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We have developed a theory of quasiparticle and phonon energy downconversion in nonequilibrium super-
conductors following the absorption of an energetic photon. This stage of energy downconversion cascade is
important for the production of quasiparticles and is shown to split into two phases. The first is controlled by
the evolution of the phonon distribution while the second is dominated by quasiparticle downconversion. The
relative durations of the two phases and hence the rates of quasiparticle generation depend on material param-
eters, and most common superconductors could be classified into three different groups. For typical supercon-
ductors used for x-ray detection the downconversion cascade was shown to be fast compared to various time
scales in the tunneling regime.

I. INTRODUCTION large number of phonons. The definition of the end of this
stage also has previously been ambiguous. Van Vechten and
The energy downconversion in a superconductor follow-Wood define it as the time when the excitation eneggy
ing the absorption of an elementary particle or photon haslegrades to a few meV, while Ovchinnikov and Kresin take
been the focus of a number of studies. It plays a central rolg, to be of the order of a feuh.
in the process of particle or photon detection by a supercon- Finally, over the third stage,>e>A, the mixed distri-
ducting tunnel junction(STJ, determining the rate of pro- pution of quasiparticles and phonons, which remains
duction of mobile chargesquasielectrons and quasiholes strongly nonequilibrium, evolves to a quasiparticle distribu-
which tunnel in the biased STJ to produce the measureglon centered at the superconducting edge. At the same time
signal: phonons may be lost from the superconducting film into the
It is generally accepted that energy downconversion ocsubstrate or downconverted in amorphous cap layers. This
curs in three distinct stages. The first stage starts as the pahird stage the system may be regarded as the operational
ticle energyE, is released in the form of a fast photoelec- stage of the process. It lasts much longer than the complete
tron. At this point the electrons and holes possess largguration of all the preceding cascade stages which do not last
energy and the downconversion process is dominated byore than few nanoseconds for a Nb- or Ta-based STJ. Dur-
strong electron-electron interactions. Two parallel channeling the third stage the nonequilibrium quasiparticles can also
of downconversion are secondary ionization and cascadgke part in various transport processes; they may diffuse,
plasmon emission, which have approximately equal crossunnel, recombine, be trapped and detrapped, cooled, or
sections and are extremely fast. For example, the scale of theeated. It is essentially this stage that determines the form of
emission of a plasmon of typical energy of 15-20 eV can bahe STJ output. The most commonly used approach to mod-
estimated with the use of the Ferrell formti be of the elling the operational stage is via the Rothwarf-Taylor
order of 0.1 fs. Even a photoelectron of energfl0 keV  equations.™®
will decay into plasmons and secondary electrons in less than We note that, in spite of broad agreement on the physical
0.1 ps. Plasmons are unstable and rapidly decay intpicture of all three downconversion stages, the transitional
electron-hole pairsresulting in strongly interacting electrons energiesE; andE, have not been uniformly defined by pre-
and holes which thermalize to a characteristic endéfgyle-  vious workers, and their exact meaning not clearly discussed.
fining the end of the first stage. As a result published estimates of the durations of the vari-
There is considerable disagreement over the actual valusus stages differ by orders of magnitude. In this paper we
of E,. For instance, Van Vechten and Wdaliggested that  shall discuss the physical processes that detergjrendE,
E; was reached when the primary photoelectron has losiind propose clear and consistent definitions.
enough energy to become indistinguishable from the other The main objective of our paper is to develop a full ana-
electrons in the conduction band, thatiEg~=1 eV. Onthe Iytical theory of the second stadge, — E, of energy down-
other hand, Ovchinnikov and KreSimecently definedE;  conversion in a nonequilibrium superconductor. The impor-
=0p, whereQ) is the Debye energy. tance of the second stage is that it controls quasiparticle
The second stage of energy downconversion takes thgeneration. An exact modelling of this stage of energy down-
nonequilibrium distribution of electrons and holes down to aconversion has direct implications for the development of
second characteristic enerBy. Over this stage the electron- existing and of the next generation lower gap STJ
phonon scattering becomes stronger than the electrometectors? Various groups have attempted to solve the prob-
electron and the energy downconversion process releasedean of quasiparticle production in superconductors in the
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FIG. 1. Electron-electron(solid line) and
electron-phonon(dashed ling scattering rates
versus quasiparticle energy in typical metal. Ar-
rows indicate the two major spectral intervals of
the second stage of the energy downconversion
cascade.

E,=3A o, Q, E,

course of energy downconversion process using Monte Carlsolution of Ref. 6. Indeed, we find that in a majority of
techniques. The important wdrkepresents an attempt at a superconductors this final phase is underdeveloped or absent
guantitative description of quasiparticle production duringbecause); falls very close tQA. Section VI contains a gen-
the E;—E, stage. The fundamental assumption in this workeral discussion of the relative importance of the above phases
is that phonons instantly respond to variations in electronién different superconductors. We show that the calculated
distribution. Having also assumed that the electronic distriduration of the phonon and electronic downconversion
bution takes the form of a step function the authors then fingphases for all superconductors fall into three distinct classes.
model solution predicting the growth of quasiparticle numberrFinally, Sec. VIl contains a summary of our results.
ast*3. Our own work reported in this paper is a more general
treatment of the problem over a range of validity which doedl. THE ELECTRON-PHONON DOWNCONVERSION
not have the limitations assumed in Ref. 6. PHASE E;—Qp

We will start with a discussion of the physical origin and
formal definition of the characteristic energies andE,. In
Sec. Il we will show that the determination Bf is achieved
by setting the rate of emission of acoustic phonons at thi
energy to be equal to the rate of electron-electron collision
between the energetic electron and the rest of equilibriu
Fermi distribution. We find that this energy is material de-
pendent and is typically much larger than the Debye energ;f
As a result, the quasiparticles undergo cascade, that is s

guential emission of several tens of Debye phonons befor .
reaching energy)p . Our definition of the low transitional relative strengths of electron-electron and electron-phonon
D .

energy E,=3A recognizes the fact that the generation ofScattering. Thus we define stage one of the general cascade

excess quasiparticles stops when the mean quasiparticle 38 that in which dominant electron-electron interactions es-

ergy reaches the threshold for production af ghonons. In F‘b“Sh &:. strongllydnoneqmllbrltL.llm hﬁt eleftrprtll—hole dls'tnbu—
Sec. lll we introduce the general kinetic treatment and dis+'ON continuously decaying untii a characteristic eneiigys

cuss the main approximations. We shall find it necessary t{)eached. Below this energy, with further thermalization the

introduce another important characteristic enefdy, which € /€ctron-electron scattering r"’.‘f@el(e) bef:i)mes slower and

is the energy at which the rate of quasiparticle relaxatiorf!/€ctron-phonon scattelrlng with lthe ratg"(e) takes over.

with spontaneous emission of phonons becomes equal to tHus atE; we haver..(E;) =75 “(E1). This equation has

phonon pair breaking rate. As a result in the ratyg>e  two different solutions, one in the high-energy range, another

>(), the electron distribution instantly accommodates itselfvery close(much closer thai,) to the superconducting gap.

to match the varying phonon distribution so that the down-The reason is that the electron-phonon scattering rate is ap-

conversion process is controlled by the evolution of the phoProximately a cubic function of energy in the region below

non distributionN(e, t). the Debye energy, and is nearly constant above it when the
The analytic solution of the coupled kinetic equations forfull phonon spectrum is accessible for phonon emission. On

interacting quasiparticles and phonons describing energte other hand, the electron-electron scattering rate is a qua-

downconversion in th€),— (), range is given in Sec. IV. dratic f_unctlon of energy, thus crossmg_the elec'_cron-phono_n

Below (), the evolution of the whole system enters the re_relaxatlon rate curve twice. These solutions are illustrated in

gime where all temporal variations of quasiparticle and phofig. 1.

non distributions are controlled by the electronic component. Using 75 *= 3\ Qp(e/Qp)? for e<Qp and 75 =31 Qp

In Sec. V we obtain exact analytic solutions for the integralfor e>€p and the Landau-Pomeranchuk formula for the

equation describing the downconversion process in(ge  electron-electron  collision rate .o (€)= (€?/fieg)(re%

—E, phase. The rate of quasiparticle production during this7.96):* we obtain

phase calculated with an exact distribution function is found 12

to follow a t'® law as in Ref. 6. However, the exact distri- E.—28X) r”“(i i) 1)

bution function differs significantly from the model steplike v Ps 130,

Van Vechten and Wodddefine the end of the first stage
of downconversion to occur when the electron energy has
gegraded to-1 eV. In Ref. 6 the transition energy is defined
gifferently asE;=Qp with reference to the dominance of

lectron-phonon scattering. The lack of a formal definition
or the transition energy creates ambiguity not only in the
lassification of downconversion stages but also in separat-
1g clearly the different kinetic processes. We propose that
e most physical definition can be made on the basis of the
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TABLE I. The numbers in this table were calculated using the characteristic valueg &ord 7, from
Ref. 12. For Mo and Hf we calculated these parameters from the data in Ref. 13 assuming the renormalization
parameteiZ,(0)=2.

A €F Qp 70 Tph(Tph,D) T: T1
Metal meV eV meV  E;/Qp O,/A ns ps fs ps
Nb 1.5 6.18 23.7 49 35 0.149 4.9 16.7 0.8
Ta 0.7 9.5 20.7 47 4.7 1.78 2R2.4) 34.6 1.6
Al 0.17 11.63 36.9 67 10.6 110 243.5) 7.1 0.5
Tl 0.37 9.46 6.7 71 2.5 1.76 2034.9 142 10.1
Hg 0.82 8.29 6.2 130 1.0 0.075 1852.0 44.4 5.8
Sn 0.57 10.03 17.2 51 3.2 2.30 110149 45.7 2.3
In 0.52 8.60 9.3 68 2.2 0.80 1629.1) 75.0 51
Pb 1.36 9.37 9.0 45 2.1 0.20 3404.7) 196 8.8
Zn 0.12 9.39 28.2 32 9.8 780 23180.9 44.7 1.4
Mo 0.139 9.32 39.6 23 26.8 1.64s 420(4.6) 39 0.9
Hf 0.019 7.32 21.7 27 85.2 21%4s 5200(14.7) 85 2.3
Here the parametetis the radius of a sphere in atomic units ~ Ill. KINETICS OF THE QUASIPARTICLE-PHONON
which encloses one electron charge, anig the dimension- Qp—E, CASCADE

less electron-phonon coupling strength of the order of unity. To analyze the behavior of our system during g

In superconductors the electron-phonon scattering strength i§>E2 downconversion phase we adopt a kinetic equation ap-

very often conveniently expressed in terms of a characteristiBroaCh for interacting quasiparticles and phontnd® The

12 o; etin i ;

parameterro.™” Since the same characteristic time will later system of coupled kinetic equations for interacting quasipar-
enter the duration of the downconversion cascade and begles and phonons has the form

cause it has been tabulated for number of traditional super-

conductors we note the relation betweanand 75: A an(Ex,b)

=(1Qp70)(Qp/kgTe)3. In the formal definition ofr, the - DAN(,X,)=1ep(N), 2
product 7o(kgT.)® does not depend on critical temperature,
but only on the electron-phonon coupling strength, and there- N - 9
. . - (J),X, v
fore is a material parameter of the normal metal. The param =14(N)+1 5o(N) + Q(@,X,1). @)

eter under the square root in E@) is much larger than unity at
for all normal metals leading to the strong inequaliy R R
>0p. In all casesE;<ep. Another important observation Heren(&,x,t) andN(w,X,t) are distribution functions for
is that ate=E, the electron-electron collisions are so fastquasiparticles and phonons, respectively, depending on qua-
that there is no need to consider the much slower elastisiparticle energye=/¢?+A? and phonon energy» and
scattering due to the presence of disorder. Hence th#me. D is the quasiparticle diffusion coefficientgy(n),
electron-electron collisions can be treated as in an idedla(N), andl,¢(N) are the collision integrals describing, re-
Fermi gas and using the Landau-Pomeranchuk formula igpectively, collisions between quasiparticles and phonons,
fully justified. phonon loss into the substrate, and collisions between
As downconversion enters the second stage the electrof$ionons and quasiparticleQ.is the source term which fol-
start emitting high-frequency phonons with characteristic enloWing the discussions in the preceding section we chose in
ergy Qp in a long cascade containing several tens ofthe formQ(w,X,t) =aN(w,0)3(x) 5(t) with the constantx
phonons, until they reach into the last spectral interval belowiormalized to the energy of the incident photan:'E,
Qp . Each cascade step takes tinfe=74(E,), and theE, =f§Ddep(e)eN(e,O), p(€) being phonon density of states.
—p cascade takes in all a time=(3/\Qp)(E,/Qp). In writing Eq. (3) we ignored electron-electron collisions,
Thus at the end of the cascade the energy of the phonowhich are not important during the second downconversion
distribution exceeds that of the electronic distribution by astage. We also neglected anharmonic interactions leading to
large factor, which is the number of steps in the—Qp phonon-phonon downconversion. For typical anharmonic
phonon emission cascade. Hence the initial state for the nexbtentials the anharmonic decay time for Debye phonons
phase is a narrow phonon distribution peaked at around Denay be comparable te,,, the lifetime with respect to
bye frequency, the so-called “phonon bubble.” This occursCooper pair breaking. However, this quantity scalesas
because the lifetime of Debye phonegyp=7,n({1p) is  while 7,,(€) varies ase L. Thus Cooper pair breaking is the
longer than the duration oE;— () cascade, i.e.7pnp predominant mechanism restricting the energetic phonon
> 7. lifetime through almost the whole of the phonon spectrum
The characteristic parameters for some important supeeven when anharmonic effects are important for Debye
conductors supporting this picture are given in Table I. Notgphonons. We also disregard spatial gradient terms in the ki-
that the phonon bubble model is valid for most of the metalsnetic equation for phonons because the main expansion



11810 A. G. KOZOREZOVet al. PRB 61

mechanism, via the diffusion of electronic excitations, ismetal, whilev,, is the phonon density of states at the Debye
much faster than phonon diffusion or quasidiffusion. Finally,energy in the Debye approximatiorbh=39%/277203 (cis

we assume that there are no Significant temporal and spatig{e mean sound Ve|ocu_y|n a Superconductor, this rate co-
variations of the order parameter induced by the photon abncides with the phonon pair breaking rate. Very often this
sorption. Below we will derive the set of conditions under eypression is written in terms of a characteristic phonon pair
which this des_cr|pt|on |s_fuIIy justified. In what follqws W€ preaking time for a given superconductq;h.lz For e>A

will be mostly interested in the total number ofqua:ypartlclesone obtains H(€)=(1/m) (1) (e/A), relating \; to

and phonons with fixed energies, rather than in their denS|—T The relation of\ to another material parametes was
ties. Thus we will also consider the kinetic equations which P""

have been averaged over spatial variables to eliminate diff QOted earlier. The dependence of the quasiparticle scattering

sion terms. These equations will be written for distributions ime 7(€) on energy is much stronger than that of the pho-

of quasiparticle and phonon numbers. The latter will be delON pair breaking rate, which has very important implica-

scribed, respectively, by functiomé£,t) andN(,t) in con- tiqns. We define the ene_rg&1 _as_that at which th_e relax-
trast ton(¢ M t) andN(w < t) for density distributions ation rate of electrons via emission of phonons is equal to

. . . =1 2

To describe thé),— E, cascade of quasiparticles we dis- that via phono_n pair breaking, that is;\(€%/Qp)
regard modifications of the spectrum for quasiparticles in a:)‘1'~‘|e=91,’ e, Q1=QpV3Ni/A=Qp 32y
superconductor as compared to normal metal, assuming thatQp(prag)(c/ve)<Qp. Herepge anda, are Fermi mo-
E, is large in comparison witlh. Thus we takeé=e and  mentum and elementary cell length. By definition therefore
also replace in expressions for the collision integrals all co€); determines the energy below which phonons create
herence factors £ A%/ €€’ by unity. To study the effects of electron-hole pairs instead of undergoing any other quasipar-
the cascade we need only linearized collision integrals. Thécle scattering transitions. For all superconductors in Table |
nonlinearity of the collision integrals reflects the effects ofA<Q,<Qp so that theQ,—E, cascade spectral region
self-recombination of nonequilibrium quasiparticles, finite splits into two parts: Qp—Q;) and ;—E,). As we will
occupancy factors for electronic states, and stimulated emisee below, the kinetics of electron-phonon system in the
sion of the phonons in electron-phonon interactions. The lat€);— ), cascade is very different to that in the, —E,
ter is of no importance as during a cascade at a sufficientlgascade, so that they must be consided separately. Thus we
small initial photon energye, phonon population numbers treat what has generally been called the second stage of fast
remain much smaller than unity. We also assume that densglectron-phonon cascadg —E, as three separate phases:
ties of excess quasiparticles remain small. Self- (i) the phaseE;—Qp finishes with the formation of a
recombination fore>E, is unimportant. Indeed, linear phonon bubble, which sets the initial phonon distribution
electron-phonon transitions and electron-phonon interactionggyrce ternQ (e, x,t);
via recombination involve phonons with approximately i) the phaseQp— €, (the phonon downconversion
equal energies. Hence there is no strong discrimination gfnase in which the kinetics of the system of interacting
these processes with respect to the strength of their croggasiparticles and phonons are fully controlled by the slowly
sections. The exception to that is the third and final cascadgarying phonon distribution, while the quasiparticle distribu-
stageE,—A recombination, which involves phonon with tion readjusts itself swiftly to the local phonon distribution:;
hw>2A, while scattering occurs with the participation of i) the final phase);—E, (the electronic downconver-
much less energetic phonons. Under these conditions strongon phasgin which the quasiparticle distribution slowly
discrimination between the two processes of electron-phonognanges with the phonons following almost instantly. The
interaction is present from the very beginning, making it necymportance of the magnitude of the ratio of rates of elec-

essary to take into the account the recombination processegegnic relaxation to electron-hole pair production was
Using explicit expressions for the collision integrals with gressed in Refs. 19 and 20.

all the simplifications described above we obtain the follow-  Figyre 1 schematically illustrates our choice of transition

Ing. energies for the three different stages of the energy down-
conversion cascade.

Jn(e,t) Op de’ (€' —€)? e
pr =\ f Tn(e’,t)— 02 n(e,t)
¢ b 30p IV. PHONON DOWNCONVERSION PHASE: Qp,—Q,
ap de’ €2 The phonon downconversion phase begins from the pho-
f >—N(e',t) |, (4)  non bubble, the distribution of energetic phonddée,0)
€ D centered at around the Debye energy. Because of very fast
electronic transitions(€) < 7pp(€) the electron distribution
IN(et) &% rapidly accommodates itself to the slowly varying phonon
g M _GN(G’IHZL de'n(e’,t) |+ Q(et). distribution. Thus to solve Eqg5) for this region we may

(5) drop the time derivative of the quasiparticle distribution

function. As a result the remaining integral equation for the

We have introduced\;=\v/2v,,, the dimensionless quasiparticle distribution function can be converted by triple

electron-phonon coupling constarit€ 1) defining the rate differentiation with respect to energy into a third-order linear

of phonon-electron interactions: 7f(€) =\.€. Here vy is  differential equation. Although cumbersome, the solution of
the electron density of states at the Fermi level in the normathis equation is exact:
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e'\3 process contributes to an extra energy loss from the phonon
( ) system on a time scale comparable to that for the—E,
phase. However, for most of tHep— (), phase the energy
} loss from the phonon system is small, and the energy in the
(6)

Qp 6 (Qp
J de’n(e’,t)=ﬁ de’'N(€',1)

w2

The quasiparticle distribution function can easily be ob- X - A
tained from Eq/(6) by differentiation. In deriving Eq(6) we slow time variation of the phonon energy, expanding it into a

neglect the exponentially small terms of the order of aylor series, with small parameter being(;t<1. The
e 1%t |n what follows we will consider the evolution of Strong inequality means that we restrict our treatment of the

the electron-phonon system at times exceeding the lifetim&p— {1 phase to times smaller tham\£},, the lifetime of
of the Debye phonot> 7,,(Qp). Substitution of this result & phonon at the threshold energy. This is exactly the time
into the second of Eqg5) yields scale of interest since under any other circumstances there

are no excitations left with energies abag.
R 12 Qp We first analyze the energy partition between the elec-
+N1eN(€Xxt) - 1—1>\1f de'N(e’,t)  (7)  trons and phonons. Using the solution for quasiparticle dis-
¢ tribution (6) and keeping only the major terms we find

€\ 5iv2| (€| 1?2 o

B S S f B D 9 ve ([

E) R%(l 4 )( 6) “ ®) Ee>|(t)=vejQ deen(e,t)zﬁéfn dee®N(e,t).
1 170

€
—iV2
phonon system decreases slowly until the average phonon

energy reachef ;.
In order to solve the integral Eq9) we shall exploit the

JIN(e,t)

at
(11)

<
=Q(ex,1). 9
The expression for the total energy in the phonon system,

We begin discussing the properties of the solution of Edg,,,, in the Debye approximation contains the same integral
(9) by going beyond the limits of its formal applicability ¢q that

allowing Q;—0. Multiplying this equation by the phonon
density of states times phonon energy and integrating over EZ 9, Q% 6

the phonon spectrum, after simple transformations, results in — = — =
p p p Epn 1dvpn 02 11 (12)
%o 10 > inarticle distributi
5t 9 (10  where Eg, is the energy of the quasiparticle distribution

above the threshold enerdy;. We stress that the singular

that is, the energy of the phonon systéip, is conserved behavior of the electronic distribution(e)~ e~ * resulting
during the evolution process. The physical meaning of thisrom our solution given by formul#6), does not allow the
result is that electron system having absorbed a single quaintegration to be taken over the whole energy range, because
tum of energy from the phonon system instantaneously rethe integral is divergent at lower integration limit. The mean-
turns it back in the form of two quanta. The net result is thating of this result is simple: phonons are in control over the
electronic excitations act as mediating agents modifying thelectronic distribution only above the threshold enefyy
phonon spectral distribution and leaving the energy of theand here our solution is valid. Below this energy quasiparti-
phonon system constant. cle occupation numbers will always remain finite showing no

This kinetic equation for the phonon distribution function singularity(see Sec. ¥ The continuity of the electronic dis-
is similar to the integral equations for the phonon distributiontribution acrosq}, together with the fact that(e) remains
discussed in detail for various regimes of phonon downconfinite within the range 8.e<<(); means that the electronic
version in dielectrics by*~>The important difference is that energy is almost equally split between the groups of low
in superconductors and normal metals splitting of initial pho-(below ;) and high(above();) energy excitations.
non into two phonons of lower frequencies takes place This results suggests the following picture of the phonon
through the mediation of quasiparticles, as the initial phonorcontrol phase. Decay of the phonon bubble on the time scale
is absorbed to create a pair of quasiparticles. The quasiparif the lifetime of a Debye phonon will create a nonequilib-
cles then thermalize with the emission of the two phononsrium distribution of phonons and quasiparticles with approxi-
The kernel of our integral equation is determined by themately equal energies. About three quarters of the total en-
specific features of electron-phonon interaction in metalsergy is in the form of high-energy excitations, both phonon
and is totally different from the anharmonic downconversionand quasiparticles, abow®;. Thus the initial production of
mechanism. the quasiparticles is very rapid and is not described by the

Taking ), and A to be finite involves also qualitative equation in which we have dropped all the terms containing
differences in comparison with an anharmonic downconverihe small exponeng™*1%0!, In the subsequent evolution of
sion cascade. The phonon system becomes open and phortbe whole system the phonon distribution narrows as higher
energy conservation no longer holds true. The reason is thanergy phonons decay into phonons of energy aralpad
the breaking of a Cooper pair creates two quasiparticlesvhile approximately conserving phonon energy. The rapid
whose residual energy after thermalization cannot be smalleesponse of the electronic system brings about a correspond-
than 2A. In addition, thermalization may not take the quasi-ing transformation of the electronic distribution towards
particle exactly to the superconducting edge but to some erlewer energies. As the mean electronic energy decreases, the
ergy below(); where the quasiparticle lifetime is long. This total energy can be maintained due to the generation of extra
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€'N(e.t)

FIG. 2. Phonon energy density distributions
; €N(e,t) at different times during the phonon-
P control phase Qp—Q;: t3>,>1>754p;
1> 1: t=ty, 2: t=t,, and 3: t=t5. Solid line: so-
lution with ¢;#0,c,=c3=0, dashed line: extra
contribution from solution witrc,,c3#0.

Q 1 1 1
}\‘ltj }“lti A‘ltl

quasiparticles with lower energies. This is the dominant ef=0 and depending on initial conditions the dominant term at
fect. Next order terms will result in phonons gradually losingu—0 is linear if c;#0, i.e., (u)~u, or ¢(u)~u* if ¢,
their energy to electrons, providing an addition source of=0. Thus

energy to the electronic system.

To describe the evolution of the phonon system during the 1
phonon downconversion phase we neglect the variations ofN(€,t)ce 3t(c;#0) or €t*(c;=0) for Q= <y
its energy. The energy conserving solution can be taken in 116)
the form of a scaling solutioN(e,t)=g(u)/e* with u
=Niet=t/mg(e).  The  Epn=(vpn/Qf)Sdee’N(e 1) 1
=(vph/Q%)fdu(<p(u)/u). Substitution of the phonon distri- N(e,t)ce *exp(— N et) for e>—. (17
bution in this form yields the following integral equation for Ajt

the unknown functionp(u): We may view these dependences as the evolution of the pho-

, ) non distribution for a given energy interval as a function of
de 12(= o(U’) 5i 2 time. In this way, at any energf);<e<Qp the phonon
o+ m — ﬂ du 1-R 1- T

u u’ population numbers rise linearly from zero, reach a maxi-
i mum aroundt=1/\,e and then decay exponentially. The
+iy/
u
u/

specific feature of the system under consideration is that, in
=0. (13 contrast to phonon downconversion in insulators, &é

This integrodifferential equation can be used to derive th

fourth-order linear differential equation for the unknown

“singularity” is dragged through to the phonon system. The
function ¢(u). Differentiating Eq.(13) one, two, and three

é)honon distribution soon after the initial instance of time
starts building up aroun€l,; as formulas(17) suggest. The

times allows us to exclude the integral terms with three dif

ferent kernels to obtain

evolution of the phonon distribution is thus rising the occu-
_pation numbers linearly with time at small energies below
the threshold energy separating the occupied from the de-
pleted states which sweeps across the spectrumlas,t.
This type of evolution is shown in Fig. 2. For illustration
o+ 1_2¢,+ 1_2¢=0 we plot the phonon energy densitieN(e,t) rather than the
u? ud ' occupation numbers. The solution with# 0 yields a step-
(14) like dependence for the phonon energy density with thresh-
old energye=1/\ 1t separating the depleted states from the
No approximations can be made in this equation and no anaccupied. While the threshold energy sweeps across the pho-
lytical solution exists, although the asymptotic behaviopof non spectrum the occupation numbers below it rise linearly
can be found. Asi—0 the solution has the following form with time so that the area below théN(e,t) remains con-

1
-t —
u u2

n

+1 3 "+3
® Mk

(cq1,c5,c3,C4 are arbitrary constants stant. Solutions witlc,,c;#0 show a phonon energy den-
sity that is concentrated mostly within the groep- 1/ t,
ari 3 4si 12 decreasing as® towards low energies. Again the area below
@=CaU+CoUT T CaUT A G| 1 qulnu. the >N(e,t) curve remains constant in accordance with pho-

(15) non energy conservation. The extent to which the energy in
the phonon system scales as prescribed by one or other of the

Large u asymptotics can also be found. Using the equatiorabove solutions depends on the magnitude of the coefficients
for ¢ one can show that the asymptotic of any solution isc,, c,, andcs. The latter is determined by the shape of the
e(u)=f(u)e ", wheref(u) is a nondivergent function of  “initial” phonon distribution after the decay of the phonon
asu—o. The solution withc,# 0 should be excluded, as it bubble. Intuitively[and this is confirmed by the shape of the
implies a large number of occupied low-energy phononrapidly decaying terms which we ignored while deriving the
states at=0, leading to phonon energy convergence. This ismain Eq.(9)] we expect the steplike solution with #0 to
physically impossible after phonon bubble decay. Thws dominate.
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Using the scaling solution to calculate the rate at which HereZ,(0) is renormalization parametalt,z(Q)vph(Q)

the average energy of phonons decreases, we obtain is the electron-phonon coupling strength weighted with pho-
non density of states,n(Q2), and 75, () is the phonon
fQDd€€3N(E 0 pair breaking time in a BCS superconductbbisregarding
0 ’ the weak deviation of X5 Q) from linear dependence in
(€)= rop a BCS superconductor 44;,(e) =\, € and assumingr?(Q)
dee?®N(e,t) constant, we see that the quasiparticle production rate in
R BCS superconductors is determined by the energy in the
o phonon system. We will use this result in Sec. VI for the
1 fo duute(u) 1 estimate of number of generated quasiparticles.
TINOt [ ~hi et .
j duu*2¢(u) %51 V. ELECTRONIC DOWNCONVERSION PHASE: Q,—E,
A Qqt

The characteristic time entering the phonon downconver-
(18) sion phasé&)p— 4 is the lifetime of(); phonon. The split-
fting of the last remaining phonons across the threslibjd
brings the whole system into a totally different relaxation
regime. The main feature of this regime is that all temporal
variations now are controlled by slower electronic transitions
while on that time scale phonons break Cooper pairs in-
stantly. As a result we may ignore the time derivative of the
phonon distribution function in Eq5) since it instantly ac-
commodates itself to the slowly varying distribution of qua-
siparticles. Passage across the threskbldesults predomi-
nantly in the population of long-lived electronic excitations,
; while phonons act as mediators in quasiparticle downconver-
and it takes another((1,) to sweep across tfe, boundary ., rgsulting in the multiplication gf theFi)r numbers. During

into the (3, — E, spectral region. : ! ! : :
Finally we consider the rate of quasiparticles productionth's stage provided,> A intensive generation of lower en-

over the{lp—(}, phase. We first integrate the first of the erg_lyoqgsss(ipr)i%rél%eesetslgﬁjstig:]ag? the quasiparticle and phonon
main kinetic Eqs.(5) over energy. As a result we have an q P P

: distributions we solve the second of Ed$) for phonon
exact refation distribution function and substitute the result into the first

where{(t) is the dimensionless ratio of the two integrals o
the order of unity, which may contain weak logarithmic de-
pendence on time. It is seen from EG8) that the phonon
mean energy stays above the threshold enddgyin the
course of the),— ), phase, that is, for@t<75({,). The
durationt, of the Qp— (), phase can be estimated therefore
in terms of the lifetime of a phonon at a threshold eneigy
We will taket;~27((},), because the scaling of mean pho-
non energy as in Eq18) suggests that the phonon distribu-
tion shrinks down to()4 in a characteristic time= 7({,),

dNg(t) equation. The result is
— =2 Epp(1). (19
dt & 2\ (=
Integrating this equation yields —lotg 2 n(e,w)— Q_zDL de’e’(e—e)n(e’, )
t
Ngp(t) = qu(o)+2)\1f0dt'Eph(t') = n;(:) . (23
Epn(0) Here we introduced the initial distribution for this stage
- ph g
=Ngp(0) +2 Q, Mgt (20 no(e€), normalized to the energy of the absorbed photon, i.e.,
E.=vefodeeng(e) which is value of the distribution at a
Epn(0) reference time=0, after the system of quasiparticles and
~Ta (1+2X1Q41). (21) phonons has swept across the boundary en@rgyrhis nor-

' malization is correct whef > A, and the energy remaining

We have arrived in the last expression by estimatingh the phonon system is small in comparison with that of
Ngp(0)=E¢i(0)/Q;=E,,(0)/Q; in accordance with Eg. quasiparticle system. Since all upconversion processes were
(12). The rate of quasiparticle production can be expresselﬂ“ored in the kinetic equations during their linearization, an
in a form similar to Eq.(19) in the general case of BCS assumption which is also valid for the phag—E,, the
superconductor and arbitrary phonon density of states. ThigPper limit of the integration in Eq23) could be set to-.
follows directly from the integration of the first of major Egs. As with phonon downconversion phase the actual form of

(3) with the most general expressions for the collision inte-the initial distributionng(¢) is of importance only close to
grals in superconductor. The result is t=0, while for larget the solution does not significantly

depend on it. Due to the special type of kernel in &3) the
dNgp(t) 2m2veA (o ) equation can be reduced to a second-order linear differential
dt 7300 Ja dQa“(Q) equation. A similar second-order differential equation for
stationary tunnel injection of excess quasiparticles was
Ton solved in Ref. 24. An equation which is identical to Eg3)
X vpn(QN(Q, 1) Zge—. (22)  has also been analyzed in Ref. 6. In this work a model scal-
Tph (£ ing solution was found in the form of a steplike function
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n(e.t) \
.\

\\ FIG. 3. 1: the exact solution given by formula

\ . (26). 2: model steplike solution of Ref. 6. Both
AN " solutions were normalized to energy and hence
\\\ the areas below the curves and therefore the num-

~ bers of generated quasiparticles are different.
N
\\\
\\
™~
T
0 E, €

which gave the correct time dependence of the number Qyhere I'{%,[e/€e* ()]3} is an incomplete gamma function.
generated quasiparticles. However, the estimates of both the,rmyla (26) allows us to derive the variation of the total

numbers of.the generated quasiparticles and the durgtion Aumbers of generated quasiparticles with time during the
the electronic downconversion cascade cannot be derived URtectronic downconversion phase. Thus

til the boundary energ¥, has been determined. The choice
of the characteristic time scale for the second $tarjethe

order of A~1(Qp/A)? is imprecise. - f g . X( t )1’3F(2> 7
i i i . = n(e,t)=——|—=— =1.
The solution of Eq(23) is straightforward: qp(t)=ve | den(e,t) Q, \7(Q)) 3
Nedt

n(e,t)=ng(€)exyg — 302 Note that the reference enerf; cancels out from the result

D as 7*1(91)~Q§. The time dependence suggested by Eq.
ONE [0y (27) is the same as that derived in Ref. 6. These authors used

+— de’ an approximate model solution of a kinetic equation similar

OpJe to Eq. (23) with two assumptions(i) the threshold between

the populated and empty states sweeps with time as formula
Qlde”e”n (") (24) (25) and(ii) the energy is conserved in the electronic system.
¢ ot€ ). With this assumptions the correct result was obtained in Ref.
6 even though the model steplike distribution function differs
The first term in this solution represents the contributionsubstantially from the exact result, as Fig. 3 illustrates.
from the initial distribution of quasiparticles which exponen-  Using Eqgs.(19) and(27) we obtain
tially dies out, so that the overall solution is not sensitive to
the initial distribution at large values of For this reason we

Ne'3t
Xexp — >
30

D

will not consider this contribution further. We introduce Bt T2
boundary energy* separating the populated from the empty EPh_F 7(Qy) r 3/ (28)
states, defined byy(€*)=t, so that
Q)R 3 \18 showing that the phonon energy is shrinking rapidly during
=0y ——| = D()\TDI) (25  the electronic downconversion stageE,,<E, for t

>7(4).

Here 7(Q) = 75({1) = 7pn({21). The dominant integration Most significant, however, is the consideration of the tran-
region overde in Eq. (24) is e<¢e* (). For larget the lower  sition energyE, for this phase of a cascade, which we define
limit € in the second integral ovete is below the range of as E,=3A. This definition has simple physical meaning.
concentration of the initial distributiong(e) which is ex-  The last 2A phonons will be emitted in the process of ther-
pected to be centered at higher energies ardlpdAs a  malization down to the superconducting edge by generation
resultf?ldeeno(e) hardly depends or and to high accu- Of quasiparticles residing &=3A. Once the quasiparticle
racy can be replaced bfdeeng(e), which then cancels distribution enters the spectral range bel&y the produc-

with the same integral in the denominator. The final result idion Of quasiparticles stops since there are o {zhonons
left in the system to break extra Cooper pairs. Using this

then
definition of E, we can determine the timg, when this
2F t V23 (1 occurs. Since the distribution of quasiparticles is given by
n(e,t)= —Xz(—) F[—,[e/e*(t)ﬂ, (26)  formula (26) at any later time of thd),;—E, stage,t;, is
ve] | 7(Q) 3 determined by
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TABLE II. Calculated duration of phonon and quasiparticle downconversion stages in superconductors.

Metal T Hg Sn In Pb Nb Ta Al Zn Mo Hf
t, ps 360 270 170 320 66 6.0 26.0 140 14 ns 100 400
ty ps 146 03 218 74 10 115 155 13ns 10ns 16 ns sl

ated. Following its rapid relaxation, a pair of low-energy
Ngp(€<Ej,t)))= 1—5)[qu(€<Ez,tu) quasiparticles is created with the remainder of the energy
emitted in the form of pair of phonons. The values figrfor
+3Ngp(e>E ty))] or (29 these materials have no real meaning sincd 4ds all these

materials is above th@, threshold. For metals of this group

Ngp(e<Ez,t;)=3(e~1)Ngs(e>Epty). (B0 (0, /A~1 and the electronic downconversion phase is essen-
The meaning of this condition is that the number of quasitially absent.
particles with energies belol, reaches (% 1/e) level of The second group contains predominantly small gap su-
their ultimate number. It has been assumed that each of tHeerconductors. The metals in this group are Al, Zn, Mo, and
quasiparticle abové&, after thermalization emits a phonon Hf. In these materials the phonon downconversion phase is
with e>2A, which breaks Cooper pair, thus tripling their fast compared to the final quasiparticle downconversion
contribution to the number of quasiparticles. Using E2§)  (multiplication) phase. The characteristic time for the cas-

we rewrite this conditior(30) in the form cade ist.p,=t,+t;, . The quasiparticle numbers increase lin-
early during the first phase, followed by a much slower rise
Ep/e* () 1 .\ * 1 . during the second phase. Thaogy(t)x=t for 0<t<t, and
fo o 3X =3(e-1) EZ,G*(t”)dXF 3% Ngp(t) <t for t;<t<t, . A much slower rate of quasipar-

(31) ticle production over this phase is determined by the corre-

sponding rate of electronic relaxation releasing the energy in

The solution of Eq.(31) is t;;=74(4.54), yielding the the form of mediating phonons to break extra Cooper pairs.

result that the), — E, phase takes place in a time two orders This tendency is partly compensated by the fact that in each

of magnitude faster than the estimate of Ref. 6. elementary event the number of quasiparticles triples, that is

Finally, since the phonon distribution function during the the energy of an energetic quasiparticle released in the form
electronic downconversion phase instantly adjusts itself t@f a productive fw>2A) phonon creates two extra quasi-

match the electronic distribution we substitute it into Eg.particles.

(22) to obtain a convenient result for the general case of BCS It is for this group of metals that the production rate for

superconductors and an arbitrary phonon spectrum: quasiparticles numbers is described ¥ law obtained in
Ref. 6. However, even for these metals the characteristic
dNgp(t) JQDd 1 ¢ time turns out to be much shorter than the estimate given in
dt “"e A eple) 1(€) 74(3A) n(e.n), Ref. 6(100 ns for Nb based ST.JThese estimates show that

(320  the profile of the signal front due to the cascade processes is

where p(e) is a dimensionless BCS density of states. Thislmportant for smallest gap materials. The whole problem of

formula which is a result of exact integration of the majorf[he quasiparticle production rate as a function of time in the

system(3) for the electronic downconversion phase is a di_mitial stages foIIowing the absorption of a photon is crucial
rect proof of our choice of the stage-2—stage-3 transitio for the new generation of STJ's basgd on the use of small
energyE,=3A I'l;_ap materlgls such as Mo and espeC|aIIy_Hf. I_n these mate-

2 : rials tunneling starts long before the quasiparticle relaxation
finishes and the ultimate number of quasiparticle has been
produced.

To analyze the types of phonon and quasiparticle down- _ It is worth mentioning that a s?mila}r material classification
conversion processes during the second stage of enerdyth regard to hot-spot formation in superconductors has
downconversiorE;— E, we show in Table Il the calculated P€€N pref)pozseq in Refs. 19 and 20, in Wh'Chgthe figure of
duration of phonon and quasiparticle downconversion stage®erit Qp/T¢ simply measures the ratia);/A)°. Indeed,

t, andt, for different superconductors. It can be seen thaf(Q1/A)3=(Qp/A)3(3ve/2vp,) = (Q3/A?) (ve/6N), where
the metals in the Table Il fall into three different groups. N is humber of atoms per cnThis ratio strongly depends

The metals of first group TI, Hg, Sn, In, and Pb are char-on (Q3/A2)(Q3/T?), while the factorv /6N is a relatively
acterized by the fact that the duration of the phonon downweak function of the material parameters.
conversion stage significantly exceeds the duration of the Finally, the materials of the third group of widely used
potential electronic downconversion stage. The characteristisuperconductors including Nb and Ta fall into an intermedi-
time for the whole cascade ig,=t,. For these materials ate range wher&,=(); and hence the electronic downcon-
during the whole of the second stage the production of quaversion phase is underdeveloped. Under these conditions the
siparticles varies approximately linearly with time, thus electronic downconversion cascade is short and the time de-
Ngp(t)=t, reflecting the linear growth in phonon numbers. In pendence of the quasiparticle numbers does not approach the
each elementary event after the absorption of a high-energgsymptotict® law, which arises only for long cascades, that
phonon by the electron system an electron-hole pair is cres (21> E,. Instead, starting from the later phases of the pho-

VI. DISCUSSION
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. N ) FIG. 5. Quasiparticle relaxatiofdashed lingand phonon pair
FIG. 4. Density of states versus quasiparticle energy in a Ta/Al:)reaking tirr?e(sol% line) versus en(:rgy in Taggl P P

bilayer. The solid line in Al is at the barrier, while the dashed line
corresponds to the Al-Ta interface. In Ta the density of states i

almost position independent. Sicular Ta/Al device is characterized by a relatively long

electron downconversion cascatlje=4t, and hence it ap-
non downconversiof),— (), cascade the initial linear time proaches the second group of materials. The Nb/Al devices

dependence of quasiparticle numbers on time decreases #7d T&/Al with different degrees of proximization all fall
the transition range arourfd,, but fails to reach the'3law, ~ P€tween unproximized Nbia) and the above example.

This group of materials includes also Nb/Al and Ta/Al prox- 1N€ré exists one very specific feature of the proximized
imized structures which are now being extensively studiedStructures which is absent in the BCS superconductors. The
While electrongholes cascade across the high-energy rangeCooper pair breaking time of Flg: 4 exhibits a dramatic rise
E,—Qp—Q, spectral renormalization due to the proximity O @Pproach to 2,. Above 2Ar, it reproduces closely the
effect is unimportant. One consequence of the(TdpAl behavior in bulk Ta. Below &, it is intermediate between
bilayers is that part of the cascade occurs in one material arfet!k Al value (240 ps and bulk Ta value. However, when
part in another. This happens because at the characterisfé€ Phonon energy approachea 2the pair breaking time
electron velocity of (5-10% 10/ cm/s and for layer widths rapidly rises to large values. The reason for this is the shape
of 100 nm it takes only 100—200 fs to pass across one laye?f the density of states on Fig. 4, which smoothly goes to
and enter the other. Thus although the absorption is mor&e"© around the gap, while for BCS superconductors the in-
likely to occur in NKTa) the excitation region spreads into [INite density of states at the edge causes the pair breaking
the Al layer long before th&,— Q thermalization cascade t!me_ dlsqont|nU|ty at A. Th|§ f_eature contnbute; to a dis-
of Debye phonons is completed. Thus the first phfise tinctive signature of the prOX|m|zed structures with respect to
—.Q, (phonon downconversigrstarts from the initial distri- eIec’Fronlc downgonyersmn phase. The lifetimes of the pro-
bution of phonongphonon bubblewhich is present in both ~ ductive phonongin Fig. 5 below 2 r,) turn out to be com-
layers. In what follows the phonon downconversion phasé@@rable to or even larger thap. As a result there appears a
develops following the scenario which has been discussed!dnificant extra flattening of the time dependence of the
The only difference is that both quasiparticles and phonon8Umbers of the generated quasiparticles at the very end of the
can be exchanged between the two materials during this prd?1— E2 cascade as compared to the unproximized structure
cess. This can hardly bring about any qualitative changes a¥ith similart, andt, . _ _
the rates of electron-phonon scattering and pair breaking at e Will address now the important question of how much
the same energy above the Fermi level are similar. WitfEN€rgy e is needed to produce a single quasiparticé
typical thicknesses of the films forming a bilayer of the orderthough of course they are created in prifthe number of
of few coherence lengths the superconducting gap stays cofuasiparticles ultimately generated can be expressed in the
stant across the bilay&%2° However, densities of states for form
quasiparticles depend on spatial coordinates and therefore
both scattering and pair breaking times must be properly
averaged. Figure 4 shows the dependence of densities of
states in Ta/Al device, 100 nm Ta and 55 nm A\,
=0.45 meV, at four different locations as a typical example, So far the choice ot has been determined by Monte
whereA  is the value of the gap in the proximized structure.Carlo simulations giving the value=1.75A% From our
The variation of scattering and pair breaking times versugonsiderations it follows that this number is not universal,
an energy for Ta/Al device Ta0l1 borrowed from Ref. 27 isbecause for superconductors belonging to different groups in
shown on Fig. 5. As seen from Fig. &,,~5.4A1,~8.3A, our classification scheme the energy partition between elec-
~3.73 meV,t;=~20 ps which is very similar to the value of trons and phonon is different by the time that stage 2 fin-
t, for an unproximized Ta devicet, = 7(4.54,)=80 ps. ishes. We will consider the two extreme cases separately. In
Here A, is superconducting gap in the bulk Ta. This par- metals of the third group—low gap superconductors—neither

Ex
qu(t:w):?- (33
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a steplike solution of Ref. 6 nor the improved formy6) present in a BCS superconductor and in a normal metal. This
are adequate, as they are both model solutions obtained ingularity in turn drags the &7 singularity in the phonon
the limit A— 0, disregarding the specific features of a superdistribution. As a result immediately after the beginning
conductor in comparison to normal metal. Form(8a) pro-  of the Qp—; phase the phonon distribution builds up
vides the answer. Using the approximate distribu®® in  around(),, i.e., at low energies, with a large percentage of
the exact formuI£§32) is justified as integration starts a3  phonons falling below &, the smaller}, being more disas-
where all corrections to normal-metal expressions do not €Xyoys for the production of quasiparticles. This feature of the
ceed 5%. Using formulag6) and(32) yields phonon distribution persists during the whole duration of this
3 ~1 phase, contributing to the enhanced losses from the system in
i:£< fmdx -1 ) ~1.65. (34) contrast to the third group materials. The result given by
A 121 J3 x4 x%-1 formula (36) is consistent with experimental observa-
tions®?° This interpretation of quasiparticle yield in first
.Now let us consider the superconductors of the fi_rst grouRyroup materials does not invoke the formation of the hot
with Ql_~1. In thes_e superconductors the ele(_:tronlc dOW”'spot—the highly nonequilibrium phenomenon potentially oc-
conversion phase is absent. To make an estimaie @& iing at strong excitation leveldarge photon energy It
approximate the phonon energy density by a steplike fun‘:\'/vill still hold true at low excitation levels beyond the thresh-

tion as shown on Fig. 2: old for the formation of a hot spot or any other strongly

02 nonlinear effects.
63N(6,t)=,8EX)\1t—D®()\— — e) , (35 So far we avoided discussing the expansion of the excita-
Vph it tion volume in the course of the downconversion cascade.

where®(x) is the step function an@<1 is the fraction of For the phonon downconversion phase this was justified by
photon energy immediately after the decay of Debyereferring to slow phonon group velocities. For the second
phonons. Simple calculation with the use of formu(28) electronic downconversion stage the quasiparticle diffusion

and (35) yields can be easily accounted for. The solutions which we ob-
5 tained for distribution function$24) and (26) demonstrate

(&) that as long as the system of interacting quasiparticles and

1 1A phonons remains linear the account of the diffusion is

€= ﬁ Q, (36 straightforward, as all temporal and spatial processes run in-

N 1 dependently. As a result expressions for the densities can be
obtained by multiplying the solution$24) and (26) by
This result shows that gets larger ad);/A—1 and is e factor (1/4r%r2wDt) [drO (ro—r)exd — (r—r)%/4Dt],
significantly larger than for the metals of the third group. For\;nare the initial distribution has been taken to occupy a

rE‘:)’/Iindrical volume around the absorption site of radiys
height equal to the electrode width. We may use this
hA . ; o model to derive an important condition for the downconver-
complications making this result only qualitatively correct. _. . A .
sion process in nonequilibrium superconductors. The basic

The first is that the partition parametﬁr!s not a constant, equation of BCS theory for the order parameter for the ho-
but decreases as phonons lose energy; this is clear from the

discussions in Sec. IV. Thus the effective valugBois even fmogeneous system s

smaller making the quasiparticle yield even poorer. Second,

all superconductors of the first group are “soft” with small 0 dé

values of the Debye energy and relatively small ratios 1:7\f D—[1—2n(§)], (37)
Qp/A. As a resultQ),/Qp falls between 0.1 and 0.1, o €

Hg,In) and reaches even 0.32 for Pb, forcing phonon distri-

butions to evolve across the non-Debye part of spectrum. For _

all materials of this group, the phonon spectrum extendsvhere N\ is effective electron-phonon coupling constant.
about twice as far as their Debye energy. Also a Debye apWhen n(&€)—0 its solution yieldsA—A(0), the value of
proximation underestimates the phonon density of states gap at zero temperature. Excess quasiparticles can signifi-
small energies. For all materials of the first group this effectcantly suppress the gap or even locally destroy superconduc-
has serious consequences as the larger phonon density tofity. The nonequilibrium state of a superconductor that we
states at this energy range causes the electrons to relax fasteonsider in this paper differs from the homogeneous case and
This in turn takes(), towards lower values as compared to in general one should derive the equation for the order pa-
the estimates in Table |. The physical meaning of the deterameter accounting for the spatial variations. For a simple
rioration of the quasiparticle yield is simple. Indeed, the*1/ estimate we assume that the excited spot is confined within
singularity in the electronic distribution formed during this the cylinder with the radius ¢Dt,, and heightw and that
phase of a cascadsee Sec. IYis a reflection of the accu- within this cylinder the quasiparticles distribution is homo-
mulation of quasiparticles in the states with low energygeneous. The distribution functiam(¢) can be taken as a
where they are subjected to less phonon scattering and spesdlution of Eq.(26) at the end of the electronic downconver-
effectively a much longer time. This effect does not sig-sion phaset=t.,, when the production of quasiparticles
nificantly depend on the electronic spectrum and is equallstops:

beginning of the phonon downconversion pha8e;3 and
for a typical (), /A=2 we obtaine=4. There are the two
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E, 1 1 The values of the parametgr at E,=6000 eV isy&P
n(é)~ s ADLw e =0.02 for an epitaxial base film thickness of 100 nm and
ve(kgTc) I diffusion coefficient D~600 cnf/s corresponding to the

2/3 value of the diffusion coefficient in normal state as measured
X(L> I‘(—,[E/e*(t” )]3] from residual resistivity ratio (RRR) measurements:
37 3 RRR=902 For a polycrystalline top film of 200 nm with

y (1 factor 20 slower diffusion %"~ 0.4, giving an absorption in

Er[g,[f/f*(tu)]s] (38)  the top film closer to a moderate excitation level. For a typi-
cal Ta film of 200 nm thickness we obtay§5'=0.01 mainly
because of the smaller gap and weaker electron-phonon cou-
pling in Ta. As these values suggest, all Nb- and Ta-based

Although T'{,[e/€* (t,)]°} enters the distribution as a re- STJ devices in the hard x-ray range up to 6 KeV operate in

sult of solution of the kinetic equations for normal metal it weak excitation regime. . i

does not contain any singularities at>0 (see Fig. 2 and In superconduptors belonging to the first group where the

indeed might represent an appropriate distribution for theelectronlc phase is not developed the expansion occurs d!”'
. . 3 ing the phonon control phase. The phonon diffusion coeffi-

case of a suppressed gap. Numericdllys,[e/e*(t)]°}  cient is extremely small. Nonetheless, as follows from the

<I'(3). Thus we arrive at the conclusion that, depending orresults given by formuld12) in Sec. IV the amount of en-

the value of a parametgy, the following possibilities can be ergy in the electronic system rises very rapidly to a finite

encountered: value at the beginning of th@y,—Q, phase. Thus the ex-
(i) x<<1: weak excitation level, pansion is again due to the electronic excitations. A very
(i) x~1: moderate excitation level; rough measure of the possibility of formation of a hot spot
(iii) x>x.=1: strong excitation level. will be given by the same sort of formula as E8) but

In the regime(i) the excitation level is so weak that the with the electronic distribution function derived from Eq.
order parameter is homogeneous and the system remains pé®). The result can be expressed as
fectly linear on a time scale of the duration of the second
cascade stage; — E,. In regime(iii) of strong excitation the
energy deposition is so large that by the time the production 1 E, 1
of quasiparticles ceases the superconductivity within the ex- X= 0. & 47Dtw’ (39

L . vel), & 4wDtjw

citation spot has been destroyed. The most interestifig)is
The main feature of this regime is a deep suppression of the
gap within the excited spot. As a result, there are two pos- . ) .
sible paths for subsequent evolution, depending on the speed This estimate shows that for superco_ndu_ctors of thg first
of diffusion out of the excited spot compared to the rate ofd"oup the threshold for hot spot formation is not easier to
trapping of the quasiparticles from the states above the bulRchieve as compared to materials of the third group, since the
gap due to thermalization down to the suppressed gap. THRhorter _durat|0n of the p_hasg is fully compensated by the
first corresponds to faster diffusion. In this case after deeproduction of fewer quasiparticles.
excursion the gap relaxes to its bulk value before significant
numbers of quasiparticles haye been t_rapped .a_t the sup- VII. CONCLUSION
pressed edge. Although the regime remains quasilinear none-
theless the numbers of the quasiparticles and correspond- In summary, we have demonstrated that the quasiparticle-
ingly the fraction of photon energy lost for production of phonon downconversion cascade in nonequilibrium super-
quasiparticles can be different from the regifile The sec- conductor starts at hot electron energigsfar larger than
ond scenario is that of slower diffusion and simultaneoushe Debye energylp. As a result, the hot quasiparticles
faster trapping. If trapping of a significant number of quasi-undergo a very long cascade downeta () with extremely
particles onto the states near the locally suppressed supercdast emission of a large-E;/Qp>1 number of Debye
ducting edge occurs before the quasiparticles with energigghonons. Quasiparticle-phonon downconversion across the
above the bulk edge diffuse out of the excitation volume remaining spectral range beld# starts from a highly non-
then the formation of an autolocalized state becomes feaequilibrium state where most of the energy has been accu-
sible. The fast initial production of the quasiparticles within mulated in the form of Debye phonons. It first proceeds as a
the small excitation volume causes deep local suppression spectral transformation of the phonon and electron systems
a gap. The subsequent trapping of quasiparticles by this pavhich are controlled by th€),—; phonon downconver-
tential well will autolock the system of quasiparticles within sion phase, followed by the second ph&se—E, of elec-
the excited spot. The trapped quasiparticles will have ndronic downconversion. We found the analytical solutions of
chance to move laterally as they encounter the regions dhe coupled kinetic equations for the interacting quasiparti-
wider gap and undergo Andreev reflections, keeping theneles and phonons describing both phaseQ gf-E, cascade
inside the excited spot. Their enhanced numbers will mainand derived characteristic times of the downconversion pro-
tain the locally suppressed gap forming the metastable “hotess together with specific time dependences of the numbers
spot” which will survive until the self-recombination within of generated quasiparticles during different cascade phases.
the spot destroys the excess quasiparticles and brings abdiMe have shown that different superconductors exhibit differ-
the gap relaxation. ent cascade patterns depending on specific combination of
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their parameters and introduced a classification scheme. Then, quasiparticle yield is poor and strongly depends on ma-
guasiparticle yield has been shown to be different for differ-terial parameters. The excitation level in the Nb- and Ta-
ent groups. For low gap superconductors the mean enerdyased superconducting tunneling structures widely used for
needed to produce one quasiparticle is close td 1while  x-ray detection as well as for other superconductors of the
for superconductors of first group such universality is bro-Table | remains weak even in the hard x-ray region.
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