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Nonstationary state of superconductors: Application to nonequilibrium tunneling detectors
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The nonequilibrium state of a superconductor caused by an external s@ugcex ory ray9 and its
relaxation dynamics are studied. Microscopic theory allows one to evaluate the distribution functions and
characteristic time scales for all cascade stages. The appearance of quasiparticles in the nonequilibrium state
leads to an additional contribution to the tunneling current. The time dependence of the current flowing through
a superconducting tunneling detector is evaluat€0163-18208)07441-4

I. INTRODUCTION cuss briefly the case of the high-oxides in Sec. IV.

Thi Ci ncerned with noneauilibrium rcon If the superconductor is a part of a tunnel junction, then
NIS paper IS concerned with hohequ UM SUPErCon-yayiation from equilibrium leads to the appearance of an
ductivity. We focus on the situation when such a state i

created in a superconductor by incoming radiatien., by x tion of a tunneling detector.

or y rays. The energy input leads to a transition into an  ag was mentioned above, the microscopic description of
excited state corresponding to a quasuparticle with energy,e relaxation process is directly related to the making of
Eo>(), whereQ~p ({2p is the Debye energy, anl is  superconducting detectors. Indeed, an analysis of the detec-
the energy gap As a result, the relaxation process will in- tor, its parameters, and the time dependence of the tunneling
volve many collisions, leading to the appearance of manyurrent needs to be based on a theory of the cascade. One can
new quasiparticles. In other words, a decrease in the energtudy different types of detectofsee, e.g., Refs. 4 and,7
of the initial electronic excitation is accompanied by an in-the relaxation procedgascadgis a key ingredient for all of
crease in the number of quasiparticles. This relaxation prothem. In this paper we apply our theory to tunneling detec-
cess, called a cascade, is a nonstationary phenomenon. tars.
microscopic description of this phenomenon is interesting for The structure of the paper is as follows. The main equa-
its own sake, but, in addition, is directly related to the prob-tions are introduced in Sec. Il. The different steps of the
lem of making sensitive superconducting detectors. The argiglaxation procesiascadeare described in Sec. lll. Section
of superconducting detectors has attracted a lot of intered contains a general discussion and a comparison with the
(see, e.g., Refs. 134 experimental data.

As is known, the cascade consists of three stagéJhe
first stage corresponds to the energy interizak e <E,

E;=Q, O=Qp. This high-energy region is dominated by = The most general description of the nonequilibrium state
electron-electron collisions, and the time scale for this stagés provided by the time-dependent Green's functions
is very short 10 us). During the second stagd€e  method!'? Based on this method, Larkin and one of the
<E,), the electron-phonon scattering plays an importanauthors have showh*that the evolution of a nonstationary
role (see, e.g. Refs. 2 and).7By the end of this stage, a System is described by the equation

noticeable number of quasiparticles are concentrated in the

region near the edge~A; note that this region corresponds A Tr(gR7,— 7,0 = — 41P"(f ) —41e(f )—4JY(f ). (1)

to the peak in the superconducting density of states. Thet

final, third stage £~A) is also dominated by the electron- Here gR(A) are the retarded and advanced Green’s functions
phonon interaction. During this stage, the recombination Promtegrated over the energyof the normal state. Such inte-

cess is very important. _ _ _grated Green’s functions were introduced in Refs. 15 and 16
The relaxation process has been described in several inmq have the following matrix form:

teresting papersgsee, e.g., Refs. 5 and 89)1®Reference 5 A
contains a phenomenological model which has been used in gRA=+[(e+i8)%—|A]?] M. 2)

many articles. A detailed microscopic treatment for the case _ Bandg
close to equilibrium has been developed in Ref. 8; see als¢'€ Upper and lower signs correspondjtbandg®, respec-

Sadditional tunnel current; this factor is the key to the opera-

II. NONSTATIONARY STATE: CASCADE

Ref. 10. In this paper we focus on the cascade which is 4Vely: and
strong nonstationary process. It is essential also that this pro- . e A
cess creates also a nonequilibrium state of the phonon sub- M :( AR _8>. 2)

system.
In this paper we consider an isotropic gapped superconn Eq. (1), f is a scalar function directly related to the distri-

ductor; in addition, we assurm@>A. The majority of con-  bution function(see below and the AppendixP" and |¢¢

ventional superconductors belong to this category. We disdescribe the electron-phonon and electron-electron colli-
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sions, respectively, ang, is the usual Pauli matrix. The last number of excited quasiparticles increagasthe end of the

term in Eq. (1) is the tunneling term, which needs to be stage, it is of the order dE,/(2), while the average energy
included if, in addition, there is also a tunneling channelgecreases down to the val@g= .

present, e.g. The superconductor serves as a tunneling elec-pyring the second stage, electron-phonon collisions be-
trode(this is the case for tunneling detectors is the energy  come dominant. Let us focus on this important stage.

gap, ande =/£2+AZ. We consider the case of the usual
isotropic gapped superconductor without magnetic impuri-
ties. The case of higfi; oxides will be discussed later. The -
electrlo3n-phonon collision integral can be written in the A. RegionA<e<E,, E;=Q
form:

Ill. RELAXATION PROCESS: MAIN EQUATIONS

As was noted above, during this stage of the relaxation
in de; - R R the termlP" becomes dominant. Based on E§), we obtain
Iph=E f deJ - Tr(55(s)551(81){D5_5i(81—s) the following system of equations for the distribution func-
tions of quasiparticlea(e) and phonondN(e):

X[fa(e) =~ fp,(£)]+[Dy_p (81~ &)

an(e) _ g3 )+J‘°°d g1—¢ 2 )
—DA o (e1—e) (1 f(e) (e 1)), 3 a MlageneT ), der| T) e
Here\ = wvg?/2 is the electron-phonon coupling constént o g1 te
is the density of stategy is the matrix element %——(Q% +J de;| —=—| N(eyte)|, (6)
—Q%)/Z, and DR s the retarded(advanceyl phonon
Green’s function, so that 2
Ne) x( 8) fmd (81)
* — — = = n
D) =D (@)= 02 QXK — (0 +i8)?]* (3) ot o) [J. oo
and e
~ e A +f dey[1-n(e1)]=N(e)e . (6")
Dj(w)=(D2-DA)(1+2Ny|w]))sgnew. (37 -

N(w) is the phonon distribution function. In equilibrium, the ~ The first two terms on the right-hand sid@HS) of Eq.
scalar functiorf has the formf=tanhg/2T), as can be veri- (6’) describe the increase in a number of phonons caused by

fied by a direct calculation. For a nonequilibrium state, the Cherenkov radiation of electrons and holes, correspond-
ingly. The last term on the RHS of Eq. (6 describes the
f=1-2n(e), (4) process of pair creation.

wheren(e) is the quasiparticle distribution function. Since L€t us consider Eqgsi6) and (6) in more detail. It is

DB(w)— Dﬁ(w)= —i7Q(p)-[ 8(w—Q(p))— 8w+ Q(P))] important that the characteristic time for these equations is
p\2/ " Hp 28 _

and|p—p;|=2pgsin(9/2), whered is the angle betweep (we puth=1)

andp,, we obtain, from Eq(3),

=AY Q/IA)?. (6'")
g1—e| e8,—A? ‘e wi i i iati
|Eh(”(8)):’\f d81< 1 1 This will be vernfled.below. In a first approximation, one can
leq|>A Q | x(e)x(ey) neglect the derivativelN(e)/dt. Indeed,dN(e)/dt~N/7g,
~NA3/Q?, whereas the last term on the RHS of Ef),
X{[1+2N(]e1—&](n,,—n,) AMelQ)?Ne~Nre3/Q2~NAQ> N/ ot. The self-
consistency of such a picture will be confirmed below. One
+(n,+ n81—2n8n81) O(e1—¢) can see directly from Eq. (6 that this leads to the relation
(ns+nsl 2n8n81)9(s 81)}1 (5) N(S):zs_]'J d81n(81). (7)

where Q=spg (s is the sound velocity and y(e)=[(e

+i68)2—A2]Y2, Note that Eq(5) is valid for any deviation We also took into the account the fact thate)=1—n

from equilibrium. If we assume that=ngy+n; with n; (—¢); indeed, charge inbalance contributes to higher ap-

<ngy, we recover an expression, linearnp, which can be proximations only.

obtained with the use of the Bogolubov transformatisae Inserting the expressiof¥) into Eq. (6), we arrive, after

Refs. 17, 18, and also 19 some manipulations, at the following equation for the quasi-
Incoming radiation(e.g., x ray$ exites an electron into particle distribution functiom(e,t):

E®*=E,, so thatEy;>Qp, A. As was mentioned above, the

consequent relaxation procegsascadg consists of three an(e,t) NV 2
stages. At the end of the first stage, the electronic excitation gt 13/\02 n(e,t)+ 02
energy decreases down to a vakie= () (in the usual metals
N . g 14 w
0=Q0p). Du_r|r_1g this first fast stggeaflo s), electron- XJ dejei(e1—&)n(eq,t). ®)
electron collisions play the dominant role. As a result, the e
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Equation(8) is one of the main equations of our theory. It is Herea=(\2)Q; j;=j4(0) is the value of the current at the
significant that one can obtain an analytical solution of Eqbeginning of the present cascade stage. Thus the electron-

(8). Indeed, integrating oves, one obtains

% foxdsn(s,t)z(%)ﬁzfoxds e3n(e,t).  (8)

phonon relaxation channel, which is dominant fhxe
<{1, leads to a rise in the number of electronic excitations
with time: o (1+ at)3,

By the end of the second stage of the relaxation process,

It is important to recognize that there is also an integral ofthe number of excitations has increased, while their average

the motion
E=j n(e,t)e de=const. (9)
0

As was noted above, our goal is to solve KE§. We are
seeking a solution in the form of a steplike function:

n(e,t)=n(t) [0<e<y(t)];
n(e,t)=0 [&>y(1)]. (10
With the use of Eq(10), we obtain
n(t)=const y~ 2(t). (11)
Based on Eqs8), (9), and(11) we find
i -1 :(L> 2 12
7 HO=| =5 . (12
The solution of Eq(13) has the following form:
y()=Q[1+(\/2)Qt] 2 (13

Therefore, the solution of E@8) is [see Eqs(10), (11), and
(13)]

e, :[no[1+()\/2)§t]2/3§‘2 [0<e<y(1)] 14

0 [e=>y()].
Here y(t) is determined by Eq13) andny= const(see be-
indeed, of the order oa‘-pthfl(ﬁ/A)z. This estimate fol-

lows from Eg.(13); one should puty=A, sinceA corre-
sponds to the end of this cascade stage.

The expressioiil4) allows us to evaluate the dependence
Nn(t), that is, the time dependence of the number of excita
tions present in the system during the second stage of t

cascade. Indeed,

ﬁEﬁ(t)Zfoxds n(e,t). (15

With the use of Eqs(13), (14), and (15), we arrive at the
following result:

A=T(0)[ 1+ (A/2)Qt]*3 (16)

Heren(0) is the number of excitations &t=0 (the begin-
ning of this stagke Therefore, the constant, [see Eq(14)]
can be written as,=n(0)Q L.

Consider the important case when the superconducto
forms a part of a tunnel junction. Then the relaxation process
and the appearance of quasiparticles result in a tunnelinﬁx
current. The expression for this current follows directly from

Eq. (16);

j=j1(1+at) (17)

energy has come down to a value on the ordeA of

B. Final stage of the cascadée~A)

Let us turn to an analysis of the final stage of the relax-
ation process. As stated before, at the end of the second stage
the electronic excitations have energy on the ordek.ofs
a result, phonons emitted during the final stage of the cas-
cade have energidd) <A, and so they are characterized by
a relatively large mean free pat[;h.

The evolution of the distribution function is described by
an equation which follows from Ed5):

an(e) & _ o _
- :—n(s)fA de, W, + f desn(e)W, ,,
-A
—f_m dsln(s)[l—n(sl)]W:Sl
—Yn(e)b(e+eV—A,). (18
Here

W,, =he (e—e1)/Q]%(ee1—A2)(s2- 2212,

881

W' =xe Y(e+ |81|)/6]2(8|81|+A2)(8%—A2)1/Z,

881

Y=(yID)(e+eV)[(e+eV)?=AJ]"Y2  (18)

low) Note that the characteristic time for the second state is\{vhereD is the junction thickness.

The first two terms on the RHS of E¢L8) describe the
Cherenkov radiation of phonons; the third term corresponds
to the recombination effect, that is, to electron-hole annihi-
lation accompanied by the formation of a Cooper pair. The
last term in Eq(18) is the tunneling currern(we again focus

on the case when the superconductor is a part of a tunnel

r]Enction). The tunneling coefficienty can be expressed in

terms of the normal resistanég, of the barrier: namely,

y 1=2e?vSR,, (19

wherev is the density of states in the normal metal &id

the area of the junction. As is known, the superconducting
density of states is peaked nefrlf the voltageeV is such
that A+eV is close toA,, then one can simplify Eq18)
(see the Appendjxand write

aWl gt = — 8N (A/Q)2W2—Fiw. (20)

e have introduced the quantityw=[3de (&2
—A?)~n(¢), which is proportional to the full number of
citationsw: that is,w= vVw.

The first term in Eq.(20) describes the recombination
phenomenoisee the discussion following E(L8)], and the
second term corresponds to tunneling through the adjunct

junction. The solution of Eq20) is
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w(t)=wpf(t), (21 (@)

wheref (t) =T (W+T)expit) — W] L T'=7(Q/A)2/8\.
The tunneling current is proportional to the number of
excitations. Consequently, we can write

JO)=jmf(t), (22

wherej, is the magnitude of the current at the beginning of
the final stage anéi(t) is defined by Eq(21). Therefore, the
tunneling current varies with time as described by &9).

current (j/j,)

IV. DISCUSSION: TUNNELING DETECTORS

Equations(8), (14), (18), and(21) describe the dynamics
of the relaxation phenomenon. The electron-phonon interac-
tion plays a key role for energies<(). This region can be
separated into two stagdsecond and third stages of the
cascade, see abgve

(i) A<e<. This stage lasts up t, (0<t<tgy), ten
=A"1Q/A)2

(i) e=~A, t>tep.

As a result of many collisions, the relaxation process is
accompanied by the creation of quasiparticle electronic exci-
tations. The number of excitations depends on time, and this
dependence is described by E¢s5) and (21).

A description of the nonstationary dynamics is, of course,
interesting for its own sake. But it is also important for the
production of a superconducting detecterg., an x-ray de-
tecton. Indeed, detector behavior is directly related to vari-

ous features of the relaxation procésee aboveand to the mic scale. The parameters used here Jkre0.5, 0=5x 1(? K,

Cascad? dynamics. ) ten=107 ns, andy *=4Xx10 ns.
In this paper we focus on tunneling detectors. Other types

of detectors will be analyzed elsewhere. If the supercon- ] o

ductor forms a part of a tunneling junction, then the incom- Note the important feature that it is helpful to use an
ing radiation is manifested in the appearance of an impuls@Symmetric junction 4,#A,) with an applied voltageV

of tunneling curren{see Egs(17) and (22)]. The current close to the valuez—All. In this case the tunnelmg current_
increases during the time intervey, (0<t<ty,) [see Eq. corresponds to the maximum of the superconducting density
(17)] and then decreases, in accordance with @3). If of states.

W<, this decrease is exponential. Therefore, the time de NAoteAaIsc_)that the detector Ishou:]d be usgbd ata tefmhperatLIJre
pendence of the tunneling current is <A4,A,. Then one can neglect the contribution of therma

excitations[ npxexp(—A; ,/T)]. Otherwise, they will also
contribute to the tunneling current, interfering with the cur-
rent due to the cascade. As a result, detectors based on ordi-
(=] exp—Jt); nary low-temperature superconductors need to be _used at
3 very low temperatures. The use of the superconducting ox-
where j,=j(1+at)*?, a=(\/2)Q, and the currenj, ides such as Nd-Ce-Cu-O and Ba-Ca-Bi-O can be beneficial
corresponds to the beginning of the second stage of the catsee below. For example, a detector with Ba-Ca-Bi-P can be
cade;yt,<1. used at temperatureb<20 K, that is, above the liquid hy-
Experimentally, the dependenpg) has been studied in a drogen temperature.
number of paperssee, e.g., Refs. 20—p3The dependence  The total time dependence pfs presented in Fig. 1.
(23 is in good agreement with the data. The current pulse, High-T. oxides The analysis described above was con-
indeed, contains an initial sharp increase followed by expocerned with ordinary superconductors. They are character-
nential decay(see Fig. 1 Such a dependence has been ob4zed by a well-defined energy gap; moreover, the condition

time (t/t, )

Y

<o
[S]
‘

current (j/j,)

102
time (ns)

10 103 104

FIG. 1. Time dependence of the currenta) general shape of
the current pulse antb) dependencg(t)/]j, plotted on a logarith-

j(H=j(1+at)B  0<t<ty, te=A"1(Q/A)?

t>1en, (23

served in Ref. 20 for the Nb/AI-ADs-Al/Nb junction. A

0> A is also satisfied. Let us discuss now the special case of

similar dependence was observed in Refs. 20—23. Based dhe highT oxides. First of all, note that the above analysis is

Eq. (6"), one can estimate the rising ting,. With the use
of valuesQ=sp~5x10° K, A~0.3 meV, we obtairt,
~1(° ns, and this is in agreement with the d&tz?3In ad-

fully applicable to such oxides as Nd-Ce-Cu-O or Ba-Ca-
Bi-O. Indeed, they have well-defined energy gaps; in addi-

tion, O>A (A=6.5 meV,()=40 meV for the Nd-based cu-

dition, the decay time is described by the exponential deperprate andA =6.5 meV, =50 meV for Ba-Ca-Bi-Q. Note

dence[cf. Eq. (23)]; according to Refs. 20 and 2,
greatly exceedsy,; tgec~5—10us.

that according to Ref. 24, the La-Sr-Cu-O compound also

has a sharp gap structure.
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The situation is different for Y-Ba-Cu-QYBCO) and by CRDF Grant No. RP1-194 and by Naval Research Labo-
other highT, cuprates. First of all, the position of the peak in ratory Contract No. N00173-97-P-3488. The research of
the superconducting density of states is such fhat2A. V.Z.K. was supported by the U.S. Office of Naval Research
Therefore, the second and third stages of the cascade pracginder Contract No. NO0014-98-FO006.
cally coincide. The inequalitf)l>A is needed during the
second stage for a noticeable number of quasiparticles to APPENDIX

collect at the edge~A during the second stage. This is () Th ati tate of h duct
important for detector efficiency. The absence of such a stage € nonstationary state ot homogeneous superconduct-

makes use of the aforementioned materials less efficient. IR™> ' described _by th.e t|me-dependent Green's funcgfbn
addition, YBCO and Bi- and Tl-based superconductors dth'Ch can be written in the following matrix form:

not have a sharply defined gap spectrum. They display a AK_ AR GAA G
gapless structure: that is, there are electronic states present g'=g"T—fg, =4t (A)
down toe=0. As a result, the recombination peak is not asHeref andf, are scalar functionss, is the Pauli matrix, and
sharp as for other superconductors. Note also that above Wit andg” are the retarded and advanced Green’s functions.
have assumed the absence of magnetic scattering. This is not The equations fog* were obtained by Larkin and one of
the case for the aforementioned cupr&fe€ and the relax- the authors*'*and have the following general form:

ation channels for these materials should be treated sepa- -
rately. of R A of dA

Therefore, the Nd-based cuprate and Ba-Ca-Bi-O aregr "9 72~ 7297) = o= Tr| =
probably, the best candidates for use in tunneling detectors.

)(QR— o)

The relaxation process in highs oxides can be used in —2if,TrAr,(gR—g?)
order to study the pairing mechanism. Indeed, the relaxation —
phenomenon has been udsee, e.g., Refs. 27—2 order n ﬂ TrA a(g"+g") _ gyl (A2)
to generate phonons with~2A during the recombination at Tz de B (),
stage. The generation of phonons was caused by the
electron-phonon coupling. SinceA2() for the highT . cu- af,

J dA
R A R A
prates, such as YBCO, Bi-based oxides, etc., one can con-5; 11(9 72~ 7207) + —=Tr7, —-(97+9")
clude that the matrix elements for interaction with virtual

(Q~Q) and real Q~2A) phonons are similar. Therefore, i of PAA(gR-gh) R A A
intensive generation of phonons by recombination would be + 2 Je Tro ot Je —2if,Tr(g"A+Ag")
a strong indication of an important phonon contribution to I

the pairing. This could be detected with the use of a second N dfy TrA a9~ —9g") Al A3
junction separated by a barrier, allowing the phonons to be at ' de B 2(fa). (A3)

transmitted. We will discuss this question in more detail

elsewhere. Assume that the order parameter depends weakly on time.

This corresponds to the condition that the number of par-

ticles in the nonequilibrium state be relatively small. In the

absence of magnetic impurities one can use the expression
In this paper we have described the nonequilibrium statéA2) and putf,=02 As a result, one obtains E{l).

caused by an external sour@eg., x ray$ and the relaxation (I) Consider Eq(18) and writee=A+x, 6;=A+y. We

process(cascadgin isotropic gapped superconductors. Theobtain

relaxation is accompanied by many collisions and by the

V. SUMMARY

generation of quasiparticles. As a result, we are faced with a dn(X) _ 0.86\x""? N A j“’d N

nonstationary phenomenon and, consequently, with time- gt JAQ? n(x) V302 Jx y ny)(x+y)

dependent dynamics. The cascade consists of several steps.

The number of quasiparticles initially increadeliring the Ly 8\A%2 (= dy n(x)n(y)

time intervalt,, given by Eqg. (8)]; this is followed by an X (x—y)*(Ay) 12— > f

exponential decreag&qgs.(21) and(23)]. We have obtained v2Q° Jo \/y

analytical expressiondEqgs. (14), (16), and (21)] describing N(X)(A+eV)

the time dependence of the relaxation process. —y . (A4)
A study of the relaxation process is important for the de- dy(A+eV+ X)Z—Ag

sign of superconducting detectors. The current pulse in
tunneling detector is evaluated and is described by(E3).
This universal temperature dependence is in a good agre
ment with the datd°%3

Fhe density of states is peaked néarAs a result, for the
gyantity

o \/Eds (8)Efw dX
0

w= ——=n — n(x), (A5)
2 2
ACKNOWLEDGMENT A Jet—A

VXA

The authors are grateful to B. Cabrera and S. Labov fowhich is proportional to the total number of excitations, we
fruitful discussions. The research of Y.N.O. was supportedbtain Eq.(20).




PRB 58 NONSTATIONARY STATE OF SUPERCONDUCTORS. . 12 421

*Permanent address: Landau Institute for Theoretical Physicsl,SG. Eilenberger, Z. Phy®14, 195(1968.
Russian Academy of Sciences, Moscow, Kosigyn Str. 2,8A. Larkin and Yu. Ovchinnikov, J. Low Temp. Phy&0, 407

117334 Russia. (1973.
1Superconductive Particle Detectoredited by A. BaronéWorld, 17B. Geilikman and V. Kresin, Sov. Phys. Dol 116(1958; Sov.
Singapore, 1988 A. Barone, Nucl. Phys. B4, 645(1995. Phys. JETPD, 1385(1959.

2D. Van Vechten and K. Wood, Phys. Rev.4B, 12 852(199). 183, Bardeen, G. Rickayzen, and L. Tewordt, Phys. RéB 982
3Proceedings of the VIth International Conference on Low Tem- (1959.

perature DetectorgLTD), Interlaken, SwitzerlandNucl. In- 198, Geilikman and V. KresinKinetic and Non-steady Effects in

strum. Methods Phys. Res. 3V0, (1996]. Superconductorg$Wiley, New York, 1974.

4N. Booth, B. Cabrera, and E. Fiorini, Annu. Rev. Nucl. Part. Sci.?°C. Mears, S. Labov, M. Frank, H. Netel, L. Hiller, M. Lindeman,
46, 471 (1996. D. Chow, and A. Barfknecht, IEEE Trans. Appl. Supercond.

5A. Rothwarf and B. Taylor, Phys. Rev. Left9, 27 (1967. 3415(1997).

K. Grey, in Superconductive Particle DetectofRef. 1); E. Es-  2'M. Frank, L. Hiller, J. le Grand, C. Mears, S. Labov, M. Linde-
posito, L. Frunzio, L. Parlato, and A. Barone,Rnmoceedings of man, H. Netel, D. Chow, and A. Barfknecht, Rev. Sci. Instrum.
the VIth International Conference on Low Temperature Detec- 69, 25 (1998.
tors (Ref. 3, p. 26. 22D Chow, B. Neuhauser, M. Frank, C. Mears, R. Abusaidi, M.

"B. Cabrera, inProceedings of the VIth International Conference Cunningham, R. Golzarian, D. Hake, S. Labov, M. Lindeman,
on Low Temperature DetectofRef. 3, p. 150. W. Owens, B. Sadoulet, and A. Slepoy, Rroceedings of the

83, Kaplan, C. Chi, D. Langenberg, J. Chang, S. Jafarey, and D. VIth International Conference on Low Temperature Detectors
Scalapino, Phys. Rev. B4, 4854(1976. (Ref. 3, p. 41.

9D. Twerenbold, Phys. Rev. B4, 7748(1986. 2C. Thomas, S. Maglic, S. Song, M. Ulmer, and J. Ketterson, in

10p, Brinck, Ph.D. thesis, Oxford University, 1995; P. Brink, C. Proceedings of the VIth International Conference on Low Tem-
Patel, D. Goldie, N. Booth, and G. Salmon, Pnoceedings of perature DetectorgRef. 3, p. 38.

the VIth International Conference on Low Temperature Detec*H. Murakami, S. Ohbuchi, and R. Aoki, J. Phys. Soc. J§8).

tors (Ref. 3, p. 133. 2653(1994).
11|, Keldysh, Sov. Phys. JETPO, 1018(1965. 25y, Kresin and S. Wolf, Phys. Rev. B1, 1229(1995.
12E. Lifshits and L. PitaevskyPhysical Kinetics(Pergamon, Ox-  26Yu. Ovchinnikov and V. Kresin, Phys. Rev. B, 1251(1996.
ford, 1983, Chap. X. 27W. Eisenmener and A. Dayem, Phys. Rev. L&8, 125 (1967).
13A. Larkin and Yu. Ovchinnikov, Sov. Phys. JE®8, 155(1977). 28R. Dynes, V. Navayanamurti, and M. Chin, Phys. Rev. 2.
1A, Larkin and Yu. Ovchinnikov, inNon-equilibrium Supercon- 181(1972.

ductivity, edited by D. Langenberg and A. LarkiBlsevier, New  2°W. Eeisenmerger, ifTunneling Phenomena in Solidsdited by
York, 1986. E. Birstein and S. LudgvisfPlenum, New York, 1969 p. 371.



