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Dynamic transitions between metastable states in a superconducting ring

D. Y. Vodolazov and F. M. Peeters*
Departement Natuurkunde, Universiteit Antwerpen (UIA), Universiteitsplein 1, B-2610 Antwerpen, Belgium

~Received 7 June 2002; published 29 August 2002!

Applying the time-dependent Ginzburg-Landau equations, transitions between metastable states of a super-
conducting ring are investigated in the presence of an external magnetic field. It is shown that if the ring
exhibits several metastable states at a particular magnetic field, the transition from one metastable state to
another one is governed byboth the relaxation time of the absolute value of the order parametert ucu and the
relaxation time of the phase of the order parametertf . We found that the larger the ratiot ucu /tf , the closer
the final state will be to the absolute minimum of the free energy, i.e., the thermodynamic equilibrium. The
transition to the final state occurs through a subsequent set ofsinglephase slips at a particular point along the
ring.
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I. INTRODUCTION

The fast development of experimental techniques ma
possible the study of physical properties of samples w
sizes of about several nanometers. The interest in such s
objects is due to the appearance of new effects if the siz
the system is comparable to some characteristic length
the case of superconductors it means that the sample sh
have one size at least of order of the coherence lengj
~such superconductors are called ‘‘mesoscopic’’ superc
ductors!. For example, only for hollow cylinders or rings o
radius;j it is possible to observe the famous Little-Par
oscillations.1

The majority of the research in this area has been lim
to the study of static or quasistatic properties of mesosco
superconducting rings, disks, and other geometries.2 It is sur-
prising that the dynamics in such systems was practically
studied. However, it turns out that the dynamics is very i
portant for systems that exhibit a series of metastable st
and that may be brought far from thermal equilibrium. F
such systems the fundamental problem is to determine
final state to which the system will transit~see for example
Ref. 3!.

In the present work, we present a detailed study of
dynamic transitions between different states in a mesosc
superconducting ring. This system is a typical example of
above-mentioned systems where a set of metastable s
exist. We will show that the final state depends crucially
the ratio between the relaxation time of the absolute valu
the order parameter and the time of change of the phas
the order parameter. Our theoretical results explain the re
magnetization results of Pedersenet al.4 in thin and narrow
superconducting Al rings.

To solve this problem we present a numerical study of
time-dependent Ginzburg-Landau~TDGL! equations. There-
fore, our results will also be applicable to other systems~for
example, liquid helium! where the dynamics are describe
by these or similar equations. In our approach we neglect
self-field of the ring~which is valid if the width and thick-
ness of the ring are less thanl, the London penetration
length! and hence the distribution of the magnetic field a
the vector potential are known functions. The tim
0163-1829/2002/66~5!/054537~7!/$20.00 66 0545
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dependent GL equations in this case are

uS ]c

]t
1 iwc D5~“2 iA!2c1c~12ucu2!1x, ~1a!

Dw5div$Im@c* ~“2 iA!c#%, ~1b!

wherec5ucueif is the order parameter, the vector potent
A is scaled in unitsF0 /(2pj) ~whereF0 is the quantum of
magnetic flux!, and the coordinates are in units of the coh
ence lengthj(T). In these units the magnetic field is scale
by Hc2 and the current density,j, by j 05cF0/8p2l2j. Time
is scaled in units of the Ginzburg-Landau relaxation tim
tGL54psnl2/c2, the electrostatic potentialw is in units of
cF0/8p2jlsn (sn is the normal-state conductivity!, andu is
a relaxation constant. In our numerical calculations we u
the new variableU5exp(2i*A dr ), which guarantees gaug
invariance of the vector potential on the grid. We also int
duced small white noisex in our system, the size of which i
much smaller than the barrier height between the metast
states.

We consideru as an adjustable parameter, which is a m
sure of the different relaxation times~for example, the relax-
ation time of the absolute value of the order parameter! in the
superconductor. This approach is motivated by the follow
observations. From an analysis of the general microsco
equations, which are based on the BCS model, the relaxa
constantu was determined in two limiting cases:u512 for
dirty gapless superconductors5 and u55.79 for supercon-
ductors with weak depairing.6,7 However, this microscopic
theory is built on several assumptions—for example,
electron-electron interaction is of the BCS form, which i
fluences the exact value ofu. On the other hand, the station
ary and time-dependent Ginzburg-Landau equations, E
~1a! and ~1b!, are in some sense more general, and th
general form does not depend on the specific microsco
model~but the value of the parameters, of course, are de
mined by the microscopic theories!.8

The paper is organized as follows. In Sec. II we pres
our numerical results for the solution of Eqs.~1a! and ~1b!
for the strictly one-dimensional ring. In Sec. III we expla
the obtained results in terms of different time scales of
©2002 The American Physical Society37-1
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mesoscopic superconductor. The effect of the finite width
the ring is studied in Sec. IV, where we also discuss
influence of nonzero temperature and finitel.

II. SUPERCONDUCTING RING OUT OF EQUILIBRIUM

If the width of the ring is much smaller thanj and l'

5l2/d (d is the film thickness! it is possible to consider the
ring, of radiusR, as a one-dimensional object. At first w
limit ourselves to the solution of the strictly one-dimension
equations~1a! and ~1b! that model the dynamics of a rin
with small width. In our approach the vector potential
equal toA5HR/2, whereH is the applied magnetic field.

As shown in Refs. 9 and 10 the transition of the sup
conducting ring from a state with vorticityL5r¹f ds/2p
~which in general can be a metastable state! to a state with a
different vorticity occurs when the absolute value of t
gauge-invariant momentump5“f2A reaches the critica
value

pc5
1

A3
A11

1

2R2
. ~2!

Let us, for simplicity, consider that the magnetic field is i
creased from zero~with initial vorticity of the ring L50) to
the criticalHc , wherep becomes equal topc ~for L50 we
haveHc52pc /R). In this casep52A and we can write Eq.
~2! as

Fc /F05
R

A3
A11

1

2R2
. ~3!

For this value of the flux the thermodynamical equilibriu
state becomesLeq5Int(Fc /F0). For example, ifR510 we
find Leq56 ~see Fig. 1!. The fundamental question we wa
to answer is: What will be the actual value of the vorticity
the final state? Will it be the thermodynamic equilibriu
state or a metastable one? This answer will be obtained f
a numerical solution of the time-dependent Ginzburg-Lan
equations.

FIG. 1. Dependence of the free energy of the one-dimensio
ring ~with R510j) on the applied magnetic field for different vo
ticity L.
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For our numerical calculations we considered two diffe
ent rings with radiiR510 andR515. These values were
chosen such that the final state exhibits several metast
states and, in principle, transitions can occur with jumps iL
that are larger than unity. ForR510, DL may attain values
between 1 and 6, and forR515 it may range from 1 to 9.
Smaller rings have a smaller range of possibleDL values.
We found that larger rings thanR515 did not lead to new
effects and are therefore not considered here. In our num
cal simulations we increasedH gradually from zero to a
valueHc1DH ~we tookDH50.036Hc for R510 andDH
50.012Hc for R515) during a time intervalDt, after which
the magnetic field was kept constant. The magnetic fieldDH
and timeDt ranges were chosen sufficiently large in order
speed up the initial time for the nucleation of the phase s
process, but still sufficiently small in order to model re
experimental situations in whichH is increased during a time
much larger thanutGL @for example, for Al tGL(T50)
.10211 s#. A change ofDH andDt, within realistic bound-
aries, did not have an influence on our final results.

From our detailed numerical analysis, we found that
vorticity L of the final state of the ring depends on the val
of u and is not necessarily equal toLeq. The larger theu the
larger the vorticity after the transition. The final state
reached in the following manner. When the magnetic fi
increases the order parameter decreases@see inset of Fig.
2~a!#. First, in a single point of the ring a local suppressio
in comparison with other points, of the order parameter
curs, which deepens gradually with time during the init
part of the development of the instability. This time scale
taken as the time at which the value of the order param
decreases from 1 to 0.4 in its minimal point. When the or
parameter reaches the value;0.4 in its minimal point the
process speeds up considerably and the order param
starts to oscillate in time at this point along the ring@see Fig.
2~a!#. At the same time the oscillatory behavior of the sup
conductingj s5Re@c* (2 i“2A)c# @Fig. 2~b!# and the nor-
mal jn52“w @Fig. 2~c!# current density is found at the
point where the minimal value of the order parameter
found. At other places in the ring such oscillatory behavior
strongly damped~see, e.g., the thin curves in Fig. 2!. After
some time the system evolves to a new stable state, whic
the situation of Fig. 2 isL53 for R510 and L55 for
R515.

In Fig. 3 the dependence onu of the dynamics ofucu in
the minimal point is illustrated. Note that with increasin
value of u the number of phase slips~or equivalently the
number of oscillations of the order parameter at its minim
point! increases and henceDL also increases. Another im
portant property is that the amplitude of those oscillatio
decreases with increasingu.

III. TIME SCALES

The above results lead us to conclude that in a superc
ducting ring there are two characteristic time scales. Fi
there is the relaxation time of the absolute value of the or
parametert ucu . The second time scale is determined by t
time between the phase slips~PS’s!, i.e., the period of oscil-
lation of the value of the order parameter at its minimal po
~see Fig. 3!. Below we show that the latter time is directl

al
7-2



de
he

e

it
d

h
re
e

th

p
ti-

the

t

r

ic

al

der
val-
the

ns.

-
en-

DYNAMIC TRANSITIONS BETWEEN METASTABLE . . . PHYSICAL REVIEW B 66, 054537 ~2002!
proportional to the time of change of phase of the or
parametertf and is connected to the relaxation time of t
charge imbalance in the system.

In Fig. 4 the distribution of the absolute value of the ord
parameterc and the gauge-invariant momentump are shown
near the point where the first phase slip occurs for a ring w
radius R510 andu53 at different times: just before an
after the first PS which occurs att.2.7tGL . Before the mo-
ment of the phase slip the order parameter decreases w
after the PS it increases. In order to understand this diffe
behavior let us rewrite Eq.~1a! separately for the absolut
value ucu and the phasef of the order parameter

u
]ucu
]t

5
]2ucu

]s2
1ucu~12ucu22p2!, ~4a!

]f

]t
52w2

1

uucu2
] j n

]s
. ~4b!

Heres is the arc coordinate along the ring and we used
condition div(j s1 j n)50. It is obvious from Eq.~4a! that if
the right-hand side~RHS! of Eq. ~4a! is negative,ucu de-
creases in time, and if the RHS is positive,ucu will increase
in time. Because the second derivative ofucu is always posi-
tive @at least near the phase-slip center—see Fig. 4~a!# the

FIG. 2. Dependence of~a! the order parameter,~b! the super-
conducting j s , and ~c! the normal j n current density at the poin
where the minimal~thick curves! and the maximal~thin curves!
values of the order parameter is reached as function of time fou
53, R510 ~dotted curves! and R515 ~solid curves!. For both
rings we tookDt5100, the time interval over which the magnet
field is increased to its valueHc @inset of ~a!#.
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different time dependence ofucu is governed by the term
2p2ucu. From Fig. 4~b! it is clear that after the phase sli
the value ofp is less than before this moment, with prac
cally the same distribution ofucu. It is this fact that is re-
sponsible for an increase of the order parameter just after

FIG. 3. The dynamics of the order parameter in its minim
point for different values of the parameteru and for two values of
the radiusR510j ~dotted curves! andR515j ~solid curves!. The
zero of time is taken at the moment when the value of the or
parameter becomes equal to 0.4 in its minimal point. Nonzero
ues ofucu near the moment of the phase slip are connected to
finite coordinate and time step used in the numerical calculatio

FIG. 4. Distribution of~a! the absolute value of the order pa
rameter and~b! gauge-invariant momentum near the phase-slip c
ter at different moments of time for a ring ofR510j and with u
53. The phase slip occurs att.2.7tGL .
7-3
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D. Y. VODOLAZOV AND F. M. PEETERS PHYSICAL REVIEW B66, 054537 ~2002!
moment of the phase slip. But at some moment of time
momentump can become sufficiently large, making the RH
of Eq. ~4a! negative, and as a consequenceucu starts to de-
crease.

Based on our numerical calculations we may state that
every value of the order parameter in the minimal poi
there exists a critical value of the momentumpc

min such that
if the value of the momentum in this point is less thanpc

min ,
the order parameter will increase in time. In the oppos
case the order parameter decreases, which leads ultimate
the phase-slip process. Therefore, when after a phase sp
increases fast enough such that at some moment the c
tion pmin.pc

min is fulfilled, the order parameter will start t
decrease, which leads then to a new phase-slip process

From our results we can conclude that the change ofp ~or
phase of the order parameter! with time and ofucu with time
has a different dependence onu. Indeed from Figs. 2 and 3 i
follows that with increasingu the time relaxation ofucu be-
comes larger with respect to the relaxation time forp ~for
example, the amplitude of oscillations ofucu is decreased!.
Moreover, the relaxation time forp depends not only onu
but also on the history of the system: the larger the num
of phase slips that have occurred in the system, the lon
the time between the next two subsequent phase slips
order to understand such behavior we turn to Eq.~4b!.

Numerical analysis shows that the second term in
RHS of Eq.~4b! is only important for some length near th
phase-slip center. This length is nothing else than the len
over which, the electric field penetrates into the superc
ductor. We checked this directly by solving Eqs.~1a! and
~1b! for this situation. But this length is the decay lengthlQ
of the charge imbalance in the superconductor~see, for ex-
ample, Refs. 11 and 12!. We numerically found thatlQ
varies with u ~in the rangeu51 –100) aslQ;u20.27. It
means that the relaxation time of the charge imbalanc
tQ;lQ

2 ;u20.54.
Lets take the derivative]/]s on both sides of Eq.~4b! and

integrate it over a distance oflQ near the PS center~far from
it we have j n;0). We obtain the Josephson relation~in di-
mensionless units!

dDf

dt
5V; j n~0!lQ , ~5!

where Df5f(1lQ)2f(2lQ) is the phase difference
over the phase-slip center, which leads to the voltageV5
2@w(1lQ)2w(2lQ)# and wherej n(0) is the normal cur-
rent ~or electric field in our units! in the point of the phase
slip. From Eq.~5! it follows immediately that the relaxation
time for the phase of the order parameter near the phase
center is

tf;
1

lQ^u j n~0!u&
, ~6!

where^•& means averaging over time between two conse
tive phase slips. This result allows us to qualitatively expl
our numerical results. Indeed, from Fig. 2~c! it is apparent
that ^u j n(0)u& decreases after each PS and as a result it le
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to an increase oftf . With increasingu, lQ decreases andtf

increases. Fitting our data~see Fig. 5! leads to the dependen
ciestf;u0.21 andtf;u0.23 for rings with radiusR510 and
R515, respectively~here tf was defined as the time be
tween the first and the second phase slip!. This is close to the
expected dependencies that follow from Eq.~6! and from the
above dependence oflQ(u) ~quantitative differences follow
from uncertainty in our findingtf andlQ). Besides, Eq.~6!
allows us to explain the decrease oftf with increasing radius
of the ring ~see inset in Fig. 5!. Namely, during the time
between two phase slips the gauge-invariant momentum
creases asDp;1/R ~because¹f increases as;2p/2pR) in
the system. Far from the phase-slip center the total cur
practically is equal toj s;p. Because div(j s1 j n)50 in the
ring we see directly that during this time the normal curre
density in the point of the phase slip also decreases as;1/R.
Taking into account Eq.~6! we can conclude thattf should
vary as;1/R ~at least for a large radius and for the fir
phase slip!. The behavior shown in the inset of Fig. 5 is ve
close to such a dependence~it is interesting to note that in
contrast totf the timet ucu does not actually depend onR).

On the basis of our results we can make the followi
statement: When the period of oscillation~time of change of
the phase of the order parameter! becomes of the order, o
larger, than the relaxation time of the absolute value of
order parameter the next phase slip becomes impossib
the system.

This result can be applied to the system of Ref. 13 wh
a current-carrying wire was studied. The authors found
critical current j c50.335 for u55.79 and j c50.291 for u
512. From our observation follows that the phase-slip so
tion may be realized as a stable solution whent ucu.tf
;1/(lQ^u j n(0)u&). We found thatlQ;u20.27, t ucu;u0.6,

FIG. 5. Dependence of the initial nucleation timet0 ~curves
1,2!, the relaxation time of the order parametert ucu ~which for
definiteness we defined as the time of variation of the order par
eter from 0.4 till the first PS, curves 3,4!, and the relaxation time of
the phase of the order parametertf ~we defined it here as the tim
between the first and second PS, curves 5,6! are shown as a function
of the parameteru. Dotted~solid! curves are for a ring with radius
R510 ~15!. The dashed curve corresponds to the relaxation time
the charge imbalance~as obtained from the expressiontQ

55.79lQ
2 ). In the inset, the dependency oftf on the ring radius is

shown for different values of the parameteru.
7-4
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DYNAMIC TRANSITIONS BETWEEN METASTABLE . . . PHYSICAL REVIEW B 66, 054537 ~2002!
and ^u j n(0)u&; j ext, which leads to the critical currentj c

;u20.33, which decreases with increasingu.14

Above we found that the time scale governing the cha
in the phase does not coincide with the relaxation time of
absolute value of the order parameter. This difference is
sentially connected with the presence of an electrostatic
tential in the system. In order to demonstrate this we p
formed the following numerical experiment. We neglectedw
in Eq. ~1a! and found that the number of PS’s is now ind
pendent ofu andR, andDL equals unity. Moreover, it turned
out that the time scalet0 is an order of magnitude larger. Th
clearly shows that the electrostatic potential is respons
for the appearance of a second characteristic time that re
in the above-mentioned effects.

In an earlier paper9 the question of the selection of th
metastable state was already discussed for the case of
perconducting ring. However, these authors neglected the
fect of the electrostatic potential and found that transitio
with DL.1 can occur only when the magnetic field@called
the induced electromoving force~emf! in Ref. 9# increases
very quickly. In their case these transitions were connecte
the appearance of several nodes inc along the perimeter o
the ring and in each node a single PS occurred. We re
duced those results and found such transitions also for la
values ofDH. However, simple estimates show that in ord
to realize such a situation in practice it is necessary to h
an extremely large ramp of the magnetic field. For exam
for Al mesoscopic samples withj(0)5100 nm and R
510j the corresponding ramp should be about 103–104 T/s.
With such a ramp the induced normal currents in the ring
so large that heating effects will suppress superconducti

The transitions between the metastable states in the
are not only determined byu andR, but also the presence o
defects play a crucial role. Their existence leads to a
crease ofDL. This is mainly connected to the fact that wi
decreasingpc ~as a result of the presence of a defect! the
value of ^u j n(0)u& decreases even at the moment of the fi
phase slip ~because ^u j n(0)u& cannot be larger than
^u j s(0)u&.pc) and hencetf increases. We can also expla
this in terms of a decreasing degeneracy of the system.
example, if we decreasepc by a factor of 2~e.g., by the
presence of defects! it leads to a twice smaller value forFc
andLeq. But our numerical analysis showed that the effect
defects is not only restricted to a decrease ofpc andLeq. To
show this we simulated a defect by inserting an inclusion
another material with less or zeroTc . This is done by insert-
ing in the RHS of Eq.~1a! an additional termr(r )c where
r(r ) is zero except inside the defect wherer(r )5a,0. The
magnetic field was increased up toHc of the ideal ring case
We found that the number of PS’s was smaller as compa
to the case of a ring without defects. The calculations w
done for defects such thatpc was decreased by less than
factor of 2 in comparison to the ideal ring case. In contras
similar calculation for a ring with nonuniform thicknes
width showed that, even for ‘‘weak’’ nonuniformity~which
decreasespc by less than 20%!, DL was larger than that fo
the ideal ring case, and the final vorticity approachesLeq.
This remarkable difference between the situation for a de
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and the case of a nonuniformity may be traced back to
difference in the distribution of the order parameter: even
the absence of an external magnetic field the defect lead
a nonuniform distribution of the order parameter, which
not so for the nonuniform ring case. A more thorough stu
of the effect of defects will be presented elsewhere.

IV. SUPERCONDUCTING RING WITH NONZERO WIDTH

All the results above were based on a one-dimensio
model that contains the essential physics of the decay
recovery of the superconducting state in a ring from a me
stable state to its final state. However, even in the case w
the effect of the self-field can be neglected, the finite wid
of the ring may still lead to important additional effects~for
example, a finite critical magnetic field!. In order to include
the finite width of the ring into our calculation we consider
the following model. We took a ring of mean radiusR
512j, width 3.5j, and thickness less thanj and l. These
parameters are close to those of the ring studied experim
tally in Ref. 4 and they are such that we can still neglect
self-field of the ring. The obtained magnetization curves
such a ring are shown in Fig. 6 as a function of the magn
field and for two values ofu. Those results were obtaine
from a numerical solution of the two-dimensional Ginzbur
Landau equations, Eqs.~1a! and~1b!. The magnetic field was
changed with stepsDH over a time interval that is large
than the initial part of the phase slip processt0 ~for our
parameters this procedure leads practically to an adiab
change of the magnetic field!.

From Fig. 6 we notice that the value of the vortici
jumps, DL, depends sensitively on the parameteru.15 We
found that the phase slips occur in one particular place al
the perimeter of the ring. However, in contrast to our pre
ous one-dimensional case,DL depends also on the applie
magnetic field. The reason is that for a finite width ring t
number of metastable states decreases with increasing
netic field ~see Ref. 16!. It means that the system cannot b

FIG. 6. Dependence of the magnetization of a finite width ri
on the external magnetic field for two values of the parameteu.
The results are shown for a sweep up and sweep down of the m
netic field.
7-5
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D. Y. VODOLAZOV AND F. M. PEETERS PHYSICAL REVIEW B66, 054537 ~2002!
moved far from equilibrium with a large superconductin
current density~because the order parameter is strongly s
pressed by the external field! at high magnetic field. Hence
the value of^u j n(0)u& will be much smaller in comparison
with that at low magnetic fields, andtf is larger or compa-
rable witht ucu even for high values ofu and even for the first
PS. Thus, the effect of a large magnetic field in the case
finite width ring is similar, in some respect, to the effect
defects for a one-dimensional ring.

Our numerical results are inqualitative agreement with
the experimental results of Pedersenet al. ~see Fig. 2 of Ref.
4!. Unfortunately, noquantitativecomparison is possible be
cause of the number of unknowns; e.g., the value ofpc @it is
necessary to have the dependence ofM (H) as obtained start-
ing from zero magnetic field#, the value ofj is not accurately
known, and hence the ratioR/j can therefore only be esti
mated. The value of both these parameters have a st
influence on the value of the vorticity jumpsDL.

Let us discuss now finite temperature and screening
fects~i.e., finitel). Nonzero temperature leads to the pos
bility of a perturbative appearance of phase-slip centers
H* ,Hc . But if the fieldH* does not differ too much from
Hc , the averagêu j n(0)u& is not altered strongly. As a resul
after the appearance of the first thermoactivated PS ce
the second phase slip may appear automatically~if the ratio
t ucu /tf is large enough!, which leads to an avalanche-type
process. Unfortunately, it is impossible to apply the results
Ref. 17 in order to calculate the probability of this proce
even for the first PS. The reason is that in Ref. 17 the ef
of the electrostatic potential~which plays a crucial role as
was mentioned above! was neglected.

A finite l ~and large enough width of the ring! leads to a
nonuniform distribution of the momentump over the width
of the ring, which can play an important role on the effe
considered above. Such a finite width ring may be mode
as a strip with transport current in an external magnetic fie
In Ref. 18 the condition for the entry of the first vortices in
narrow superconducting strip was studied. It turned out t
the period of the vortex chain entry depends essentially
the distribution ofp over the width of the strip. When this
distribution is uniform, the period is infinite. But even sma
nonuniformities in this distribution lead to a finite period.
we translate their results to our ring geometry, the period
the vortex chain must now be discrete, 2pR/n (n
51,2, . . . ). Under a certain condition the entry of vortice
si

an
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becomes possible, not through a single point along the
rimeter, but through two, three, and more points~without
increasing the ramp of the magnetic field!. Finite l only
increases this effect because it leads to larger nonunifo
ties in the dependence ofp over the ring width. In this situ-
ation there is competition between the process of the app
ance of additional nodes along the ring perimeter and
number of PS’s in these points. At high magnetic fields th
effects become negligibly small~because superconductivit
only exists near the edges and the ring effectively can
considered as two one-dimensional rings! and we will have
the situation as discussed in the present work and recent
Ref. 16.

V. CONCLUSION

In conclusion, we studied how an unstable supercond
ing state of a superconducting ring evolves in time and tr
sit to its final state. The latter is not necessary the thermo
namic equilibrium state and may be another metastable s
with a different vorticity but one that is stable in time. Th
transition between the different superconducting states
curs through a phase-slip center, which is a point along
ring where the superconducting amplitude decreases to
abruptly, resulting in the change of the vorticity of the sup
conducting state with one unit. The waiting time, or the c
ation time for the first phase slip, is found to be two orders
magnitude larger than the subsequent time intervals betw
consecutive phase slips. The latter time is connected with
time relaxation of the charge imbalance in the superc
ductor and increases the closer the system nears the
state. This circumstance allows us to find this time~also as
the relaxation time of the absolute value of the order para
eter! from magnetic measurements of superconducting ri
of large radius. Our theoretical findings are in agreem
with recent experimental results of Pedersenet al.4
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