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The effect of temperature on the form of discrete changes in the current in highly inductive (�10�6 H)

doubly-connected superconductors with niobium-niobium clamped point contacts is determined

experimentally. The magnitude and duration of the voltage pulse on a doubly-connected superconduc-

tor is measured at the time of the discrete change in its current state. The pulse magnitude is close to

the energy gap 2D/e of the superconductor and its duration (�10�6 s) corresponds to the minimum

possible time (�10�12 s) for a change in the state of the contact when the depairing current through it

is reached. The measurement data are discussed in terms of models of the quantum interference of

currents in a doubly-connected superconductor with clamped point contacts in the form of a quantum

interferometer. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4915915]

1. Introduction

Periodic, as well as discrete, changes in low-induction

(L0 < 10�9 H at T ¼ 4.2 K) superconducting circuits in the

form of a ring with point contacts1–3 in an external magnetic

field were discovered in the 1960s. The reason for these

changes was quantization of the z-component of the canoni-

cal momentum (Mz) of Cooper pairs moving about the Z axis

along a closed superconducting circuit of radius r:

þ
Mzdu ¼

þ
prdu ¼

þ
pdl ¼ Nh; (1)

where p, h, and N are, respectively, the pair momentum,

Planck constant, and an integer. Given that p ¼ 2mvþ 2eA

(where 2m; v; 2e are the mass, velocity, and charge of the

Cooper pair and A is the vector potential of the magnetic

field) in a magnetic field perpendicular to the plane of the

ring, Eq. (1) can be used to obtain the relationship between

the circulating current i produced in this circuit and the mag-

netic flux U through the circuit.2 In a linear approximation

this relationship has the form

i ¼ ðnU0 � UÞ=cL0; (2)

where c ¼ ðm=ne2Þðt=rL0Þ, U0 is the quantum of magnetic

flux h=2e, n is the density of Cooper pairs, t and r are the

length and cross section of the point contact in the circuit,

and L0 is the inductance of the circuit. In the nonlinear

Josephson approximation this relationship is given by

i ¼ �ic sin½2pðL0iþ Ux � nU0Þ=U0�; (3)

where Ux ¼ U� L0i and Ux is the magnetic flux of the exter-

nal magnetic field. In the linear approximation, as opposed

to the Josephson approximation, the density of Cooper pairs

(n) is independent of the current. In the linear approximation

Eq. (2) implies that for ic ¼ U0=½2ð1þ cÞL0� (and for large

ic) the periodic sign-changing variations in the current i as a

function of the flux Ux become discrete. In real low-

inductance rings with point contacts, c � 1. The discrete

shift in the current i takes place when Ux ¼ 1=2U0. Then the

maximum negative and positive values of the current, di, are

equal to

di ¼ U0=2L0; (4)

if the condition

ic � di ¼ U0=ð2L0Þ; (5)

is satisfied.

Equation (3) implies that in the Josephson approxima-

tion, analogous changes start at

ic ¼ U0=ð2pL0Þ: (6)

As Eqs. (5) and (6) show, the equations are similar in both

approximations. Discrete changes in the current i correspond

to discrete (discontinuous) changes in the magnetic flux in

the circuit. It has been assumed2 that when these conditions

are satisfied the time dt for discrete switching of the current

state of a ring with a contact is comparable to the minimum

possible time s for switching of the current through the con-

tact owing to reaching the depairing current in the contact,

and the voltage Vi in the circuit at that time corresponds to

the energy gap of the superconducting gap D ¼ eVi eV:

Vi ¼
L0di

dt
¼ L0di

s
¼ L0ic

s
� L0ic

L0=RN
� icRN �

D
e
; (7)

where RN is the normal resistance of the contact. In particu-

lar, using Eq. (5) we obtain

Vi � D=e � U0=s: (8)

In the literature known to us there are no data on Vi for

cases where

ic > U0=ð2L0Þ or ic > U0=ð2pL0Þ: (9)

It should be noted that the small dimensions of these super-

conducting rings and the small expected values of s (e.g., for
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niobium s � 10�12 s at T ¼ 4.2 K) and Vi have thus far pre-

vented direct measurements of i(Ux), s, and Vi.

For clarity, Fig. 1 shows some dependences of

UðUxÞ; iðUxÞ;ViðtÞ for these processes calculated in the

linear approximation.2

A magnetic flux Ux through a circuit with a contact can

be created by a constant transport current I through the cir-

cuit, as well as by an external magnetic field. To do this the

leads for I must be positioned near the contact. In this case,

the part of the current I flowing along the larger branch of

the circuit will create Ux 6¼ 0. As a result, interference

occurs between the current I and the circulating current i.
Curves similar to those in Fig. 1 apply to low-inductance cir-

cuits with two parallel superconducting contacts.4–6 In these

circuits the current I can produce Ux, both because of the

asymmetric inductances of its branches and because of a dif-

ference in the critical currents of the contacts. These depend-

ences for circuits with one or two contacts have the

following common properties: periodicity owing to the

effect of a periodic magnetic flux U0 and the decisive role of

the magnitude of the modulation di of the circulating current

i(Ux).

Over the last few years we have studied discrete changes

in the current I1 in the high-inductance (L� 10�9 H) branch

of doubly-connected superconductor (DCS) with one and

two clamped point contacts (CPC)7–9 when a transport cur-

rent I flows through the DCS. Here the short branch of the

DCS is a clamped contact, through which a current I2 (I ¼ I1

þ I2) flows. The microstructure of the clamped point contact

plays an important role in understanding the reason for these

changes. Zimmerman and Silver1 were the first to point out

that a CPC is usually a unique miniature superconducting

quantum interferometer (SQI) with several microcontacts

with different critical points connected in parallel. In

papers7–9 dealing with a single fixed temperature (4.2 K), it

is proposed that periodic discrete variations in the current I1

in a DCS are a consequence of modulation of the critical cur-

rent (Ic2) of the CPC-SQI by the magnetic field of the vari-

able transport current I through the DCS. This modulation is

caused by quantum interference of the current I through the

DCS and the current i circulating in the CPC-SQI. The dis-

tinctive feature of the CPC-SQI and a necessary condition

for this modulation is its asymmetry, which ensure that the

relation Ux ¼ U ¼ U1 � U2 � U0=2 holds between the

fluxes U1 and U2 created by the currents IA and IB in the

branches of the interferometer with inductances LA and LB

(LA þ LB ¼ L0) and the quantum of flux U0.

As opposed to low-inductance SQI, in the high-

induction DCS with CPC that we have studied it is possible

to make direct measurements of the amplitude of the discrete

changes in the current I1 (equal to the discrete changes in the

circulating current i), their duration dt, and the correspond-

ing voltages. This may, in turn, be a new alternative method

for measuring D and s.

This paper is an experimental test of this possibility and

clarifies the temperature dependence of the observed discrete

variations in the current in high-inductance DCS with CPC.

2. Experimental setup

The experimental measurements were made using the

DCS shown in Fig. 2(a). Figure 2(b) shows the bias circuit

for this DCS in the case where the CPC consists of an SQI

with two microcontacts (A and B) with different critical cur-

rents (IcA and IcB). The normal resistance (RN) of a contact

isolated from the DCS was measured by a traditional four

probe method at T ¼ 10 K and found to be about 0.25 X.

The high-inductance DCS loop of niobium microwire

contains two superconducting coils with inductances L3 �
0.6 	 10�6 H and L4 � 10�6 H. The sum (L) of these induc-

tances mainly determines the geometrical inductance of the

DCS loop. The coil with inductance L3 is wound on the core

of a ferroprobe as described in Ref. 7. The 10-turn coil with

inductance L4 is the primary winding of a cryogenic pulse

transformer. The transformer consists of a toroidal magnetic

circuit with two identical windings. The transformer is

intended to convert a jump in the current I1 in the large

branch of the DCS into a voltage pulse on its secondary

winding. The transformer ratio is 0.5. The magnetic circuit is

made of high-frequency ferrite. Ferrite was chosen after an

analysis of published data on the high-frequency and temper-

ature properties of magnetic materials10,11 and measure-

ments of the temperature dependence of the magnetic

FIG. 1. Calculated dependences of the relative magnetic flux U/U0 (a),

circulating current L0i/U0 (b), and pulsed voltage Vi (c) as functions of the

external magnetic flux Ux through a low-inductance circuit with a point

contact in the linear approximation of Silver and Zimmerman2 for the case

of ic � U0/(2L0).
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permeability of several brands of domestically manufactured

ferrites over 300–4.2 K. The chosen ferrite has the smallest

drop in permeability when the temperature is reduced to

4.2 K. The voltage pulse on the secondary winding of the

transformer was recorded by an S1–83 oscilloscope with a

sensitivity of 0.1 mV for a 1 mm deflection of the beam on

the screen. A niobium-niobium CPC was formed at the inter-

section of the niobium microwires by a method described in

Ref. 7. Basic information on the transport and dynamic prop-

erties of the DCS was obtained by analyzing the dependen-

ces of the current I1 in the large branch of the DCS on the

transport current I at temperatures of 4.2–10 K and the time

(t) dependences of the voltage pulse Vi4* on the secondary

winding of the transformer at T ¼ 4.2 K. Intermediate tem-

peratures were obtained by placing the DCS in the gaseous

medium of the cryostat at different distances from the liquid

helium surface. In the measurements of I1(I) a constant trans-

port current was passed through the DCS and the value of I1,

proportional to the magnitude of the magnetic field measured

by the ferroprobe, was recorded. The I1(I) curve was

recorded with a type N-309 chart recorder. Vi(t) was meas-

ured by passing a low-frequency alternating transport current

I of varying amplitudes in excess of the critical current of

the CPC through the DCS. The principle of the measure-

ments of Vi4*(t) curves is illustrated in Fig. 4.

3. Experimental results and discussion

First we present the results of the measurements of I1(t)
for different temperatures. Figure 3 shows plots of I1(t) for

temperatures of 4.2, 8.0, and 8.5 K.

In Fig. 3(a) the I1(t) curve is similar to the dependences

with periodic steps in the current I1 that we observed previ-

ously at T ¼ 4.2 K.7,8 The first jump in I1 takes place when

the transport current I reaches the critical current of the CPC

(Ic2). The current jumps take place so rapidly that the re-

corder pen carriage overshoots to values of I1 exceeding the

actual step height. Then the pen returns spontaneously to the

true value of the step (one such segment is indicated in Fig.

3(a) by a circle). Ic2 becomes smaller for T > 4.2 K in the

I1(I) curves and the shape of the steps changes and they

finally disappear (Fig. 3(c)).

Before explaining the effect of temperature on the I1(t)
curves, let us examine our model for the formation of this

curve. We know from our past experiments that the height

(dI1) and width (dI) of the steps in the I1(t) curves are equal

to one another. Given the periodic character of these depend-

ences, we can assume that each of these currents corresponds

to the formation of a quantum of magnetic flux U0 in an in-

terferometer containing two microcontacts. This means that

the current dI creates the exciting magnetic flux and the cur-

rent dI1 is equal to the maximum value of the current di cir-

culating in the interferometer and is the diamagnetic

response to the exciting flux. The flux of this response is

equal to the magnitude of the exciting flux.

These fluxes are created by currents flowing along iden-

tical segments of the niobium microwires that form the CPC.

This ensures that dI ¼ dI1. It can be seen in Fig. 3(a) that

Ic2=dI1 � 3. The transport current I serves two functions: it

ensures that the state of the CPC is close to critical and cre-

ates a magnetic flux U ¼ Ux that acts on the CPC-SQI cir-

cuit. In the superconducting state of the CPC the current I is

distributed over the two branches of the DCS in inverse pro-

portion to their inductances L1 and L2. Since L1 � L2, the

current I flows mainly through the CPC. When a current I
close to Ic2 is reached, according to Eq. (4) the circulating

current i reaches its maximum in a time comparable to s.

Over this time resistance develops in the CPC. This causes

switching of a part dI ¼ dI1 of the transport current into the

large superconducting branch of the DCS by an amount

dI ¼ dI1 ¼ di ¼ U0=2L0: (10)

The current I through the CPC-SQI decreases by dI and

the contact again becomes superconducting. With further

increase in the current I and the corresponding flux U ¼ Ux,

the circulating current decreases as shown in Fig. 1(b). Here

the current I1 ¼ dI1 cannot change because of the conserva-

tion of magnetic flux in the large loop of the DCS and

remains unchanged until there is a new jump in the interfer-

ometer current i as U increases. Thus, after U changes by

one quantum of flux the picture is repeated and the next step

in the current I1 appears. It is clear from this description of

the changes in the current state of the DCS that the transport

FIG. 2. (a) Measurement circuit for studying the current states of a DCS with a clamped point contact at the intersection (x) of the DCS microwires: (1) ferrop-

robe detector for measuring the magnetic field of the current I1 through the inductor L3, (2) detector signal amplifier, (3) recorder for the magnitude of the

measured magnetic field, (4) oscilloscope for measuring the voltage pulses Vi on the secondary winding of the transformer at the time of a discrete change in

the current I1 through its primary winding with inductance L4, (5) cryostat. (b) Electrical bias circuit for the DCS loop in which the CPC is shown as an

asymmetric superconducting quantum interferometer (1) with two microcontacts A and B with different critical currents and inserted in a branch with a

different inductance; U is the magnetic flux through the loop of the superconducting quantum interferometer.
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current I2 through the CPC never reaches the critical value.

It only keeps the state of the contact close to critical for all

values of I at which discrete changes in I1 are observed in

the I1(I) curve. The closeness to the critical state constitutes

a fraction di (10). This fraction cannot be determined using

the classical model for the distribution of the current I in a

circuit with parallel branches, since discrete switching of

part of it into the branch with inductance L1 is a purely quan-

tum mechanical effect.

The critical state with the appearance of a resistive con-

tact is, therefore, only caused by a quantum jump by di ¼ ic

in the current i.
Equation (10) can be used to estimate L0. After substitut-

ing the experimental values dI ¼ dI1 ¼ 9 mA, we obtain L0 �

10�13 H. To test the agreement between the inductance of our

CPC-SQI and the calculated value, we estimate it from the

dimensions of the SQI circuit. The diameter d of a clamped

point microcontact can be estimated using the expression12

d � q=R; (11)

where q is the resistivity of niobium. For q ¼ 10�8 X
m and

RN � 0.25 X, we obtain d � 4 	 10�8 m. Since the cross

section s of the microcontact and its length t are related by

s � d2 � t2 (Ref. 2) and the distance between the microcon-

tacts of the SQI can be comparable to its diameter, the effec-

tive diameter of the SQI loop is comparable to the diameter

d. The approximate inductance L0 of an SQI loop with diam-

eter d is given by13

FIG. 3. The current I1 in the large

branch of the DCS as a function of the

transport current I through the DCS at

temperatures of 4.2 (a), 8.0 (b), and

8.5 K (c). The bias circuits of the DCS

is shown on the right. In these circuits

1 denotes the interferometer circuit, U
is the magnetic flux acting on the inter-

ferometer, and A, B, and C are the

microcontacts in the interferometer

structures for the circuits of (a) and

(b); in the circuit (c) A denotes the re-

sistance of the microcontact A.
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L0 � 4p	 10�7d: (12)

Equation (12) implies that L0 � 4 	 10�14 H. This is

close to 10�13 H, which means that conditions (4) and (10)

are satisfied approximately; these conditions are necessary

for the existence of discrete transitions in the circulating cur-

rent in our SQI-CPC and the corresponding step dependen-

ces of I1(I) with changes in the transport current through the

DCS.

The above results can be used to test the proposed model

for the periodic step dependence of I1(I) in Fig. 3(a). The

complete absence of steps in Fig. 3(c) at T ¼ 8.5 K can be

explained by the disappearance of superconductivity in the

weaker of the two microcontacts, which form an interferom-

eter at T ¼ 4.2 K and not in the one with a higher critical cur-

rent. This leads to termination of the periodic modulation of

the critical current of the CPC by the magnetic field of the

current I. The critical current of the DCS becomes equal to

the critical current (Ic2 � 16 mA) of the only superconduct-

ing contact of the CPC. The shape of the I1(I) current for T
¼ 8.0 K (Fig. 3(b)) is intermediate between the periodic cur-

rent steps at T ¼ 4.2 K and the curve without any steps at T
¼ 8.5 K. When I > Ic2 this curve contains segments with and

without steps. A possible explanation for this nonuniform

dependence may be the formation of CPC-SQI with more

than two different microcontacts at a given temperature.

Further study is needed for a conclusive determination of the

reasons for this kind of dependence.

The transformation of the I1(I) curves at different tem-

peratures is, therefore, a confirmation of the decisive role of

the properties of the CPC as a quantum interferometer in the

appearance of discrete current states in a high-inductance

DCS. This transformation also confirms the assumption that

there are different critical currents for the constituent micro-

contacts in the interferometer. In sum, we can say that it is

possible to choose a CPC with the structure of a two-contact

SQI by varying the temperature.

We now turn to an experimental study of the parameters

of the voltage pulse during discrete changes in the current I1

in the I1(I) curve at T ¼ 4.2 K. Figure 4 illustrates the method

for obtaining voltage pulses Vi4* on the oscilloscope screen

when alternating transport currents I with different ampli-

tudes (I, II, III) are passed through the DCS. The frequency

of the alternating current is 100 Hz.

Figure 4 shows that, for the lowest amplitude (I) of the

current, discrete changes in I1 occur in the form of a

sequence of steps 1 and 5 in the current I. For amplitude II

the changes in I1 occur with successive flow of the current I
in steps 8, 1, 5, and 6. For amplitude III the changes in I1

occur with successive passage of steps 8, 1, 2, 6, 5, and 4.

During each change in I1, voltage pulses

Vi3 ¼ L3dI1=dt; (13)

and

Vi4 ¼ L4dI1=dt; (14)

appear on the inductances L3 and L4, where dt is the pulse

duration. The voltage Vi4 is converted into a voltage Vi4* on

the secondary winding of the transformer which is recorded

on the oscilloscope screen.

Figure 5 shows some oscilloscope traces of the voltage

pulses on the secondary winding of the cryogenic trans-

former for different amplitudes of the low-frequency trans-

port current through the DCS at T ¼ 4.2 K.

A comparison of Figs. 4 and 5 demonstrates the consis-

tency of the computational and experimental pictures of the

origin of the pulsed voltage at the times of the jumps in the

currents i and I1.

Rescaling the detected amplitude of the pulsed voltage

V�i4 to the voltage VDCS
i ¼ Vi3 þ Vi4 on the entire DCS cir-

cuit, including the transformer ratio for this voltage into the

voltage on the primary winding Vi4 and Eqs. (13) and (14),

FIG. 4. Scheme for obtaining different numbers of voltage pulses Vi4* on

the oscilloscope screen with an alternating transport current I through the

DCS: (a) experimental dependence I1(I) at T ¼ 4.2 K; (b) variation in the

current I during a single period for three different amplitudes I, II, III; (c)

the expected pattern of the voltage pulses on the oscilloscope screen (1–8

denote the numbers of the steps in the current I1 excited for different ampli-

tudes of the current I).
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gives VDCS
i ð4:2 KÞ ¼ ð2:660:2Þ mV. The experimental value

is close to the gap for niobium measured by a tunnel method

(2.8 meV).14 The temperature dependence VDCS
i ðTÞ is shown

in Fig. 6 as a plot of the experimental data and the known

dependences of the relative gap DðTÞ=Dð0Þ as functions of

relative temperature T/Tc.
14 The experimental values are

close to the niobium gaps measured by tunnelling. The dura-

tion (dt) of the voltage pulse is in the range of 10�6–10�5 s.

The accuracy with which the shape and duration of the

pulses are recorded on the oscilloscope is limited by the

level of noise reduction in the measurement circuit. The av-

erage duration of the pulse can be found using the formula

VDCS
i � LdI1=dt: (15)

Substituting the experimental values of VDCS
i ; L; dI1 gives dt

� 0.6 	 10�5 s.

It should be noted that a calculation of the time constant

(L/RN) of the DCS circuit at the time of a jump in the current

I1 and of the resistance of the CPC gives a value consistent

with Eq. (15).

These results yield the following conclusions. The am-

plitude of the voltage pulses on the DCS and CPC is close to

the energy gap for niobium.14 In this regard, the measured

value (VDCS
i ) is close to the measured gap singularity in the

current-voltage characteristic of an Nb-I-Nb tunnel con-

tact.14 At the same time, we have the question of why does

VDCS
i differ so much from the traditional estimate of the gap

given by D=e � Ic2RN? If we replace I ¼ Ic2 � 30 mA by

dI1=2 ¼ ic � 4:5 mA from our experiment, we get D/e ¼
1.15 mV, which is close to D/e for niobium14 at T ¼ 4.2 K

(D/e ¼ 1.4 mV). The correctness of this substitution is

explained by the fact that in our experiments the

transport current I serves two functions: it creates a magnetic

flux U ¼ Ux through the CPC-SQI and brings the SQI to a

critical state that differs from it by di � ic. This can be repre-

sented using Fig. 1(b) if the origin for Ux/U0 is taken at

I � Ic2 � ic. As Ux/U0 increases from 0 to 1/2 the absolute

magnitude of i rises to the critical state of the SQI with a dis-

crete change in i by 2ic. This shows that a circulating current

of Cooper pairs i, in other words a periodic process of elec-

tron depairing followed by pairing at Ux=U0 ¼ ðk þ 1=2Þ,
where k ¼ 0, 1, 2, 3,…, controls the periodic change in the

critical state of the CPC-SQI, and the transport current in

this case is an auxiliary participant in the process.

Therefore, the proposed technique of simultaneously

measuring the amplitude and duration of the voltage pulse

on the DCS may be an new alternative way of measuring the

energy gap of superconductors and the time for changes in

the discrete current state of quantum interferometers.

The duration of the voltage pulse on the DCS (15) is

many orders of magnitude greater than the value calculated

for an isolated quantum interferometer2 (s � 10�12 s). This

differences is caused by the much larger inductance of the

DCS circuit (L � 10�6 H) compared to the inductance of an

isolated interferometer (L0 � 10�13 H). In fact, given the

equality of VDCS
i (15) and Vi (7) in the structure of a DCS, it

follows that LdI1=dt ¼ Loic=s. Since dI1 � ic, we find dt/s ¼
L/L0, which means that

s � ðL0=LÞdt: (16)

FIG. 5. Oscilloscope traces of the voltage pulses Vi4* on the secondary

winding of the transformer inserted in the DCS circuit for three values of the

amplitude of the 100 Hz alternating current I (Ia < Ib < Ic). (The horizontal

edges of the white squares correspond to 10�3 s and the vertical edges, to

1 mV.)

FIG. 6. Relative values of the energy gap of niobium as a function of the

relative temperature according to the BCS theory and experimental values

of the gap derived from measurements of the characteristics of tunnel

contacts14 (w) and from our measurements of voltage pulses Vi
DCS on DCS.
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This value of dt is in the radio-frequency range of the

observed voltage pulses on a DCS. It follows from Eq. (16)

that

sNb � 10�12c; (17)

which is close to a calculated estimate of this quantity.2

It also follows from the experiment that the power P of

each voltage pulse on the DCS is equal to P � VDCS
i dI1 �

2	 10�5 W. Equation (16) implies that the pulse duration

(dt) of the voltage on the DCS can be controlled by changing

the ratio of the inductances of the DCS and the

interferometer.

The accuracy of a simultaneous determination of the

energy D of a discrete state of a quantum system and its life-

time s is limited by the Heisenberg uncertainty relation D
s
� h. The experimental data obtained here confirm this.

Substituting DNbð4:2 KÞ � ð1:4	 10�3 VÞð1:6	 10�19 CÞ ¼
2:2	 10�22 J and s � 10�12 s yields �2.2 	 10�34 J
s, a

value close to h.

We have, therefore, shown for the first time that the

transformation of quantum discrete values of the current in a

superconducting interferometer into discrete values of the

current in the large shunt inductance of a DCS loop can be

used for simultaneous measurement of the superconductor

gap and the duration of the voltage pulses on the DCS. The

measured pulse durations can be used to estimate the mini-

mum possible time for a quantum discrete transition in the

CPC of the interferometer. The duration of the transition

determines the maximum attainable speed of superconduct-

ing computing devices.

Successful measurement of these parameters became

possible because of discrete processes in a combined high-

inductance DCSþ quantum interferometer structure at lower

frequencies than in an isolated interferometer. This, in turn,

has made it possible to use simpler and more accessible low-

frequency means of measurement.

It should be noted that discrete changes in the current

state are also observed in DCS with CPC during changes in

an external magnetic field.9 This makes it possible to mea-

sure the energy gap of superconductors using a DCS without

activating it from a source of constant transport current.

The data obtained here on the parameters of the voltage

pulses VDCS
i are an important addition to our earlier7 model

of discrete changes in the current states of DCS with CPC

and confirm our assumption about switching of the transport

current into the high-inductance loop of a DCS in connection

with a discrete change in the circulating current in a CPC-

SQI acted on by a magnetic flux created by the transport cur-

rent through the DCS.

4. Conclusions

In an experimental study of a high-inductance doubly

connected superconductor with a niobium-niobium clamped

point contact we have found that temperature has a signifi-

cant effect on the form of the dependences of the current I1

through the large branch of a DCS on the transport current I
through the DCS. This effect is explained by a difference in

the temperature dependences of the critical currents of the

microcontacts in the CPC in the 4.2–9 K range. In particular,

at T ¼ 4.2 K a clamped point contact contains only two par-

allel superconducting microcontacts that form a supercon-

ducting quantum interferometer with the necessary

parameters for studying discrete current changes.

The conversion of discrete changes in the current in the

large branch of a DCS into a pulsed voltage on that branch

using a cryogenic transformer has shown that it is close to

the energy gap of niobium. This new method of obtaining in-

formation on the energy gap of superconductors and its tem-

perature dependence may be an alternative (and in some

cases, simpler) to the earlier method (in particular, the tun-

nelling and infrared absorption methods). At the same time,

we have determined the range of the duration of the voltage

pulse on a DCS during discrete change in the quantum state

of a CPC-SQI. The measured durations dt of the change in

the discrete change in the current state of a DCS with a

CPC-SQI turned out to be many orders of magnitude greater

than the expected s for an isolated quantum interferometer.

This means that the switching of the transport current from a

quantum interferometer into the high-inductance branch of a

DCS is considerably shorter than the assumed switching rate

during a quantum change in the current state of an isolated

low-inductance interferometer. It has been shown that the

slowing down factor is proportional to the ratio of the induc-

tances of the DCS loop and the interferometer itself. Scaling

of dt to s with this circumstance taken into account has made

it possible to obtain a previously predicted, but unmeasured,

value of s (�10�12 s). Further improvement in the technique

for recording the observed voltage pulse should yield more

precise values of these parameters.
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