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THE INTERACTION OF HIGH FREQUENCY ELECTROMAGNETIC RADIATION
" OF SUPERCONDUCTING POINT CONTACT JUNCTIONS

© Stewart Allen Sterling
»Depaftment Of'Physics, University of California
» : and '
Inorganic Materials Research Division,

Lawrence Radiation Laboratory,
Berkeley, California 94720

ABSTRACT

"Experimental evidence is presented on the interaction of millimeter
and submillimeter electromagnetic fadiation with point contact Josephson
junctions. 'Changes in the de current voltage characteristic are used to-

measure changes in ac-Josephson currents coupled to radiation fields, and

the detection properties of such junctions are discussed in detail. Evi-

dence is presentéd for feedEack narrowed response when the ac Josephson

currents are strongly coupled to a resonant cavity. The observed response

shows high sensitivity (NEP < SXlO—lS W/VHz) and frequency selectivity
.3)

v(Qeff 2 10°). The Werthamer-Shapiro theory has been extended to include

the effects of applied radiation at the resonance frequency and is shown
to account for the feedback narrowing. In additiongievidence for the

frequency dependence for the ac currents isApresented.
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I. INTRODUCTION

Point contact junctions between two éuperconductors coated with a
natural oxide show méhy properties characteristic of thin film tunnel
junctions. These include both quasiparticle and Josephson tunneling
currents. Thé earliest reported applications of such junctions were as
dc’ihterferbmeters.l' Because point éontact junétions are more easily
coﬁpied to electromagnétic radiation than thin films, more recent appli-
cations have been for ac effects.2 Grimes, Richards and Shapiro (GRS)B’A
have investigated the use of point contact junctions as detectors of
electromagnetic radiation. They demonstrated that'point contacts can
detect radiation up to frequencies well abo&é the two-particle energy
gap. Additionaily, their mea surements of spectral response are character-
ized by considerable strucfure, some of which they attribute to the
frequency dependence of the ac Josephson current.

GRS also demonstrated that point contact Junctions ShOWed‘the ac
Josephson effect when driven at frequencies as high at 32.2 cm-l, observ-
ing the‘constAnt voltage currents steps generated by coherent radiation

2 showed that point

from a cyanide far infrared laser. Grimes and Shapiro
contact junctions could be used to mix two applied frequencies, generating
detectable difference frequencies. Parker et al.6'have used point contact
junctions (és Well as thin films) to make precise meésurements of ﬁ/?e;

7

Silver and Zimerman have demonstrated that point contacts coupled to a
resonant cifcuit may be used tovdo absorption spectroscopy over a wide
frequency range.

Point contact‘junctions have generated considerable interest as detec-

tors of millimeter and submillimeter waves. The best existing detectors

are liquid helium cooled bolometers, whose noise-equivalent-powers can
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be as loﬁ at lO-lg.watt/fﬁz. GRS have demonstrated that point contact
deteétofé are an order of magnitude more sensitive and further are char-
acterized by very fast response times. In this thesis we will describe;
further results on point contact detection of far infrared radiation.
Both broadband and resonant detection (narrow band) will be described, we
will consider, in éeneral, the effect of high frequency electromagnetic
radiation on the dc current voltage properties of point contact junctions.
Any such change can be used for detection. We will consider in some
detail the coupling bf a point contact junction to a resonant cavity

‘and will describe a very sensitive, narrow band detection mechanism.8 In
addition we will use the spéctral respbnse of point contact junctions to
study some of the high frequency ac Josephson effects.

The organization of this thesis is as follows: In Section II we
briefly sketch some of the properties of bulk superconductors and the
Josephson effect. In Section III we discuss the properties of point
contact Junctions and how they affect our detecfion experiments. In
Section IV we describe our experimental techniques and.apparatus. In
Section V‘we discusé the coupling of the ac Josephson current to a reso-
nant strﬁcture and detection effects arising from such coupling. In
Séction VI we discuss the results of our experiments on resonance coupled

detectors as well as attempts to make broad band response measurements.

14



II. BSUPERCONDUCTIVITY AND THE JOSEPHSON EFFECT

A. Properties of Bulk Superconductors

9

Properties of bulk superconductors are well known:” at temperatures

below a transition temperature Tc’ certain materials exhibit a state of
zero de resistancelo and perfect diamagnetism (Meissner Effect)ll. In

the absence_of an apﬁlied magnetic field the transition to the superconducf-
ihg state is a second order thermodynamic transition characterized by a
discontinuityiin specific heat. 1In 1935, F. and H. London12 observed that
one could éxplain the Meissner Effect by assuming that the superconduct-

ing state is characterizéd by a single many-body wave function which is
umperturbed by weak electromagnetic fields. The resulting absence of a
paramagnetic contribution to supzrcurrents in a sample implies the observed

13

flux exclusion. London™™ further showed that in a multiconnected sample,
magnetic flu# trapped by the superconductor is quantized. To account for
the thermodynamic proﬁerties of superconductors, Gorter and Casimerl
postulated a fwo—fluid model whereby a temperature dependent fraction :
of éléctrons in a system condense into a superfluid state for T < Tc.v
By assuming that the "normal" fluid contributed a quadratic temperature
aependence to thé free energy, they were able to predict the gross thermo-
dynamic features of superconductivity.

In 1950;.Ginsberg and Landau15 proposed a major extension of the
theory of the electradynamics of superconductors. They proposed that
the supefconductor be characterized by an order parameter, w(;), whosé
square médulus ‘is proportiénal to the number of supercénducting electrons.

Near the transition temperature, they expanded the free energy of the

2 v
. By assuming that

superconducting system in a power series of f¢(;)

N . .
w(r) was»such that it minimized the free energy of the system, they
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derived the magnetic behavior of superconductors. Although only Valid
for a li?itgd.témperature range near.Tc the Landau-Ginsberg fheory has
' proved very uéeful where electromagnetic fields cannot be treated as per-
turbations on the zero field superconducting wavefunction. To include
London's "rigid" wave function ideas, they included in the free energy a
:gauge-invariant, term proportional to I%w -1 é% A ¢|2 which forced spatial
variations in the order parameter to increase the total free energy.

In 1957 Bardeen, Cooper and Schrieffer (BCS)16 presented the first
successful micfoscopic theory of superconductivify. They pointed-out
that, given a weak attractive electron-electron interaction, the electronic
free energy favors a condensation of part of the electron gas iﬁto a
state compcsed of time-reversed electronic states. At a temperature T < Tc,
these pair states have én energy lower than the unpaired states by a non-
ZETO ENergy gap, A(T). They;constrﬁcted the "BCS mOdei," based on an
isotropic attractive interaction which was nonzero oniy over a finite
energy ranée around the Permi energy. . The model relates the zero tempera-
ture energy gap to. the transition temperature by A(0) = 1.76 kT and
predicts a A(T/TC) curve tabulated by Muhlschegel.17

Gor'kov,l8 using the BCS theory, derived the ILandau-Ginsberg theory
showing that the order pafameter w(?) was prqportional to the energy
gap A, and that the charge in the Landau-Ginsberg theory was twige the
electronié charge. |

The existence of an energy gap has been demonstrated repeatedly,
verifying the general features of the BCS model.l9 Measurements of
the low temperature specific heat_of superconductors gave the first,
indirect évidence of the gap, and‘the surface impedance studies
first shéwed directly the lack of electron states below the gap. Perhaps

the most informative technique for gap measurements was introduced by



T @

-!5_ )

GiaGVertin?1960. Hb observednnon~1inearities in the current-Voltage charac~
téristic:df a-sﬁperconductor-insulator-superconductor junction which were

easily interpretable in terms of an energy gap. Quasi-particles can

" tunnel through the‘insulating,layer only if they start from occupied

states and -end in unoccupiéd_states. In a superconductor;at‘T=O, all éf
the electrons are in the condehsed staté énd one can pass a quasi-particle
current betweeh-the superconductors only when the voltage bias across the
insulating layer is large enough sovthét thelgfound state of one super-
conductér’has the same énergy as the empty quasi-particle contihuum of
fhe other. .Experimentallj; the jﬁnctiOn carries no current until the
voltage equals 2&(0)/é (the factor of two arises from the paired nature
of the condensed state. ﬁmo electrons must simultaneously tunnel across -

the insulatOr,'each‘requiring an energy A.) At nonzero temperatures

: ﬁhefmal excitations of quasi-particles into the continuum above the'gap.

smear the gap edge on the current voltage characteristic, although the

v gap can still eaéily»be measured as the minimum in the differential re--

sistaﬁce vérsus voltage characteristic. Tunneling measurements have veri-
fied that the density of quasi-particle states is zero below A,.peaks
sharply_at A, and.approaches the normal metal density of states above A}
(The BCS model predicts that the distribution of excited states is derived
e edlfe i . Ny - L
from E =-[A" + € ] ~, where E is the quasi-particle energy corresponding

to the norméiimetal state €.)

B; The Josephson Effect

In 1962 Jbsephson21 péinted out thaf_éﬁierconduéting pairs can

-tunnel across the’iﬁsulating‘barrier at zefo voltage. This Josephson

current contributesia'résistanceless current step at V=0 with a magnitude

i .AIA. .
VAN /AN

at T=0 of up to I, - W/R
) S ' 172

1. " where the subscripts refer to the
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: twovsuperconductors makiné up the junction, and R is the normal-state
,junction'resistance; further Josepheon predicted that at non-zero volt-
ages the supercurrent could alternate with a frequency given by 2eV /h
[ee/h = 483.6 MHz/uv.] |
Consider two superconductors separated by an insulating barrier
(uiually the oxide of one of the superconductors). The insulator is thin
enough that there may be an observable tunneling current and thick enough
that the interaction bétWeen the superconductors can be treated to the
lowest order in thebtunneliné hamiltonian. In Appendix A we show that_
there is‘e temm in the energy of the system favoring the coupling of
ithe euperconducting wave functione. It wexﬁpresent‘the”superconducting
Wavefunction by ¢(E§t) =f¢o(?)veiw(F), then: the interaction energj per
junction area has the form | ' :

88 = ok cos (8 -9, - B2 [E-ar) @

2e
Whére.thé dine integral is taken across the insulating barrier. 'Further,
the current density through the insulator is j = j; sin (¢7-0, - e f 2.d7).
Ode'Will use Jl for the amplitude of Josephson current den51ty and I for
the total amp]mtude of the current, thus averaglng over spatlal variations )
The equation of motlon for the phase difference across the 1nsulat1ng
ilayer can be derived from the time dependence of the wave function. 'FCT
a superconductor in equilibrium, its wave function satisfies the tnne—
{dependent Schroedlnger equation: Hw ;, i aw/at; so ¥ = Y(r) exp
1Etﬁﬁ) :vGorﬁkovl8_showed‘thet according to the BCS theory, E = 24,
i;e..the_change in Gibbs free energy‘when‘twopelectrons are used to add
a another superconducting particle (a Gooper pair) to tne system repree
sented,by ¢(r,t)p.; If eech of the superconductOrs comprising the. |

‘junction is in equilibrium,+then 8¢i/%t =‘2ui/ﬁ.and 5(¢l"¢2)/ot'= + E(ug-pl)/ﬁ-



v difference becomes eV(t), thus
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If we ép§ly élsméil (timeQdependent) voltage across the junction, depar-
turés ffom'iocal quilibriﬁm‘may be neglected and.the chemical potential
R o @)

Onefeffect‘of the fresence offK in (1) is td require the Josephson
current ;o sé%een out appligd magnetic.fields. JOsephson_sthed théf
this scréehiﬁg cuffent : _implieé a magnetic penetfatidn length |
Ay = fﬁcg/BTre.jld]l/2 whére d is the magnéfic thickness of the junction,
equal to fhe pehetration depths of each superconductor plus the barrier
thicknéss;_'Typically this jUnction.peﬁetration is on the order of one
millimeter. |

‘For'Small enough junétions“the magtietie. field penetrates the junction

- area uniformly. For example; for a magnetic field, H, parallel to the

length (L) of a uniform junction, the vector potential term in (1) becomes
2ed/fic Hx, where X is the spatial coordinate along L. Now the current
density in.the juncfion of width w, is

ix) = 3 sin(sg - Em) ®

and the tdfal_current'through the junction is

L/2
I ‘= W lL/g

: sinT ¢/00 . - .
i WD 7F57§é——- sin AP = II(H) 31n.A¢(u)

where ®/®O¥ edL/fic H and @O =hc/ie is the flux quantum. The constant

il

T

NP is determined by the biasing circuit, and the junction can carry -

a maximum dc current of Il(H). The dc Josephson Effect, this interfe-

>

rence of supercurrents, was first observed by Anderson and Roweli?

’They observed that the critical current, Il(H) carriéd by a Josephson

Junction cseillated with magnetic field according‘to the predicted
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|sin x/x| singie slitvaiffraction péttern.

Equation (2) shows that if there is a non-zero voltage across thg
Jjunction, then the phase difference increases liﬁéarly in time, and
the. Josephson current alternates .as. I(t) = I, Sin(mbt_+ ¢O) where ¢, is

an arbitrary constant and @y = 2e?V&c/ﬁ and Vac = voltage bias. Thus the
. |r .

.judction carries no dc current for V % 0. Josephson suggested that the

ac Jogsephson current can be observed by imposing an ac voltage across

thergungtlon-ln addition to the de vo}tage. For V(t) = Vae™Vog COS(“rft+¢rf)’

the junction current is

I = Il.sln [wbt +E g s1n(a}ft + ¢rf) fﬂ¢O]

or , .
L=t 2 Jaltyg) sinlleg )t v gg v+ oo ] (5)

where'Jh(grf) is an nth order Bessel function of the first kind and
= 2e V[t .

Under these conditions the junction will pass a dc current at

grf Now (5)»will have a frequency component at dec when

ab.= Nwrf"

a series.of equally spaced voltages, the voltage separation being

AV = hwrf/%i and the amplitude of the steps is given by lZIlJN(grf)l.

This effect was first measured by Shapiro.gu Note that now the dc phase

across the junction is ¢O + N¢rf and one observes a maximum current step
: 4 =T /2.

wheg' ¢O - N HJ/2

- If there is an ac vbltage across the Jjunction; the ac Jbsephson>,

cUrrént may radiate detectable coherent electromagnétic.radiation.1 In’

'Appehdix B, we show that thg simple Voltageebiased Josephson junction

conserves energy. ihe‘poWer radiated by the ac current equals the de

 power supplied_byvthe bias eircuit. Typically, the junction current.is

coupled to a resonant circuit, and the ac current in the junction induces

an ac voltage in the rescnant circuit, which ‘induces an dc voltage across

2
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the junction.' Radiation emiﬁted by junction-resonafor-systém,have been
observed ih'é numbér of types of resonators: the reéonant strip line
cavity formed by the_insulatiﬁg Jjunction barrier énd superébnductimg '
A sidés of an évaporate film junction,25 point contact junctions in #micro-
wave cavities,26 and pbint contact junctionS'coupled to radio'frequency
ciréuit.27
P | o Ambegaokar and Baratoff,22 have calculated the_émplitﬁde of the dc
'Jbsephson'current at nonzero temperatures using the method of thermodynamic-
| Green's function. Théy find that for identical superconductors obey-
l , , "~ ing the BCS model, i = %A(T) tanh[—-:gL—BA (T)] where R is the normal
| state resistance of the junction, A(T) is the energy‘gap‘at T and 8 = [kT]-l.
1 : : As T approacﬁes the transition temperature, the Josephson current goes
linearly to zero. | |

29 extended the calculation of Ambegaockar

~ More récently, Werthamer
and Baratoff to include the ac Josephson current.  He found that in the
BCS model, as Riedel50 has pointéd out earlier, the amplitude of the &dc
current has a logriﬁhmic singulari@y'ab = (Alﬁa )/2; Hevfound that_in the
presence éf an ac voltage acrosé the junction, the Josephson current

should be represented by

, , L ig :
| | . 0 . 1
| R o I(t) = om {e 290 dp (e em 5 ay)
R : n,n'
5 X exp i[(n+n')w£ft - iwbt] }' .(6)
2 o B

where J.(®) 1S e cor ex Ttemperature epeﬂ en osepnson curren
here j,(®) is the complex temperature dependent Joseph t

with a singularity at o =0 +-A?.' Jn;aﬁd J.+ are Bessel functions

of argument and the sum runs over all integers n and n'. The

e
§'Erf
singularity arises from the singular density of states in the BCS model

at Al#A . In practice this singularity is certainly rounded by gap .

anisotropies and Cooper pair lifetimes. Thé'fUnctional dependence of the real
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observable part of jg(m) is shown in Fig. 1. The function actuallj
 plotted is j(w) = %‘Re {j2 (o) + jE(O)} which we shall show later to
be the predicted Joéephson Junction fesponse to low-level radiation at
freqﬁenéy'w. |
C. Weak Links
| 31 . 30 L .

. Josephson and .Afdersor’ have both pointed out that (2) is very
generai. The phase slippage relationship in a suﬁerconductor'applies
equally well to two superconductors separated by a weak link (a small.
constriction)or to a single superconductor. Equation (2) may be considered
the equation defining the mxiste nce of a non-zro voltage across a super-
conductor. |

53

Anderson and Dayem: have demonstrated that a single superconducting ‘
weak 1ink between two superconductors exhibits propérties similar to the

ac Josephson effect. They irradiated a weak link junction with microwaves
and observed constant voltage steps on the dc current voltage:

charactéristic;v The device supported constant voltage steps at Vie

=-nﬁ¢%f/2me
wherezneand'm are.integersy that is, thegnicrowavés induced both -
harmonicméﬁd subharmonic steps. In contrast,a Jésephson Junction will>
pport only harmonic steps. Additionally, the weak link step amplitudes
do.not oscillate with microwave power as dolthe Joséphson steps (séé

Ea. (5)). -

The ac (finite voltage) effects gxhibited by weak links is attributed
to. the motion of fluxoids aérpss‘the link;' One canvsth that the line
integral of V¢ arouﬁd»é fluxoid is 27, and so when ever a fluxoid crosses
the Weak line the redative phasevchanges by 2m. The existence of a nén—

zero voltage, V . requires that (2e Vdé/h) fluxoids cross the link per

d

unit time. When microwave power is applied to the link, the fluxoid

[ 33
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motion thrbugh the link is synchronized with the applied rf fields, and
the weak link wi11 support a constant voltagerstep whenever m fluxoids
cross the link every n cycles of the microwave field.'

Mercereau5 has demonstrated that weak links, as well as Josephson

Jjunctions, connected by a locp of bulk superconductors exhibit supercurrernt

interference. The applied magnetic flux through the ‘loop determines the
phasé changé across e;ch link., The toﬁal critical current of the system
depends on thevmagnitude of the circuléting supercurrent. For two identical
junctions enclosing a total flux ® in the area betweem them, thé critical

cirrent of the system can be shown to be proportional to cos(ﬂ®/®o)

where ®O is the flux quantum. v ‘ -
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IIT, POINT CONTACT JOSEPHSON JUNCTIONS

In this section we discuss some of the properties of point ccﬁtact
junctions and the advantages of such junctions over thin film junctions
as detectors of high frequency radiations:their relafively high rf impe-
dance allowsefficientrcoupling to eiéctromagnetic radiation; their contin-
uous dc current-voltage characteristics provide a sensitive mechanism for
detecting changes in supercurrent amplitudes. We consider the physical
origins of these ﬁroperties.

A, Coupling Radiation to Josephson Junctionsg

The conventional method for fabricating high quality Josephson

jUnétiQns is the vacuum evaporation of thin films. One strip is deposited

i
i

sited'éver the first. With careful preparation, such. a junction will show
nearly idéal Josephson behavior; that is, i1ts maximum dé‘supercurrent is
withinh a few percent of the theoretical value and displays the predicted
lsin.x/xlvaiffractiOn pattern in a magneticvfield; Thin fidm junctions
however are large parallei plate capacitors with é plate:of sepafation

of only a féw Angstroms. For frequeﬁcies of interest to us,l.e. in the
Tfafvinfrared, thecapécitance of thin film junctioné presents an'extremely
low impedancé to the elecfromagnetic‘radiationa A jﬁnctiqn‘with an area

. .

. 2 : 4
of: 1 mn and an insulating layer of 10A has a capacitance on the order of

0.01 uf. For 10 ém_l‘radiation (=300 GHz) .the rf impedance of such a -

capacitance is ~5X10;5:phms. 'Typically the Jjunction is coupled to a micro-

wave transmission system whose characteristic impedence is on the order of
' tens or hundreds of ohms. The rf voltage transmitted to the Junction

franjtﬁe line is reduced by approximately the ratio of the impedances
i.e., by a factor of 10° or 107, This problem is considered indetail later.
. / “'

tha substrate, the strip is allowed to oxidize and a second strip is depo-

1'0
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This impedance mismatch problem is reduced by decreasing the Junction

- capacitance, while holding the maximum Josephson current constant. The

capacitancevis,proportional to the Jjunction cross-section, while in-
uersely proportional to its thicknéss° The Josephson current is also
proportional to the cross-sectional area, but is exponentially. dependent
on insulating layer'thickness.55 (Thevtunneling"matrix elements determin-
ing the Josephson current amplitude depend on the spatial overlap of
electronic wavefunctions across the 1nsulator ) One .then, reduces the
barrier thickness slightly and the cross-sectimal area by orders of
magnitude.

The standard solution is tovfabricatebjunctions in a point contact
geometry. One superconductor, inrthe form_of a wire; is sharpenedvto a
point and pressed against the flat face of a second Superconductor. The
thermally_grown oxide layer on both superconductors provides the insulating
barrier. :Typically; the oxide layers are elastic and deform under‘pressure,

so the thickness of the insulating layer may be controlled by controlling

the contact force between the two superconductors. The superccnducting

w1re may be eas1ly sharpened to a p01nt whose radius of curvature is a few

-l 6 2

microns giving typical Junction areas of =10 - 10 " mm .

. The physical scale of interest for JoSephson Jjunctions is the barrier

thicknessl-bon the order of a few Angstroms. On this scale the sharp

point is expeCted tO'be quite rough and'contacts may be formed in several

: places. Further scme of these contacts may form weak 1inks, where

the superconductor has punctured through the oxide layer. We expect,

then, that a point ccntact.gunction will be composed.of several Joseph-.
son junctions and weak links in parallel. Figure 2 shows -an idealized
microscopic‘contact:where part of_the current is carried by tunneling

and part by metal-to-metal contact.
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As stated above, wéak links are khown to shéw Josephson-1ike behavior:
They can carry a zero voltage current up to some critical current, then
make a continuous transition‘to a resistive state at nbn—zero voltage,
due presﬁmably to flux flow across the link. In’adaitioh, parallel weak
links, like parallel Josephson junctiéns,exhibit interference of super-
currents in a magnetic field. The distinguishing'feature between them is
that in a microwave field, a weak link will support sﬁbharmonic as well as
harmonic steps. Further, weak link sfeps.do not oscillate in height as
the microwave power is increased. We use these ac properties (generation
of constant voltage steps) to determine whether a éoint contact is pri-
marily weak link of Josephson. Our experiments are on point contaéts '

that are essehtially the latter.

B. Current-Voltage Characteristics of Point Contact JUnctions

The shunting impedence provided by'weak links in the resistive state
and ohmic shorts in a point contact determines the current voltage char-
acteristic of the Josephson junctions. 'we have shown that at non-zero dc
voltage biéses the Josephson curreht does not contribute to the dc current.

MCCumber56

demonstrated that the presence of a shunting impedencé requires
the junction to carry a dc current for V # 0. He‘éhowed that the I-V
charactériéﬁic of a point contact junction can bé'explained if the Joseph-
son_junction is shugted'by an ohmic coﬁductance, while that ofba thin film
‘junction is dﬁe to a shunting capaéitance. >Wé consider the former as it -
bertaiﬁs'to our'experiﬁeéf."Tﬁe éffect}ofvtﬁé shunt cénductance is tQ make
the voltage across tﬁe junétibﬁ a single-valued, monotomic function of
current. |

Assume that the point contact can be represented by an ideal Joseph-

son junction shunted by a conductance, G, the system being driven by a
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‘constant cﬁrrent I. The constant current drive implies that the ac currents
in the junction also pass through the conductance, generating ac voltages
.which appear:across both the conductance and the'junction which, in turn,
generate dc éurrents in the junction. Specifically, the curreht through

' o . :
the junction is IJ(t) = I, sin ¢, where 5%'==26V(t)/h and through the

‘ HG O ;
conductance is IG =GV =57 3¢ « Using Ij+IO = I,
| . G Op
Il sin ¢ +§-é-~a—t-~— I
HG do L ' ,
5T 3t + I sin ¢ =1 | (7)

Solving for ¢(t), and remembering that Vie = %e d¢/dt, ve get

0, I L : v ‘
Vic = 1 ' : (8)
G 412-121 yI> 1)

" The upp?r.gurve in Fig. 3 shbws this'characteristic. Severai points
should be. emphasized:’ (1) the curve ié continuous. By sweeping the
constant éurfent bias; we canftrace out all of the dc system_voltages.
(ii) the height of the zero voltage critical current is unaffected by
'the.shunting conductance. (iii) the differential resistancé of the
junction for non-zero voltages goes to 1/G as V — « and to « ds V - O.
Thié last feature will prove important to our detection mechanism. This
ﬁodel agrees with experiment for point‘céntacts whose shunt capacitance
does not contribute to the totalﬁimpedanéesvi.e., when the Qapacitive“
{mpedance at frequencies.of interest (~2e Vac/h) is much larger than oL,

(For high dc voltages the differences between various types of shunt impe-

.danée: becomes negligible, since Vdc-a I/G, and quasi-particle currents

become important.) Note that at non-zero voltage biases, the constant

current source delivers power to the‘Josephson,junction. That is the
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Junction carries a non-zero dc current at a nonizero voitage. Onevcan
~show that thls power 1s-dlss1puted in the conductance as an ac power genera-
ted by the junction, in contrast to a Josephson Jjunction in a microwave
field, where‘the dc -power delivered tovthe-junction contributes'to the
microwave field.

Thebexistence of thermal noise modifies the current-voltage‘charac-
teristic discussed above. Ambegaockar:and H’alperinj7 showed that thermal
current_fluctuationsvin a point contact (Josephson junction plus shunt
» conductance) round the,transition from the super-current state at_V=O»to
the reeistive state at V#O, removing the singular differential resistance
at v=0. Phyeically,”the rounding iS'due to a pertial decoupling of the
phases of the two'superconductorsf We show in Appendix.I‘that the energy
favoring phase coupling is given by AR = hIl/Ee c031&$(h/2e = 2°K/uA);
"If the thermal noise in the point contact is greeter than this coupling
energy AE, then the Jbsephson effect is unobservable. Since‘the Jjunction

current is given by Il sin A¢, for Ip~ I, the coupling energy is small and

1
the phasee begin to decouple. Ambegaokar and Halperin show the Eignificant
rounqing occurs for hIl/Qe ~ LO kT.

In Fig. i we show the current-voltage characteristic of a tantalum-
tantaium'point contact. It shows many of the features we'have'considered,
The point contact has a crltlcal current of about 65uA rounded a blt by,
vpresumably,_thermal n01se.1 The characterlstlc is contlnuous, w1th a
high dlfferentlal res1stance neer V=0 and a well deflned 8ap edge at
il.l m. V. The effectlve noise temperature seen by the junction is
somewhere between tnecpointncontact'temperature and room temperature.

. The biasing(circuit,wconposed of a'battery‘inbseries with a large resiStOr
generatee tﬁérmal noise with T = 300°K. . But much~of this noise is filtered
out.by aflou temperature filtervshuntrng_the.point contact. The minimum

noise temperature is the junction.temperature.v The low degree of rounding

"
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of the critical current in Fig. 4 indicates that the effective noise tempera-
ture is near the bath temperature.
C. Detection

" We have defiﬁed a detector to be a device which gives a dc response

“to an applied electromagnetic field. Equation (5) gives the direct current

response of a Josephson Junctlon to a monochromatlc rf. voltage. Whenever
mb =Nzn the junction carries a dc current of I,J (é ) sin (¢O" N¢rf).

Such a Junctlon can thus serve as a detector. Inagpoint contact, these

induced current steps are typically superimposed on I-V characteristic,

connected to the resistive part of the characteristic bv regions of high
differential resistances similar to those discussed for the zero voltage
step.
The Junctlon response to a small change in applled rf voltage is given

by the change in height of the induced rf step, viz: AT ~ I (é ) A@
where J;(X) e'd J /dx. (Slnce we are monltorlng the maximum step current,
sin (¢O - N¢£f) = 1.) The change in the current step helght is monitored
by biasing‘the point contact with a constant current to the high dlfferen—
tial resistant region near the step. As the step héight changes, the:high
differential.resistance follows"it, and the dc bias voltage changes.

| In our:experiments we measure the.junction response to very lowflevel
far'infrared signals. Tn this case E. << 1, and so AL = '(O) & o
Only the flrst step (N;l) responds llnearly to the applled rf voltage.
The flrst step, however, ‘has zero helght at these small power levels and
so has no high dlfferentlal res1stan;e on which to bias. More 1mportant,
one can shov~that any thermal noise will round a step of infinitesimal
helght ccimpletely3 maklng 1t unobservable. Only the N;O step w1ll be

observable.v The response of the N=0O step 1s, to lowest order, quadratlc
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i | ad . '—"‘i — . ': y ~ / . .2 .
in & ., since JO\O) = 0; i.e. AT = -1/k I, (grf-)’ | (9)
The junction can be used as a detectdf linear in grf by using a super-

heterodyne technique. That is, apply sufficient rf.pOWer from a Local
. oscillator so that the Nth current step is easily resolved over thermal
rounding. If a low-level signal voltage is applied, the total rf voltage

- -. .. - + . e - - )
across the junction is gLo sin (miOt> &rf sin (mrft), where Eff is the
signal voltage and.wLo and @;f are the local oscillator and signal fre-
quencies respectively. To lowest order in grf the rf voltage can be

+ - i ' +

expressed as [ELO § o cOS (mio wrf)t] sin (mLO 1/2 mrf)t. If

NnLO-— mrf? then the Jggct;on gurrgntvrgsponsg is AT = Il JN_(ELO)

m th . . .
£ .p COS &DLO - wrf)t. The N*° step then oscillates at the difference

frequency with an amplitude érf.v This detection scheme has been used by

5

Grimes and Shapiro.~
The actual detector signal (the change in de voltage bias) depeﬁds
sensitively on the dc Junction characteristic and'on the bias used. When
biased to a region of high differential resistance, the junction voltage
is séhsitive to small changes in current. TFrom (5), the voltage response

to a change in the Zero voltage crifical current is

R(Vdc) = + "‘—‘l_'—’ | : _(lO)

Wheré R(V), the junction responsivity, is defined to be - dVdc/dIl for

e

constant I. The singuiar responsiviﬁy at V=0 is removed by the thermal
rounding of the eritical current. Equation'(lo) is the lower curve in
Fig. 3. The signal from the detector is now TVg =N = -R(Vdc)AJ.

Thetjunction response torlow—level'far infrared radiation is, from (9)

voeRw A4
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VIn deriving;(ll)rwe have neglected the'freéuency dependenceboffthe.
ac Josephson éurrent predicted by'Werthamer.29 We.shogld have begun our
discussion using (6) insteéd of (5). Our érguments need to be altered
by considering.Il to be a function of the applied rf frequeﬁcy; From (6)
we cah>show that the response of the zero voltage'critical current should

be written
' o
rf

Vo= 3@ RO (g B : (12)

where j(®) is plotted in Fig. 1.
Further ffequency dependences to (12) enter when we consider the
coupling between the junction and the microwave transmission line carry-

ing the rf power fram the source. Due to the impedance mismatch between

the junetien .and transmission line, the induced rf Voltage is related to

the applied voltage by some coupling constant ;a(¢0.USing:the fact that the

$quare of -applied rf voltage is proportional to tHe dpplied power S(w) and

g

e Vrfﬁm, we have

v« 3(0) T(®) R(V) (o) o - (13)

Typically the frequency dépéndence in FRGD)_dominates the frequency
response .of the point contacts. A comparison of (12) and (13) shows that

PR is proportiomal to ErfE/S(w). According to simple transmission line

theory .. - . v 2 ‘ h Z,2 Z : . o o
R | i S d . 0 o (14)
S(m) (Z42,) .
wheré'ZJ‘and_Zo are the impedences of the point contact and the transmission

line respectively, the transmission line impedance is close to that of

'free'space3(5779) since the far infrared radiation 1s being carried by an

'oversized wave guide. The point contact impedance is more difficult to

2eVdc

h:

estimate, Ttsllow frequency impedance (@~ — , Yess than a few.cm'l)
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is essenfially ohmic, sincé_ths obssrved i-V charséterfstics‘agree with.
MbCumber’srmddel of a pointvcohtact.A Tts high frequency impedance is
not known but is probably : capacitive,, accounting for the obsered
high frequehcy roii-off of the juncfioﬁ résponse;

M0st'of the frsquency dependence of TR'is due to fesonances in the
surfdundingscﬁ‘thé point contact. The metallic surfaces (e.g. superconductors

themselves, waveguide, point contact holders, etc.) are all of a size

'comparable to a radiation wavelength of interest (~ 1mm). The resonénces

included by these surfaces act as Impedance transformers, matching the
far infrared transmission line to the point contsct. Thelr effect is to
give a lafgé frequency dependence to the effective values of the impedances

in (14). vTreating the point contact and metallic;surfaces as a resonator

- terminating the far infrared transmission line, the rf voltage induced

across the junction depends on both the impedance matching of the resonator
to the transmission line and the resonator fields at ZJ. Changing ZJ changes
both the resonator field across the  junction and impedance that the reson-

abor presents to the transmission line.

{m
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Iv. EXPERIMENTAL TECHNIQUES

¢

| .
A. Spectroscopic Techniques

1. Radiation Source

The source of far infrared radiation used in our experiments was a

38

laminar grating interferometer, describdd by Barker, modified to work:

in the éperiodic mode.59 The broad band black body radiation fr&m a
General Electric UA-B mercury-arc lamp was focused by f/l,5‘éptics onto
avlaminér gréting and then through a loW—pass filter onto the point éontaét
detector. The radiation was chopped af 3% Hz to allow for coherent detec-
tibn of the detector signai. Without low pass filtering, the modulated
outéut of the interferometer.exténded to 80 cm-l,__The low frequency

(v <‘25-cm_l) power spectruﬁ is approximately the Rayleigh-Jeans black

0 watts/cm_¥_of power at-10 Cmfl.

. I . - =12 - .
That is with frequency measured in cm.l,S(v) = 5%10 e 2 watt/cm I

body distribution with about 5x10™"

2. TFourier Transform Spectroscopy

‘We measured the spectral response of the point contact junctions
using the techniques of Fourier transform spectroscopy.59 The Spééd of
data_acqgisition, high resolution, lack of "false energy"” problems, and
adequate Eignal-to—noise ratioé make this technique more advantageous
than using a monochrometer. We present a brief describtion of the

'technique to acquainﬁ the reader with its advantages énd limitations.

Coliimated broad baﬁd radiation is sblit intb two beams, one of‘wﬁich

traveis a distance A furfherhthan‘the other. ' (In our case, half of fhé -
.radiafion.is reflected off the fronﬁ half of the laminar grating and half
off the back.) The beams are recombined, phopped aﬁd transmitted via a
1.1 em i.d. light pipe to the detector. If the spectral_intensity of the

|
beam falling on half of the grating is S{v), the total modulated output
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inténsity is .
oa) = [ av  8(v)cos 2mvA | (15)
. 0 C )

This pOWer;,®(A),falk§on the point contact detector and a signal voltage.
is recorded as a function of path difference &+ In particular, if the
detector signal is proportional to the applied spectral power density,

then the detected signal ®(A) (called the interférogram) is
o(8) = [° avs(v) R(v) cos 2ma (16)
0

where R(v) is the system response to unit power at a frequency v. Given
the complete interferogram, $(A), for all A > 0, we can calculate R(V)

' using the Fourier transform theorem to invert Eq._(l6)
y K
= - A i T
R(V),' 5) deA ® (A) cos 2mv | (17)

In practice one measures ®(A)at regular, discrete, intervals (AFnAO)

and truncates the interferogram after reaching some Ahax = NAO. - The

resultant interferogram is inverted via (17) by a high speed digital

computer. The calculated spectral response is
, L ' : B
Rps (V) = 50v) nflcb (rA) cos (2mvnd,) - (8
The approximations to ®(A)result in two limitations on our spectral

response results: (i) the discrete sampling of the interférogram places

a-high frequency 1imits on the calculated spectrél response.of vmax =

IJZAO‘.'”RéépénSe téjany higher f;equencyy-V’, appears as false’energy at

vi= nv

. v'here n is such that 0<.v < . F it
' max wherg n is such that < v; Vioax'  TOF example? i

Ab = 0.25 mmﬁthe contfibﬁtion'of radiéﬁionzat 25 cm_l will appear on -
the cémputed'specﬁral response at 15 cm (% 2X20-25). Proper selection
ofvlow ﬁass filtering eliminates:this p}oblem. | |

' (ii) Truncatigﬁ of @(A) Timits the specfral resolﬁtion. One éan

show that the number of éignificant spectral points obtainable from (18)




2%

equals the number of data points, N. One can circumvent this only by
continuing the interferogram far enough out in A to include all signifi-

o .
cant information.

. The most significant advantage of this technique ié the enhancément

of signal-to-noise ratio on the computed spectrum.- If the noise on the

+ detector signal is independent of signal, then one can show that in spectrum

of N points, thé‘spectral:noise is reduced by”JEaE;compared to the
interferogram noise. This noise reductioﬁ/is due>to éach spectrai'poihts
being a weighted average of all N interferogram points.
In addition, the problem of filtering is .reduced to one of finding |

a single low—pass filter which removes radiat ion for Vv >_vc. In our‘
éxperimsnts, the filtering problem is eliminated by the natural high
frequency cut -off of the spectral response of junctions. |

. The disadvantagés of the tecﬁnique are due to two featureé: (i)
the data are not obtained in an easily interpretable form, being the
Fourier transformvgf the spectral response in Which we are interested;
and (ii) many frequencies are simultaneously incident on the detector.
TheAformer is a drawback because transforming the data requires the
amailability of a digital complex, althoﬁgh the raw data bgcomes at least
partially understandable wifh experience. The latter is,_fof our experiQ

ments,more serious. Josephson junctions are well known to be efficient

‘mixers of rf signals, and yet fhe assumpfion that the Jjunction signal

s proportionalvﬁo.the power incident on it is fundamental to the inter-

preting of the interferogram. In the next section we consider the effécts

of such mixing.

3. Detector Linearity

The non-linearities irherent in Josephson effect devices offer several

\

possible detector deviations from the;assumed,squargﬁlawlresponsé. In

i
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‘Section II‘ﬁe.shoWed»thét the zero voltage cufrent responSe is proportional
to.Jb (gff) and that for'&rf‘<< 1 the response.is quadratic in grf' The
effects of higher powers of grf can beeﬁnderstood in fhe following way:
Assume that invaddition to the quadratic dependence, the response aiso
depends on‘ Eif; i.e. pfoportional to [S(v)]g. . The square law term
gi?es fhe ﬁndistorted spectral respoﬁse, while tﬁe edditional'term intro-
dices haﬁmohics.'vThat is, the Interferogram, . defiﬁed in (15), will have
a nonlinear contribution proportional to [S(v) cos QWMA]E due to the
higher order responae at frequency. v. ". . Where the.intefferogram_is Fourier
transformed this contribution appears'as.speotral'emergy at QV.‘ The most
obvious way to determine this existence of such.saturation phenomena is
to’record a series of interferograms with a series of neutral filters
in the far infrared beam, and ratio the resulting spectral responses.
Any differences betﬁeen various sets of deta must be(due to highér order
~ responses. An easier'method hOWever;vinvolves;using the fact thaf most of
ourbspectral responseouryes show well defined, hiéh Q, structure. if
fhe.juhcfion‘is'saturating, this structurevwilleappearvelso at.harmonics
e.g%;bafoeak aﬁvvl will elso ap?ear at éVI{'Such harﬁohic structure'wes
ﬁeVer seen’in.our data, .

. The m1x1ng of two far 1nfrared fmequenc1es‘1s expected to be on the
'vsémelorder as the above dev1atlons from square law behav1or. The response
vof ﬁhe crlflcal current to two dlfferenﬁ frequen01es can be shown to be
: proportlonal to J (E ) J (E ) Where § 7 are the rf‘amplltudes. For

<1, this becomss 1 «-1/h (8,2 ) + 16 (8 e e 2 8Py,

gl 2
The m1x1ng terms are: the same order as the rion llnearlty we dlscussed above
.and‘are ‘not belieVed'to contribute,

If the actual voltage across the junction is non-zero, mixing

of infrared and Josephson frequencies ﬁdy be detected. For a given @,

PR A
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the junction will carry dc currents whenever the f?eqﬁency‘of thé applied .
radiation équals a hamonic of the Josephsoh frequency. .Detection of such
dc currents is equivalent to detecting microwavé‘induced steps at finite
voltages. ' The power oufput of the interferometer is so small that any

s teps generated‘are probably smeared by fhermal noise.57 Experiméntally
we have observed no dependence of the spectral response on the-voltage

bias of the junction when biased to monitor the zero voltage current.

L. Narrowband Response Interferograms -

We often observe responée peaks that are much narrower than the reso-
lution width of the interfermmeter (0.2 cm'l). If such a narrow peak
dominates the interfexpgrang we may estimate its-linewidth by fitting_thev
interferogram to the Fourier transform of a Lorentzian line shape. That
is, let‘R(f) = RO(VO)[l + (W/Av)g (v-vo)g]-l where s and 4Av are the
peak frequency and line width respectively. If the spectralfﬁower s(v)

is constant over the frequency range of interest, then the intefferogram

1(8) = 1.6 cos (2mvp) ()

where Xié‘i/ééy and is the decay length of the envelépe modulating the
cosine. .An'example is given in Fig 5,vwhere we have plotted fhe detéétbr.
signal against the path difference. Wiﬁh a bit of caiculation we find
that:‘?\‘g 1.8 cmy so &v = 0,28 émfl. The peak frequency occurs at ?O-s
0.28 gmfl; This interferogram was taken with: Ab = O.i mmn, giving vé =
50 cm_l.__Had we measufed it_puﬁ to theb5 cm path difference,:the Sharp

peak in the spectrum would be described by only 3 or 4 points. If we

are ‘interested in the line shape, we can ahalyze the interferogram diffe-

fently. In Fig. 5 we have recorded it on a fine enough scale that we

can extract the emvelope by hand, getting about 50 points ranging fram
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A=0 to A = 50 mm. Analytically; thelFourier transform of this envelope

g (/) gives the line shape g(v-vo) and we calculate v fram the interfero-

gram directly.

B, Sample Preparation

1. Sample Materials:

We used both niobium and tantalum wires to form p01nt contact Junctions.

Both materlals were of unknown purity although we observed that tantalum
point contact junctions typically could carry supercurrents below a
'htrans1tlon temperature of 4.25 - 4.30°K (the accepted value for pure Ta

(s T h 38° K) Both materlals were easy to machine and sharpen though

.:-.the'niobiUm was malleable and could be bent qulte ea51ly. We'used niobium

:for experlments not dlrectly involving the measurement of‘gap propertles,-
' s1nce at h 2°K it shows essentlally its T = O‘K superconductlng properties.
iTantalum was used when gap effects were under‘consideration since 9%
of its zeroytemperature gap could be reached.by pumbing-on the helium
vath. |

e attempted'to fabricate point contacts out of lead on lead and lead
on nlobium,_ln order to take advantage of the plastic properties of lead.
Lead postshwith niobium points were easy to fabricate and showed good ac
Josephson effects but they were not particularily. sensitive to far in-

v frared Irad'i-at ion.

2. Sample Mountlng"

| We developed a sample holder Whlch allowed pre01se pos1tlon1ng of the
point agalnst.the post and yet was sufficiently r1g1d to reduce microphonics
to negligibleﬁproportlonsg The noint contact junctions characteristic was
stillvsenstive enough to.Vibration that*it could be thanged by gently

tapping the dewar/tOp but stable enough: to survive the vibrations associated
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.with the advancing of the interferometer'path difference mechanism and

 repeated temperature cycling between 4.2 and 1.2°K.

The holder is shown in Fig. 6. The frame is macﬁined from aluminﬁm
into the form'of a.yoke, with the side arms machined to a cross section of
a "U" beam, to minimize arm mass while maintaining.arm rigidity. The arms
of the'yoke are-compressed by the nuﬁs'(N), controllied by the position of
the differential screw (D). To prevent‘the nuts from binding the differen-

tial screw as the yoke arms compress; the nuts are mounted on pivoting pins.

The position of the differential screw is controlled from the dewar top

via a worm gear (not shown) driving the spur gear attached to the screw.
The differential screw, with 20 and 2L threads/inch, had a travel sufficient
to contract the yoke arms by about 1.2 millimeters.

The superconducting wires (81’82) held in place in bakelite insulators

(I) fastened to the arms of the yoke. The superconducting wires are secured

in the insulaﬁors by opposed screws (C), one of which is not shown, to
which the,electrioal contacts are soldered. One of the wires (82) is bent
in the shape shown to provide a spring pushing‘the two wires together wiﬁh
constent force. As the yoke arms are compressed, the epring in 82 ie com-
pressed, increasing the force compressing the natural elasficity of the

oxide layer_on the superconductors. In this fashion the thickness of the

insulating barrier separating the superconductors can be accurately con-

trolled ‘ The natural vibrational frequenc1es of the p01nts contacts has

been made hlgh (~ 8 KHZ) compared with laboratory v1brat10ns by (i) having

as small a maSs as possible suspended,by'the loop in 82 and (1i) making the
yoke arms as rigid as possible.. The great freQuency difference between the

point contact vibrational frequencies and ordinary laboratory vibrations

is enough to decouple the junction from most shocks and vibrations.
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The far iﬁfrared'rédiation transmitted frém the iﬁterferometer down
light pipe (L), a 1il cm brass tube whose ﬁall thickness has been reduced
to l/h mm to reducé thermal conductioh'into the helium bath. The light
pipe also proﬁidesvthé mechanical support for the yoke. The radiation
is focused Ey a cone onto the junction. As shown, the radiation is ﬁot
confined to the region of the junction in order to eliminate geometric
résonances which dominate the spectral response of point contact junctions
in most geometrics (see Sec. VI). ‘Reéonant cavities, discussed below,
‘cén be éttached to the light pipe or to one arm qf the yoké when studying

the effects of strongly coupled resonator modes on junction properties.

3; Fabrication
The points were fabricated.from a short (~2 cm) section of super-
conductihg wire of up ﬁo 0.75 mm in diameter.  The wirebwas firstbﬁechani-
cally sharpened with a file and then with No. 400 emery cloth.‘ The tip
of the sharpened point was then inspected‘under a L0 power microsc ope.
Before being set ééide to oxidize, the tip-was étched for a few secdnds'
in a solution of 5 parts conceﬁtrated HNO‘, 4 parts concentrated HF and
.1 part CHéCOOH and rinsed in distilled wafef andvcleén isopropyi alcohol.
After a second inspection under the microscope the point was allowed to
oxidizé‘for several days‘in a dry Qxygen]athSphére.',The flat supercon-
-ductof\(pésf) waS'preparédfin a similar fashion. |
‘We féupdggn‘optimum poinf ﬁq be éne having‘a_radius of curvature of
5-15 microns and being free;from'burré éhd”sharp edges. _Fof:the most
part, sharﬁer'poinﬁé ﬁroduced junctions'thatvwere predonﬂnately weak
link charactef, éfﬁen éhowihg considerabie hystefésis in their cur?ent
volt@ge'Charactefigfics and'véry‘low responsibitiés to far iﬁfrared'radia-
tion. With-éarefﬁi adjﬁstment;'thesé.shdrp points often producé high

resistahcé Junctions (that‘is, Withjshunt'resistances > 1000 ). Usually
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éuCh’junétions showed very small critical cﬁrrents rounded by thermal

noiée,‘and little or no measurable ac Joéephson effect. Overly blunt

points, on.the otﬁér hand, displayed excellent ac Josephson effects bﬁt

had low shunt resistances and small differential reéiétances near: V=0,
:Points ﬁhose‘tips were dcformed during a run or whose oxide layer had

been too abraided Weré warmed to room_tempefature and resharpened. Usually

only the No. 400 emefy' paper needed t6 be used. Then they were set aside

and allowed to. re-oxidize.

L. Sample Adjustment

Typically, the cryostat was cooiéd to liquid He témperatures with
the point contacts separated. The points were brought iﬁto contact while -
anitoring tﬂe cur?ent—voltage characteristic. We. . found that during a
single run-several4differenf junctionsICOuld be formed. While decreas-
ing the separation of the yoke arms, we could rouﬁinely generate junctions
whose curfént—voltage»characteristics went fram wholly reéiétiﬁe, to
pgrtly weak»link-partly Josephson, to completely weak link. The most
radiation éénsitiVe Jjunctions ﬁeré those showing a considerabierac'Joseph—

son effect, as described above. vGenerally we reQuire a continuous, high,

_ differential resistance near zero voltage, aithough occasionally we used

ab ohm‘junétion shuht.to bias along an unstable‘region connecting the
criticai current to the resistive portionvqf the éharacteristié. We found
junctions'withacgeptable radiation.sensitivies ﬁaving shunt resistances
varying ffoﬁ l.to_iOB*ohms. 'TypieallylWe'uséd a junction with the largest
éhunt rééistance which showed'sufficieﬁt,ac Josepﬁson.effect to be radia-
tiOn.sensitiQe.
C. Resonators
We ﬁavejconsfructed several types of Jjunction-resonator systems,

shown in Fig. 7. The superconductors enter the resonator through

—
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epoxy-insulated holes in the walls; and the far infrared poWer is fed in
via the.focusing cones at thé top of each resdnatof. The rescnators were
~machined from brass in separate. sections an@ press fit together, In order
to increase resonatof Q's we also fabricated single piece resonatqrs by
electroforming copper onto an aluminum mandrel; although_we-dbserved no
measurable ipérease in Q}s. ”

The purpose of the focusing coﬁes‘wasjto reduce the cross—seétional
area of the far infrared beam in order to minimize the resonator iosses at
the coupling hole. With £/1.5 radiation in a 1.1 cm i.d. light pipe, the
minimum cone exit diameter aliowing all the rédiation throﬁgh_is about
3.5 mm.. This was the coupling hole diameter used in Fig. 7, A. B, and D.
Ih the geometry shown in Fig.7C, the cone exit diameter was 1.5 with the

radiation being propagated into the resonator in a coaxial mode.

D. Electrical Measurements

In fig.v8 we show the biasing circuit used to measure to the'dc
properties of the point contact. Essentially it shows a programmable
current source and boﬁh de and ac voltage pickup networks. With it we
‘routihely meas ure (i) the dc current (ii) the differential resistance

( = dV/dI), and (iii) the junction resbonse to radiation as a function

of the junction voltage.. Additionally, the fixed-éuffent moag is used

to bias the junction fér the spectrgl response measureﬁents. The dc power
" supply is é'pair of 10.7 volt mercury batﬁeries,connected across a 5K
‘helipot. The "T"¥f%itér'r§du¢es theﬁcéhtaét.noise:generated when sweeping
the helipot. - The”curréntaﬁeasuriﬁg reSistors‘(RI) were available inb
decade steps frcm‘thb 1069 while a junction shunting resistor (RS)

of 1 or 10 ohms was available to reduce the bias circuit impedance.
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When initially adjusting fhe point ébntact's characteristic, an audio

freq@encyTSignal generator is coﬁnected to the AC_ terminals. The current-
' vdltége chafacteristid is monitored by dec coupling the I and V terminals to

a paim of TekKtronix 1AT piug-in preampS”ih“a Type 536 oscilloscope chassis.

The tfansformér T1 provides isolation from the single ended siénal genefa—
tbr»and Ci is a dC'bidcking capacitér, o .

-.ﬁa&ingiféund én’adequate junction;'its_characteristics are recorded
using‘é mbtor.drive on the helipot. vThé éufrent and Voltageiterminals are
connected to the X and Y ékes' of a X-Y fecorder and the voltage'méasured'
as a functidﬁ of bias curréﬁt. The dv/dI and responsefdata are measured
by:passingﬁthevac junction voltage through T2 to a narrowband amplifier
and cohereht detector. To,ﬁsasure dV/dI; avsmall_ampiitude aﬁdio fre;

quency signal is connected to AC,  and the resultant amplified audio

' frequéncy jdnction voltage is recorded versus de voltage. To measure the

juncfion farvinfrared response, the ac voltage sourée‘is rémoved from
ACin aﬁd chopped radlation from the interferometer is applied to the
Jjunction., The amplified junction signal is then recofded as elther the
currént bias-or'the ihterferometér path differérénce isiswept. a

The purpose of T2 (a Triad G-10 geoformer) is two-fold: (i) it
provides eiectrical isolafion between the junbtion circuitryvaﬁd the single
ended. input of.the ﬁarrow band preamp, and (ii) it aiso prOvides‘noise free
gain with‘éommpn mode rejection. Since the différential resistance.of most
junctions is on the'drdér of sé#eraifg%MS,'a fransfofmer'with a voltage
gain o‘jfle2 may Be uéefully employed fg maﬁch tﬂe junction resistance tovthe
1MQ preamp input impedance. The transfqrmer has balanqed windings on
both priﬁary,and secondary and cén be wired to provide.about Lo db of

common mode rejectibn. It is wired so that it can.be used to provide -
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voltage gains of 20, 40, 100 and 500 the flrst three with common mode
reJectlon. With.the X100 transformer the coherent detector measures a
noise voltage‘of 5><lO'-9 volts in a 1Hz bandwidth. (Johnson~nolse in a
1008 resistor at 300°K is about epv/sz.) Two Sanborn 8875A differential
amplifiers were available for amplification.of low level dc current:and
voltage signals.

The electrical‘measurements on the junction are.made using a conven-
tional four terminal network with»the two cprrent leads of No. 36 copper
wire and voltage leads of_No; 40 manganin. . Cables connecting the bias box
to the cryostat'are shielded with braided ungrounded guardsuand the uhole
lcable enclosed in a flexible Mu-metal shiéld. |

This shiélding reduces the 60 Hz indictive pickup to a level below
the white noise seen by the coherent ueteator., EQually important, the
junction_is surrounded pyawcanﬁtmnned Withztiﬁ-leadvsolder towsereen”6din
magnetic fields, and the entire lower por%ion of the cryostat surrounded

by two concentric Mu-metal shields, which reduced the laboratory magnetic

field by a factor of 100.

E. Cryogenics

,All of the experiments we carried out in a conventional glass deuar
5 emzl.d, and 90 cm long surrounded by a liquid nitrogen bath. With an
initial:one»liter Qh&ﬁéé-ofrliquid helium, junctionvtemperatures_bemou
_5°chould»be;maintalned for up to 18 hours. ‘Included in the dewar assembly
was a two= 1nch pumplng llne allow1ng for measurements to be made down to
1.2°K. Absolute temperature measurements were made us1ng an aneroid
barometer to measure the helium wvapor pressure.

We regulated the temperature of the pumped hel ium using a throttled

pumplng llne valve for grass control and a thermometer bridge 0 for fine
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. control. The bridge used a 670 Allen-Bradley carbon resistor as a thermo-
meter and a 2000 manganin coil as a heater. Temperatures above the

A=point could be easily controlled to a few millikelvin.
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V. RESONANT DETECTION

: . ‘ . : !
In Sec. II, we showed that a Josephson junction coupled to a resonant

cavity can emit radiation. In this section we will show that the junction's
self detection othhe_emitted radiation can be very sensitive to externally
app;ied radiation at .the Josephson frequéncy. We will use this property
to construct: a_high—sensitivity, narréwbana,.far infrared detector.

. N ’ 2
We shall employ a model introduced by Werthamer 9

and Werthamer and
Shapirov(WS)lLl to describe the behavior of a Josephson junction whose ac
current is coupled to a high Q resonant cavity. We begin by calculating

the current in a voltage-biased junction, given by

I(t) = cos (ot + ft () at') | A (21)
where i(t) is the Joséphson current in units of thé maximumrJosephson
cufrent, I, o= 2eVdc/ﬁ, and Q (t) = 2eVaC/ﬁ. For convenience we have
let the dg phase<bo = /2 without loss of generaiity.

The model is based on the foilowing ideas: (i) the ac Josephson
cqrrent at frequency'mb radiates electromagnetic energy which can be stored
in a resonafor mode; (ii) the resonator electric field determines the rf
voltage across the junction; and (iii) the rf voltage across the junction
dete‘r'mir_l_e‘s' the amplitude.-of the ac currents at aoo',, We will contruct |
equations representing the cqupled‘junction-resbnatafsystem and solve
self COﬁsistently for the aé yéltageg.

We will fi'st_discﬁss this basic model due to Werthamer and Shaﬁirq

and then consider the effects of a second term driving fhe‘resonator, an’

externally applied rf vokage. We shall show that, under certain conditions,.

the junction resonator system is an excéllent detector of applied ac.

voltages, i.e. when' wrf'= @y =@, (the resonator frequency) and when the
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Junction-resonator coupling is Strong.

A. Undriven Self-Induced Step

Consider;Maxwell's equation in free space (b = é =1):

IxF=1/e W
IxT=bifeT+1/c®

o

or - | Vgﬁ-l/c‘?'ﬁ:lm/cg%' T . “(22)_

i

Assume thaf the current drive-for this ﬁave equation is a point coﬁtact
Josephson junction, so that 3(%,t) may be represented as a point current
source. lew e#ceﬁt at the current sources, (22) reduces to VE - %702'= 0
which caﬁ be solved according to the boundary conditions imposed by the
metallié surfaces of the resonator and the superconductors formiﬁg the
junctioh. Given such solutions, at any point.in thé resonator,

ng?= hw?/cgﬁl at the current soﬁrce we can approximate (22) by’

a©  c2ls_ o, 43 o -
[;C-Q-fwc ]ﬁ— =Lt e v , o (23)

Adding a phenomenological damping term to the wave equation to account

for losses in the resonator, (23) becomes

2 2> : '
4 d 2l g _ .
[dt2 Y It o, ] = b T h (2k) |

where:§,=‘d2/Q and Q'is the quality factor éf the fesonént mode.» Throggh—
out ﬁhis-diécussibn;we»wiil restriét Ourvattentioh.to a single modévof
the system;‘alﬁhouéh“in genéfal severéifmbées:ﬁay'bé-driven-simultaneoﬁSly;
For the physical pafametérs'of interest only a single mbde{will pléytaﬁi
impoftant rblé.

wa integrating (24) ﬁith respectvto ﬁimebahdbspatiallj acroSs.thé ‘“'

junction insulator, and substituting (21) for. the driving current we find
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dt

2‘ . . ’ » : ’
d 4 2| .t , . b .
2el

where A = -3, e%él , which will be treated as an empirical quantity

determined by the geometfic cooling of the junctibn current to the resona-

37

tor. Werthamer and Shapiro”’' have solved (25) on an analog computer and

0 c’

the rf vdltage in the resonator is essentially monochromatic, with fre-

have found thét:for’moderétely high Q resonators (@ ~ 10), and for w.~ w |

guency @b. They also obtained analytic solutions by making fhe approxima-
tion that
t ' :
f Q(t') dat-= ¢ sin(wot + P) ' ‘ (26)
where £, are real qpantities which are to be found by solving (25) at the

frequency'¢b. For large enough Q, the harmonics of @y

in the driving
current will not induce appreciable rf voltage components in the res§nator
and»can be ﬁeglected.
Let ué first calculate the current in the junction at the frequency
dy: I(t) = coS[wdt+ 3 sin(abt + ¢)] or using the Fourier decomposition
I(t) = = (&) cos[ (1+n) ot + gl (27)
n :

The components at W, are

T, () = Jg(2) cos (agf) + Tp(8) cos (wgt +20),  (28)

where we have used J_ﬁ(g);=\(-l)n Jh(g).;jThis expression can be rearranged

into a more tractable form

T () = Dy(80) cos (ogt r g ) (29)

k]
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where ;\Q ( ‘ ) (g) J! (§> sec X
K . E,X = . (30)
e [g2 7,5(8) + 3,°(¢) tan XJV~ .
and &Ji(g) '
tan X = = ———— tan ¢ . (31)
J,(€) - |
where we have used I, 1(g) + Jh+l(§) =:g§ Jh(g) and also Jh;i(g)v_

I (8) = J(a) 2J) (&).

Now the rf current given by (29) drives the rf voltage in the cavity
while the rf current necessary to produce £ sin(abt + ¢) is given by
[de/dtg + yd/at + wf] ¢ sin(wyt + ¢). Equating this to (29) gives the

self consistent equations for & and ¢. After some manipulation we find:

£ cos (wot-¥¢4—9) =T cosG§Ql (¢,X) cos (abt + ¢ +X) .>(32)
where é 2{
©o %
tan 8 = (33)
Y @ -
= Ay — - (34)

Physically € is the phése angle between the driver of the damped harmonic
oscillator (ﬁhe rf current) and the driven (the rf voltage) and T is the

dimensionless coupling constant of the junction current to the resonator

mode.

Since (32) is valid independent of time,.its amplitudes and phases -
must be equal. Phase equality implies that tan 6 = tan X, and amplitude
equality implies that ¢ =1 cos 6&91(§,X)' Combining these gives'an -
implicit equation for & and an explicit one for ¢:
27, (g) J.(8) - %

o=
(€205

(35)
g)+J (g)ta 9]1/2 *
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tan ¢ = - —~—— tan 6 _ (36)
ed, " (&) |

We ha&e solved (55) graphically in Fig5 9;> Both sides of the eéuation
are plotted against €. The L.H.S. of (35) is plotted for various values
of the paraﬁeter I', while the R.H.S. is plotted for various 6. " The inter-
sectiqn Qf the curyés gives the operating point.of the jﬁnctiqn—resonafor
system for.specified I' (the éoupling) énd tan 6(the Josephson freqﬁency
-relative to ‘the resonator frequency). Reférencés 29 and 41 giveé extensive
discﬁssions of the solutions and associafed.dc currents which ére calcuia-

- ted from (21). These have the form T = Jl(g) cos ¢ and can be.shown'to
be eqﬁal to g2/2F; where & satisfies_(55).

Note that the R.H.S. of (35) is just the ampiitude of the ac Jbsephson
Qurfent at @, in phase with th¢ rf vdltage t£. Its functional dependence on
¢ is derived whollyvfrom Jbsebhson‘s equations for the ac currents. As
the phase angle 6, increases from zero, -the in-phase
current decreases. ‘Asvg increases, the current amplitude also increases
as non-linéérities in the junction dréw power from the fundamental (pbwér
in the sénse that the’ac current pdwé1~gﬂii obeys a consérvation‘léw deri-
véblé from ’i Jn2(§) =1.) At ¢ = 1.841, correspohding to Ji(g) =0,
the rf voltage saturates. Any & larger than 1.841 drives the rf curreﬁt
négative, shifting the junction—resonator system to an unphysiCal‘opéréting

 point. As I’ increases the rf voltage remaihs at l.8ul while the rf cﬁrrent
decreases; réflecﬁing_the.mofe‘efficienf;poupiipg. B o

In Appeﬁdix c Wé'diécués theifi£5£:ordéf corrections to our assumptions

that: the rf voltége is monochromatic. We show that the amplitude of the

nth harmonic is propor‘tional‘to_l'»'/[n2 + Qe('ng-l).g.]l/2

¥ P/Qng. For Q=10,
the 2nd harmonic contributes about 2% to the total ac voltage in the V

resonator. The main effect of non-zero harmonic voltages on the operating



might initially have expected.

point of the system is to slightly rbund'the saturation point of ¢ indicated
by the sharp knee in Fig. 12. Generally, the small amplitudes of the har-

monic voltages indicates that the WS model is much more accurate than one .

This model should accurately'prédiét the amplitude of the radiated
power from:the junction. Since the Josephson current equation conserves
energy, the dc»powér into the junction (='Idc ﬁmb/Ee) is the rf.power_radi- |
ated by the.junction. Since the reported detected powers of Jbsephson>radia—
tionifrom;point contacts are orders of magnitude less thén the dec input power,
the conductance shunting the point contact may play an imﬁortant role.. The
phenomenological damping constant, 7y, introduced in (24) to give the resonance
a finite Q can be related to an effective junctioﬁ shunt conductance,. G

eff

by Geff = YC, where C = junction capacitaﬁce. Using'(Bh)»we find

Gopp = QeIl/ﬁwcP : ' _.(57)

According to the WS theory, the dc power input goes into rf ohmic losses in
this effective conductance. There are two contributions to Geff: the losses
in the resonator (losses in the cavity walls and out the couplihg hole)vand
loss in the conductance shunting the junction. Uéing typical experimental
numb;rs in (57)lindicates that'Geff may be dominated by the observed jupction'

shunt conductance. For example, using Ge £ = G = O.lO._l as taken from,a'

hig

typical point contact's I-V characteristic, I = 100p4, @, = lO12 cps, we

1
find.ffom.(BY) that ' ~ 4. Observable self-induced steps are generated for
r -~ 0.5~5. Even in a lossless resonator (§ = «) we require that Il/G > 0.5 mV

to- saturate the rf voltage. ‘ .

We should point out that junction resonator system will emit radiation

whenever mn. ~ @ ; i.e., some harmonic of the Josephsorn frequency may -
O_ C, 2 .

drive the resonant mode. The calculation of_rf voltage'amplifudes proceeds

parallel to what we have presented. The rf voltage saturates for large

T on £ such that @K@ = 0, although the equations require a minimum
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I' for bscillation; The frequency of the emitted radiation ié at o)«
Whether the sYStem is.oscillating'at the fundamental Joséphson frequency
or some harmonic of it; can be determined by measuring the ratio of the
Jbsephéon.frequency to ﬁhe frequency of the emitted radiétion, or perhaps
more easily via the junétion.resonatér‘é detection properties as discussed

below..

' B. Driven Self Induced Step
- The effect..of externélly generated rf voltages on the operat ing point
of the Junctlon resonator sysiem may be divided into two classes:

non- resonant detectlon - when o - ¥ wb; and resorant detection - when

wrf = wo. This difference between the two will be shown to be essehtially

betweenvbroad and narrow band detection. We will consider each in turn.

‘1. Non-resomant Detection

‘WS shéned that adding a,extérnally genéfated microwave voltage to the
juﬁctioh'feSonator system results in mixing of.the har@onics of the ﬁicro-
wave frequency with the Joséphson frequency,'allowing the‘jﬁnction to

.ogqillaté whenever a%)+PaH{,~«a%f .Spegifically WS assumed that thebeffect

of the microwaves is to induce across the junction an additioml voltage

of»(ﬁmrf Erf/Qe) cos @ .t. Then (25) with (26) becomes

2 5]
1 4 2 .
I: — + 7y —g:? + ®, J £ sin (mot + @)

ate [38)

+ . +3) + .
A cos [ t £ s1§ (abt _ ¢) Erf sin mEf#]
J

=N,A i é f)l cos [(m, + 'pmrf)t’r ¢ sin (ot + ¢)]

In this case, the problém is equivalent to the undriven oscillator if we

D~ D S in (35). i ‘
let w0y O~ B and.replaue I' by F;I)(Erf) in (35) | The resultant dc

: L o » 2
current turns out to be the same as before i.e., I. = £°/2': Now the

de

system can oséillaﬁe whenever @, .~ @, —‘pm}f. For‘grf << 1, as is the case
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for available power fram the far infrared interferometer, only the funda-
mental (p=0) self induced step is affected. The change in dc current due
1 ' '

2
o A (52); The change in €

to the far infrared fadiation is AIdc =  2

is dve to the change in "I Jb‘(grf) used to solve for & in (35), so

. N o
AT, = &/T At =t/T G g/ar) AL But AT = FA(JO(ETT)) =T & /b so

AT, - -t _ag/dr‘ (gif_/u) . "'(59)

Since Erfg is propoftional to the applied microwave power, the detection
(i.e. the.chaﬁge in Idc)’ is linear in the applied power. The sensitivity,
dt/dl', can be calculated from (35) or from Fig. 12. ‘It:varies from unity
when E=0 to zero when £ saturates. |

“the that the response of the self induced step is essentially Broad—
band-wthaé isy it doeé not directly depend on mé. However, as we show
below, coupling the applied rf voltage to the junction depends stronglj
an the propefties of the resonance.

2. Resonant Detéction

The above amlysis must be redone when the freqﬁency of the applied
radiatioﬁ is the same as the oscillatidn frequency. Then thé applied rf
‘Qoltége and_the Jjunction generated voltage must be treated equivalently.
In additiph, we will introduce the applied rf voltage into the problem
is & mqre physical fashion; |

In the previous éection we assumed that the applied rf vbltagefébuples
directly to the junction, giving a junctipn‘response that is indepeﬁdent o
of frequency, “A more reasonable;assu@ptioﬁvis that it coupies to thé |
resonaﬁor and is detected by the junction aé the junction detepts%the

total rf.voltage in the resonator. In that case (25)'bécomeé*
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a2 ; a4 2 t ' N ’ t
—_——t Yy —+ ® fo(t)at' = A cos |t + [ Q(t')at"
a2 at e . 0 -
B ;. __ q (ko)

dt . ext _ .
where B is some constant representing the coupling of the applied rf
voltage to the resonator, and Vext(t) is the applied voltage. If
d - ' '

Tt Vext ™Sz
; " . ‘ ‘ ,

' = { + + i + ]
J a(t")at £ sin (@t ¢>)‘ E, sin (@ ot +¢;) (k1)

,cos(mrftf+ ¢e), then the app?opriate rf junction voltage is

Ir mb aﬁdcbr are unequal, this procedure turns out to be equivalent to

")/

f
that discussed previously with &, = grf cos erf’ whe?e tan_@rf :(w%f

'ynff; That is the amplitude of the applied. voltage on the Junction is
determined by the natural line‘width of ﬁhe resonator.

. When the frequency of the apﬁlied radiation is equal to thebJoSephson
frequenéy,,then the‘rf vbltage across the-juncfion reverts to the form
given in (26). Putting this in (40) and letting ® o = O we gef

£ cos (myt +¢ +6) = T cos 6 &l (£,X) cos (wyt + ¢ +X)

' (k2)
+ Fe cos O grfcos (ot + ¢¢)'

I; vis now édme dimenéionleés coupling of‘the'radiation into the fesonator;
and T'y G;Iand ﬁﬁ afe given in (50-5&)}v As befbre £ is the total rf
Voltage ih the resonator, but here it isvdfivénvby‘two‘souices: (i) the
rf:Jqsgphéon qﬁrrents'of'amplifude:Qi(g,X? cpupiéd tovthe re§Qnanoe
through I‘, and (ii) the -a:pblviéd rf x}olﬁage .(s‘ignal)coﬁpléd through I“e.
Rearranging (42) and letting x. ='T_'Z_,, we have |

T ?05'9  %Ll cos (mbf +¢ +X) = Ficos (@t + ¢+ Y) (43)

where

P o= ‘[gg + 28 x cos @ cés»(¢ +‘9.f<%) 4nx2§os 2 911/2 (Lh)
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‘ : é tan 6 + X gin (¢ - @) '
tan ¥ = ' : = | (b5)
£ + X cos (¢>e-¢>) -

We can equate the phases and amplitudes of (43) to get
F = T cos 6_\&j—(§,X) _ (46)
tan X = tan ¥ - - (L)
: : _ ! '
Using (30) and (31) we can show that the implicit equations (146) and (L47)

reduce to

(27 3, 3,07 = 18 37 (5 + x cos(p #)T2+{, (5 tan 6+ x

l .
sin (¢ -¢)1°
- - (48)
and : '
cos ¢ = —2— [t +% cos (¢_ - B)] (49)
the de current is Idc = Jl cos ¢ which becomes
Iy = &/ [ + % cos (¢, - ¢)] N (%0)

where J = Jn(ﬁ). These three equatiéné (48-50) éontain the solution
to the problem. The response of the selfLinducéd step is given by (50)
where & depends on ¥ and ¢ .explicitly iﬁ (48), and ¢ depends on x impii-
citly in (49). Our method of deriving . these equat ions involved
looking at'the”problém backwardé. We considered the Josephson current
at @, aé driving two rfvvbltages (the resonator voltage and the."épplied" :
voltage), ogly'one of which couples back onto the junctioh.

To arriye at a méaningful expression for’the system®s résponse to the
far infrared signal-(‘;»:ﬁ?), we expaﬁd (50)xin a TaylorISeries to
second order in Xg'around %=0 [where &,¢ are-éiveh bj the impefturbed
solutionj._We'then use (48,49) to evaluate terms such asvdﬁ/ax, deg/dx ,

d/dx,cos (¢é— ¢) and their'products, Also, keeping in mind that the applied
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voltage is in fact due to broadband, incoherent radiation, we will average
over ¢e’ the phase of applied voltage. That is,‘thé dc current is observed
ovef a time period on the order of secands. The phase ¢g will remain
constant over this time period only for radiatfion in a bandwidth of ;le.
The power (or number of photons) in this bandwidth is negligible in our
experiment.

Thé results of this calculation have been‘evaluafed numerically’
and are plotted in Fig. 10. We show the résponse linewidth vefsﬁs
tan O = (ab2‘= mcg)/yn [ = (woﬂmc)ﬁhl/g for Y/® << i? where ml/2 i;
the half width point]. For I'=0 we sée the natpnal line width of the reson-
ator, unaffected by the junction-resomator feedbackf .As I'> 2.91,.the |
~ response bécomes singular, corresponding to & éaturating on 1.841, We
élso note that in contrast to the zero Qoltage response, the self induced
step increases when rf voltage'is applied to:the system. A similar
singular response 1s obtained for“the'problem as formulated in Sectim
V.BL (whereiapplied‘radiation couples directly to the junction). Due to
the different form of the equations relating rf voltages to observed dc
cﬁrrents, the response of the self induced step héight is such that the
Vapplied rf voltage decreases the step he®ght.

. The response singularity can be.given a sinple’physipal interpretatipn
based Qn'the behayior of & vsiﬂl(é) in the;unperturbed problémvwhen éoénc.
" The de current can be shown to be_l/2¢ll(§)§ for all T When I' > é;él
the rf resonator volfage, g, is saturated-étvg = 1.841. The junctidn is
unable to driVe the résonator af any higher'ievel as I' is increased.
If, when we are innthis saturated regién, we apply additional rf voltage,
the'ampiitude of the rf resonator vdltage increases. But we'are operéting

in a region whereQ&l/aé is infinite so any change in £ implies an infinite
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change in dl(ﬁ) and so also in the «c current. In fact, a careful

analysis shows that the response diverges as (dd&/d&)B. In addition the

applied rf voltage shifts the effective value of tan & slightly. As [ —»2.91
the right hand graph in Fig. 9 shows that & alsé changes markedly, contri-
buting to the éingular response.

This predicted singular response ?s;believed to.be a fundamental .
feature of the.coupléd Junction resonator systém. Itvcan be shown that

the presence of harmonics of the Josephson frequency shifts the system's

‘operating point only slightly, leaving intact the sharp saturation of &

at 1.841. Quantitative estimates of the contribution of hamonics to
the response are difficult to make due to the camplexity of the form of
such contributioﬁs.

We can also develop the same sort of theory as we have done here for
the case Whgre oy ~ wc. The resulté are similar in that‘the response -
is singular when I' is such that Jﬁ;(g) = 0. The méjor differencevis that
the singular response is now at Moy, SO that the peak response is now at
some Subharmonic of the Josephson frequency. This should provide the
s mplest tést on which harmonic of the Josephson frequency thé Jjunction-

resonator system is oscillating.

C. Zero Voltage Detectioh'

The.éffect of the junction-resomator coupling can be calculatéd.fram

(hé) by letting mb¥0. In that case we obtain
g cos (ot + ¢ + 8) = 2I cos 6 Jl(g) sin ¢O sin (ot + @)
- ‘ (51)
+
+ Fegrfcos e gos (et ¢e)

where we have now included the dc phase across the junction. Since the

dc current is Jo(g) cosv¢o, and we are measuring its maximum value, -



=L6.

 cos ¢O = 1, sin ¢O = 0 . There are no ac currents: in the junction and
so no junction-resonator feedback. The only rf voltage is the resomator
is that due to the applied voltage. That is, & = T, & o086, which gives

a de current of JO(T'e_Er‘fcos @), and, in t.he limit of Fe Erf§< 1,

+

AT, = - 1/% (T, cos 6)° (

2
de )

| E o (52)

2 2 222 22 .
where cos 6 = (er) /[(mrf - @, )<+ (\')mrf).] glveg the Lorentzian
line shape of the assumed rescnator response. We can thus use the zero
voltage response to measure the natural line width. of the resonator. This
frequency dependence to the response is believed to dominate the "broad-
band" response of the zero voltage critical current discussed in Section

JT.¢.. and VI.C.
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VI. EXPERIMENTAL RESULTS

A. Resonant Deteétion_

We show in Figs. 11 ;.13 typicdl measurements made on a point contact
Junction couﬁled to a resonant cavity. Here ﬁhe self-induced step océurs
at + 392 uv, showing ué most clearly on the plots of dV/dI.. The response
of the jﬁnction to broadband far infra?ed radiation is also shown. Figure 12
shows the same junction as Fig. 11 with a slightly different applied
magnetic field. FigureAl3 shows the spectrai response of the junction
showﬁ in Fig. 12 when biased ét the differential resisténce maximum at
about 350 uV. The figurés show most of the effects that Qe have discussed
above. |

The curfent—voltage'characteristic in Fig. 11 shoﬁs a continuous
trangition from the supercurrent step at & = 0 to the resistive state at
V >'0. The behavior agrees with the McCumber'model36 discussed in
Section ITT. Note the lack of any contribution due to capacitive
loading of the junction. The rounding of thé trénsitidn between the
supercurrent step and resistive state is believed due to thefmal noise
tending to decouple the phases of thevsuperponductors.

The self~induced step shows a similar rounding. This rouhding may'
be due in part to fhe finite‘Q of the resonator. - In the last section &e
showed that the\junction current can couple to thevresonator‘for a range

of dc voltage biases. That is, for certain values of I', the junction will

A

' carry appreciable dc currents for wo - wcl < wC/Q. The total'step

height is probably due to de currents from the entire range of dc vgltages,
since, according to McCumber, the dc current at'a_given voltage is

sensitive to dc currents at-néarby,vdltages{ For self-induced steps



-48-

due to reasonabiy high Q resonanees, we might represent the current—.
veltage behavior near W, = w, as‘being due to the'existEQee of a sharp, .
well defined step at W, with a height proportional tOJ/ndondc(wo)° This
sharp step is then connected to the resistive portion g} the characteristic
b£ large differenfial resistances similar to those near V=0.

In Fig. 12, showing the seme juncfion in‘a’s}ightlyvdifferent
magnefic_field; tﬂe details of the I-V curve are hoticeably altered due

. | .
to the redistribution of Josephson currents within the point contact.

Sﬁch sensitivity to magnetic fields is easily understood if the point -
contact is composed.of a.number of‘jﬁnctions. The'change in the zero-
voltage supercufrent is the interference effect discuseed in Section II.
The chaﬁge~in the induced step:is probably due to field induced changes
inT". If several parallel Josephson junction are'fadiating simultanecusly,
the applied dc magnetic field controls the relative phase of the radiation
frem each,junction@hg For exampie,'if there is one-half of a fluxoid in
the areaibetWeen twe radiafing Junctions, the radiation emitted by the
twkoiil be 186O out of phase. If the two junctions carry the same rf
currentsqﬁhen no fadiatien is emitted. 'Since a single‘point contact
'juncfion may-hafe,many ﬁicfoscopie contacts, the magnetie field dependence
of‘tﬁe_juﬁction—ieeonatep coupling‘is expected to be quiﬁe complex. We
beliéve thet'our failure te,observe'more offen’fhe self-induced'steps
may be due in partAto,theEEﬁéﬁiwty ofvtﬁe ceupling to dc magnetic fields.
Thevsystem response to breadband,far infrared radiation (shown in
the lqwer:curves in Figs.vll.&-12)ﬂhas tWOvcentributions. The response
curves.ere domineted byvthe jﬁnctien resbense te thelchenées in the.éero-

voltage critical current. This response dependence on dc bias agree with
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that predicted by the McCumber model (lower curve in Fig. 3) with account

37

taken of the thermal rounding. Superimposed on the "broadband"

- response is the resonant response due to the self-induced step. In agree—

ment with.the iheory of Sec. V, the'se;féinduced step heighf increases as
the radiation is applied. Measurements of the response spectra show that
within each response region the spectra are independent of bias.

Figure 13 shows the resonant reéponse when biased at 250uV. The

1

dominant contribution is due to the resonator mode at 6.3k cm ~. At 3;5cm;l

is a contribution from the zero-voltage response. This peak is due to

‘another resonator mpde'whose self-induced step does not appear in this

particular junction. The zero-voltage response also shows fhe effect of
the 6.34 cm T mode, unnarrowed by the junction;resonator feedback. Its
measured linéwidthL is O.7cm—l.' The résonance—narrowed linewidfh is much
smaller thanrthe interferometer's resolution of 0.2 ém_l, and thé (sin x)/x
line shape in Fig. 13 is the interfefometer's spectral window; From the
interferogram, we can place an upper‘limit of 0.0l:cm_lon the line width.

Even at 50mm path difference, the response shows no observable damping

assqciated'with a non-zero line width.

Wg,néte that the 6.3%vcm—l response corresponds via the Josephson
relatio# to 392 uv. ,Thét.is’ the response peak corresponds to.the
measured éelf—induced step voltage.' This cprrespondence is charactéristic
df\ali thé observea resdnant-responses. Figure 14 shows a plot of.thosé

resonant responses we could associate with well defineq'selffinduced v

" steps., The solid line is the Josephson relation 2eV=hv, vIn'eaéh case

the junction-resonator system is responding to radiation as if Wy =W

This indicates that for all observed radiation-sensitive self-induced
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steps, the fﬁndamental Josephson frequency is driVing the regonator,
| We observed the resonant résponse.iﬁ all of fhe.fesonators shown in
Fig. T. We were unable, however, to . reliably repeat any experiment
-concerned with the resonant response. For example, we observed self-
inducéd steps‘usiﬁg'cbnfiguration C in_Fig,FT on only four junctiéns out
of approximately,one hundred examined. In one.fun we observed the resonant
response with the point contact in the conical focusing cone. Here'wc =
8.50 em™t (the interferogram shown in Fig. 5), and the zero-voltage spectral
response>showed sharp peaks at 8.5, 10 and 13 cm—l. Yet on other jﬁnctions
in thé identical configuration, the response was only broadband (similar
to that:shoﬁn in Ref. 4, Fig. 8). Such variability fas common;
We believe that the variability of ﬁhe Jjunction-resonator coupling
may in part be due to variaﬁility of the junction shunt conductance. In
Section V we showed that the losses in the resonator could be‘related to
an effective conducﬁance shunting the point céntact and further that the
effective shunt conductance is typically the same order of magnitude as
thatvobsgrved shunting the junction —vi;e. the point contact'é impedance'
may make'a significant contribution. to the bpefatipg’point of the junction-
reSpﬁator éystem. The condition for Satufation of the rf resonator vqitage
in;gp_ipfihiﬁeiQ reéonator (;l/G 5 .5 mV),is,in‘prgcticevjust attainable
'With éarefully prepared aﬁdvhandled pqint-contacts.

1. Noise Equivalent Power

The usefulness.of the system as a detector of far infrared radiation
is measured by the system's '"noise-equivalent power" (N.E.P.) - that is,
the radiation power incidéﬁt which will‘givé a signal equal to the

detéctor noiée, For the response shown in Fig. 13, the signal to noise
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ratio of the raw signal is 160/ iOO/2f»20; At 6.3h'cmfl, the radiation
>power available from tﬁe interferometer is ~lO—lo Watts/cm_l. With the
junction responding to a freguency band width of 0.01 ém-l, the N.E.P, ~
-10 X 10'2/20 ~ S‘X lO'_lll watts. The interferogram points were averaged
over T seconds, so if the noiée is random, thevN.E.P. inba 1 cycle band
width 1e ~10"13 watts.

Two considerations must be evaluated to understand this N.E.P. figure.
The first is that the noise on the spectral response curve is due’primarily
to drifts in fhe bias current while thé.interferogram was being measured,
which add white’noise’to the computed épéctrﬁl fesponse. The signal—to—
noise.ratio taken from the raw data is neafly 102. Thé secdnd consider-
ation is that of coupling .the power to the resonator. The resonétor used
in this gxperiment-required the far infrared signal to be coupled to é
coaxial transmission line in order tb.be‘transmitted into the junctions.
We have made transmission'measureménts oh this system and found that at
6,cm-l only 10 percént of the incident power is cqubled into the coaxial

’ *
15 watts/Hz.

line. These two correétions give a net N.E.P. of 5%X10°
' We have attemptedvto measure the spectral density éf far infrared

radiétioﬁ.coupled into cavities of various shapes,(sucﬁ as A and Bviﬁ Fig.T)

usiﬁg;IXZXSmm indium~doped germanium bolometer. The bolometef, in place

of the point contact, samples the power'densitylin the resonator that the

point contact samples. We found, however, thaf the bolometer distorted

the reSonénces badly enough to void any comparison of measured s?ectral

¥<The noise in the blackbody radiatibnvfrom room temperatuQe sOurces,eg.,v

light pipe and chopper, is on the order of 10_;6 watts/qu%3

band width Av = 10 %cm T,

‘for a detector
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powers with'obserVed point contact response sﬁectfa,
The boiometer,'b& design, absorbs é high fracfion of the radiation

that hits it and reflecﬁs very little, Whgtever resonances are preseﬁt
~are damped quite heavily‘by this very loss& element; Additionally, the
field distributions in thebresonator are»changgd_so much that they greatly
change:thé coupling~parameters involved in geﬁting the power into the
éavity;‘ The point contact junction and éssociated bulk superconductors
ére, by comparison, low loss devices, and the presence of the junction
loads the cavity only slightly (even though the junction impedance may

in fact dominate the system losses). Resonator C in Fig. T was analysed
to the extent that ﬁe made transmission meésurémentbon it, atiributiﬁg
structure on the normalized transmission spectra tb resénant structure of
the modes in the resonator. Only a small.fraction of the structure on
the transmission spectrun showed up as response péaks én the point‘cbntact

spectral'responses, indicating the very selective coupling between

resonator modes excited by the incident far infrared power and the junction.

In general we were able to find only limited corrélatién betwéen the
utranSmission spectra and the point contact spectra.

We also measured'the'transmiséion spectrum'of the sjstem shown in
Fig. 7D using back;to—back focusing cones with a 0.75 mm' conductor
through -one of thém-to éimulaté the superconductor.' The transmission
.spectrum showed Sroad stfuéfure 0n-i£“similér to that observed in the
frequenéy responses réported by GRS. Most of the structure they report
"is probably @ue tO'weak_resoﬁances in theif.geometry which dominates
the transmission spectra. ”

~ We also note another difficulty. It was almost routine to observe
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major peaks on the broadband response which could not'Be identified with
self-induced steps; often these peaks were larger and sharper than those
associated with self-induced steps. This.difficultj is probably due to
the dis%inction between two types of c;upiing; the cOuﬁling of fhe
infrared'Power into the jﬁhction,.reprﬁsented By FR in (12); and the
coupling of the rf JéSephson currents %o the resonator represented by
rin (3&); These two coupling constants are fundamentally distinct. T
depends on the electric field distribution on the resonator mode, while
FR depends on the geometric overlap of junction and displacement currents.
When diéscussing the self—induced step calculation, in Sec. V, we
should have included the effect of FR.' in the amplitude of the ac vbltagé

induced across the junction. Its only effect is to scale the magnitude of

é, i.e. in the R. H. S. of (35a) should_be‘replaced by’PR E.

2. Deteétér'Noise "

'The souréé4of noise voltage from the detectof is not fully understood.
The théfmél_noise in the finite conductance of the'junctiqn ié certainly .
a limiting noise, but typically this is a few nanovolts for high qﬁality,
radiation sensitive point contacts. Most Junctions showed noise voltaées
one or two orders of magnitude largér than this level. The obvious
contribution is duebto the great eése with which the junction switches from
Qnédéﬁéperatiﬁé point to another, Ayﬁointvcontact composed of many |
Josepﬁspn jupctions and weak links ih parallel has a number of almést
equi?glent arrangements of de cﬁrrents, depending on‘the'dc magnetic
field.. In the point céntact itself muéh of the magnétic field may be due
to fhe current_flo# throuéh;weakblinks. GiVen,some electrical noise on

the jﬁnction'leads, the current distribution in the Junction may be
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perturbed, énd the Junction currents rearrange themselves.  We have
observed that noise pulses from eleétriéal eqhipment‘being turned on have
irreversibly altered the current-voltage charaqteristic of the jﬁnction,
and we believe that low-level noise may induce.reversible changes in the
junection charaéteristic which appeaf as noise on-the signal“vbltage.

- The thermal fluctuations which rounded the I~V characteristic of_the
point contact (discussed in III) certaiﬁly cbntributed to voltage bias
flucfuations. We are unable to calculaté the magﬁitude of such contfibu—
tions, although they are probably smaller than the voltage bias noise due
to ﬁhermal noise on the bias curreﬁt through the high differenﬁial resis-
tance at a typical bias point.

Flucfuations in blackbody radiationus from the light source are not a
significant éontribution to signal-to-noise ratios observed in our exper-
iments. One can show that the signél—to—noise ratio in blackbod& radiation
'in the Rayliegh-Jeans limit from a SOurce‘at temperature T is\J§7§§EEEa |
Whefé_f>is the radiation powér and Af is the integration time of the
detected“signél. Since for any source of interest kT >> hv, noise due to

the quantized nature of electromagnetic radiation is important.

B. Multiple Junction Effects

Following a report by Clark%u we constructed apparatus for forming

an ?rféy of pdint éonﬁactvjunétions. Clark demonstrated that such arrays
Woﬁld.géhefateﬂself;induéed‘steps and thaf-thé‘selffinduced steps were
influencea by the surfoundings éf the array. We believe that such steps

" should show degegtion properties similar to those of a single point contact
coﬁpled to a resonaﬁt cavity. We were unable to reproduce Clark's results

and obtained few results on detection mechanisms due to our inability




to make junctions df.high enough qﬁality.'
1. Apparatus . | ;

The apparatus-is shown in profile in Figf 15. It éonsists of avframe
for holding a planar array 6f spheres in a hexogoﬂal structure between two
brass electrqdes. The array is constrained to two dimensions b& 0,625 mm
thick crystal quartz plates-(Q), and pressed together by the‘électroaes (B),
adjuétea by screw (4). A.Fabry—Perét type of interferomete? (R)
provided to test for effects on I-V characteristics and spectral reépOnses
due to external resonances. Far infrared radiation is fea into the array
from the light pipe at the left. Current and voltage leads are attached
fo electrodes, which were pléted with ab§ut 0.01 mm‘éf tin.

| The superconductors were formed by evaporating appfoximately thﬂX
of tin onto the surfaces of 144 copper-berylium bearings.hS The tianas
evaporated at lO—6mm Hg while the.bearingé wére\being agitated to expose
all surfaces to the evaporant. The sbhefes were allowed.to oxidize in
oxygen fdr several déys? then‘assembled into. the sample hoider and cooled
té:liquid heiium témperatures. The current-voltage charaéteristic of £he
nowtsuperconductingzspheres was adjusted to exhibit éelf—induced steps,
and I-V curvés were measured.

As:éfated above, our inability to produce high quality, predominantly
Josephs§n,_junction limited oﬁr results. Ideally, the lhh'spheres, in an
i2 by lQ'array, will fofm 8ih contacté.sphére to sphere and sphere to
electrodef However, surfaces‘of the iﬁperfections.in the ffaming mecﬁanism
_and_i?regularitieS‘on thé spheres made the. force bushing the spheres té—
gethef.highly irreéular. Some contacts would be_éssentially opéen circuits,

some weak links, and some superconducting shorts. Since we measured the
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current and voitage only across the entife array, the contacts of interest,
those forming Josephébn'junctions were both in series with,‘and shunted
by, a variety of resistances. .Because of this, we were unéble to measure
the voltage blas of the structure we observed of the current voltage
cﬁafacteristics. In addifion,vour adjustment mechanism, for controlling
the force compressing £he array, was-too gross fo alloﬁ for careful
adjustment éf qurrent voltage characteristics,
2. Results

In Fig. 16 we show the best of our current-voltage characteristics,
Typical of our déta, there ié no trué resistanceless curreht at zero
voltage. The sﬁperconducting Jjunctions appear té be in series With a
resistance of about 3.2 2, The "constant voltage" current steps are
regﬁlarly spaéed and have minimum differential resistivities of somewhat
greater than 3.2 { and increasing with step numbef; Tﬁe array is sensitive

to far infrared radiation at the three regions of high differential

resistance on either side of the "zero-voltage" current. All three regions

gave_essentially the same speétral response - that of a narrow peak at
L .3 cmq;jwith a total width at helf maximum of 0.6 cm *. The response
line‘width for the hiéhest voltage was about 30% less.

We bélieve tﬁese self-induced steps are caused by the junctions
gehéfatiné and.detectiné'electromagﬁefic fadiation at_h.3 cm_l. This
_frequency, hoWever; corrésponds to a dc &éltagé of 267 uv, whiie the
steps,/if we éssume a simple resisféncebin ;eriés with the active‘junctions,
.ére sgparatéd by 110 uV. Probably the effeétive eleqtfical network is
- considerébly ﬁore complicaﬁed, éomposed of junctions &mpeded in an array

of resistance. The next simplest model to make is that of a junction-series
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" resistor shunted by another resistor. Here, the resistors act as a

voltage dividef, #ith only a fraction of the jﬁnction voltage appearing
across the whole network. This gives a shunt resisfance of 7.5 @ and‘a
éeries of 5.2 §)(assuming that the first step is, in fact, at 267 uv).
But ﬁhe‘resiétance at high voltage, about 25 Q, ié ingompatible with this.
The resonénce responsible for the seif—induced steps is believed to be
due to tﬁé cavity formed by the Fabry;Perot"reflection andvthe spheres.
The microphonics set up when tﬁe reflector was movedvdestroyed thé
Junction, and so no quantative measurement could be made. “The problem of
microphonics was typical, and we were unable to solve it completely.

Most. of the current-voltage characteristics obtained with these
array were considerably more complex than that shown in Fig. 16, Figure 17
shows a more representative example, where we have plotted the differenfial
resistanée and response versus voltage of an array at 1.85°K. Noté the
zero offset on the differential resistance curve. The‘"zero voltage"
resistance is about 8 Q énd the resistance varies over only avfactOr of
two over the range of voltages shown. Except at closebinspection, the
current Qoltage trace on the oscilloscope is ohmic. The spectral response
of the array was measureq at the six points lébeled-by arroﬁs. The three

labeled "A" and the three labeled "B" showed identical responses and are

shown in Fig. 18.

Some of the ac behavior of the array can be understood by comparing_

.'the.SPectral response curves to their corresponding portions of the

current voltage characteristic. Note first that from Fig. 16 the response
curve at "B" is of opposite polarity to that at "A". This is understand-

able if the "B" portion of the response curve is due to a weak self-induced
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step appearing on the I~V .curve at a slightly higher voltage - i.e., the
resistance minimun at 470 uV. The structure on the broadband response

curve just maps out the structure on the differential resistance curve,

e

In this case, the self-induced step'isvdue to radiation a£_2.8 cm_l as
determined from the spectral response "BM in Fig. 18. The spectral
response curve "A" is due to the "sero voltage" current change with
“capplied radiation; that is, the change in the zero voltaéevcurrent of
those junctions responding to the applied radiation. There is only a
'smali peak on "A" in Fig. 18 at 2.8 cm—l, and the cﬁrvé is dominated by
the broad structure from 6-12 cms. The iptensity of the spéctral resp§née
is quite tempefature sensitive and the peak at T cm"l shifts with
temperafure like the BCS gap'over the iimited temﬁeratﬁre range where we
could measure the épectral‘response.

We present in Fig. 19 the sort of spectral respohse not at all
understood by us. The array is the same tin-coated bearing 0.8 mm in
diameter. Thié spectral response shown is indepéhdent of temperature from
3.6 to 2°K, a range of the energy gap of 3-9 cm—l., The source of thié

. spectral response was an I-V characteristic whiCh'was,completelyvohmic

(R ~ 12 Q) except for two small, almost constant current, voltage steps, -

af + 2000V these stepé wére‘the only fadiatidn sensitive part of the
characteristics; As the batﬁ temperéturefwés reduced the voltage steps
moved ouﬁ on the I-V charaéteristic‘and in_character approached switching
characteristics; Exceﬁt for these steps, the'I—V chafacteristic was
completely thic'and.independent of teﬁperature.. The periodic structure
on theAhigh frequency tail is believed’tovbé'the éhannel‘spéctra.from

the 0.625 mm crystal quartz plate coVering the array. The feature worth
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noting here is that the energy gap for tin at 3.60°K is near 3-cmfl, so the

spectral response continues out to more than ten times the energy of the
gap.

‘C. Broadband Response

Our efforté ﬁo measure the broadband response of the points contact
Josephson junction met with only limited success. With any sort of
metallic geometry focusing the far infrared radiation on the points, the
spégtral response of the zero voltage supercurrent is dominated by
résonant modes enhahcing'the rf voltage at the junction. If éll metallic
surfaces are removed, the response of the junction is so weak that the
detector éign?l is undecipherable. What we needed was very seﬁsitive
Junctions and very long integration tiﬁes. We are searching for effects
on the spectral response of the energy gap. So we require that a) the
current—voltagé.chéracteristic show a well-defined gap edge at_Vdc = 2A
and that b) the junction maintain it far infrared sensitivity over much

of it superconducting temperature range.

Figure 4 shows nearly the ideal characteristic. It has a high differential

resistance region just above the zero voltage critical and so should have
good inffared sensitivity. It also had a clear gap edge indicating a
reasonable well defined gap. We arbitrarily define V(2A), the super-

conducting -energy gap, as that voltage which give minimum differential

resistivity, although this definition may mis-estimate the actual value

of 2A due to the presence of excess currents. In Fig. 4 we find V(24) to
be 1.15 mV, which using the BCS gap equation gives at zero temperature,
. : 19

V(2A) = 1.37 mV somewhat larger than that given by other measurements.

Weichose tantalum as a sample material becaﬁse of its ease of
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fabricating into point contaéts, The point and post were fabricated in

the usual fashion and, to avoid handling damage, wefe immediately assembled .
into the holder. They>were again inspected to assure the existence of

an unblunted point and then allowed to oxidize. The points were mounted
essentially as éhdwn in Fig. 6. The bottom surface of the %ocusing cone
on the end of the light pipe was beveled tq prgvent radiatioﬁ from
reflecting'from the surface back onto tue junction.

Figure 20 shows the spectral response_of fhe tantalum junctioﬁ, whose
characteristic is depicted in Fig. 4, at three temperatures within the
temperature range of its sensitivity. [At T >3.5%K, the critical current
was too small and the differential resistahcebtoo low; below T < 2.67°K
- the I-V characteristic was diécontinudus near V = 0.] The broad low
frequency peaks are due to a series ofvresonances not quite resolved in
the figure. Higher resolution response measurements show a series of
rééponse peaks equally spaced at fréqﬁency intervals of 0.63 cm—l, rurining
from 2.4 to 6.3 Cm_l. The resonances arevprobabiy due to the Fabry-
Perot rééonator formed by the arms of the aluminum point contact holder.

The neéative responses in Fig. 20 are probably due to the effects of
the eneréy gap. Ih‘the inset in Fig. 20 we plot. the minima in the
spectralvresﬁonse against the redﬁced BCS.gap as well as the measured -

' eV(EA)Aﬁe, where e =relectronic ehafge ,ﬁD= ?ianck's ¢onstgnt and C =
velocity of light. ;Thé precise'mechanism fof the negative going reéponse
‘is_not cleafly understoéd. It may bé'any of several mechapisms, none of
which mre supported by available evidence. (i) The interaction'of the

‘radiation with the: Josephson currenﬁs may cause the rf current amplitude

to be such that it increases it zero voltage éurfent; Werthamer's
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derivation of the freéuency dependence of the ac stephson effect
predicf the opposite; (ii) The response of the junétion may be due to
some higher 6rder response - e.g. part of the response is due to the
fourth power of the applied rf voltage. In this case the portion of the
spectrél response betweén 6 and 10 cm_; should show the resonance
structufe present at lower frequéncies. (iii) The low freQuency response
could be due to abseries of self-induced steps. tod small to appear as

the current-voltage characteristic. Then, these peaks would be such

that they would increase the curient through the junction while the

negative response is the zero voltage response superimposed in the
resonance structure. It is, however, unlikelyvthat sﬁch self-induced
steps would be strong enough té cause the resoﬁant response discussed in
Seétioﬂ V and yet not éppear at the current-voltage characteristic.

The spectral response curves for another tantalum point in Fig. 21

in the same geometry show the effect of the energy gap much more clearly.

The broad high frequency peak is believed to be due to the Riedel

'singularity in the ac Josephson current amplitude. The peak response

freQuency is plotted agaihst the reduced BCS gap in Fig. 22 aloéng the
value of 2A taken from the current voltage characteristics. Spectral

response curves were obtained at temperatures ranging from 4.00°K to

'2.05°K, corresponding to a range of energy gaps of from U0% to 93% of

the zero'tempefgture gap. The low frequency peaks are believed due to a
series of resonanées which are puiled out' in frequehcy as the peak
freghiency 6f the Josephson current is increased. These peaks do not

scale with the energy gap.
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APPFNDIX A

; . THE DERIVATION OF JOSEPHSON EFFECT

Consider two bulk superccnductors that may interact with each other
via an interaction Hamiltoniam whose strength we may vary. When the
interaction is zero, the two superconductors are independeht and my each

be characterised by a wavefunction ¢(l), i=1,2. TFor convenlence,:we

' 1
pick states with fixed numbers of superconducting pairs; i.e., ( )— ¢ ,(l>
(2) _ 42) ' o _ g (D) “(2)
and ¥ ﬁ#En" The total system wavefunction is, then, ¢£ =Y ¢KF2n'

With no interaction wn'is degenerate with a large class of wavefunctions
with different n. The interaction removes this degeneracy. For instance
let the interaction be the tunneling Hamiltonian of Cohén et al:

N = . + , + + +
o Z‘ [Tkg ay g Tkg 8y ak]
k,g . '

where N& transfersan electron from one superconductor, labeled by k, to
the other, labeled by g. This one body interaction, when calculated to
_second order in Tkg allows the possibility of transferring a Cooper pair

from one supgreonductor to the other. That is

8 Wy 135 9,) = <15 fhe A-1
We can calculate the inteiactibn'energy by ordinary second order pertur-
'bmuarﬂmmy.iAEzmbtmmmﬁhwe

+ JF T\

kg | ‘ E —‘EI

where thevintermediate state I has one quasiparticle in-it. We aré interested
~in the part of AE which has k =.-k' and g = -g; that is a Cooper pair
(k, -k) is created in one superconductor and another (g,-g) is destroyed

on the other. So in the BCS theory (A 2) becomes
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5 v, u_ Vv
AR = b T | ukkgg_
B kg k_g c + e -
For convehience we have defined AE = ~th/ﬂe where J, > 0. With the
interaction as expressed in A-1 the proper combination of wavefunctionc
isy, = 3 eln¢ ¥ . Then, to second order
. n n' - | : _
o ind 5 2w ing ‘
= —_ - P B +
HT_ ¢¢ i ©. Mﬁ Yn ﬁql/he S (%n-l wﬁ+l)
= _th/Ee ¢b cos ¢ X v A3
The energy coupling the_tWo supercorductors is then AE = —ﬁJl/Qe cos ¢.

We can understand the physical meaning of ¢ 'by considering the
effect of shiftiné the phase of one of the superconducting wavefunctiocs.
‘ Since the many body wavefunction can be written as a product of palr |
wavefunctlons, the phase shift can be accomplished by shifting the phase
of each pair functlon. If R( )

) 4, - 0y

number of palrs, then 0 on

rotates the phase of ¢ (2 ), where n =
(2) (one factor of © for_
each pair). When ﬂT = 0, the two superconductors are uncoupled and a
relativc phase change hés no meaning. For ﬁT # 0, the phaée change hés
méasﬁrable consequences. For

o | | Re_(e) vy =2 (2)¢_2n(1)'¢2n(2)

Lz ),
v n
= ¢¢+9.
"So ¢ ﬁs-the phase difference‘betweeﬁvthe'two bulk supercmductors. Frcm
vthe arguments in Section‘II, if the two have different chemical potencials,
then dp/dt =>2Au/ﬁ, where &y is the chemical poténtial difference.
Since we have défined the original basis.wavefuncﬁion.in tems of
- well defined numbers of pairs, calculﬁting fhe current flow betﬁeen

superconductors is a simple matter: let ﬁ(?),be ‘the number cperator

i
{

’
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A(2

projecting out the numbef'of pairs in supérconductof 2. Then 7 ) %h =

A2 1
ARl | Dy ()

Now

So ﬂHTyg(é?]¢¢

Now the net current

I

= +83 /he z Sl N

= n¢h, and. the operator dﬁ(g)/dt is defined by

at® - i/a [M,I,’r\l(g):]

o i a) (D), (2)
- HTi'el'n_ " Yyon Yon :

ing
= &[Tine | ’(pN

= - HJ/ke % nein¢ (¢n¥l * wn-l)

- I fle ﬁ(é) i Jind Vg * ¥, 4]

= - ﬁJl/LLe i ein¢ [(n+l) 7//n+l + (n-l) wn..j_]‘
n-

' —thl/Qe sin ¢ ¢¢

flow is I = 2e <dn(2)/dt), 50

2e i/fi ( [ZHT n(2)]>

Jl sin ¢.
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APPENDIX B

ENERGY CONSERVATION IN THR AC JOSEPHSON EFFECT

Consider a Josephson junction with both a de Voltdge, hmb/Qe" and
) ) . + | . N . 3 .
an ac voltgge ﬁm}fgrf/Qe cos (d&ii ¢rf) across it. As in Sectlon IIT

the currents. through the junction are given by

) =T 3T, (k) coslleg - m )b+ bg + ng .

The gunction draws power fram the bias circuit when it carries a dc current;
i.e., when @ =Nlurfw At such an operat ing point, the bias circult is
delivering a power to the junction given by Idc Vdc,‘where

' N
. = -1)
Idc Il (-1)

Ty (Z‘rf)‘cos (6, - N ¢ o) B-1
This power”is emitted fram the junction.as radiat ion. That is, the juncé
tion carries an rf current against an rf voltage. We will calculate.
this rf power in ourvsimple model of a voltage.biased Junction and .
show it to be eQual to the dc power input.

Wé bégah this discussion with the assumption that the only ac vdltage

across the_junction was at a frequency'm} Thus any power radiated by

£
the junction must be at the same frequency. With @, = Nmrf, the rf

current at a frequency-m}f is

o) = I I p(8.) cos [‘frft Yoyt (M 9]

* T a(8yg) cos [m b -6+ (1) 4 ]

Tetting ¢ =¢, - N¢rf and using same trigonometry identities and Bessel

function symmetry ©~ relations, the rf current can be,eipressed by

(O™ g (6 ,) cos (@ &+, +9) +

o) = 1 °n-1

JN+l'(grf) cos (m}fF * ¢rf - )
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o1 = o+ + .
eor 1 (mrf) Irf cos (mrf{ ¢1':[‘ 9)
E whére ‘
AL 2.1 2 2 _2 .2
= N - +
Irf ( 1) EIJ_/E’rf (& Iy (&rf) cos” ¢ + N JN (grf sin” @]
and | W | |
tan 68 = - tan @
o . e gt ' ,
rf N

4y has the argument grf and Jy = d(JN(grf))/dgrf. The rf voltage across
the junction is V . cos (mrft + qbrf)’ and so the in phase camponent of the

ac current is \'Ql cos © and the rf power is

P 1/2 I .V . cos B

rf - rf ‘rf ,
2NV

= 12 ()" —E o5 bl

1 g ,

rf .

But V . = mi‘f &rf/Qe and using (B-1) we have
rf '
= _ ——— = - I .
Prf De Idc vvdc de
or ' , .
P _+P = 0 B-2

rf de
Accofding to B-2, when the bias vcircuit supplies power to the junc-
tion, the power is radiated by the jﬁnction at the frequency mo Whéh the
‘bia‘Sing circuit is absorbing power (Idc Vie < 0) this power is supplied

by the rf power in the junction.

1/2
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APPENDIX T -

CORRECTIONS TO THE WS THEORY |

We will consider here the first order corrections to the (W S) assump-
tion of a monochromatic rf voltage in the Junction driven resonator. It
is easy to shOW'that only harmonics of the Josephson frequency affect:

thelgunctlon propertles.' There fore let us assume

[Fatn)att = £, sin (o +‘¢1) +.§,n sin (oot + 6) o1

The nth harmonic amplitude can be calculated from the amplitude of the
harmonic of the Josephson fundamental frequency. This is
2 . a E AP '
—_— + . si + = -
5 7 dt ®, §n sin ( nmt ¢n) A ﬂ%w(t)
dt . . - S
c-2

Wwhere -

'tﬁn (t) anfl-cos (nmt f n¢l _‘¢l)

) ntl

S+

(-1 J cos (nmt + n¢l + ¢l)

nt+l
where:Jm = Jm(gl)f Using a bit of trigonometry, we find that Inm(t) =

xgﬁ-(gi, ¢l) cos (mmt +_N¢i +‘Xn (§1:¢))

where , , :
Al 2 2 nml _ 42
‘Qn = [(Ji *+ (- l) n+1) cos ¢l * (Jn—l - (-1) Jn+l> X
v in2 ¢. 12 c-3%a
5 . 'l, ‘
_amt
S GV o
Stan X o= . == G = tan ¢ C-3Db
n J + ( l)l’l 1
n-1 - n+1

and 3. = J (&),

‘Putting all this into (C-7) gives
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£, cos (ot + ¢n + Gn) = Fn 08 Gh d% (§,¢l) cos (nmt + n¢l + Xh)

I Q )
where Pn =-A/H¥D and tan 9n = (nﬂd‘-akg)/nyn. Since this equation is
valid for all times, we may eguate both amplitudes and phases:

ﬁn = Fn cos 9n d%V(§l, ¢l) | C-ba

and ¢ +6 = N +¥N o C-hb
n n 1 n ‘
We may use the unperturbed solution to remove the dependences on ¢l.

Before that, however, let us calculate the new equation for 51’ If we

let an n¢l- ¢n we can show that the current at the fundaméntal is
- X = + + 1"
I (t) = ) cos (Xb.) *+ 7, cos (X 4p) +1/2 & { (-1 x

[Jn cos.(X+ ¢l—an) +.Jn+2 cos (X+ ¢l+ én)] c-5

--[Jn cos (x+ En -¢,) + Jn—2 cos (X+ ¢l- an)]}

B

where we have used Jl(én) :v—J_l(gn) = 1/2 En since én < 1. We can

find the new operating point equation by equating C-5 to

2, 2
[d /at™ + 'yd/dt + mcg] £ sin (ot + ¢>l).
This gives

Ecos (X+91) = %m(t) r ?OS Gl c-6

where_el, I are given in (33) énd (3b). Thé perturbed solutions becane
very complex and no single analytical expression may be given. We can
make further prcgress_by assuming that. we have tuned the Josephson
frequency to the‘céhtér of the resomnce; i.e., aﬁﬂ% s0 91=O and by i
(36) ¢,=0. 1In this case fram C-ba and C-3a,

ntl _

gn - Pn cos en [Jn—l + (-1) Jn+l]v' - C-T
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= +J +1/% (-1)" + .
gl/rl J ¥ J, v 1/ e {\ %)» [ Jn+2] cos 6

- [T+ .
[Jn Jn—E} cos er:}

. ; ._'L‘» :‘ . IJ . , + - 2 - .
where we have used an Gn 31ng_fn_l Jn+l - n/&l Jn and putting

in (C-7) we get,

+
n+l I

n'i'l]><

. e 1 2 v
gl/rl = 2/&1 { Jl + L/Q Fn cos Gn [Jn;l + (-1)

| o | | c-8
: [(-1)" g, (0f1) - (n-1) Jn_l]}

and finally, the dc current through the junction is, fram C-1,

I. = (&

dc J_q cos (¢n - (n+1) ¢l)

1

v L/

) cos ¢1 + &, /2 [J nol
- J_ 4 c0s ( (n-1)9, - ¢n)]

- Since ¢1 = 0, this becomes

. = + Q had + - °
Idc Jl gn/f [ Jn-l Jn+l (-1) I cos en

where -en ¢n. The total de current using (C-8) and (C-7) is

I ]2

i

: 2 ; 2~ . n
dc & /erl = 1/2 Pn cgs 6 n [((-1) Jo+1 = Jn1

"Now we can sum this expression over all n to giwe

.]2

n
. Jn+l
c-9

n Fn cos On [Jn—l - (-1)

: 2
I, = &°/er; - 1/2 .

de

V™

which is, to within a sign the result Quotéd in Ref. 29, with the
‘correction that £ must satisfy (C-8) instead of (35), (or at least the
first term in (C-9) - the second term can use (35)).

We see that, from (C-7), the amplitude of the nth harmonic voltage

scales with Pn-COS Gn. Using . Fr = 1/n Fl we can shov that if ¥ = mcﬁQ

T r

Fn cog 9n>:v 1 .
o Jne +Q,2(h?—l>2»

N
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or, for Q > 1

I . C-10
1
Pl cos en e .
an1) »
The harmonic effects on the implicit equation for El, however, goes

as Fn cosg Gh, and for G >> 1

n

’F cos Q@ =« T -2 g : c-11
2, 2 ‘
n n 1. q (n _1)2
We can replace (C-8) with
2
El/F1 = 2/&l z:[;l - l/Q K (El)]_ | €-12
where
K(e) = & —S5—— [(-1) (nt1) J . - (n-1) J_ . ]
w2 (S )F e oot

x [(-1)" I - 9]
It is relatively easy to show that K(g) > 0, so that the presencevof
the harmonics reduces the operating point value of ﬁl’ For Fl > 2.91;
the rf voltage, El still saturmtes. The presence of tﬁe correction

terms in (C-12) only requires a somewhat larger value of Fl' vig:

For I > 2.91,K(g,) is comstant and equal to K(1.841) and C-12 becomes
£/Ty + Pl/Q? 3(1.8u1)y - 2/t 3 c-13

which still forces g, to saturate at 1.841.
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Fig. 1
Fig. 2
Fig. 3
Fig. 4
Fig. 5
Fig. 6
Fig. 7
Fig. 8

- Point contact holder. S, = superconducting post; S
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Figure Captions
Frequénty dependence of the response of the zero-voltage dc
Josephson current. The response is given by j(w) = 1/2 Re{jg(o)-+
jg(w)}and is taken from Ref. 29.
Schematic representation of a single.point‘cohtact. The vertical-
scale 1is much‘accentuaﬁed.,
‘Uppér: Current-Voltage characteristic of ideal Josephson junction
shunted by a unit conductance. |
Lower: -Responsivity of i1deal junction to a change in critical
current at constant bias current.

Current-Voltage characteristic of a ﬁahtalumftantalum point contact

" junction at 2.69°k.

Interferogram of the response Of a niobium-niobium point contact

juﬁction at 4,2°K in the geometry of Fig. TD. The response peak

is at V = 8.50 em © with a line width Av = 0.28 cm L.

= super--

1. 2

conducting point; I = insulating point holder; C = contact screw

and electrode; D = Differential screw; N = pivoting nuts; L =

'far infrared light pipe; and F = focusing cone. The holder is

3 inches high.

Typical fesonatér geometries. In all cases, the far infrared

‘radiation enters the resonator via the focusing cone at the top

'

of each resonator.

2

Biasing circuit for junction. Cl'= dc blocking capacitor; Tl =
isolation_transformer; RS = current shunt resistor; RI = current
measuring resistor; and T, = variable gain'transfofmer.



Fig. 9
Fig. 10
Fig. 11
Fig. 12
Fig. 13
Fig. 1k
Fig. 15
Fig. 16
Fig.

17
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Graphic éolutions td eduationv(35). The cur&és at the right are
exploded view of system near satpration. The curves are ;Ql(g,e)cose=
ac current in phaselwith the resonator Yoltaée .

Normalized resonant response to applied ac voltages. Tén 6 =

(wé - wc29 /yw = (w - wc)/wl/2~if Y/w << l,aﬁd the frequency of
the applied voltage is assuﬁed equal to Josephson Frequency w.
Characteristics of niobium—hiobium junctibnvat 4.2°K in resonator
C of Fig. 7. Plotted against dc voltage are (a)-dc current‘(with
the'zeré—voltage current compressed)(b) av/4dIl = diffegential
resistance, and (c) response to Broédband far infréred.radiation.
Self induced sfeps occur at. 392 uv.

Characteristics of niobium-niobium junction (same junction as
shown in Fig. 11) in weak magnetic fieid.

Upper: differential resistance, Lower: Responée to broadband

far infrared radiation. Arrows laﬁei self induced steps at 392 uv.
Spéctral res?onse of junction shown in Fig. 12 Qithrdc bilas
voltage = 350 uv.

Piot of peak spectral response vs. self induced step voltage

associated with the resonant response peak.

crystal quartz

Apparatus for forming multi-junction array. Q

plates, B = electrode, A = adjustment screw, R 'refléctbr,
CurfentHVoltage characteristic of‘O;B mm‘én bearing array at
2,69%K.

Characteristics of array of 0.8 mm dia Sn bearings at 1.85°K.

Upper: differential resistance

Lower: Response to broadband radiation.:




Fig. 18
Fig. 19
Fig. 20
Fig. 21
Fig. 22
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Spectral feéponse of Sn array to broadband far infrared radiation,
Spectral response of Sn array to broadband far infrared radiation
at 3.60°K. The two particle energy gap is about 3 cm_l

Spegtral response of tantalum-tantalum point éontact./,

Insert:‘ Energy gap from I-V characteristic and spectral response
minimum versus reduced BCS gap. 2A(T = 0) = 1.37 mv, T, = 4, 30°K.
Response sepctra'df tantalum-tantalum point contact at 3.905 and
3.297°K.

Peak response frequency and two-particle energy gap Versué BCS

reduced gap. 2A(T=0) = 1.38 nV, T, = L. 30°K.
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i LEGAL NOTICE

This report was prepared as an account of Government sponsored work.,
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "'person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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