0 changes linearly with I

1/2
RF

RF’

i.e. AIo o« A(P ). Experimentally, we found that it is usually

better to operate with Io in the upper part of this range to minimize
the effect of noise rounding which may degfade the performance of the
device. TheréfOre, we define the dimensiqnless‘cbupling parameter

[ (8P, /R)

1/2]  o . 9
I =I /2 . \
o ¢

'where the derivative is evaluated at an RF level such that IO = IC/2
in the firsﬁ period. |

The'pa:ameter a2 depends mainly upon the junction normalized
frequency  and the nofmalized RF source impedaﬁce RS/R. In the
next section we shall describe a ?Bthod to m#ximiZe az‘for a given

junction in the case of broad band coupling and plot the resultant
aipt as a function of ). We can then define the RF power coupling

efficiency to a junction with normalized frequency Q as

2
) aexp(ﬂ, RS/R)
RF ~ 2
aopt (Q)

1 - (10)
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2. The Case of Broad Band Coupling

In the case of broad band coupling, the junctioﬁ is connected
to an RF source with source resistance Rs.gt all frequencies as shown
in'Fig. 9(a). This is equivalent to the circuit shown in Fig. 9(b),
where fhe junction Qith a shunt resistance Reff = RRS/(R+RS) is
&riven by én‘RF.current sburcé. Tﬁe effeﬁtive ﬁormalized frequency
of the junction is then .Qeff = hwRFfzeReffIc' By definition

P__ = 2-/8, therefore Eq.“(9) becomes

RF - Rslpp
0L2=&_<810> ,

Rg \%lgp /1 =1 /2

‘ o} Cc
Rots /a1 \? ' o '
o - e ). i
’ RF /1 =I /2 :

(o] C

2
Here [(BIO/BIRF) ]IO=IC/2 is a function of Qeff iny and has been
caiculated, for a resistively shunted junction, by many authorszz’23

using either digital or analog computers. The reSul; is shown in

Fig. 10 with the asymptotic behavior

vex

2 ' o :
3T _ _ 1 Qe <1
oI - 2 S>> 1 12)
RF I=1_/2 (0.58/Q () Qcc 1 -

For a given {2, az can be maximized by graphical methods for the
2 . .
range §{I < Qeff <o , Since o™ =0 whep.Qeff =0 (RFvcurrent source)

or Qeff + o (RF voltage source), it always has a peak at some finite
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Fig. 9. Equivalent circuits for broadband RF coupling.
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value of Qeff'

2 _ o4 _
where we found aopt = 0.22 at Qeff = 1.2, ite. (RS/R)O_P.t = 0.7.

An example is given.in Fig. 10 for the case = 0.5,

Using this method we obtain ;aﬁ and (RS/R)opt as functions of

_ pt
shown tn Fig. 11. The asyhptotic behavior of these quantities can

be found from (12) to be

2 ~ g |
oot 0.25({2, (Rg/R) ™ 1.670 ‘Qv <1 (13)
o2 ~o0.08/0%, ®RJD. ~1 f>>1 (14)
opt ' > Vs opt

i

We see from Fig. 11 that for small ) the RF sourcé resistance
-required to achieve the optimum values of a2 can be much smalier than
the junction resistance R. This means that it is even harder to |
obtain optimﬁm couplingfto junctions with low normélized frequencies.

3. The Case of Resonant Coupling

As mentioned before, we used a plungér and stub to resonantly
reduce-thé‘microwave source impédance. This imﬁliés that the junction
sees a lowvimpedanée-only at frequenciés close to the résonant
frequency wC, which was made equal to the RF signal'frequgncy. The
equivalent éircuit for resonant coupliﬁg is showﬁ in Fig.llz,‘which
wés solved by J. Claéss'en24 using a Hamilton—typezs.Joseﬁhson junction
simulator. The.result of His calculation is plotted in Fig. 13 as
curveé'of: a2(9=0.5, Qeff) aﬁd a2(9=0.2, Qeff) versus Qéff for the

case of resonant coupling with an unloaded Q vacL/RS ~ 10.
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‘ Fig,_l?. Equivalent circuit for resonant RF coupling.
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- By comparing the resonant curves. in Fig. 13 to the corresponding
curves for broad band coupling, we found that they agree with each
other when Qeff <.20(i.e. R¢ > R). ‘But for Qeff7>> Q(i.e RS < R),
the curves for resonant coupling start to deviate from the ones for
broao bano coupling and reach slightly larger values of azpt' This
is more pronounced.in‘the case =0.2. However, it is very difficult
ﬁo.achieVe the situation RS << R or Qeff > Q experimentally
since the microwave source resistance before the impedance transforma-

tion is much greater than R, and we almost always operate in the

regime R

S 2 R where there is no essential difference between resonant

andvbroad'band coupling. We-also learned from the simulator that
adding noise to the RSJ model has little or no effect on aﬁpt'
Therefore we.conclude that as far as experimental interest is
concerned, the basic result of resonant coupling.is the.same‘as that
of broad band coupling. Then we can use Eq. (10) with the values_of
2 (Q) given in Fig. 11 to estimate how good a coupling we have

achieved with the plunger and stub.

~ B. Micrewave Cavity

1. Micronave Equivalent Circuit
The microwave equivalent circuit of the matching structure is

shown in Fig. 14(a) for the TE. . mode which is the only allowed mode

10

of propagation in the niobium waveguide. Here the junction is

represented by an ideal Josephson element shunted by a constant

resistor R as usual and XL is the inductive reactance of the.superconducting -
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Fig. 14, Microwave equivalent circuits of the resonant cavity;
the 3Xg/4 section between the stub and junction has a

characteristic impedance Zo'
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wires in series with the junction, in our case, XL 50 - 100 ohms. 26

The effect of the plunger is described by a shunt susceptance Bl 'In
vprinéiple, B1 can take any real values from - ® to + ®, but in order

‘to cancel jXL; B1 is alweys made to.be positive, i.e. capacitiye.

The stub tuner, placedﬂat 3Ag/4 in front ofkthe junction, is represented

by a cepacitive susceptance B which can be varied from 0 to + © as

2 .
- ' . . ' : 27
the stub moves into the waveguide to some resonant position™ before-

it reaches the far wall of the waveguide. Finally, the microwave

source is represented by Z0 and iRF where Zo = 450 ohms.

We can transform the impedance at the srub‘through the distance
318/4 to the junction and obtain the circuit in Fig. 14(b). Here the
stub is converted into an inductor in in series with the source. It

1

will be shown in‘Appendix A that one can always vary B and'B2 (or_XL')
such that the junction sees an RF source with a real source impedance

RS which_Can'take any value much smaller than Zo at the_RF signal

2 _ 2
frequency as shown in Fig 12, where RS RF ZoiRF 'by power
conservation. In principle, for a given junction with normalized
frequency 0 and shunt resistance R <<.Zo; two adjustments are sufficient
to eliminate the imaginary part of the source impedance and brimg the

’real part Rs to (RS)opt

2. Loss in the Cavity

In Fig. 14 we have neglected other losses in the cavity besides
the junction shunt resistance R. These include the skin depth loss on
the waveguide walls and the microwave leakage out of the'hole con-

taining the superconducting wire (the plunger and stub are pracfically.
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lossless). The skin depth loss can be characterized by a resistance
(a'2)2027 in the mic?owave equivalent circuit of the junction; where
a' is the atténuation constant per unit length and 2 ® 1 cm is the
1ength of_ihe cavityf 'Fér our superconduéting niobium waveguide at
4,2 K, (u'l)zo < 0.1 ohm, which is much smaller than typical junction
resistances and therefore is not important at all. However, our
measurement showed that the microwave leakage from a niobium flange
without choke grooves 1is equivalent to a resistance about 20 ohms

in series with the-junction, which seriously limits the performance of
the matching circuit especially for low impedance junctions. With
proper design of a chokg flange (presented in Appendix A), we were
able to refleét a microwéve short circuit to the pléne where the

wire enters the waveguide. This reduces the leakagé resisfance tov
less than one ohm éo_that it can be neglected for junctions with R > 10
ohms. (An altefnétive way to solve thé leakage problem is to use

multi-section coaxial chokes with similar properties.)

C. Experimental Results

1. Coupling Parameter Without Matching Structure
In our experiments we obtained the parameter az from its
définitioh Eq. (9) by measuring the change of I with respect to the

RF power P incident on the junction. Here we use a power meter to

RF » _
read the absolute microwave power at room temperature and then make

corrections for the cold attenuator (23 dB) and the loss in the

stainless steel waveguide (3 dB) to get PRF'
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When the plunger is replaced by a matched load and if no stub
tuner is used, the junction is essentially driven by an RF current
source since both R and XL are much smaller than Zo‘ The relation

between the RF current IRFlflowing through the junction and PRF is

_ _ 2
thn PRF = (1/8)ZOIRF, iherefore we_have _ _ |
9T ° ,
o= B 0 | | (15)
Zo BIRF
I1=I/2
o ¢

- 9 _ . - .
where [(alo/aIRF) ]IoéIc/Z is known as a function of‘the normalized
frequency  of the juhction.

For a given junction with R and , we can calculate (R/Zo)x
[(3T /31 )2] _ and éompare it with the experimentally measured

o' “"RF’ I =I /2 ,

value.of a°. We found that the agreemént is very good to within-
' 10% for.junctions with R < 20 ohms and Q < 0.3. This mainly checks
our calibrations of the microwave power and the attenuators. .Since
absolute power measurement is very difficult for small microwave signals
C<v1 {iW) at frequencies higher than 100 GHz, we suggest that, by
‘fabricatiﬁg junctions with larger RI; producﬁs, this method cén be used

to calibrate the output power of such high frequehéy sources.

2. Coupling Parameter with Matching Structure

When a good junction is obtained, we apply enough,micrbwave power
‘to suppréssvthe zero-voltage current byvan appreciable amount. Then
we adjuét the plunger and stub to enhance the effeét of the micrdwave
signal, that is, to minimize IO until the optimum positions are found.

- Our experience showed that az is not as sensitive to the stub as to the
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plungér; In fact,.as will be diécussed in Appendix A, with high'

impedance junctionsi one can achieve fairly good goupling even without

the stﬁb. .This allows us, without affecting the performance of the

ﬁatéhing cifcgit too much, to preset the stub tuner at room temperature

whén the stub adjustment rod 1s used to adjust fhe‘junction at low

tempéra;ures. Hoﬁever the plupger adjustment at low temperatures is

always'imporﬁant, this canvbé seen in fig. 15 Where'we plot the

coupling paramgter “pr agaiést plunger positibn for a typical junction.
The maximized coupling parametef az was measured and compared

to the values of aiét predicted by the Réﬁ model in‘Fig. 11. We found

that with the preset stub and a good choke flange, an RF coupling

2

aopt) better than 0.75 can be achieved for

efficiency‘(CRf_E aixp/
junctions with R 2 10 ohms and @ 2 0.2. Typical examples are given
in Table 1. This important result confirms our coupling theory and
microwéve circuit anélysis;'

fpr,junctions with R ~ 5 ohms, it is necessary to have the stub
adjustable at low temperature to obtain an RF céubiing over 80%Z. At
even lower'resistance levels (R < 2 ohms), the coupling efficienéy
becomes smaller because the loss due té ;he residual microwaye leakage
starts to be<comparable with the jungtion loss.

We have also examined the bandwidth of our matching circuit by
tunning . the Klystfdn fréquency away from the resonance and obtaining

plots for C__ versus RF frequency shown in Fig. 16 for two different

RF

junctions. As expectéd, the bandwidth of the coupling curve increases

with the resistance R of the junction; typically, B = 1.8 GHz and
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Q =~ 20 for a 30-ohm junction. 'The dependence of the bandwidth on R
will be discussed in Appendix A.

3. I -V Curves of Well-coupled Junctions

When a junction is resonaqtly coupled to microwave fields, it

1

sees an RF impedance RS comparable to its shunt resistance R at the

resonant frequency wc; Therefore, when the junction is biased at a

DC voltagé corresponding to wc; an appreciable fraction of the AC

Josephson current will flow in Rg and excite the cavity. This produces

a current step on the junction I - V curve at VDC = % th/Ze “known
as cavity mode step.‘28’29 This structure was only occasionally

observed for our well-coupled junctions. One of7the reasons is that
the noise cén easily wipe out those cavity mode stéﬁs if they are
small, especially fof small hbrmalized frequencies.

Figure 17 shows a series of I - V curyés of éne of our junctions
‘which had pronounced cavity mode steps. 'These curves were meésﬁred
for different plunger positions without applied miérowaves.- The
first cavity mode stgp occurs at vdltage'equal to hwcléenas expectéd
.and its position changeé with the plunger. But the second cavi£y mode
step appears étva fixed voltage slightly iess théhA 2 x hwc/Ze..'This
is probabiy due to some unexpected higher order modes whose resonant
frequency is not sensitive to the plunger. We do nét fully understand
all the dgtails of these'éavity’induced steps, but &e know from the .
data thatrthe resonant freqﬁency wc;of the cavity can be tuhéd:by

adjusting thé plunger. *

.
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Fig. 17. Tunable cavity mode step; the distance between the

plunger positions for the first and last curves is kg/Z.
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Another effect of the-coupling circuit on the static I - V curve
is observed when we apply microwaves-to aell-coupled junctions. This
is shown ;n Fig. 18 where we”fix the resbnant fredUepcy w, and véry
wRF in the vicinity of w, to examiné the change.in the shape éf the
I-V‘cu;ves. Wé believe that such changes occur mainly because the
imaginary ﬁatt of the RF impedance seen by theljunction alternates its ‘
sign from inductive to capacitive near the resonant frequeﬁéy. Suéh
pfOnoupced éfﬁects are not always seen, they show up only when the
norm&liééd‘freqﬁency of the junctiop is less than 0.3 and the RF

source resistance at resonance is smaller than R. John Claassen was

able to reproduce very similar curves shown in Fig. 19 using the

junction simulator described before, showing that.the effect we observed - -

is in good agreement with the RSJ model.
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{

Fig. 18. Change in the I-V curve of a resonantly coupled junction

as wRF is varied relative to Wys the RF level was adjusted to

produce the same depression of the zero-voltage current in

each case, and was minimum for the fourth curve from the left,

c*

.where wRF = ®
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Fig. 19. Analog simulation for conditions similar to those of Fig. 18;
the parameter I' characterizes the amount of noise that has been
introduced into the simulator to represent Johnson noise in the

shunt resistor.
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V. FUNDAMENTAL MIXING.

A, Theory of a Jasephson Effect Mixer

1. _Cufrent Source Model

The theory of a resistively shunted Josephson junction operated
as a mixer with external local oécillator (LO) was first studied
extensively by F. Auracher and T. Van Duzer.30 Since the experimental
result of our 36 GHz point contact mixer will be compared wifh this
theory, we shall describe their model briefly. |

Consider fhe simplest case where the junction is driven by

two RF current sources with amplitudes ILO’ IS and frequencies W o

we respectively as indicated in Fig. 20(a). The assumptions which

S

were usually made for practical mixers are ,wIFl = lws—wLO <

W ¥ wg and IS << ILO’ i.e. large frequgncy ratio and small signal.

limit, The total RF current flowing through the junction can then

be written as

ILO sin wLOt + IS sin (wst + 0)

I

t+6)] sinfu t + S sin(o._t + 6)] (16)

] [I

Lo + IS cgs(w

I IF

IF 1.0

where we have neglected higher order terms such as (IS/ILO)Z’

In the final expression, the phase of the LO current is modulated
slowly at a frequency Wip << W o with a very small amplitude IS/ILO'
Therefore we can neglect this phase modulation and consider the junction
driven by an RF current which is amplitude modulated at Wy g by the

small signal IS. This causes the junction I-V curve to move up and
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Fig. 20. Equivalent'circuit and schematic.I—V curve fior

fundamental mixing with RF current sources.
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down at frequency w

IF 38 illustrated in Fig. 20(b). At bias voltages

where the Josephson frequency is much higher than w the IF response

IF’

of the junction can be found from a pair of DC I-V curves taken for

RF currents with amplitudes I. +I_, and I respectively.

Lo S Lo'Is

If the junction is DC biased between the zeroth and first stéps,

the amplitude of the IF voltage across the junction is V__ = R AT .
. : IF dyn o

Here R =‘dVDC/dIDC is the inverse slope of the I-V curve at the

dyn ' ‘
bias point and AIO'= ISISIO/BILO, is the amount of the zero-voltage

step modulated by the signal current. We have discussed in Section IV.A

" which gives a large value of IBIO/SILOI

that the best value of ILO

is ‘such that I° is suppressed to approximately IC/Z. Under this

condition we have

a1
o

aILO

1 (17)

Vir = Rayn s

Io=Ié/2

In principle, one can also bias the junction between higher order
steps and obFaln IF voltages related to IBIl/BILOl, IBIZ/BILOI etc.
But it was found experimentally that the results are not as good
because higher order steps are generally small and rounded by noise.
Consequently, we shall restrict ourselves to the situation where the
junction is biased betwéen the zeroth and first steps.

2,30

F. Auracher and T. Van Duzer2 checked their model by using a

digital computer to solve the exact equation

ho dé . .
- +
ek dr +<Ic sin¢ et ILO sinw ot + Ig 51n(wst ) (18)
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‘for V(t). Then they computed the Fourier component of V(t) at Wrp
for a wide range of parameters and found good agreement with Eq. (17).
. This confirms the simple current modulation model and allows us to

calculate the IF voltage from Eq. (17).

2. An Expression for the Conversion Efficiency
The most important quantity in a practical mixer is the over-all

converéion effiéiency n defined by

the amount of IF power.delivered to the IF amplifier (19)
the amount of RF power available from the signal source

n=

In order to find an expression for n. in a Josephson effect mixer, we

"have to assume a finite RF source resistance RS as shown in Fig. 21(a),
- 2 -

where PS f RSIS /8 and PLO =

no effect on this circuit since it is'practically isolated from the

RSIL02/8 respectively. The IF load has
junction at RF frequencies.

In Fig. 21(b) we show the IF equivalent circuit of the junction
with VIF'given by Eq. (17). In this circuit the IF source resistance

of the junction is simply R since we are working with intermediate

dyn ‘
frequencies much 1oWer than the Josephson frequency. The available IF
' ' : 2 _ 2
power from the junction is then PIF = VIF /8Rdyn = (1/8)RdanS x
2 , |
Ealo/aILO)l]16=Ic/2' Supposing CIF is the.coupllng efficiency between

the junction and the IF amplifier, we have

| 2
N = 15’ 1¥ - ¢ Rayn <310 )
PS IF RS aILO IO=IC/2
o (20)
R ol 2 R ’
= C dyn 0‘ = C _dlflaz(g, R /R)
IF R [ (8P /R)l/Z] IF R S
LO IO=IC/2 ' :
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' Fig. 21. The RF and IF equivalent ciréuits of a Josephson mixer

for the case of broadband RF coupling.
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Here the factor R /R is a strong function of the junction noise;

. dyn
while qz, the RF coupling parameter*described in Section IV, is
independent of noise; This equation expresses N in terms of
experiﬁentaily'measurable quantities ahd is very important in
predieting ;he performance of a Josephson mixer:. It -is implicitly
stated in‘Eq. (20) that.n'is not sensitive to‘the.ffequency ratio
wrp/ Wg + .
Although Eq. (20) is derived.mainly for the case of broadband
RF coupling, it’sh0uld also be valid when the junetion is coueled te
RF seurcesevia a resonant eircuit. This has been ¢onfirmed by
J. Claassen31vusing the Joeephson juﬁctioﬁ simulator to show that
"Eq. (20) giVes.the eofrectvanswer.if Q of the resonant coupling is
sufficieﬂtlf'low fhag‘the source impedance‘ef the LOieeen"by the
junctiqn-is the same es thet'of the signal; i.e. Q< ms/wiF ~ 1000,
which.is‘always the”case in our e#perimenfs; He:also verified the
IF equivalent circuit iﬁ F§g. Zl(b) by measuring IF‘volfages across

the junction in the presence of several different IF loads.

B. -Experimental Procedure |

1. Measurement of IF Powef and Coupling Efficiency

In order to caleuiate the experimental value of conversion
efficiency, we have to measure the amount.of IF signal'power delivered.
to the amplifier. This is done by displaying the amplified IF signal
at 50 MH; on a spectrum anelyzer¢with scales calibrated by a metched.

Wavetek oscillator as shown in Fig. 3. 1In Fig. 22 we show a pair of

o
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Fig, 22.° Spectrum analyzer display of (a) IF signal ffom Ehe,
Junction and (b) calibrated signal from the Wavetek oscil-
datory the apparent linewidths of both signals are;limited'\\

%y the resolution bandwidth to be 100 kHz (the horizontal scaié

~ of both displays is 500 kHz/div).
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i
L

pictures for both the real IF signal and'the signal»v(lO_l W refer to
the iﬁput of the amplifier) from the'Wavetek §scillator. Since the
resolution béndwidth df‘the spectrum analyzer isisét (100 kHz in most
cases) to be larger than the actual linewidths of both signals, we
can detérmine the amount of IF power from its height on the display.
Thé_coupling efficiency Cip is defined as the amount of IF signal
power COuﬁléd to the amplifier divided by the available IF power frbm
the jUnctiop; It depends upon the IF resisténcé_Rdyn of the junction.
In order fé measure CIF we keep the IF configuratidﬁ_(suCh as cables,
connectOrs;_etc.) unchénged but replace the superconducting wires
with copper wires to form metal to ﬁetal point contact which we assume
behaves as an ordinary resistor with Johnson noise (this will be discussed
in Section VI.A). Since the available noise'power.froﬁ a Johnson
~noise resistor is simply KkTB, CIF can be determined:by‘méasuring the
coupled Johnson noise power'within a bandwidth Qf.50 MHz + 10 MHz
from the resistive point contact. To subtract off the amplifier hoise
contribution, we vary the junction temperature from 300 K tg ]7'K'and
compare the difference in the céupled,noise power (Pj) to that‘of a
matched léad (Pm) immediately in front of the IF amﬁlifier. Using

the formula Cpp = [P (300 K)_Pj(77 K)1/[2,,(300 K)=2, (77 K)] (the

I
- denominator is a measure of k(300 K-77 K)B), we obtain IF coupling

efficiencies for a range of junction resistance shown in Fig. 23.

In our experiments, the IF source resistance Rdyn of the junction

is usually within the range of 20 to 90 ohms. Figure 23 shows that

Crp is between 0.8 and 0.9 in this range.
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Fig. 23. Measured values of the IF coupling efficieﬁcy as a

function of source resistance.
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2. The Kind of Junctions Used for Mixing

It was mentioned in Section IV that we were able to.achieve.very'
good RF cogpling for junctioné with RVZ 10 ohms and the bandwidth
of the_RF coupling increaées with R. Iﬁ pfactice; there is an upper
limit for R of the order of 50 ohms due to mechanical instabilities.
Thefefore,'most of ouf mixing data were 6btained=from junctions with
resistances in the rangé of 10 to 56 ohﬁs.

"In order to obtain large values of dz, it is desirabie to work
with juncfioﬁs haviné small normalized frquencies, i.e., 1arg¢ RIC
éroducts.' However,-junctions with large RIc (< Afe) are more likely
to show hysteresis and cannot be biased between lowér order steps.

Té avoid this problem we control the temperaturefaﬁd—thus the éritical
current-of the junction such that there is no hystereéis on the I -V
éurve. Fo; niobium point contacts we often operate at teﬁperatures
above 4.2 K and the‘smallest normalized frequency achieved_withoﬁt
hysteresis is approximately 0.2. Vanadium point con;écts can bé '
operated down to lf4 K without hysteresis, with pofmalized freqﬁencies
typically in the range ffom 0.3 to 0.4.

Anothér paraﬁeter.in,Eq. (20) is ‘the normalized dynamical
;esisténce'at the bias point. Since the portions df the T -~ V curve
near the steps are'always rounded by noise, it is best to bias the

junction midway between the zeroth and first steps.



-57-

C. Experimental Results

1. Con?ersion»Efficiency (Gain)

;In.féble I wevsumﬁarize the mixing data of several well-coupled
junctions,vﬁhere nexp is the conversioﬁ efficiency obtained by taking
ratios of the measured IF and Rvaéwers.' Oﬁher_parameters such as
Rdyn . CIF’ and aixp- are.inﬁependentiy dete;mined froh the junction
I~V curves, It.was found that nexp agrees very wéll with the
prediction of Eq. (20) and is insensitive té the sign and magnitude
of wa = ms - wﬁO ~as longbas both the RF and the IF coupling
efficiencies stay constant (this will be discussed iatér). This shéws
that Aqracher—Van'Duzerfs'mixing model can Be applied to our point contact
junctioﬁs;

The dependence'Qf Nexp oﬁ bias voltages islsﬁown in Fig. 24.
As expected, large values of IF output were observed midway between
inducedvétepé where Rdyn reacﬁes its maximum aﬁd the highest peakv 
occurs bétween the zeroth and first steps. We also found tﬁat nexp
is not very_sensifi#e to_the amounf of 1.0 power'applied as long as the
zero-voltage current is supp:essed to about 0;2 to 0.5 of its priginal
value Ic in the first period, which corresponds to a local oscillator
power level of 0.1 RIi ~'10"2 W. FIﬁbthié range_bpﬁh o and Rdyn/R

are hearly constant, as described in Section IV. A,
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Figf 24, Static I-V curves for PLO—O and PLO 10

conversion efficiency for fundamental mixing as a

-function of bias voltage.

W and -
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© 2, Discussion of Conversion Gain

Values of nexp greater than unity have been'obse;ved in our
experiments whenever the producﬁ CIF(Rdyn/R)aigp_is larger than ong;
a typical example is given in Fig. 25. 1In this case N should be called
the conversion ''gain'. We shall discuss this interesting result
 obtained frém junctions with positive IF resistance.

It ié well known that the conversion efficiency of a non-linear
reactance down-converter is limited by the frequency ratio wIF/wS
if W ? wio. This result is derived.from fhe Manley—Rowe relations32
undef the.assumption that power exchange only takes place at frequencies

ws, and w However, this assumption is not valid in Josephson

Yo IF"
bbint contacts since the shunt resistof allows power dissipation at

- all frequencies. Consequently, the Manley-Rowe relations do not set

any uppér limit for the conversion efficiency of our Josephson effect
mixer.

. Apart from the possibility of obtaining conversion gain, Josephson
junctiohs aperated-in our mixing mode are very similar to resistive
mixers33 since the conversion efficiency is observed to be insensitive-

to the signiand.magpitude of Wrp = QS - Wy Perhaps .the best way to
eXplain’the conversion gain is to_attribﬁte it to the ratio of the
junction IF resistance R to the RF resistance (R.) . which is
\ . dyn S’opt
always larger than one. For junctions with small normalizéd frequencies,
the amplitude of the IF current is equal to that of the signal current

and conversion gains up to Rdyn/(RS)opt can be achieved. This can

be seen by estimating the maximum value of n-in the limit of @ << 1l:
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Fig. 25. Data similar to those in Fig. 24, but with conwersion

gain,
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- 0L2 ’ Rdyn ~ 0.25 Bgyn < Rdzn | : (21)
nmax’_ ept R 2 R ~ (R.) :

. 2 . . .
Here we have useq Eq. (13) for aopt and (Rs)opt/R.  At larger normalized

frequencies however, part of the signal current flows in the shunt
resistor and the amount of IF current is reduced. Therefore, it is
less likely to obtain conversion gain from junctions with 2 > 0.5
although the.resiétance ratio Rdyn/(RS)Opt can splll be large for

such junctions,

3. Bandwidth and‘DYnamic Range

The bandwidth of our mixer can be limited by either fhe IF or

the RF coupling circuit. The upper limit of the intermediate frequency
. is set by the capéciténce bet&éen the niobium fiange and Qaveguide to
be 1/(2m X 50 ohm x 10 pF) ~ 300 MHz. This number should be .
multiplied:bf two to be compared with the fgll kF coupling bandwidth.
In Fig. é6vwe plbt the measured;conversion efficiency versus Wrp =
' Wg = wp .
by the'IF-coupliﬁg to apprpximately 600 MHz. The asymmetry of the

0 for a niobium junction, which has a mixing.bandWidth limited

curve around = 0, however, is caused by the RF coupling circuit

_ IF
(see Fig. 16).
The‘dynamicv fange of a Josephson mixer is.expected to be
proportional to the product Rli of the junctioh. In'Fig. 27 we plot
the IF output power against RF signal power; bo;h.in normaiized units,

for two well-coupled junctions. The response is linear in the small

signal limit as it should be and becomes saturated at a powef level
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Fig. 26. Bandwidfh of a Josephson junctioh'miker; data obtained with fLO’ Pt0,~and VDC

unchanged.
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approximately equal to 0.01 Rli . This number’is typically of.the

order of 10_10 w; compared with a noise limit approximately 10_17 W

for a resolution bandwidth of 100 kHz and a postdetection bandwidth

of 1 kHz (typical numbers for the spectrum analyzer we used).
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VI. JUNCTION NOISE

. L]
A. Noise Measurement

1. Noise Temperature of a Josephson Junction

The sensitivity of a Josephson device is mainly limited by the
intrinsic noise.in the junction. We are interéstéd in studying Ehe
noise propefties of a point contact junction in the intermediate
frequency range-~-which is much lower than the LO frequency or the -
Josephson frequency. Analytical calculation of this problem is very
difficult becausevthe local oscillator and Josephson oscillation can
mix the juncfion noise in coﬁplicated wéys. We shall develop a model
to treat this problem assﬁming that the Johnson noiée of the shunt
resistor is the only source of noise in our point contacts.

The circuit of a resistively éhunted Josephson junctipn including
Johnson noise is shdwnvin Fig. 28(a)'wher¢ T is fhe ambient temperaturé
of the junction and.in is the Johnson noise currenq,‘which has a whité
spectrum up to,frequengies higher than all other freqpencies of
‘interestf bsince Rdyﬁ isvfhe resistance of the jﬁnétion at frequencies
much lower than the Josephson frequency, the low—frequency noise
‘equivalent circuit of the junéfion can be drawn as. in Fig. 28(b). Here
In represenfs the gmounf of current noisé in the limit of zéfo frequency
and we define a dimensionless noise parameter 3 to be ;He ratio of

this low-frequency noise current to the original Johnson noise current

of the shunt resistor.
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"Fig. 28. Noise equivalent circuits of a resistively shunted

Josephson junction with Johnson noise.
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It is obvious that the noise pafametér B muSthe greater than
unity since 4kTB/R is the least amount of loﬁffrequency noise one
- would expect in a Josephson junction with shunf rgsistance'R. "In
fact, B is é very complicated function of all juﬁétion parameters and
it can be enhanced appreciably over unity by various mixing processes
or the presenée of resonant circuit and shunt capacitance.

In Fig. 28(b) the available 1ow-frequéncy‘ndise power from the
junction is (1/4) Rdyn (In2 ) = k(B2 (Rdyn/R)T)B.' Therefore.we can
define an effective low-frequency noise‘temperature for the junction as

-

_ 2 ‘ ' :
Ty = 8°(Ry, /RT , | : (22)

In this representation, the low-frequency noise properties of a
Josephson junétion are equivalent to the Johnson noise of a resistor

with resistance R at temperature T

dyn N®

2. Calibration of IF Amplifier Noise

In additién to the shielding arfangement shownvin Fig. 2, our
noise measurements. were performed‘in a basemént fdbm to avoid pick-up
noise. As described in Section II.C, we measure the junction noise
using an IF power meter whose output is proportional to the amplified
‘,noise powervwithin a bandwidth around 50"MHz determined by the bandpass
'filter in fréﬁt of it. The total noise power PN consists of noise
from the junction and noise contributed by the front end of the IF

amplifiers (110 K at 50 ohms). It can be written as
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Py = £Ry ) + B8Ry )Ty | (23)

IF
;s and f(Rdyn)

Here‘ngdyn) is-proportional to.the IF couplingvefficiency C which
depénas ppoﬁ the_low frequency junction resistanc'e,Rdyn
is'proportiopal‘to the IF amplifier noise which is fhe sum of a
constant tefm,fepresenting amplifiex noise in tﬁe‘maﬁched case and the
amount of amplifier.noise reflected by the juncfion. | |

-In order to obtain‘Tﬁ, we must calibrate funéti&ns f énd g for
dyn" This Vas dong‘by‘using the copper

point contact junction éescribed'in Section V.B, which we assume has

a range of possible values of R

a noise température'equal'to'its physical temperature T. At three
different temperatures (300 K, 77 K, and 4.2 K) we adjust the resistance
Rg of the copper point contact to different values between 10 and 100

ohms and measure the total noise powér P,.. The results of these noise

N*
calibfations! are shown as three curves in Fig. 29 and we can deduce.

functions f and-g from any two of them.

versus T for several different

' ‘We checked our method by plbtting'PN

values of Rg shown in Fig. 30. The data’points_lie on sfraight lines
as they should within an experimental error of iVS'K."This makes us
believe that thefe is n§ other sdurce of noise in ouf copper point
contacts besides Johnson noise. Furthermore, we ﬁavé done these noise
measurements several times and the resuits are all consistent, which

implies that the RF pick-up noise is negligible in our system.

;
j
]
i
!
i
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Fig. 29. Data used to calibrate the IF amplifier noise
contribution; the amplifier noise is minimum for a source

resistance of 50 ohms.



-70-

30

o
o

Total Noise Power (uW)

Cu -Cu Point COntoét

0O 1 l » ]
0O 10 200 - 300
Ambient Temperature (K)

' XBLT43-5940

Fig. 30. Total noise power. versus temperature of various scurce.

- resistances, obtained from Fig. 29; the slope of each line 1is
prdpoftional to the IF coupling efficiency for the corresponding

IF source resistance. -
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With the information of f and g we can determine the effeétive

noise temperature T, of a point contact Josephson junction by measuring

N

and the dynamic resistance R at the bias

the total noise power P
. dyn

N

- point. For convenience our data will be presented in the form of the

.dimensionless noise parameter 82 which is related to'.TN by Eq. (22).

3. Experimental Results and Comparison with Theory

In order to make tomparisons with theory, our data in this section
" were obtained without the matching structure. The complete equation

which describes a resistively shunted junction with Johnson noise is

then
QQ_+ sind = a_ ., + " sin QT + o (1) | (24)
ar ~. 5 pc * ORF +%n
. This ‘is written in normalized units as in Eq. (8). 1In this equation

uh(T) represents Johnson noise current which hasra correlation function
(an(T)an(T‘) ) = 2F§(T—T')1 Here f-E ZekT/hIC is a dimensionless
parametér_wﬁibh specifies the relative magnitude of Johnson noise in
a Josephson junction and_determines the émount of noisé‘rouﬁding34 on
the T - Vrcﬁrve. The noise parameter B is proportiohal-to the voltage
’fluctuations in the zero frequency limit and deéends upon'dDC, qRF’ Q,
and r. J. Claassen3¥ has used his Josephson'junétion simulator to solve
Eq. (24) fof 82 under various circumstances. His reéults will be
‘compared with our expefimental'data.

In Fig. 31 we show the measﬁred.values ofB2 at differgnt_biés
voltages with and withbut microwaﬁes for a niobium‘junctioh at 8 K,

together with its static I = V curves. As expected Bzvapproaches
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unity at lafge bias voltages where the junctionfis equivalent to a
resistor with resistance R at temﬁerature T (this is another evidence
showing Fhat pick—ﬁp noise is negligible). However, Bz increases
sharply whén the.junction ié biased close to the zero-voltage step
where the I -V gufve shows severe rounding. We believe that this
is cause& b; noﬂ-linéar intefactions'between Johnsqnbnoise and AC
.Jbsephspn currents which convert a large amount of ﬁigh frequency
noise.to'lowvfreqﬁency noise. Similar behavior of 82 is observed>near
micréwavé indﬁcéd steps whe;e'thé apﬁlied RF current also takes part'-
in the mixing processes. The data in Fig. 31 ére compared Qiﬁh the
result of the junction simulator shown in Fig. 32, which was obtained
by'usingzsimilar values of © and T. The agreement .is Very good both
in shapes of the curves and in magnitudes of 82.

In.our mixing.experimenté, we;aré‘barticularly interested 'in
the valﬁes 6f 82 at a bias voltage midway between the zeroth and
fifst.stepgswheﬁ io is Subpressed by the applied Rf to.approxiﬁately‘
Ic/2. WexShali refer fovtﬁe hoise paraheter under these conditions
as B;z. Usihg the simulator, J. Claassen has calculated 802 for the
pése of constant cdrrent RF source, Thgfresults are plotted:as
fuﬁctions of i for two values of T spanning the typiéal exﬁerimental'
rangg in Fig. 33, where it can be.seen that_Bo2 is not sensitive to
‘T as long as the RF induced steps‘ére not . too sgyerely réﬁnded by
noise (at T = 0.04 the step structure is almost completely suppressed
for 2 <.0.2). Aﬁ_large.normalized frequencies the calculation prédicts
that.Bo2 aéproaches unity; however, at small nofmélized frequencies Bo

can be appreciably greater than one.
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We Have measured BOZ in the absence of the ﬁatching structure for
niobium, tantalum, and vanadium junctions at temperatures between
‘1.4 K and 412 K. It was found that (Bo)zxp is independent of the material
N

of the point contact and the junction temperature, which means T, « T.

. This is a very important result since it implies that we can improve

the doise'properties of our point contact Josephson junctions by operating

Iat a'lower temperatufe without changing 6ther parémeters_if pick-up
can Be'évoided: ,We also found that (BO)Z#p hasvsimilar dependence on
 to thét bfediéted by the simulator, but the measured values at small
. normaliZEd frequéncies afe approximately a factor of th larger than'
‘the predicted value (Bo)ih at the same;normalized;frequenc&. This 1$.
shown in Fig. 34 whe?e we plot points of (Bo)ze#p/(so)ih versus ) for
a number of different junctioné.

a

We tried to explain this discrepancy"in terms of the photon shot

noise calculated by Stephen,>> > which was shown to agree with the

experimental results of tunnel junctions by Dahm,»'et.al.9 and'point:_

’ contacts by Kanter and'Vernon38’39 (théy assumed 82 = 1). But the

1

‘values of 862 obtained by the addition of this extra noise in our

: experiméntal limit offeVb << kT, eRL afevlarger than the values of -

C
(Bo)zxp we obéérved. We have attempted to inClude thé shunt capacitance-
-and phase dependent‘qdasiparticle current (cosv¢) in our junctibn |

: model; Hoﬁgver, the simﬁlator calculation shows that theSe terms can
only raisé:(Bo)ih b& at(most 20 percent without'caﬁsing hyétéresis to

appear on the junction I -V curv_e.31 Despite this discrepancy of an

~extra factor of two, we regard the result of our noise measurement to
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34, Observed noise parameters Bg for a nunber of junctions

relative to the calculated value in Fig. 33; the data points
obtaiﬁed from junctions withvdifferént materials and

temperatures scatter over the same range.
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" be reasonable considering the fact that the RSJLmodel is so simple that

it does. not include effects such asvthe frequency—&ependent'JoSephson

current40’4} andvfluctuations_arising ffdm.the cos¢ term42 into

account.’

B. Mixer Noise Temperatufe.

1. Definition of Single Side Band (SSB) Mixer Noise Temperature

Thé senéitivity of a heterodyne receiver ‘can be representéd by

a temperétufe T_ which is related to the minimum detectable power

R
v 43 '
Pmin by "~ e ) S .
_Pmin = k,TR /Bl B2- _ e (25)
Here B ; B are the predetection and postdetection bandwidths of the

1’ 72

IF system. The receiver noise temperature TR

from the IF amplifier and from the mixing element,. that is,
= ‘TM'+TIF/ﬁ e (26)

where‘TM_is the‘SSB mixer noise temperature obtained by reférrihg'

the intrinsic noise of the mixing element to the input ef the mixer.

Conventionally, the performance of a'mixer can be specified by a pair 

of numbers for n'and TM‘

* In our system, since Crply 1s the amount of junétibn‘noise‘COupied

to the IF amplifier, we have

Ty = Crp Ty/M R . @n

consists of contributions -
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" Therefore we can calculate Ty from the measured values of n, T,, and

N

ClF' Using Egs. (20) and (22), the 8SB mixer noise temperature of

a Josephson ‘junction is related to its ambient. temperature by
2, 2, -
= (B°/a)T - . (28)
’,This is independent of the IF coupling efficiency as it should be.

2. Experimental Results for TM

lt was‘observed experimentally that the value;of 602 measured

forca yellfcoupled junction is larger than that measured for a
junction'driven by RF current source by a factor‘of 1.5 to 2. The
same effect was also obtained in the junction sim_ulator31 with the
presence ot'resonant coupling. Precise comparisone hetween the data
and the.simulator result'are'difficult because of the extra parameters
(Q, R /R etc ) involved but the overall trend is that this excess
noise is more pronounced in Junctions with small normalized frequencies.

" For the matched junctions listed in Table 1? we measured TN under -
_the same conditions that n exp was obtained and calculatedeM from
Eq. (27)“ The best result that we have achieved is a mixer n01se
vtemperature of,54 K and nexp ="1.35 for a vanadium point‘contact with
normalizedifrequency 0.3 operated at 1.4.K. We have also included'in
Table 1 values of B2y = (Ty/T/ Ry /R) and (so)eXP/(s )2, which
»ia the emcess noise factor above the curve in Fig. 33 calculated from

the junction simulator in the absence of the resonant circuit.
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We learned from Fig. 11 that junctions with Smaller normalized
frequencies have larger coupling parameters and therefore larger
conversion efficiencies. However, it was demonstrated in Fig. 33
 that these junctions also have large noise parameters. Furthermore,
both the_egcess noise arising'from resonant matehing and the
Mdiscrepency (Bé) /(B ) - in Fig. 34 result in additional noise

experimentally at small normalized frequencies. These.considerations

make it plausible that the experimental value of T /T should be rather

insensitive to the normalized frequency of the Junction and this is

what we actually_found by comparing the values of TM in Table 1 for

different junctions operated at the same temperature.



-81-

VII. OTHER MODES OF MIXING

A. Fourth Harmonic Mixing

Besides fundamental mixing, we also tried fourth order harmonic
mixing in our point contacts with the samé apparatué. Thé local
oscillator now has a fréquency of 8.99 GHz and its power 1is coupled
to the junction via tﬁe coaxial IF caBle with filters to isolate the
LO power from IF amplifiers. The same technique as described in
Section IV was used to couple the small 36 GHz sighal to the junction.
In this experiment, fhé junction acts like a harmoﬁic generator .as
well as a mixer.

The" experimental result is éhown in Fig. 35 where we plot the
conversion efficiency against DC voltage and the corresponding I - V
curves for a niobium junétion at 7 K. The response peak occurs at
zero Bias voltage and ié obtained with rather lérge'amount of local.
~oscillator power in confraét with the case of fundémental mixing.
Unfortﬁﬁately no simple model is available to explain our data, but
we found that thevconversion efficiency in our fourth harmonic mixing
éxperimen;s is also ihsensifive.tobthe frequency ratiq wIF/wS and
< 4wt

‘remains unchanged whether w, > KwL or

S 0 S

We also measured the noise temperature of this junction and found

0

that TN = 230 K at the point where n = 0.5. This yields a mixer noise
temperature of 400 K (CIF =.0.87) which is not much worse than the
number obtained from the fundamental mixing for junctions operated at

the same temperature. If this result remains valid at higher frequencies,
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Fourth Ho?mblnic Mixing
fL.0.= 8.99 GHZ
fg =36.00 GHz

IO A

XBL738-1752

. 35, Conversion efficiency versus bias voltage for fourth harmonic

mixing together with I-V curves for.PLO=O and PLO*O; the maximum
value of n occurs when the zerd-voltage current is completely

suppressed,
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it will greatly aleviate the problém of providéng local oscillators

for’hetetodyne systems with signal frequencies beyond 100 GHz.

B. 'Self Local Oscillator Mixing

WhenAa Josephson junction is_DC biased‘near the ca&ity induced
step descfibed in Sectién IV.C, it can be operated as a heterodyne
receiver invwhich the Josephson oscillation, Synghronized by.the
resonant cavity, serves as the local oscillator.. We have observed the
résponse‘of a point contact opérated in this mode. Since the linewidth
of the Josephsbn‘fadiation is always broadenedAby the junction noise,
tﬁe IF output was smeared out over a bandwidth of approximately 5 MHz
with a center frequency sensitive to both DC bias.vdltage and plunger
positioh_(Which determines the resonant frequéncy'bf the cavity). We
must then ihfegrate the output power over this bandwidth to obtain
the conversion efficiency.

In Fig. 36 we ﬁiqt the junction I - V curve and its response--
the latter is proportional to the IF poweriwithin_a bandwidth of i MHz
_(the predetéction bandwidth of the spectrum analyzér) centered
around 30, 40, and 50 MHz. Tﬁese dgta were taken when thé signal
frequency.anh the plunger position wefe held unéhanged.' The responses -
for three different ceﬁter frequencieé occur at slightly dififerent

voltages, all below the cavity mode step. The largest output is

observed when Fhe IF is set at 40 MHz which we believe is the difference
"‘ between the signal frequency and the center frequency of the cavity

resonance. There is also a large cavity step at a voltage corresponding
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Fig, 36. Frequeﬁcy\conversion using the Josephson oscillation
synchronized to a eavity as LO; the junction I-V curve is

also shown.
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to about 70 GHz caused by higher order modes in_thé microwave cavity,
which does not show response for the 36 GHz signél.

We do not fully understand'these cbmplicated effects observed
~in cavity mode mixing. The measured value of the integrated conversion'

efficiency n = 0,006, however, is not very encouraging.

C. An Oscillating Mixer

When a‘hysteretic junctién is DC biagsed with a low impedance
source in the switching region on its I - V charactefistic, both the
junction current aﬁd voltage will oscillate at a frequency determined
by the inductance and resistance of the externai circuit. This

" first observed in

phenomenon is called the "felaxation oscillation
tunnel junétibns by Vernon and _Pedersen.44 We shall develop a simple
model in Appendix B for relaxation oscillations in point coﬁtacts.

In the presence of .such oscillations, the étafic I -V curve
-of the junction shows a region of degative resistance. A fypical
example is given in Fig. 37, where the frequency of the relaxation
oscillatién varies from 2 to 5 MHz depending bn the bias voltage.
If such-a junction is DC biased in the negative resistance region,
it acts»as an one-port amplifier for signals introduced into the IF
cablé'at frequencies_close to the frequehcy'of reléxation oscillation.
Gainsiof severallhundred have béen observed in our experiments; however,

the gain is highly non-linear and vanisheé at a signal level comparable.

to the power of the relaxation oscillation,
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in. the presence of relaxation oscillation;‘thé junction would

be hysteretic if biased with a DC current source.



-87-

We have also tried to operate these junctibns as mixers with
external local oscillator as shown in Fig. 37. They do not show
low order LO induced steps, but have éiven conversion gains as large
as' n = 50 at a bias voltage where the relaxation'osciilation frequency
is equal.to the intermediate frequency (which in this case wés set
at 5 MHz). |

Althouéh fhese oscillating mixers show large conversion gains,
the bandwidth iﬂ which the gain was observed is very small (= 5 MHz),.
Furthermore, they héve an enormous amount of iF noiée so tﬁat their
mixer noise temperature is very large (TM > 1000 K for the cése in
Fig. 37). Therefore, such.oscillating mixers are not as useful as
our non—h&steretic mixers listedbin Table 1. (Similaf effects have
been found in gérmaniuﬁ diodes33 which also givé.é large amount of

noise and are not suitable for practical uses.)
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VIII. CONCLUSION

Iﬁvthis work we have demonstrated that the physical properties

of our point contact Josephson junctions can be understood in terms

of the RSJ model. In particular, the agreement between our experimental

data and the models we developed for RF coupling and IF noise is very
useful in estimating the performénce of a high fredueﬁcy Josephson
effect device. B

For signal frequencies at 36 GHz, we have achieved a mixer noise

temperature of 54 K and a conversion gain of 1.35. These numbers can

be consistently obtained by operating vanadium point contacts at 1.4 K.

It requires only minor modification of our apparatus to raise the

intermediate frequency to 1 GHz where cooled parametric amplifiers

45

with noise temperatures of 15 K are available, ‘A 36 GHz heterodyne

system can then be constructed with our mixer and such an IF amplifier

to give'a receiver noise temperature TR = 65 K. If'sughAa,systemlwere
used fof.astronomical observation;‘it éhould be able to resolve a
‘' source temperature change43 of>ATS= TRJ§;7§I | é. 2><10_3 K for a
predetection bandwidth B1 = 1»GHz and a'poétdeteption baﬁdwidth
32'= 1 Hz._'This is a sgbstantial-improvement over existing systems
in this fféquency rénge.

"If.we compare éur mixer with other mixing dévices operated at
similar signal frequencies, the noise temperature of our Josephson
'mixér is a factor of 20 lower than conventional room temperature

resistive mixers and a factor of 4 lower than recently developed

' : . : Sy . 4 . . .
cooled Schottky-barrier diode mixers. 3 Moreover, the noise in a
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Schéttky—bafrier diode at low temperatures (T < 30 K) is dominated

by temperature-independent shot noise,46 wﬁile the noiée in our mixer
is proportional to the ambient temperafure and can be further.improved
by operating the junction at temperatures even lower than 1.4 K,

The single sideband conversion efficiency of conventional resistive
mixers is limited to be less than one-half. Even with careful designs
to rejeéf the image responsg at ZwLO-wS, its conversion efficiency
can not be larger than one.33 However, Josephson mixers may have
conversioﬁ gain which reduces the contribution to TR from the IF
amplifier noise, Furthermdre, since only a small amount of LO power
is required for optimum operation of a Josephsoh mixer (= 1 nW compared
with ® 1 oW for resistive mixers), the problem of LO noise is eliminated
and a balanced mixer is not required. This is espeéially important for
heterodyne systemé at higher signal frequencies where a coherent LO
with large power is very difficult ko build. |

The theoreticél model described in Section V.A predicts that
the conversioﬁ efficiency of a Josephspn effect mixer is a strong
function of its normalized frequency (). However, singé there is
excess noise associated with smail normaliéed'f¥equencies; the noise
temperature.of a Josephson effect mixer is not very sensitive to‘Q
in the range 0.1 < 2 < 1. Therefore, we believe that our method can

be extended to higher signal frequencies without too much change in

.the noise performance.
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To extrapélate our results to a higher frequéncy range, we
~consider the case where a nonhysteretic Josephson'junction with
,RIC = 60b UV (this number is experimentally achievable for our point
contacts) is operated as a 300 GHz mixer at 1.4 K. This corresponds

[

to Q = 1 and we know from Figs. 11 and 33 that'in tﬁis éase, aipt = 0.06
and B§'= 27 Since it is vefy‘difficult to makg‘good quality microwave
plungefs and chokes at such high frequencies, wé assume that the RF
coupling efficienpy is only 40 percent, thch ﬁeans that uzexp A 0f025}
These numbers predict a mixer noise temperature of approximately 120 K
and a conversion efficiency slightly less thén 0;1, which are significantly
better than resistive mixers operated in this frequency range. |

For signal frequencies much higher than 300 Cﬁz however, the
performance”of Josephson effect mixers dégrades'very rapidly not only
because the coupling parémeter az decreases as (l/wRF)2 but also

because the capacitance of the junction is not négligible even if it

does not cause hysteresis,
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IX. ADDITIONAL TOPIC I

A. ‘Jogsephson Effect Homodyne Detectors

1. Detection Principle

i£ is'ye11 known that if an RF signal is aﬁplied to a_Joséﬁhson
juhction,vcurrént steps appear atIVOltages'giveﬁ by‘fhg Joseﬁhson
relation VDC = nhwRF/Ze on the statiﬁ I - V curve. This occurs
when the Josephson oscillator is phase-locked to-tﬁe'n—th harmonic
of the‘exfernal signal; ' The magnitudes of thesé rédiatidn;induced |
steps'are re1ated to the streﬁgth‘of.the RF fiélds in a fundamental
'way.a8 We afe interested in measuring the heigﬁt»of the,first order
(n =.1§ step to provide a homodyng or lock-in detector for the applied
signal.’  o . :

| Iﬁ‘the#absence of RF matching circuits, the,exférnal signal

appears to be a constant current sbﬁrcé to the junétion. According

to the noise-free RSJ modek, the full height of the first order step
49

AI1 is related fo the amplitude of the RFvcurrent,IRF by

1 A N | o
AIl = IRF/ V1 + Q (29)

‘ K T1). Q= . o
in the gma;l siggal bimit (IRF Ic). Here . hwRF/ZeRIc is
the normalized frequency of the junction. This shows that AL is
proportional to the sqﬁére—root of tﬁe RF power and. its measu;emeht

yields linear detection.
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In order to obtaiﬁ zero-frequency output, the'épplied RF signal
must be strong enough to overcome tﬁe influence of noise and syncﬁronize
Josephsonjgscillation. This ;ondition can be derived from Stephen's
calculatidn37 for the shape of a noise-rounded step.50 Under the

34,37

assumption that noise is not too 1arge‘t6 affect the dynamic

resistance R ‘at the step voltage in the absence of RF signal, he

. dyn
showed that the slope at the center of an induced-sfep can be written

as

S TR A M (30)

~ Here Io is a Bessgl‘function of theAsecond kind and Yy = (hAIl/4ekT)X
(R/Rdyn) is é dimgnsioniess measure of'the radiatiqn‘sprength relative
to the junction noise (this éxpréssion has been modified so that the
only source of noise under consideration is the thermal ﬁoise generated
in the shunt resiéto;'R at temperaturé T). If y>>1, Eq. (30)
indicates that R;-l varies exponentially with'Y'and the Stéﬁ is
exceedingly steep with a height given by Eq. (29);‘ However, if ¥ <1

‘(very small RF signal), Eq. (30) can be expanded tq give

a1 -1 2,00
S e

In this case the output of the Josephson detector is proportional

1 -1

- 2
to (Rc dyn = Yy /2 =P

-1 .
- Rdyn )/R This implies that the

RF’
5
Junction is no longer synchronized and becomes a square-law detector.

Therefore, the condition for linear homodyne detection is set by

Y2 1 to be
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4ekT Xdyn
1 h © R

B>
=
Vv

(32)

Using.Eq. (29) and the equality Rdyn/R = Vl + 02/9 from the RSJ

’

model, this becomes

A2 . .
> 4ekT 1 + Q . (33)

h¥” Th @

If the RF source resistance R, is much 1arger than both the junction

S

resistance R and the equivalent resistance due to other losses, the

power criterion for synchronization is

]
i

2
R 2 2
' S 1+87Y 4ekT o
PRF > 8 ( Q ) ( h ) (34)

which has a minimum value of (RS/Z)(ekT/h)2 at @ = 1, The amount of
RF power which equalizes the influence of noise is related to T2 since
the step'rounding is a quadratic effect of noise.

2. Experimental Results

We-have investigated the propertieé of Josephson junctions
operated'in the homodyne mode using preset-type niobium point contacts
and a 37 GHz RF soufée. 4In'this éxperiﬁent no attempt has been made
to resonantly reduce the impedaﬁce of the microwavé sourcé. The point
contact is bC voltage biased with a circuit shown in Fig. 38(a), where
the.resistancg of the bias resistor is chosen to.be much smaller than
the junction resistance. This resistor has no effect in shorting out

AC currents above 10 kHz because of the large inductance of the loop.
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Fig. 38. Bias circuit and schematic step height

measurement for a Josephson homodyne detector.
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The héigﬁt of the first step 1is measured by superimposing a small
modulation (~ 100Hz) on the DC voltage and readiﬁg.the junctibn
current with a superconducting quantum interfefence»galvanometer
(SLUGSZ) followed by a lock-in detector. This method is shown
schematically in Fig; 38(b).

When the junction is synchronizéd by the ‘applied RF signal,.
its response shows a peak propertional to the'étebvheight at a bias
voltage co;responding to the RF frequency as is_éﬁown in Fig. 39.
However, if the RF power is too weak to synchronize the junction,
the response is reduced and smeared éufbas shown in Fig. 40. For
a point contact with R = 0.3 ohm and Ié = 1.8 mA operated'at 4.2 K,
we found fhatvthe miniﬁum RF current fequired'td,éynchronize the
junction is approximately 15 uA (calibrated by the first zero of the )
zero-voltage sfep). This résult wés obtained without any matching
structure and the power limit for synchronization is 1078w (RS = 456 ohms) .
According to Eq. (34), this number»correqunds po an equivalent junction
temperature five times higher than the ambient temﬁerature, which
indicates that our detector is:external noise iimitea. (This measure-
ment was done with rathef rudimentary shielding.) .If this experiment
were repéated with oﬁrbpresent shielding system and coupling structure,
one should be able to acﬁieve ambient temperéture noise limit and reduce
the RF soﬁrce resistance to R, ~ 1 ohm.  Then the jgnction.mentioned

above can be synchronized with incident power approximately 10712 W.

*
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Fig. 39. Output of the SLUG against bias voltage in frequency
units; the peak indicates a well-defined step at the

signal frequency.
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Fig. 40. A plot similar to Fig. 39 except that the RF signal is

 so weak that the step is severely rounded by noise.
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chh a homodyﬂe detector has an important feature of beiﬁg
frequency-sélectivé, in that its opefating frequéncy can be easily
tuned by varying the DC bias voltage of fhe‘junctidﬁ. At a fixed:
bias voltage; the junction is seﬁsitive'toﬁRF signals within a band-
width detéfmined‘byvthe amplitude.of the voltagevmodulation (apart
from higher;order harmonic>response to f;equencieSIZeVDC/nh). Since
.Josephson junctions must be synchronized to show linear homodyne
respoﬁée,‘the application of suqh a device is limiﬁed to the detection

of coherent sighals.
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X. ADDITIONAL TOPIC IT

A New Design of‘Superconducting Bolometers

Superconducting bolometer553_6ovare hot as widely used as semi-

61_64 for detecting electromagnetic radiation.

conducting boloﬁeters
Among the.reasons for the neglect of the superconducting bolometer
is its low impedance comparédeith cenventional'voltage amplifiers.
In most applications? superconducting bolometers are seriously limited
by amplifier noise. Recently Supercondﬁcting quantum interference

65-66 ' :
3 6 ) were developed with excellent current

devices (SLUG, 2 squip
sensitivity and zero resistance. Therefore we consider the situation

in which a SLUG or SQUID is used to read the current from a low impedance
bolometer as shown in Fig. 41. TPis design permits the operation of

a superconducting bolometer with slow response ih a regime where
amplifier noise is negligible compared with the helium temperature

Johnson noise in the bolometer element.

1. Responsivity

In this section we consider the responsivity of an idealized
isothermal bplometer: the boloﬁeter'element has_a finite heat capacify
C and infinite thermal conductance, while thé mounting has zero heat
capacity, but a finité'heat‘conductance G. The basic equation which
governs fhg behavior of a superconducting bolomefer can be derived
from energy conservation in the bdlometef element to be

dT _ 2 jwt v
Cqp = R +aW e - G(T - Ty (35)
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Fig., 41. Equivalent circuit for measurement of bolometer
response with a superconducting quantum interference

galvanometer which has zero resistance -but finite inductance.
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Here R is the resistance of the bolometer #lement (appfoximately half
the resistance in the nérmal state); i is the current flowing through
it and T is its operating temperature. The left side of Eq. (35)
represents'eﬁergy.storage, while the terms on thé right side include
Joule heating, the absorbed radiation signal power chopped at frequency
w, and the heat conducted to the thermal bath. We assume a constant
absorption coefficient, a, for signal power and lump all steady state
radiation heating (from uﬁchopped room temperature radiation or the

steady state component of the chopped signal) into an effective sink

temperature Tg. If we let
T(t) = T + AT eIt
. o (o] )
R(t) = R, + AR eIt (36)
1) = i + A1 edUE
.0 0

then the steady state part of Eq. (35) gives the opérating condition

2 :
Roio = vG(To.— TS) (37)

and the time;varying part'beéomes
ijATﬁejwt = ARLD) + awoeJ“’t - GAToert’ - (38)

where A(Riz) = R(t)iz(t) - Roio2 .

| We now consider DC biasing the boiometer with an arbitrary
resistor r shown in Fig. 4l.and measuring its response with a lock—ip
detector, referenced by the chopping signal, following the super-

conducting galvanometer. .To first order in AR, ;he‘current responsivity

of the bolometer is
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L= ‘lAi'O/‘/Z—- W_|
ai (BR/3T) .
) ) : (39)
_ - [ @012 erenT |2
2 GR (I+okr/R )ju't” + 11+ GR_(T+o+r/R )

Here TvE”C/G is the thermal time éonstant of the bolometér.mount and
a = (gole)(BR/Si) is a dimensionless parameter peculiar to super-

conducting bolometers which measures the change of resistance due to

current. In most cases of interest, a < 1. 7

we must consider various values of the

67

In order to maximize Si’

bias circuit parameters. For thermal stability ' we require

1+ (R -r) 102 (3R/3T)/GR6(1+a+r/Ro),> 0 (40)

Singe BR/Ef > 0 for superconductoré,fthefmal runaﬁay is avoided for

all Qalues of i0 if Rb’> r. From Eq. (39), if Ro = r, Si will increase
linearly with io until io is ligited by the heating power. For other
values of r, Si has ‘a maximum-at a particular io But thebheight of

this peak is less than the absolute maximum which bccurs for r = Ro'

A given cryogenic system provides a minimum vglue of‘TS; a given
superconduct;r, a specific critical temperature Tc-z Td. Thus the circuit

bias condition should be r = R0 and io2 = G(Tc - TS)/RO, then Eq. (39)

becomes

._a(3R/9T) ' Tc'Ts ' o,
5, = 3R ) (41)
' o 2GR°(l+w ™) :
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This mathematical approach corresponds closely with experimental practice.
2. Noise ' |

There are four sources of noise which limit'tﬁé performance of a
superconducting bolometer. These are JoﬁnsonAnoisé, thermalﬂfluctuationv
noise, amplifier noise, and extra noise arising from the superconducting
fransition itself. Backgfound fluctuation noise is not included since
any detéctor limited by this noise68 (BLIP condition) clearly.needs nb
improvement. It has been reported that the extra noise associated with
the superconducting resistive transition is important for certain
materials.55 However, recent experiments59 demonstrate that it can
be eliminated in at least some experimentally useful cases. We shall
neglect this extra noise contribution in the foiloﬁing discussion.

In our boiometer configuration, amplifier noise is‘determined‘by
the sensitivity of the superconducting quantﬁm interference device.
The performance of such a device can be specified'ﬁy a figure of

9 » ‘ : :
merit6 F in units of K/Hz, which is related to its current sensitivity

2
A A

to the bolometér circuit and B is the bandwidth of the measurement

i, by 1 = 4kFB/2WL. Here L is the inductance of the device presented
which, in our case, is much smaller than the chopping‘frequency w.
In order to compare amplifier noise with the Johnson noise generated

? = (4KFB/27L)/ (4KT B/R ) =

in the bolometer element, we consider iAZ/iJ

(RO/ZWL)(F/TO). This ratio can be reduced by using:superconducting
70 : '

transformers_ to bring L up until the circuit cut-off frequency

RO/ZNL is equal to the signal frequency w/2m. Under this condition

we have iAZ/iJ2 = (w/ZW)(F/TO). The figure of merit F of a SQUID
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has been reported71 to be'10-4 K/Hz. Therefore for a chopping
frequency of 10 Hz, amplifier n§ise is éméll compared with Johnéon '
bnoise as long as To > 10-.3 K. This general result is independent
of the value of Ro. (For fast boidmetgrs with Q/Zwiz 108 Hz,58—60
amplifier noise is not negligible.) | |

Now we shall minimize the effect of Johnson noise and thermal
fluctuation noise arising from heat éxchange between thé bolomete;

element and the sink via a finite conductance G.72

It is convenient

to express noise contributions in.terms of tﬁe séuére of a néise

power entering the detector.68 Since the noise sourﬁés are iﬁdependent,
tﬁe‘sum of these contributions gives the square ofvthé noise equivalent
power (NEP)Z. For comparison, we need approximate expressions for

the responsivity and various noise contributions.-.If we take dR/9T =
6RO/GT whére R, is_hélf the normal state resistance -.and ST is the full

width 6€ the superconducting transition, then we have from Eq. (41)

9 2 2ch(6T)2G(1 + wZTZ)B.
> = 4kT B/R S = (42)
o o i 2 - o
a (Tc - Ts) _

(WJ

for Johnson noise, and

(w2

B 2 2
T y = 4ch GB/a | | (43)

for thermal fluctuation noise.
If wr <1, (W.2) KW.2) ~ (8T)2/T (T - T.) << 1, and the
~ J T : c. ¢ S
responsivity is high enough that Johnson noise is much smaller than
thermal fluctuation noise. Since we have shown that amplifier noise

is negligible compared with Johnson noise, the dbminapt’noise will
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be thermal fluctuation noise if we take wT < 1. Thermal fluctuation
noilse can only be reduced by decreasing G. Since there exist lower

practical limits for C in any configuration, wT = wC/G will increase

2

as we decrease G and (sz ) « GT° « G—l'in the limit wt >> 1. If we

2

T ), we have

choose a value of G such that-(W'J2 ) =W

G = wch//éTc(Tc - TS) | o (44)

and then the combined Johnson and thermal fluctuation noise has the

minimum value

8KkT %@CGTB“VV -
R 45
a /QTC(Tc = Tg)

2 .2
.(wJ > +<wT

Thus we éan reduce the detector NEP if we sacrifice some responsivity
and let (b’r exceed uhity. |
3. Discussion

In order to make épecific predictions for fhé performance of
superéonducting ﬁolbmeters we conéider several préctical configuratibns,
The méxiﬁum:static current responsivity is achieved in ‘a high purit&
single érystal slab of superconductor which hasvthe small transitioﬁ
width 5T.associa£éd with bulk material and a résistanCe_Ro,‘small
compared with a thin film. One such configuratidﬁ (100r thick Sn)
is‘considered in Table 2. We also include in Table 2 a practical
example bf a low frequency thin fiim Sn bolomete; on a 3-u thick mica

substrate (similar to that used by Martin and Bloor56). In this



-106-

configuration the heat.capacity of the substrate cannot be neglécted.
AlthOUéh the bulk bolometer has a slightly largef NEP, it is easier
to blacken without raising its heat capacity sigﬁificantly. Since
the transition temperature Tc piays an important‘roie in'fhe NEP, we
also includebin Table 2 an example of a thin film Al bolometer which
has a lower transition temperatﬁre,;ﬁan the Sn film.~ It should be
noted that the 10 Hz opérating frequency for éloW ﬁolometers-in
Table 2 was selected arbitrarily as the lbwest.cbnvénient frequency’
for éxpefimental work. In order torcompare'detectors with different
area or chopping frequency, we must use a figufe of ﬁérit. From

/2

Eq. (45) Qe'see'that the'NEP varies as (wC)1 or, for a given w
as the sQuare root of thevdetector area A.. The ¢oncept of a specific
detectivity'D* = vA/NEP is therefore useful for the superconducting
bolometer. The figuie o£ me;it m = YwA/NEP is also useful if we
wish to compare bolometers With’different.respoﬁse:timeé.

We believe that the_prediqted performance dgééribed in Table 2
can be achievéd in practice. Care muét be taken_té,regﬁlate the sink
temperature TS adequately. Existingvfeedback temﬁerature>fegu1ators
are more than adequate for this purpose.12 If TS is above the
superfluid transition»feﬁpefature TA’ the bolomete; muét‘bé isolated
from the.béth by a thermél filter with response'siow compérea with
w to aﬁoid He.bubbling noise.59 Finélly, care muét be taken to avoid
noise from ;he superconducting transition. The‘chOice between the

otherwise nearly equivalent bulk and thin-film bolometers may be made

on the b#sis of such noise.
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Our theoretical modei requires isothermal conditions in the
bolometer element and negligible heat capacity assoéiated'with the
thermal 1link. This can be achieved over a wide range of response
times by minimizing the heat capacity of the mechanical support by the

56

technique of Martin and Bloor~ and then surrounding the bolometer

element with He exchange gas at the appropriate pressure.

It is.useful to cdmparé the slow superconductiqg bolometers
described above with the He temperature doped Ge Is.olom.eter.m“_64
Such'bolometérs are usually operated in a regime'éuch that some
responsivityedependent sbqrce of noise (amplifier noise, Johnson noise:
in the bolometer element of bias circuit) is at least comparable
to the thermal fluctuation nolise when wtT = 1, Unlike the superconducting
bolometer discussed here, therefore, the doped Ge bqlometer cannot be
imﬁroved by operatinngith-wT.> 1. The.bést Ge bolometers operated
in the He4 range at w = 10 Hi have D* =~ 1012 émJﬁEyw. This is several
orders of magnitude less than the'predicted valués for the super-
conducting bolometers shown in Table 2. Both typesvof bolometer can

be improved by going to lower bath tempefatures.63 Superconductors

such as Cd or Zn are suitable for bperation in the He3 region.
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APPENDIX A

‘Microwave Circuit Analysis

1. Impedance Transformation

In this section we shall discuss how the pluﬁgérvand stub provide
the proper impedance transformation required for optimum microwave
coupling. The total microwave impedance seeh'by'the junction can be

calculated from the equivalent circuit in Fig. 14(b) to be

= Rp *+ 3
B,Z_ 2+BZZ “(B,B,Z_ | 2_1) .

2 2
(B D+ (Blzo)

Baoeasess *+d [XL -

gBlBZZo l) + (B Z )

1 2

where B1 and,B2 represent the susceptances of the plungef and stub
respectively, which can be adjusted to any positive values.26’27 It
was shown in Section IV that in order to achieve,optimﬁm coupling

“to a Josephson junction, values of'B1 and B2 must be chosen such

that X =0 and RT=(RS)opt' These two conditions can be solved to giye

Bl’ B2 in terms of Zo’ XL’ and (RS)opt In general, there are two
sets of solutions, we shall only consider the case in which B2 is
positive:
. 2 2 y
_ J(RS)oRt [XL S Jt]/Z " (RS)opt v
By < 2 ) - (A-2)
. (RS)opt X -

: 2 2

| J [ 1z, - ®) |

B2 - S opt’ xL S opt S’ opt (A-3)

.( S)opt Zo
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Typical values of (R.) for our point contacts vary between

S’ opt
5 and 10 ohms, much smaller than the inductive reactance XL & 0,25 ¥
Z0 ~ 100 ohkms obtained from waveguide handbook.26 Therefore, Eqs. (A-2),

(A-3) can-be simplified:to the form

V(R )
I 5 § : S”opt ~ v 1
1 -2 » o
B,= ———— Vx%/z_- R e | (A-5)

2 L ——
: Zo (RS)opt

-Since Xi/Z 30 ohms > (R ) P ‘optimum coupling at a given signal

frequency can be achieved by adjusting B1 and B2 to these values.

Equations (A-4) and (A-5) do not set any lower limit for (RS)opt’
but in order to neglect the effect of microwave leakage, (RS) opt must
be larger than 2 ohms. If a JunctioA happens to have’ (RS)opt

XLZ/ZO, it can be optimally coupled when B2=O, that is, without the
| stub tuner. ‘(For junctions héving (RS)opt > XLZ/ZO,Athe distance
between the stub and junctionvhés to be changed to achieve optimum
coupling, but this never occurred in our‘experiments.) ‘
The arnalysis presented above can be‘illustrated on.a Smith chart27
as is shown in'Fig. A-1. Every point with pblar coordinates p, 6
inside the‘unit‘circle Co corresponds to a partiéulér.impedance ZL
with voltage reflection coefficient Fv = (ZL—ZO)/(ZL+ZO) = peie.

Conventionally, one starts with the point corresponding to the load

impedance and brings it to the origin where'l"v = 0 by various matching
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Susceptance - ' Reactance

f Co ‘

XBL743-5929
Fig. A—l.. Smith chart for impedance transfofmation_from

point A with Z /Z = 0.0140.2 j to the origin.
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techniques. The order of the impedapce trapSfdrmation»is thus reversed
from that of the preceding analysis.

Suppoge we ﬁaye a junction with (RS)opt = 5 ohms and XL = 100 ohms,
This can be represented by a point A on the Smith éhart (Zo = 450 ohms).
Withouf any matching arrangement, the microwave power absorption 1—|Fv]2
at A 1s only 5 percent. Adjuétﬁent of the plunger is equivalent to
adding shunt susceptance to the junction, which bfings point A
.along a circle'cl of constant conductance (G = (Rs)opt/XL2 A 0.23/20)
to B (or D, the_BeSt point which can be reached with the plunger alone,
where the power absorption ié approximateiy 50 percent for thié
.particular jﬁnction);' Transforﬁation of the 3Xg/4 section corresponds
to a rotation of 540° alohg a circle 02 concentric‘with Co’ This
moves point B to point E where Cé intersects with another citcle C3
of constant conductance G'= l/Zo. Now we can adjust the susceptance
of the stub tuner to bring point E along C3 to.the origin, which

completes the impedance transformation.

2. The Bandwidth of the Matching,bircuit
In order to estimate the bandwidth of our métching circuit, we

consider the unloéded Q

(w/ZRT)IBXT/BMI, where R and X, are given

by Eq. (A-1).. Carrying out the differentiation and using Eqs. (A-4),

(A-5) for B, and B2, we obtain

1

90X, X , 3B 3B 3B ,
N S °) 1 2 N g2 1 Ao
% e TR g zo(Rs)opt_ dw XL dw ERCE
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We neglected terms BXL/Bm and ZO(RS)opt(aBz/aw) since X is not very

sensitive to w and Z (R_) is smaller than XLz. The susceptance
o S’op _ : )

t

B1 can be expressed in terms of the distance % between the plunger and

junction as B, = - Zo_1 cot (Zwl/Ag).d Therefore we have

1
2 2 .
5 1 X - 2 218
Q= A l ' = ~— (2TL/A ) Esc” == . . (A7)
. 2<RS)opt. g axg ZZO(RS)opt g _Ag :
Atvresonaﬂce cot (Zﬂl/kg) = - Zo/XL XK -1, its first root occurs at

2ﬂ2/kg < 7. (This agrees with the experimental fact shown in Fig. 15

that when,optimumlcoupling'Was achieved, the distance between the

plunger and junction is slightly less than kg/Z); Then Eq. (A-7)

becomes » _ -
v - 2, o

Q =~ (n/2) ®y o . (A-8)
. S7opt :

This equation states the genéral result that the bandwidth of
the matching circuit islproportional torthe junction-resistance. In
particular, for the junctioné shown in Fig. 16, Eq. (A-8) predicts
thath'z 250 and 30 respectively. These numbers are in feasonable,

agreement with the coupling bandwidths that we observed.

- 3. The Design of thé Choke Flange

‘ Iﬁ Fig. A-2 we show the design of the niobium flange which reduces |
the micfbwave leakagé mentioned in Section IV.B.. A circular choke.
groove was cut in the fiange to form quarter-wavelength sections in
the radiai transmission_lipe éo that fhe microwave impedance is a
‘minimum at plane B. Iﬁ brder to have a short circuit at plane A,

the distance between A and -B was made to be A/2 = 4.17 mm for a signél ;
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- T
| ‘; ] Tt

A |
e 1

. XBL743-5928

e flange in the
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frequency.at 36 GHz.

The radii r, and r, were calculated in the.following way:73
The radius rolof the hole containing the superconducting wire is
0.66 mm, therefore X = kr0 = TZﬁro/l = 0:5. Tp'reflect a short
cir¢uit to the plane B, we need a high impedaﬁce>at Xl = krl, which

is related to Xo by

N (G) = 24N R - (4-9)

vhere Ny and hé are the phases of Hankel functions'Hl(l) and Ho(l)
1 1

In order for the microwave to see an open circuit at Ty, we must

respectively. We obtain X, = 1.7 or r;, = 2.26 mm from Eq. (A-9).

have a low impedance at T, and a high impedance section, which is
the radial groove, between ry and T, Similarly, Xé = kr2 can be
calculated from ' _ I

nl(Xéj = 7/2 + no(Xl) .'.’ | (A-10)

= 3.1, i.e. r, = 4.11,mm. The depth d of the groove

2 2

which gives X
was chosen fo be 1.98 mm < A/4 to Eake care of the cbaxiél‘mode and
fringing effects.

Thié choke flange has beeﬁ-tested by measuriné the micfowave
coﬁpling efficiency of very low impédance junctions (R < 2 ohms).
The fesuit sﬁows that the microwave leakage is feduced below its value

without choke grooves by a factor of 20 and can therefore be neglected

for junctions with R 2 5 ohms.
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APPENDIX B

"'A Model for Relaxation Oscillation in
Point ‘Contact Josephson Junctions

Itvwas mentioned in Sécfion VII. C that when a hysteretic junction
is DC biased with a low impedance source, regions of negafive resistance
apbeax on its I - V curve. A similar effect has been observed in
tunnel junctions by Vernon and Pedersen.44 They explained this
phenomenon successfully iﬁ terms of relaxation oséillations._ We shall
now devglop é model to describe relaxation oscillations in point
contacts énd compare our experimental results with its predictions.

The basic assumption in our model is that the hysteretic junction
acts eithef like a supérconductor with zero resistance or like a
resistor with resistance R depending on its bias current as illustrated
in Fig. B~1(a). The ACdesephson effect is not important in the
diécussion of relaxatiop oscillation.

' The bias circuit of the junction is shown in.Fig. B-lIb), where
’ LO represents the inductance of the leads. It is clear that for bias
voltage V;viess than RoIc’ the junction stays in‘thevzefo—resistance
state with current I = Vo/Ro <‘Ic; while for Vo larger than (R + Ro)Im’
the junctionvsﬁayS'iﬁ the-resis;ive state with I ="Vo/(.Ro + R):> Im.
However, if Vo lies in between these values, i.e. (RO + R)Iﬁ > v, > RI.
the junction'must_make alternate transitions between the superconducting
and resistive states, whicﬁ causes the junction current and voltage
té éscillate. The criterion for this relaxation oscillation to occur

is
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Vi(t)

XBL743-5927

B-1. A model for the I-V curve of a hysteretic junction
with current source bias (a), and equivalent circuit of
the junction with external biasing elements (b), used to

calculate relaxation oscillations.
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(Ro + R)Im > R, 1c : (B-1)

which is usually met if R <R,
,JIn the presence of relaxation oscillation, both the junction
current and voltage are periodic functions of time, which can be

calculated from the circuit shown in Fig.B-1(b) to be:

Rt
. - [o]
. [V L o
' I+ [2-1 1-e ° if 0<t<T
m Ro m . 1 »
I(t) = R FR) (e-T)) (B-2)
_ _ v, ] L, |
IC - IC —R—o‘ﬁ 1l -e¢e ) if T1<t<Tl +:T2
0 if 0<t<T
v{t) = ‘ : ‘. S (B-3)
, < _
RI(t) o if T, <t <T +T,

where transient effects were neglected and Tl’ T2 are given by

L Vo -RI ,
= r (v -EI (B-4)
o (o] o cC
| L @I -V, - | |
T, g+ ™| @™ -V ” - (B-5)
o - "o m o : :

We sketched I(t) and V(t) in Fig. B-2, where the frequeﬁcy of
the oscillation £ = l/(Tl+T2) depends upon DC voltage Vo'

Equations (B-4) and (B-5) predict that f is a maximum in the middle
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ot » - Tt
T T, T2y
| . XBL743-5926

Fig. B-2. Current and voltage waveforms for the model

© of Fig. B-1.
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of the oscillating region and tends to zero when-Vo approaches ROIC or
(Ro + R)Im. Typically we have Ro ~ 10. ohms, R ~ 20 ohms, LO ~ 10 uH,
and I_/I = 0.8, which give f ~ 5 MHz.

o m [ _max -

In order to find the static I = V curve predicted by  the model,

we evaluated IDC = I(t) and .VDC = v(t) from Egqs. (B~2) and (B-3)

in terms of the parameter VO. ASSumipg Im/IC =10;8, we obtain two
static I - V curves plotted in Fig.hB—Bfor RO/R = 0.2 and 2 ’
respectively. As expected, they show negative resistance regions
where relaxatioq oscillations také place énd the’cufve with RO/R =2
is very similar to the experimental curve without RF shown in Fig. 37.
Besides the qualitative agreement of static I - V curves, direct
evidence of the existence of relaxafion oscillations was also observed
with a spect#um analyzer. We found that, as the mbdel predicts, the
oscillatidn contains a- large amount of harmonics .and is thus very
nonfsinusoidai. -Furthérmore, the fundamentél frequency of the
oscillations has its 1argést value in the middle_of the negative

resistance region, which also agrees with the model. Noise, of

course, tends to broaden the linewidths of these oscillations.
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A ' ' ' . . \4)(://FQI(: |
XBVL743"5943

Fig. B-3. AveragedvI—V curves (reversible) with relaxation
.oscillations calculated for two representative values
of RdIR; the hysteresis parameter‘Im/IC‘was assumed to

be 0.8 in both cases.
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Table 1. Representative Data of Non-hysteretic Josephson Junction Fundamental Mixers at 36 GHz.

JUNCTION RF COUPLING CONVERSION EFFICIENCY JUNCTION NOISE
T 'R | 2 | Riyn Ne Ty 2 (Bo)z Ty
Material Q o C n y C =X B O SXP
(K) (ohm) exp RF exp (ohm) IF Neh (K) o'exp g )2 (X)
. : o’ th
Nb 8 28 0.48 0.22 99% 0.3 60 0.88 0.82 80 4.7 1.5 210
Nb 8 5 0.50 0.18 827 4.05 150 0;69 1.09 | 1500 6.3 1.9 260
Nb 4.2 19 0.21 0.74 90% 0.47 16 0.74 1.02 76 21.5 4.1 120
Nb 4,2 16 0.36 0.27 75% 0.55 37 0.90 0.98 85 8.8 2.2 140
o | v \
v 1.4 17 0.33 0.34 817% 0.66 40 °0.90 0.92 . 40 12.1 2.9 55 ' E
) : . I
v 1.4 25 0.30 0.36 75% 1.35 110 0.75 1.14- 97 15.7 3.6 54
Remark: C = az /OL2 RF coupling efficienc
' TRF ~  Texp’ “opt’ upling -te y
, , | _ , _ .
Nep = CIF(Rdyn/R)uexp’ conversion efficiency (gain) predicted by Eq. (20)
(B )2 /(B )2 excess noise combafed with the calculated results in Fig. 33

o’exp’ *"o’ th’
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Table 2. Calculated properties of various superconducting bolometers

with area A=0.06 cmz, bandwidth B=1 Hz, modulation frequency

w/2m=10 Hz and sink temperature Tg=1 K. We assume perfect

Blackening, but include a realistic substrate (3 U thick mica)

heat capacity for the film bolometers.

Bulk Sn Film Sn Film Al
Criticaleemperature TC (x) 3.7 : 3,7 _1.2
Thickness t (&) 108 | 102_ 10°
Resistan;e Ro () ;'5_><10-7 .5 3
Transition Width 6T (K) 1073 3x1072 3x1072
Heat Capacity (J/K) 2.4x1077 %1070 10710
Thermal Conductance G(W/K) 5x1070 2x1077 4x10'19
Johnson Noisé or Thermal
Fluctuation Noise WJ=WT(W//ﬁE) 2><10_15 10-15 2><10'-16
NEP (W//Hz) | =107 2x1071> 3x10710
D* = VA/NEP (em VAT2/W) gx1013  1.4x10M? gx10t

2.4x10"  4.2x10 4x10%?

n = YwA/NEP (cm Hz/W)

- 2.
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