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Transient responses of superconducting lead films measured with picosecond laser pulses
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Picosecond laser pulses are used, for the first time, to excite superconducting Pb films out of
equilibrium. Pb microbridges are used to measure the threshold power needed to drive the Pb
film normal as a function of temperature. Pb tunnel junctions are used to measure the quasi-

particle relaxation times at temperatures close to T, and at low reduced temperatures. The mea-
0 0

sured quasiparticle relaxation time for a 500-A Pb —PbO„—500-A Pb tunnel junction is 3.1 nsec
for the sample in vacuum it temperatures near T, , and 2.5 nsec for the sample in superfluid at

low reduced temperatures. At temperatures near T, , the quasiparticle relaxation time for Pb is

shown to be identical to the phonon escape time instead of the effective quasiparticle recombi-
nation time. At low reduced temperatures, the quasiparticle relaxation, for the case of excess
quasiparticle density being much larger than the thermal equilibrium value, is shown to be ap-

proximately exponential with a time constant equ il to twice the phonon escipe time. The pho-
non transmissivities for the Pb-quartz, Pb-superfluid He, and Pb-PbO„ interfaces &re determined

from these relaxation time measurements to be 0.16, 0.16, ind 0.2, respectively.

I. INTRODUCTION

Relaxation-time measurements of various super-
conducting materials have been a principal subject in
the general field of nonequilibrium superconductivi-
ty. ' Laser light has frequently been used to perturb
the superconductors for studying either the steady-
state response' ' or the transient behavior. " "
Most of the transient studies were done for supercon-
ductors with weak electron-phonon coupling, such as
Al and Sn. In this paper, an experimental study of
the transient responses of superconducting Pb films
is presented. It is the first time that the response of
such films to picosecond laser pulses (20 to 50 psec)
has been reported. Previously, superconducting Pb
films irradiated with microsecond laser pulses have
been studied by Testardi" and Golovashkin et al„"
and superconducting bulk Pb samples irradiated with
nanosecond laser pulses have been studied by Hu
eral"

It is well known that a strong electron-phonon cou-
pling material has a very short characteristic
electron-phonon interaction time. " For example, Pb
at its superconducting transition temperature T, has
an inelastic scattering time for electrons at the Fermi
energy of about 10 psec, and the lifetime of phonons
with energy -kq T, of about 60 psec. " Since the to-
tal energy of electrons and phonons is conserved in

the electron-phonon interaction process, a charac-
teristic energy releasing time of the metal film is also
very important to the transient behavior. For thin
films on dielectric substrates subject to a spatially un-
iform excitation, the characteristic energy releasing
time is the phonon escape time, '

~~, into the sub-

strate or into the He bath if the thin films are in
direct contact with He. It is intuitively clear that v„
can be roughly estimated to be the phonon transit
time across the film multiplied by the inverse of the
phonon transmission probability (phonon transmis-
sivity) of the interface. For a 1000-A Pb film, r~ is
at least 0.2 nsec. Therefore, with a laser pulse width
comparable to the electron-phonon interaction times
and much shorter than the phonon escape time v~,
we have the advantage of making the following stud-
ies, which cannot be made with longer laser pulses.
First, we studied the threshold power, or more pre-
cisely the threshold energy per pulse, needed to drive
the superconducting film into the normal state, It is
clear that if the laser pulse is comparable to or longer
than v~, the threshold power would be 7~ dependent
instead of intrinsic. Second, from the relaxation-time
measurements of the superconducting Pb tunnel
junctions, we obtained the information on ~~'s for
Pb-quartz, Pb-superfluid He, and Pb-PbO interfaces,
These 7„'s turn out to be roughly ten times longer
than the photon transit time across the film, i.e., of
the order of several nanoseconds. We believe that
this is the first time the direct measurement of pho-
non escape times for superconducting Pb films has
been reported.

The sample fabrication and the experimental setups
are briefly described in the next section. Experimen-
tal results are presented together with the theoretical
interpretations in the third section. Comparison with
other available information on the threshold power
and 7~'s can be found in the final section with a brief
discussion of the implications of the present experi-
ment.
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II. EXPERIMENT

The samples used in this experiment were either
variable-thickness microbridges of superconducting
Pb or Pb-PbO -Pb tunnel junctions. C-axis crystalline
quartz disks were always used as substrates. These
were 250 p, m thick and 1 in. in diameter, Pb was
deposited onto the substrates by conventional hot-
boat evaporation in 10 ' to 10 torr vacuum. The
geometry and the dimension of Pb microbridges is

shown in the inset of Fig. 1. The Pb tunnel junctions
were cross-strip type with a tunneling area about
75 x 100 p, m'. The thickness of the individual films
of the tunnel junctions varied from 500 to 4000 A.
Both equal-thickness and unequal-thickness cases
have been investigated experimentally. The normal-
state resistances of our tunnel junctions were typically
1 O. We only present data for high quality tunnel
junctions which show negligible leakage current for
V ( 2h/e at low reduced temperatures. The film

thicknesses and the normal-state resistances for those
samples are listed in Table I.

Samples were either mounted in an optical cold-
finger Dewar for experiments done in the tempera-

ture range of 5 to 7 K, or mounted in an optical im-
rnersion Dewar for experiments done in the tempera-
ture range of 1.5 to 2 K. In the former case the sam-
ples were in vacuum, and in the latter case the sam-
ples were in direct contact with superfluid He.

Short laser pulses produced by a dye laser synchro-
nously pumped by a mode-locked Ar laser were used
to irradiate the supergonducting samples. The laser
pulse width was typically 20 to 50 psec. The exact
pulse width is not important in the present experi-
ment as long as it is much shorter than the phonon
escape time r„. The time interval between laser
pulses was fixed at 14 nsec.

Superconducting microbridges were constant-
current biased at a current level much less than the
critical current of the bridge. Because a supercon-
ducting microbridge is essentially an ideal on-off
switch, it serves as a threshold detector to detect the
minimum light power needed to drive the supercon-
ducting Pb film normal. When the light power just
exceeds the threshold power, both the rise time and
the fall time of the voltage pulses of the microbridges
are essentially limited by our detection resolution;
this feature was actually used to check our overall
detection resolution experimentally. Superconducting
tunnel junctions were usually biased at V = 2k/e,
where the dynamic resistance is close to the mini-
mum. The RC time constant at the bias point is at
least ten times smaller than the RC time constant at
V ) 2h/e, which is estimated to be 0.3 nsec. The
voltage pulses, which reflect the changes in the su-
perconducting gaps, were transmitted through a coax-
ial cable, and amplified by two fast amplifiers (B&H
DC3002, rise time -130 psec) in tandem, and finally
recorded by a transient digitizer (Tektronix 7912 AD)
with less than 1-nsec rise time. Our overall detection
resolution time is both estimated and determined to
be about 1 nsec.

0.5—

0.3

TABLE I. A list of the film thicknesses of each film,
normal-state resistance R&, and the experimental tempera-
ture range for the samples tested and analyzed.

Film 1 (top) Film 2 (bottom) R&

Sample No. (A) (A) (&)
I'0.5 0.6

'I I

0.7 0.8
T/Tc

0.9 1.0

FIG. 1. Measured average threshold power of the laser
pulse vs reduced temperature. The sample geometry is

schematically shown in the inset with dimensions indicated
in the units of p, m. Our laser pulse has a pulse width of ap-
proximately 30 psec and a pulse period of 14 nsec. The laser
peak power and the energy per pulse can be obtained by

multiplying the measured average power by 470 and
1,4 x 10 sec, respectively.
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III. EXPERIMENTAL RESULTS AND
INTERPRETATIONS

A. Microbridges

Because of the fact that the microbridges are ideal
on-off switches, the shape of the voltage pulses in-

duced by laser irradiation depends on the laser power
and is, in general, nonexponential. We do not intend
to present the analysis of the pulse shapes here. In-
stead, the measured threshold power as a function of
reduced temperature is shown in Fig. 1. The thresh-
old power is defined to be the minimum peak power
of the laser pulse needed to drive the superconduct-
ing film normal with zero current bias. In practice,
some small current bias is needed to give us observ-
able signals, and the zero-current limit is obtained by
extrapolation of the measurements of threshold
power versus bias current at a fixed temperature.
The solid line in Fig. 1 is a theoretical fit with the ab-
solute absorbed energy per pulse as the fitting param-
eter. The theoretical calculation of the threshold
power as a function of reduced temperature was car-
ried out using the Rothwarf-Taylor equations' for-

quasiparticles and 2h phonons, i.e., phonons with en-

ergy greater than or equal to twice the energy gap
parameter 5, as follows:

Nq = lq —RNq~ + 2~+ 'Np

Np lq + RNq ra Np rq (Np Npr) (2)

where Nq, N~ are the number density of quasiparti-
cles and 2b, phonons, respectively, Nq& and N~& are
the thermal equilibrium values of Nq and N~ at tem-
perature T, Iq and I~ are the external generation
rates, R is the rate for one quasiparticle to recombine
with any other quasiparticle, r~ and ~~ are the pho-
non pair breaking time and phonon escape time,
respectively. The quadratic terms in Nq reflect the
fact that it takes two quasiparticles to recombine to
make one pair. It is true that the Rothwarf-Taylor
(RT) equations are crude approximations to the com-
plicated quasiparticle and phonon collision integrals.
However, there is theoretical and experimental' evi-
dence to show that the use of the RT equations can
give results reasonably close to the more elaborate
collision-integral calculations. Because the cooling
processes of a high-energy quasiparticle are not in-
cluded in the RT equations, the quasiparticles and
phonons generated by cascading a direct photon-
excited quasiparticle from high energy ( —I eV) to
low energy (between 5 and 2h) have to be included
in the generation terms lq and l~. The estimated cas-
cading time is in the order of 1 psec for supercon-
ducting Pb." Therefore we expect the RT equations
to give a reasonable account of the quasiparticle and
phonon system on a time scale longer than 1 psec.
The same estimate gives the ratio of I, to I~ for 2-

eV-photon pumping to be 1:1 5. In addition, for su-
perconducting Pb, the following values are assigned
for the parameters used in the RT equations'

4N (0)&OR = 2 x 10" sec '

~g=3 x 10 "sec

B. Tunnel junctions

1. Theory

In thermal equilibrium, the superconducting gap
at finite temperature T is related to the thermal dis-
tribution function of the quasiparticles,

fr (E) —= [ I + ex p(E/ka T ) ]

through the BCS gap equation:
OO

6/ho=exp —
J d~ fr(E)/E

where a=—+(E' —5')'

(4)

where N (0) = 2. 1 x 10'9 (meV) ' cm ' is the single-
spin electron density of states at the Fermi energy,
and ho= 1.4 meV is the zero-temperature supercon-
ducting gap of Pb. For the calculation of the thresh-
old power, both lq and l~ are assumed to be Gaussian
in time with a full width at the half maximum of
about 30 psec. The peak values of N, and N~ are nu-
merically determined from the Eqs. (1) and (2). It
has been verified numerically that these are very in-

sensitive to the value of ~„, provided that 7 „ is much
longer than 30 psec. From the numerical calculation,
the peak value of N, can be determined as a function
of the peak value of l~ (the ratio of l~/l~ is kept con-
stant at 15). We assume that the nonequilibrium
quasiparticle distribution due to laser excitation is

close to the T' model" ";hence the superconductor
is driven normal when N~/4N(0)/I reaches 0.4."
The threshold power, P,h, is calculated from the cor-
responding lq and I~ by using the following formula:

P,h
= Iqh(T) + 1~2/J (T) = 3 I lq/J (T)

where /t (T) is the superconducting gap at T
There is a large uncertainty in determining the ab-

solute energy per pulse absorbed by the microbridge
from the uncertainty in estimating the laser spot size.
Thus the absolute scale of the threshold power is

used as an adjustable parameter to fit the experimen-
tal data. The fitting is satisfactory. The threshold
power per unit area determined from the experimen-
tal estimates and the theoretical calculation agree with

each other to within the experimental uncertainty.
The experimental estimates give a value between 3
and 30 kW/cm', which corresponds to between 20
and 200 mJ/cm' per pulse for a 500-A Pb film, at
low reduced temperatures.
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It has been shown" that the BCS gap equation is
still valid for superconductors subject to a constant
external perturbation if the nonequilibrium gap and
quasiparticle distribution function are used in Eq. (4).
In a non-steady-state situation, there are reasons'4 to
believe that Eq. (4) still holds instantaneously provid-
ed that the relative rate of change in 6, i.e., (5/5p),
predicted by Eq. (4) through the change in quasiparti-
cle distribution, is smaller than 5/lt. The relaxation
of quasiparticles cannot be faster than the quasiparti-
cle recombination time (about 3 psec for the thermal-

ly excited quasiparticles in Pb) near T, . That implies
that Eq. (4) is instantaneously valid unless
T/T, & 0.999.

It has also been shown" that the superconducting
gap determined from Eq. (4) is predominantly deter-
mined by the quasiparticle density rather than the de-
tails of the distribution function so that Eq. (4) can
be approximated by

5/kp = 1 —2Nq/4N (0)lip (5)

ANq Iq 'TR ENq + 2T+ ANp t

ANp Ip +
2 ~R ~Nq Tg A%p

(7)

(8)

where ANq =—Nq —Nqy, ENq —= N~ —Npp, and
v'R ' =—2Nqy. R.

The solution of Eqs. (7) and (8) can be written as

ANq (t) = Ae ++Be
-t/~+

b Nv ( t) = —3 a+e —8a e

(9)

(10)

Within the approximation made for Eq. (5), which is
valid for our experiment, the change in supercon-
ducting gap measured experimentally is a direct mea-
surement of the changes in quasiparticle density Nq.

In order to understand both the dominant quasi-
particle relaxation time and the pulse shape and their

. temperature dependences, it is very helpful to model
the tunnel junction within the framework of the RT
equations [Eqs. (I) and (2)].

First of all, to understand the difference in quasi-
particle relaxations at temperatures close to T, and
low reduced temperatures, let us consider a simpler
situation: a single film with only one interface
transmitting phonons with a phonon transmissivity q.
The phonon escape time v„can be calculated from

r„=4d/qiv, ,

where d is the film thickness and j, is the phonon
velocity.

At temperatures close to T„ the thermal popula-
tion of quasiparticles is large [0.1 to 0.3 in units of
4N (0)kp] compared with the excess quasiparticle
population (of the order of 0.02) generated by laser
pulses to produce a small but detectable signal, say of
the order of 40 p,V.25 Therefore Eqs. (1) and (2) can
be linearized into

where

and

r+' = —, (rtf'+rtt'+r, '

+ [(r + r + r„')-' 4—r r„']-"']

u+ =—(r+' —rR')/2rtf'

Nq(t) = Nqpe ~ Nqp/4rqRNqp

-f/~
Nv(t) =Nappe (12)

where the initial values of Nqo and N 0 are related by

2Nv p/Nq p raR (13)

This is a result of a self-consistent assumption that
on a time scale shorter than r„a quasiequilibrium

For superconducting Pb near T„we have
vR' & r&' » v~'. The two relaxation times v+ of
the quasiparticle-phonon system reduce to

f

TR +Tg
V +

Y

Since our experimental detection resolution time is
longer than v+, it is clear that the measured quasipar-
ticle relaxation time is exactly the phonon escape
time ~~.

On the other hand, if 7R is the longest time among
the three time constants in Eqs. (7) and (8), which is

appropriate for superconducting Al for example, we
have

t

v~'+ v„'

rtf '/(1+ r, /rtt )

In this case, the dominant quasiparticle relaxation
time is the effective quasiparticle recombination time,
r ff Ttt ( 1 + r„/rtt ) . It is interesting to note that the
steady-state solution of dNq from Eqs. (7) and (8)
for a constant quasiparticle injection rate Iq is always

given by Iq~,« irrespective of the relative magnitudes
of vR, 7'g, and ~~. '-

At low reduced temperatures, say T/T, & 0.3, the
thermal population of quasiparticles is extremely
small [ & (10 3)4N (0)b,p]. In order to produce an
experimentally observable signal, the excess quasipar-
ticle density created by an external perturbation has
to be much larger than the thermal value. Therefore
the RT equations cannot be linearized and their solu-
tions are no longer simple exponential functions in

general. However, for the case of Pb, the quasiparti-
cle recombination rate constant R in Eqs. (1) and (2)
is so large that the condition v~ (& RNq is still valid

before N, decays to some undetectably small value.
Approximate solutions of N, and N~ for the non-
linear RT equations [Eqs. (I) and (2)] can be found
as follows:
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Ni = —Xi(Ni —Np) —y, (N, —N, r)

N, =—&,(N, —N, ) —y&(N, —N»)

(14)

(15)

between the quasiparticles and phonons is reached
due to their fast interaction rates. The validity for
the self-consistency requires that 47„RN, p && 1. For
any small detectabie signal ( &40 p V), we estimate
that 4RN&p 10" sec '. So the requirement for this
approximation to be valid is fully satisfied with 7~ ex-
pected to be in the order of nanoseconds.

The interesting fact which comes out of this
analysis is that the excess quasiparticle density still

decays approximately exponentially at low reduced
temperatures but the time constant changes from v~

26

To describe a tunnel junction, which was actually
used to measure the quasiparticle relaxation experi-
mentally, we need four coupled equations and three
phonon transmissivities; this system of equations is
too complicated to solve without making any approxi-
mations. Fortunately, based upon the fact that our
signal is only proportional to the excess quasiparticle
density and that this excess quasiparticle density de-
cays exponentially either with a time constant ~,. or
2v„depending on whether the experiment was car-
ried out near T, or at low reduced temperatures, we
can simplify the four coupled equations into two as
follows:

directly excited by the laser pulse, say film 1. The
following initial condition has to be imposed on the
solutions of Eqs. (16) and (17):

N, (r =0) =N, (r =0) =N, (r =0)

Then the solution of N, (r) can be written as

N, (r) =He ++Be (18)

where

A —= (xd+y) —R )/(R+ —R )

B-=(R,-x, -y, )/(R, -R ) .

(19)

(20)

(21)

For convenience of writing and discussion, the con-
stant N~ (r =0) which should appear as a multiplica-
tive factor in Eqs. (20) and (21), has been dropped.
It is true that R is always less than R+, but it does
not necessarily imply that R: is the dominant relax-
ation time for our signals. Because all the X's and
y's are phonon escape rates of the same order of
magnitudes, the constants A and B in Eq. (18) have
to be evaluated for individual experimental situations.

R+ —= —, ((x, +y, )

+ [(X,+y, )' —4(y)yp+y(Xp+y)X)) }'~'I,

N, = —(y, /2)N, —(Md+ yd/2)Ng

(yg/2 )N, —(x, + y, /2 ) Nd

(16)

(17)

where

and

N„X„y,=N}+Np, Xi+Xg, y}+yg

Ng, Xq, y~—= N) —Np, X] Xp, yl y2

Since the thicknesses of the Pb films used in our
experiment are always larger than the penetration
depth of the light, only one of the two films was

where N~ and Nq represent the quasiparticle densities
in the film I and 2, respectively, X~

' (X, ') and y~
'

(yq') are simply the phonon escape times or twice as
much depending on the temperature from the film 1

(2) into film 2 (I) and through the other interface
into the thermal bath, respectively. The phonons do
not enter into these two equations explicitly, but they
implicitly control the quasiparticle decay rates throu'gh
X's and y's in the Eqs. (14) and (1S).

Experimentally, our signals are proportional to the
changes of the sum of the superconducting gaps of the
two films, which are, in turn, proportional to the
change of the sum of the quasiparticle densities of
the two films through Eq. (S). It is convenient to
rearrange Eqs. (14) and (15) into the following
forms:

2. Experimental results

Figure 2 shows a typical junction I- V curve and the
schematics of the junction geometry. The typical
normal-state resistance R of our samples is 1 Q.
The capacitance of our junctions (17 x 100 p, m') is

estimated to be 300 pF. Since we bias the junction at
the current rising portion of V = 2h/e, the dynamic
RC time constant is expected to be much less than
R&C = 300 psec. In order to make sure no serious
error was made in the estimate of junction capaci-
tance, a junction with normal-state resistance of
about 20 0 was made and tested. The rise time and
the relaxation tail of the signal are comparable to the
typical signals for junctions of much smaller normal-
state resistance.

Table I summarizes the sample number, the film
thickness of each film of the junction, the junction
normal-state resistance, and the experimental tem-
perature range. For convenience of discussion, the
film on top is named film 1 and the film in direct
contact with the substrate, film 2. A thin 30-A PbO„
layer separates film 1 from film 2; the other surface
of film 1 is either in vacuum for the experiments
conducted at the higher temperatures (0.7 & T/T,( 0.9) or in contact with superfluid He for the ex-
periments conducted at the lower temperatures.

In both temperature ranges, the smallest signal we
measured and also used to analyze the relaxation
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2.0

LASER PULSE and 2, respectively.
For sample 6 listed in Table I, d~ =d2= 500 A. We

have experimentally determined that the signal de-
cays exponentially with a time constant of about 2.5
nsec for either film 1 or film 2 irradiated by laser
pulses. We cannot completely determine the three
q's based on the information obtained for this sample
alone because we have only two equations to solve
for the three parameters. But we can draw certain
conclusions immediately. Because the signal is only
proportional to the sum of the excess quasiparticle
densities and d& =d2 for this sample, the signal does
not change at all if the quasiparticles are transferred
from one film to the other by the 2h phonon

E
I.O

00 I.O 2.0
v(mv)

5.0

FIG. 2. Typical I- V curve (solid line) for our Pb-PbO„-Pb
tunnel junctions at T/T, = 0,7 and a schematic of the sam-

ple geometry and the measurement. The dashed line indi-

cates the laser-excited, transient I- V curve. V, is the ob-
served voltage pulse which has an opposite polarity with

respect to the bias current I&. Since the transient I- V curve
cannot exceed the normal state I- V (shown as the straight
line with a slope R&) there is a maximal voltage signal

V, = b, (T)/e = 1 mV, with the current bias Ib as shown.

transmission through the Pb oxide. Therefore the
fact that the signal decay times are approximately the
same for either film 1 or film 2 irradiated by light im-

plies that either q& = qH, or q,„ is much larger than
both q& and qH, . Which of these two cases is true
can be determined by the result of sample 7. For

.sample 7 with d~ = 500 A and d, =2500 A, we have
observed very different signal shapes. The signal de-
cays much slower when film 2 (2500 A) is irradiated
by light and the signal decays ati least equally fast as
the signals for sample 6 when film I (500 A) is irra-
diated. This fact tells us immediately that g,„cannot
be much larger than either q~ or qH„otherwise the
two decay times for sample 7 should also be approxi-
mately the same. With this-additional information,
we can determine the decay time constant for sample
6 from the Eqs. (18) and (21). It is easy to show
that for y~ = y2

=—y and X~ = X2 =—X3, we have

time is about 40 p, V. Since the junction bias point is

approximately in the middle of the current rising por-
tion of V = 2h/e, the maximum signal amplitude is
roughly equal to 6 (I —1.3 meV). We have experi-
mentally verified that the shapes of signals do not
change from small signals to large signals until close
to the maximum saturation level.

In the low-temperature range (0.2 & T/T, & 0.3),
samples were immersed in superfluid. There are
three phonon transmissivities to be determined, i.e.,

qH, for the Pb —superfluid-He interface, q& for the
Pb-quartz substrate interface, and q,„ for the Pb-
PbO„ interface.

As discussed in the previous section, in the low-
temperature range, the X's and y's in Eqs. (16) and
(17) can be related to the q's by the following equa-
tions:

2X+yR+='
,y

and A =0, 8 =1, so that the signal decays exponen-
tially with a single decay time y '. Since

y '=2r„=2(4d/gv, )

we conclude that q~ = qH, = 0.16 for v, chosen to be
10' cm/sec which is appropriate for the transverse
phonons in Pb.

In the high-temperature range (0.7 & T/T, & 0.9),
y~ =0 because the samples were in vacuum. Since
there is no reason for the phonon transmissivity to
change drastically from the low-temperature to high-
temperature range, we use the same q& which has
been determined by the low-temperature data. Then
we have

X) = rt, „v,/Sd(

X2 = goxvs/Sdp

y~ = 's)H v /Sd~

y2 = novs/Sd, ,

where d~ and d& are the film thicknesses for films 1

X) = q,„v,/4d(

X2 = vlosv, /4dp

y)=0,
y2 = r)ovs/4dq

for sample I (d~ =d2= 500 A) in Table I, we have
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half-width to simulate our experimental detection
resolution. One can see that the set of q's listed in
Table II gives a consistent fit to all the data. By
changing the values of q's slightly, we conclude,
from comparing the result with the experimental
traces, that the variations cannot be more than +20'/0

in q~ and qH„and +50% in q,„and give a satisfacto-
ry fit to all the experimental traces. For the judge-
ment of the curve fitting quality, we would like to
make the following comments. Because of the limit
of the available 14-nsec interval due to the high rep-
etition rate of laser pulses, the data for thinner sam-
ples result in more stringent requirements on the
curve fitting because the relaxation times are shorter.
The curve fitting for the data taken in the high-
temperature range is less stringent than for those in
the low-temperature range. Unlike the situation for
the sample immersed in superfluid He, for the sam-
ple in vacuum there is an additional dc voltage shift
in the signal caused by the laser. Without knowing
exactly where the baseline for the ac signal is, we
have to adjust the baseline of the theoretical curve to
make a best fit. We interpret this additional dc vol-
tage shift as the substrate heating based on the. fol-
lowing experimental observations. The amount of
the dc voltage shift for the same light power is in-

dependent of the film thicknesses of the junction.
Approximately the same amount of dc voltage shift
can be induced by a cw laser of the same average
power, which implies that the time constant for this
heating effect is much longer than 14 nsec. This ad-
ditional dc voltage shift is negligibly small when the
sample and the substrate are immersed in superfluid
He. Since we have already proven that the "cooling"
of the Pb film through the superfluid interface is ap-
proximately equal to that through the substrate inter-
face, the additional dc voltage shift cannot be attrib-
uted to the film heating alone.

IV. CONCLUSION

With 30-psec laser pulses, we have experimentally
measured the threshold power to drive a 500-A-thick
superconducting Pb film normal. The relative thresh-
old power as a function of temperature can be fitted
with a theoretical calculation based upon the
Rothwarf-Taylor equations and an estimate of the
branching ratio of quasiparticles to phonons generated
by photon excitations. The absolute absorbed thresh-
old power intensity, or the absorbed energy density
per pulse, cannot be estimated accurately due to the
uncertainty in the estimate of the focused laser spot
size. Using our best judgement, we claim that the
absolute absorbed threshold power intensity for a
500-A Pb film at low reduced temperatures (T/T,
& 0.7) is 3 to 30 kW/cm', or equivalently, 20 to 200
mJ/cm' per pulse. Based on the specific-heat data

for superconducting Pb,"we estimate that the energy
density needed to heat a Pb film from low reduced
temperature to T, is about 100 mJ/cm'. Therefore
we cannot rule out the possibility that the Pb film is
driven normal by the simple heating effect. With
40-p, sec laser pulses, Testardi" has measured the
threshold power intensity and the energy density ab-
sorbed per pulse for a 275-A Pb film on a sapphire
substrate to be 3 W/cm' and 44 J/cm . The much
lower threshold power intensity and much higher en-

ergy density per pulse of Testardi's results indicate
that the phonon-trapping effect plays an important
role if the laser pulse width is much longer than the
phonon escape time. The temperature dependence of
the threshold power for a 1000-A Pb film irradiated
with 1-p,sec laser pulses has been measured by Golo-
vashkin et at, " Their result indicates that the thresh-
old power drops less sharply to zero near T, than our
result. It is not clear at this moment whether this
discrepancy can also be caused by the difference in
the laser pulse width.

Based on the analysis of the Rothwarf-Taylor equa-
tions, we have shown that, using the parameters ap-
propriate for Pb, the quasiparticle relaxation time at
temperatures close to T, (T/T, & 0.7) is actually the
phonon escape time v„rather than the effective
quasiparticle recombination time r, ff rs(1+r„/rs).
We have also shown that at low reduced tempera-
tures (T/T, & 0.3) the relaxation of a large amount
of excess quasiparticles can be approximated by a
simple exponential decay function with a time con-
stant 2v„. This approximation breaks down when the
excess quasiparticle number drops down to a value
such that the instantaneous quasiparticle recombina-
tion rate is comparable to v~'. Measuring the relaxa-
tion times of quasiparticles with Pb tunnel junctions
in vacuum at temperature close to T, (0.7 & T/T,
& 0.9), and in superfiuid at low reduced tempera-
tures (0.2 & T/T, & 0.3), we have determined the
phonon transmissivities for various interfaces as list-
ed in Table II. The calculation of Kaplan" indicates
that q~=0.21 for longitudinal phonons and 0.045 for
the transverse phonons. Since the density of states
for the transverse phonons is much higher than for
the longitudinal phonons at energies near 2A, we
should compare our result with the calculation for
transverse phonons. Thus our value for q~ is a fac-
tor of 3 to 4 higher than Kaplan's calculated value.
Our value for qH, is within the range of values
(0.2 —0.5) generally accepted for the metal film-
superfluid interface; but it is at the low end. It has
been generally assumed that phonons can transmit
through the thin oxide barrier of a tunnel junction
rather readily. Our result for q,„ indicates that this is

not true at all. It is interesting to note that I('aplan

et al. ,
' with a three-film double-Pb junction sample

irradiated by cw light, obtained a q,„4 to 10 times
less than our present value.
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In summary, we conclude that the relaxation times
of Pb films or Pb tunnel junctions are simply limited

by the phonon escape times, which are in the order
of few nanoseconds for a 1000-A Pb film. Making a
Pb tunnel junction with a thin film on top of a bulk
Pb cannot speed up v~ because the thin oxide is also
a significant barrier for phonons. Therefore, seeking
the possibility of speeding up the quasiparticle relaxa-
tion to its intrinsic value, experiments designed to let
quasiparticle diffusion carry energy away rather than
phonons are in progress.
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