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The line-width of the Josephson oscillations of a voltage-biased supercor-ducting point contact has been measured
between 1.4°K and 8°K, with bias resistors K between 1.7 X 107" €} and 2.6 x 107 {}.- Within the experimental
accuracy the line-width is proportional 1o RT, and is consistent with the estimated theoretical value 84TR/®Z,
where & is Bolizmann's constant and 9, is the flux quantum. line-widths below 0.1 Hz have been observed at
4.2°K for R = 1.7 x 107" §, providing an experimental upper limit 10 other noise sources and indicating that
this is useful as a voltmeter and thermometer belcw 107 V and 107%K.

It has been proposed' that a voltage-biased super-
conducting point contact*? might be used as a low
temperature thermometer. This proposal was based
on the assumption that the main contribution to
the line-width of the Josephson radiation from a
superconducting point contact comes from the
thermal noise voltage on the shunt : esistor supply-
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ing the bias voltage. A simple argument then pre-
dicts that the line-width should be proportional to
the shunt resistance R and absolute temperature
T of this resistance. We report here an experimental
verification of these predictions for values of T
between 1.4°K and 8°K and of R between 1.7 x
107'* ) and 2.6 X 107 Q.

The experimental arrangement follows that pre-
viously described*™* and is shuwn in Fig. 1. Because
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of its small resistance the shunt appears to the point
contact as a voltage source*

V=Ve+V, (hH

where 1’y = I,R and V, is the random Huctuzting
component cue to thermal noise. We employed two
different methods to measure the line-width, re-
ferred to as the direct and parametric methods. The
direct method consisted of measuring the power
output from the point contact with a 27-MHz re-
ceiver whose bandwidth was hmited to about |
kHz by a quartz crystal hlter as shown in Fig. 1.
The bias current /, was scannied slowly through
the value @, /R (where @, ), = 2.07 X 10713 x 27 x
10 V = 0.56 uV) and the receiver output was re-
corded as a function of [, Since this method is
limited to line-widths greater than 1 kHz by the
crystal hiter and will ulimately be limited by the
stability of /, upon further reducing the bandwidth
by conventional hL=terodyning, we also employed a
novel parametric method as shown in Fig. 1. This
method, which will be fully described in a separate
publication, is related to the oscillating detector
mode®® previously employed and requires a 27-
MHz signal to be weakly coupled into the Joseph-
son oscillator in addition to the dc bias /,. Mixing
of the josephson frequency, f; = IR/®,. and the
receiver frequency, f, = 27 MHz, by the nonlinear
behavior of the point contact produces signal at
Jo X [i. For f, less than the receiver bandwidth (150
kHz) the demodulated signal accurately repro-
duced f,, which is then filtered via a (vaiiable)
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Fig. 1. Schematic diagram of the experimental arrangemeni
for measuring the Josephson line-width. For the direct method
the 27-MHzs oacillator is turned off and the recorder input is
switched to the crystal flter channel; for the parametric method
thy —~corder is switched to the sarrow-hard amplifier c2:annel
amo vhe 27.MHz oecillasns is turned on at 2 low power level.

210

narrow-band audio amphifier. Again as in the direct
method above, this filtered signal is rectihed and
recorded as a function of /,. The obvious advantage
of the parametric over the direct method is that it
permits observation of f; in the audio frequency
region and below, where it is relatively easy to meas-
ure line-widths of the order of | Hz without
stringent stability conditions for /, and the rf-
frequency-determining components.

Some results of the measured line-widths Af are
given in Table 1. The accuracy of these data is
+10%. Some inconsistency is anticipated since the
observed line-shapes .ary with the operating point
of the rf detectors. Also the signal-to-roise ratio
was not sufficient to permit an accuraie line-width
determination and a time-averaging method would
be desirable. However, in the case of larg= Af the
direct and parametric measurements give the
same result showing that both methods measure
the same quantity.

The observed temperature dependence is shown
in Fig. 2 for the 26-ufl resistance using the para-
metric method. In Fig. 2(a) a 10-khz narrow-band
amplifier with a @ = 25 was used at nomina! tem-
peratures of 2, 4, and 8°K. In order to directly
compare the line-widths, Fig. 2(b) shows the re-
sponse where both the frequency scale and the
narrow-band amplifier f-equency are varied pro-
portional to 7. The Josephson line-widt:: from
voltage-biased point contacts is shown to be linear
in both 7T and R ove the ranges investigated. No
evidence of line brodening by other noise sources,
e.g., magnetic field tiuctuatio:.., ~~ceiver input noise
teeding back into the cryostat, or shot noise in the

junction, has been abserved in this study.

We can obtain 2 simple physical interpretation
of these results by considering the random fre-
quency modulation of the josephson oscillation

Table 1. Valver of thi Joecphoon Line-width as Functions of
Bias Res ata icx- It sad Absolute Temperastuze 7.

Line-width Af (Hz)

R TR Expevimen al'® Theory®
2.6 x 107 8 8200 P 5350
4.7 4500 D 2800
4.2 3800 I 4 2800
2 2100 P 1340
1.7 1700 D 1140
26 x 10~ 4.2 <i000 D 280
472 380 P 280
1.7 X j0-'* 4.2 <0.1 P 0.018

W' P — parametric rethec; D—direct method.
@ Calculated frorr Egq. (4).
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caused by thermal noise on the bias resistor. We
start with Nyquist's formula

(Vi) = UTRf. )

where (V) is the mean square noise voltage and
f- is the width of the band of noise to which the
system is sensitive. This extends from zero fre-
quency up to a cutoff which we estimate ty consider-
ing a single component of the noise spectrum at
frequency fo.

The spectrum of a sine wave which is f.equency
modulated over a range 3f about a center frequency
S+ at a 1~qdulation frequercy f, consists of an array
of equally spaced side bands at interval fa. All the
side bands of significant amplitude occur in 2 range
(fo — 8 0 (fa + 8), so that if f,, > &f there are no
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Fig. 2. of the temperature of the

Josephoen Hue-width wing the parametric method and R = 26
In (o) the sarrow-band amplifier is tuned o 10 kiis for
2 4, and K sumperstures. Iz (5) the sarrow-bend
is tumed o § kiiz at 2°K, 10 kHs at 4°K, sad 20 kHs

and the scale of J, is respectively compressed by a factor

S

laige side bands and a normal receiver would not
detect the modulation. This limit corresponds
physically to the variation of phase due to the modu-
laiion. This limit corresponds physically to the
variation of phase due to the modulation becoming
less than one cycle.

Using the Josephson relationship between voltage
and frequency we find

8 ~ (Vi)' 3)

where &, = h/2e. Applying the condition that f,
must not exceed 8f we find that the cutoff frequency
f- in Eq. (2) is of the same order of magnitude as
&f in Eq. (3). Equating f. and 8f, combining Eqgs. (2)
and (3), and defining the full line-width Af = 23,
we have

Af =~ 8KTR/®E = 2.57 x 10 RT. (4)

Equation (4) is consistent with much more rigor-
ous calculations by Scalapino® and by Burgess.” It
predicts correctly the order of magnitude of the
observed line-width as well as its linear deperxdence
onRandT.

A corollary of the above discussion is that the
line-width is independent of the frequency in agree-
ment with the observations. In the direct method
the Josephsen oscillator was operated at 27 MHz,
while in the parametric method it was operated at
audio frequencies and below. The data gven in the
last line of the table were obtained by operating
the Josephson oscillator at a frequency less than 1
Hz, at a bias voltage less than 107*® V. Such a device
may be used as a vcitmeter, wita sensitivity com-
parable to that reported for other quantum inter-
ference techniques.®
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