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The effect of radiation from a CO, laser ( v z  3. 1013 Hz) on the characteristics of superconducting 
niobium junctions is investigated. At low laser-radiation intensities the junctions still exhibit 
Josephson properties even though the lasing frequency exceeds by 40 times the frequency corre- 
sponding to the niobium superconducting energy gap. A characteristic radiation intensity exists 
above which the thermal effects predominate over the Josephson effects. It is shown that by 
application of a supplementary microwave field it is possible to increase substantially the sensitiv- 
ity of superconducting IR detectors. 

INTRODUCTION Ic (P) =Ic (0) 1: (evac/f2@L) I ,  (aL), (1) 

Adoption of a unified standard for frequency, length, 
and time was made feasible in the last decade by the develop- 
ment of highly stabilized optical-band lasers.' The existing 
elements for the synthesis of the optical-band frequency, 
which are essential if the latter are to be related to the radio 
band, are complicated and unwieldy. One possible way of 
simplifying them is to use superconducting frequency multi- 
p l i e r ~ . ~  Direct experiments3s4 have shown that supercon- 
ducting nonlinear elements can be effectively used up to 4 
.1012 Hz. It is of interest to extend the range of their use into 
the infrared. 

An attempt at mixing the radiation of two CO, lasers in 
a superconducting Nb-Nb Josephson junction and separat- 
ing the resonance frequency was reported in Ref. 5. Since the 
CO, laser frequency is 4 0 4 5  times higher than the frequen- 
cy corresponding to the niobium energy gap A,, the laser 
can heat substantially the central part of the Josephson junc- 
tions. It was therefore stated in Ref. 6 that the laser-frequen- 
cy mixing of Ref. 5 was "bolometric" rather than due to the 
Josephson effect. The use of Josephson multipliers at such 
high frequencies is thus still a moot question. 

We report here some results of an experimental investi- 
gation of the properties of superconducting niobium junc- 
tions in a C02-radiation field. 

Unequivocal proof that the junction possesses Joseph- 
son properties at the laser frequency w, would be the obser- 
vation, on the current-voltage characteristic (IVC) of the 
junction, of a first step at a voltage satisfying the condition 
2eV = &I, (e is the electron charge). In the case of a CO, 
laser the current step should occur close to 60 mV and when 
the junction is biased to operate in this IVC region its tem- 
perature can reach 70 K (Ref. 6). This is apparently what 
prevented us from observing on the IVC of the supercon- 
ducting junctions the current step induced by the CO, laser 
radiation ( v ~ 3 . 1 0 ' ~  HZ), although in Ref. 4 we have ob- 
served relatively easily a current step at the frequency of a 
D,O laser (3.6 -1012 Hz). 

A manifestation of Josephson properties of the junction 
at high frequencies can also be a dependence of the critical 
Josephson current J, on the external-radiation power P. A 
simple theoretical model7 yields 

where J, is a Bessel function of zero order, v,, is the alter- 
nating voltage, of frequency w,, induced in the junction by 
the laser radiation, and I, (0,) is a factor that takes into ac- 
count the frequency dependence of the superconducting Jo- 
sephson current. Since the factor I,(@,) am,'  at 
w,)A,/fi (Ref. 7), the critical current of the junction 
should oscil1ate)as the radiated laser power increases. 

Finally, the preservation of superconductivity in an IR- 
irradiated junction is attested by the dependence of the re- 
sponse v,, of the junction to the action of this radiation on 
the bias voltage V. The response V,, of the junction can be 
calculated in the following manner.' According to the resis- 
tive model of a Josephson point junction, we have 

I , ( P )  =I ,  (0) IJ,(2euu,ltioL) 1x1, (0) [I- (e~, , l f io,)~I .  (2) 

Application of external radiation changes the critical cur- 
rent I,( P ) by an amount AI and causes the dc junction vol- 
tage to change by A V = R ,I (R, is the differential resistance 
of the junction at the operating point of the IVC). As a result, 
since A I  = I, (0) - I, ( P ), we find that the response of the 
junction is 

It can be seen that in the case of Josephson detection the 
response of the junction to an external electromagnetic field 
is proportional to the differential resistance, and not to the 
IVC curvature (dR,/dI ) as for a classical radiation detector. 
A rigorous theory9 that takes the frequency dependence of 
the Josephson current into account yields at wL)2eV/fi an 
expression close to (3). 

At the same time, we know that heating the junction by 
laser radiation should decrease the critical current I,(O), 
therefore the response of the junction to heating will also be 
proportional to the differential resistance R,. We shall re- 
turn to this question in the discussion of the results. 
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EXPERIMENT 

We used controllable single-crystal niobium junctions 
with resistances 0.1-20 a.1° To improve the matching of the 
junction to the radiation the diameters of their points were 
0.1-0.3 mm. 

The experimental setup consisted of a helium cryostat, 
apparatus to plot the IVC and the dependence of dV/dI on 
V, microwave apparatus, a CO, laser with a frequency-stabi- 
lization block, an optical system to guide the radiation to the 
junction, and standard radiometry apparatus to record the 
response V,, . 

The cryostat, the apparatus to record the IVC, and the 
microwave apparatus are described in Ref. 4. The C0,-laser 
radiation entered the cryostat through a BaF, window, an 
NaCl window in the nitrogen screen, and an internal Ge 
window. 

The 10-watt single-frequency single-mode CO, laser 
(A = 9-1 1 pm) was a revamped LG-25 laser." To operate 
the laser in a single-frequency regime and to lower the pow- 
er-pulsation level, the output mirror was mounted on a pie- 
zoconverter, and an additional RC filter was included in the 
power supply. The laser frequency was stabilized at the cen- 
ter of the gain line of the chosen junction by automatic fre- 
quency control, using an optogalvanic signal.', The laser 
radiation was focused on the superconducting junction by a 
BaF, lens. The radiation power was regulated by a calibrated 
metal-grid attenuator (attenuation factor K = 0.7) and by 
CaF, and BaF, plates (K = 0.5 and 0.95, respectively). The 
power was monitored with a photoreceiver. 

The response of the junction to the laser radiation was 
recorded by lock-in detection with the radiation modulated 
with a chopper (at 740 Hz). Owing to the appreciable absorp- 
tion of the laser radiation by the cryostat windows, the liquid 
helium near the inner window boiled and the laser beam was 
scattered by the gas bubbles. The measurements were there- 
fore performed under conditions when the helium level was 
lower than the superconducting junction. The bulky adjust- 
ment device was then immersed in the liquid helium, and the 
time to heat the junction from 4.2 to 10 K was several hours. 
A germanium thermometer was located in the adjusting de- 
vice near one of the junction electrodes. Its readings and the 
temperature values determined from the superconducting 
energy gap of the niobium and from the transition of the 
contact to the normal state agreed within the accuracy limits 
of our experiment. 

MEASUREMENT RESULTS 

1. Since the experiments called for knowledge of the 
point-junction temperature, we selected for the investiga- 
tions junctions whose IVC showed clearly the gap singular- 
ity and the subharmonic structure. After tuning, the junc- 
tion was exposed to C02-laser radiation of varying power 
and its IVC characteristics were recorded. Figure 1 shows 
the initial sections of these characteristics. The curves are 
numbered in increasing order of the laser power, except for 
curve 14 which, just as curve 1, corresponds to zero radi- 
ation power, but was recorded after plotting curves 1-13. 
The fact that Ic(0) is the same on curves 1 and 14 is evidence 

, r mv 
FIG. 1. Initial sections of the IVC of a superconducting Nb-Nb junction 
at various laser-radiation power levels. The curves are numbered in in- 
creasing order of radiation power. Curves 1 and 14 correspond to zero 
radiation power, but the latter was recorded after plotting curves 1-13 
(T = 4.5 K). 

of the stability of the junction characteristics. It can be seen 
that, just as in the case of low frequencies w, < A,/fi, the 
critical current of the junction decreases with increasing ra- 
diation power, but starting with a certain value of the laser 
power, at still relatively large values of I c ,  the junction is 
heated by the radiation and its IVC becomes unstable. 

To estimate the temperature T of the "near-contact" 
regions in the electrodes, the niobium superconducting gap 
A, was first determined from the measured IVC at various 
laser powers. The known A, ( T )  dependences was then used 
to determine the temperature of the near-contact region and 
the corresponding laser power. The results have shown that 
at low external-radiation powers the junction tempera- 
ture T is close to linear in the laser power P. At powers 
( P/ P,)'/~ > 0.5 ( Po is the maximum laser power) this de- 
pendence deviates noticeably from linearity and becomes 
nearly exponential at powers corresponding to the transition 
of the near-contact sections of the electrodes to the normal 
state. Since the critical junction current is linear in the tem- 
perature at temperatures close to TC,l3 and begins to de- 
crease exponentially with P at higher  power^,^ it can be as- 
sumed that our experimental results for T ( P ) agree with the 
data of Ref. 6,  which were obtained with weak and strong 
heating of a Josephson point junction as models. It must be 
recognized, however, that at large P, when the temperature 
of the near-contact regions is close to Tc , the temperature of 
the central part of the junction may exceed Tc ~ubstantially,~ 
and the entire system is in a nonequilibrium state. The proce- 
dure of determining the junction temperature from the ener- 
gy gap may not be valid in this case. The experimental data 
can therefore be regarded as reliable only at low laser powers 
( P / P,)''~ 5; 0.5, when the maximum temperature rise of the 
near-contact regions (at a distance from the junction center 
equal to the coherence length) does not exceed 1-2 K. 

To separate the thermal contribution from the depen- 
dence of the critical current I, of the junction on the laser- 
radiation power we investigated the current 1, (0) at zero la- 
ser power as a function of temperature in the range 2.6-9.3 
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K. Combining this temperature dependence of I, (0) and the 
data for T ( P ) we obtained a curve that describes the junction 
critical-current decrease due to heating of the near-contact 
regions by the absorbed radiation. The dots and the dashed 
line of Fig. 2 show alongside this (solid) curve the measured 
values of the critical current of four junctions at different 
laser powers. These data show that low-power 
[( P/ 5 0.51 laser radiation causes the critical junction 
current to decrease more rapidly than by heating alone. At 
powers ( P/  2 0.5 the thermal effects predominate (in- 
set of Fig. 2). At the same radiation powers, the IVC of the 
junctions turn out to be unstable. 

There are thus grounds for assuming that at low C0,- 
laser powers experiments reveal, besides thermal effects, a 
decrease of the junction critical current, due to Josephson 
interaction of the superconducting current with the external 
radiation. A confirmation of this assumption would be an 
experimental I,( P )  plot that agrees with Eq. (1). Experi- 
ments have shown, however, that the laser heating of the 
junctions causes the critical current to become zero before 
the Bessel function Jo in (1) reaches its first zero. 

To get around this difficulty and verify that the Joseph- 
son current interacts with the CO, laser radiation, we stud- 
ied the dependence of the amplitude of microwave-induced 
current steps on the junction IVC on the laser-radiation 
power. It is known (see, e.g., Ref. 14) that when two micro- 
wave signals of frequency o, and o, act on a Josephson junc- 
tion these signals become mixed in the junction and alternat- 
ing currents are produced at the frequencies 
no, + ma, + w, (n and m are integers and o , is the Jo- 
sephson frequency corresponding to the bias voltage). If the 
power of one radiation, say with frequency a , ,  is constant 
while that of the one of frequency o, varies, the amplitudes 
of the alternating currents at the intermediate frequencies 
will oscillate like the Bessel functions of the appropriate or- 
der, causing oscillations of the main IVC current steps corre- 
sponding to the expression 2eV = n h , .  

In the experiments the junction was irradiated with 
microwaves of constant power such that several induced 
current steps were observed on the IVC. With the micro- 

FIG. 2. Decrease of critical current of fourjunctions with increasing laser 
power (points and dashed line). The solid curve shows the junction criti- 
cal-current change due to heating by the absorbed radiation. The inset 
shows the difference of the two curves. 

wave power unchanged, the junction was irradiated by the 
laser and the dependences of the sizes of these current steps 
on the laser power were measured. The amplitudes I, of the 
microwave-induced current steps on the IVC of niobium 
junctions agree well with the known expression 

(the index k labels the microwave voltage and frequency). If 
no Josephson mixing of the two radiations takes place in the 
junction, and the decrease of I, with increasing laser power 
is due only to heating of the junction, the amplitudes of the 
current steps induced by the microwave field should de- 
crease with I,. The points in Fig. 3 show the normalized 
values of these current steps (with numbers n = 1,2,3, and 4) 
at various values of the relative laser power for one of the 
superconducting junctions. The dashed curves show the ab- 
solute values of the Bessel functions of the respective order. 
It can be seen that the current-step amplitude oscillates 
against the background of its general decrease due to the 
junction heating. 

Oscillations of the current steps were observed in the 
experiment only at lower laser powers ( P/  < 0.5, 
when the maximum temperature rise of the contact regions 
did not exceed 1 K. Under these conditions, changes of the 
junction resistance and the ensuing changes of induced mi- 
crowave voltage have low probability. It remains therefore 
to assume that at low laser powers, when the thermal effects 
are insignificant, the superconducting junctions preserve 
their Josephson properties. 

2. We measured also the response V,, of the supercon- 
ducting junctions to CO, laser irradiation. Figure 4 shows 
the IVC of a superconducting junction (1) together with the 
dependences of the differential resistance (2) and of the re- 
sponse (3) on the bias voltage. Curve 2 was recorded at zero 
laser power. The data indicate that the response of the junc- 
tion to the C0,-laser radiation is proportional to the differ- 
ential resistance of the junction, as follows indeed from Eq. 
(3). 

To plot the response, which did not exceed several pV, 

FIG. 3. Current steps, normalized to 1, (0) (n  = 0, 1,2, 3,4), produced on 
the junction IVC by microwave radiation (70 GHz) of constant power, vs 
the CO, laser radiation power. The dashed curves show the moduli of the 
Bessel functions of the corresponding order (T = 4.5 K). 
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FIG. 4. IVC of superconducting junction (1) together with the depen- 
dences of the differential resistance (2) and of the response (3) of the junc- 
tion on the bias voltage (T = 4.5 K). 

the junctions were irradiated with very low laser power. The 
ensuing decrease of the junction critical current was less 
than 1%, and the junctions themselves were hardly heated. 
This confirms the data obtained for the junction response to 
laser radiation in the initial range of bias voltages. A subhar- 
monic structure was distinctly resolved on the V,, curves 
(and could be seen also on the plots ofd V/dI vs V) and made 
it possible to determine uniquely the junction temperature. 
[See also the positions, on the V axis, of the gap singularity 
and of the first gap subharmonic 2A, /2 on curves 2 and 3 of 
Fig. 4.1 

Since the response of the superconducting junction to 
the radiation is proportional to R,, it is desirable that the 
junctions for use as IR sensors have IVC with large differen- 
tial-resistance sections. The value of Rd , however, is limited 
by the optimal values of the junction resistance in the normal 
state and of the critical current.' At the same time, the sensi- 
tivity of any junction to external radiation can be increased 
by applying an extraneous microwave field. In this case, 
when the junction is biased to an IVC region between current 
steps such that R, can become very large, the sensitivity of 
the junction is increased. This is confirmed by the data of 
Fig. 5, which shows a junction IVC without irradiation (I), 
irradiated by a microwave field (2), and by a microwave field 
together with a laser (3); it shows also the response of the 
junction to laser radiation (4, 5). (The response between the 
first steps was not recorded in view of the large values of Rd .) 
Curve 5 was obtained at a lower laser power than curve 4, 
and reveals an additional structure that corresponds to the 
fine structure of R, . The initial section of curve 5 reveals 
also classical detection (V,, cc dR,/dI) due to the curvature 
of the IVC. 

The measurements of the response of the niobium junc- 
tions to laser radiation demonstrated the possibility of gain- 
ing information on the size of the energy gap of the supercon- 
ductor and on the structure of the IVC of Josephson 
junctions by an optical method. In addition, these data attest 
also to the feasibility of using superconducting junctions and 
controllable IR-band detectors. 

In sum, it can apparently be deduced that supercon- 
ducting Nb-Nb junctions exhibit Josephson properties even 
at a frequency 3.1013 Hz. Just as in earlier study,15 where the 

FIG. 5. IVC of non-irradiated junction (1) and of ajunction irradiated by a 
microwave field (2) and by a combined microwave and laser field (3). Re- 
sponse of the junction to laser radiation (4, 5). Curve 5 was obtained at a 
lower laser power than curve 4 (T = 5 K). 

junctions were irradiated at frequencies 2.5.10" - 2.5.10'' 
Hz, there exists a certain characteristic radiation power 
above which the thermal effects predominate over the Jo- 
sephson effects. In our experiments with a CO, laser the 
junctions ceased to exhibit Josephson properties after the 
critical current was decreased by approximately 40%. It 
should be noted in this connection that in Ref. 5, where radi- 
ation from two lasers was mixed, the power was too high, as 
demonstrated by the almost complete suppression of the 
junction critical current. In all probability, therefore, no Jo- 
sephson mixing was observed in Ref. 5. 
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