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Effect and applications of patterned laser illumination on superconducting films
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Patterned laser illumination incident upon superconducting films is shown to be capable of creat-
ing dynamic superconducting-normal (S-N) interfaces with almost any desired pattern. The width

of such a dynamic interface for a sharp illumination edge is shown to be the effective quasiparticle
diffusion length. In the limit of strong phonon trapping in the film, the effective quasiparticle dif-
fusion length approaches the thermal healing length obtained from the heat diffusion model. How-

ever, this is not the appropriate limit in general for thin films immersed in liquid helium. The abili-

ty to create dynamic S-X patterns can be used in probing spatial inhomogeneity of superconducting
fibns and tunnel junctions. An A1-Alz03-Pb junction was used to demonstrate the technique. For
the first time, the spatial distribution of tunneling probability was obtained through the measure-
ments of local Josephson current. It is shown that this is a much more reliable technique than at-
tempting to infer the tunneling probability from the excess quasiparticle tunneling current due to a
local laser or electron beam excitation.

I. INTRODUCTION

In the past decade laser light has frequently been used
to perturb superconductors out of thermal equilibrium in
order to study various relaxation times and nonequilibri-
um phenomena. ' Recently, there has been a surge of in-
terest in using either laser light ' or electron-beam ex-
citation to probe the spatial inhomogeneity of the super-
conducting properties of thin films and tunnel junctions.
The most important virtue of using either laser light or
electron-beam excitation is that of being able to perturb
the superconducting film locally. However, the ultimate
spatial resolution of these probing techniques depends on
how far the localized perturbation actually spreads out
into the unperturbed region.

To use the electron-beam scanning technique, the super-
conducting sample must be mounted on a cold finger in
vacuum. Owing to the bottleneck of removing phonons
from the superconducting film, the effect of an electron
beam was considered to be simple heating, and the spatial
resolution was considered to be the thermal healing length
obtained from the classical heat-diffusion equation. '

The situation for laser light probing, on the other hand,
may be quite different. The sample can be immersed in
superfiuid He to improve the phonon-removal rate from
the film. For thin superconducting films, it is not clear
that the thermal healing length is the proper length scale.
In Sec. IIA of this paper, this question is explored with
the use of Rothwarf-Taylor phenomenological equations.
The effective quasiparticle diffusion length is shown to be
the proper length scale, which approaches the classical
thermal healing length in the limit of a severe phonon
bottleneck condition. Different functional forms of quasi-
particle diffusion from the perturbed region into the un-
perturbed region were obtained for weak and strong per-
turbations. In Sec. IIB, a superconducting tunnel junc-
tion of A1-A12Q3-Pb was used to measure the spatial reso-
lution of a particular optical projection system, the overall

resolution in this case is shown to be about 5 pm, which is
limited by the optical resolution rather than by the effec-
tive quasiparticle diffusion.

The optical projection system used in this experiment is
capable of two different kinds of probing. The first one is
to probe wherever the sample is perturbed, and the second
one is complementary to the first, i.e., to probe wherever
the sample is not perturbed. For the first method, the
perturbed region is confined to a small spot. Some electri-
cal signals can be obtained as a function of the position of
the perturbed spot. Since the signals were due to a per-
turbed region, the result is subject to the nonequilibrium
relaxation processes. The second method measures the su-
perconducting properties of the dark region by using laser
projection to drive the unprobed surrounding region nor-
mal. Since the signal comes from the unperturbed region,
the result is not subject to the relaxation processes. In
Sec. III we demonstrate the use of the optical projection
system for both methods with Al-AliOi-Pb tunnel junc-
tions. Various distributions of superconducting parame-
ters, such as T, and I„were obtained for Al. For the
first time, a distribution of tunneling probability was ob-
tained. We have also shown that the excess quasiparticle
current of the tunnel junction due to a small spot pertur-
bation of light (or electrons) cannot be used to infer the
tunneling probability without extreme caution. Finally,
the main results of this work are summarized in Sec. IV,
with a brief discussion of extendability and limitations of
these probing techniques.

II. DYNAMIC INTERFACES

A. Theory

Let us consider a simple situation where half of a thin
superconducting film is illuminated uniformly and the
other half is dark. Let us further assume the illumination
edge is absolutely sharp. It is obvious that well within the
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dark region the film is in thermal equilibrium at the am-
bient temperature T, while well within the illuminated re-
gion the densities of quasiparticles and phonons reach cer-
tain steady state values which are higher than those for
thermal equilibrium. To find out rigorously how wide the
transition region is, one needs to solve the Boltzmann
equations for the quasiparticles and the phonons. It has
been shown that the phenomenological Rothwarf-Taylor
(RT) equations are a good approximation for the
Boltzmann equation as long as one is not interested in the
detailed energy distributions of quasiparticles and pho-
nons. ' Since it is easier to obtain a useful physical pic-
ture of the dynamic interface problem with the RT equa-
tions, we take this approach rather than using the more
elaborate Boltzmann-equation approach. The RT equa-
tions with quasiparticle- and phonon-diffusion terms can
be written as

—1 2
nq —— Rnq+—2nphl s +DqV nq+Iq,

nph
——(Rnq/2) —nphlII +DpV nph

—I—{nph —nphT)rr +Iph (2)

D:D, R' —=R/(1+—». /q ),
Iq =Iq+2Ip/(1+»II/vr), '

and Iph =Iph+Iq/2. The thermal equilibrium values of
n»T and n ph T obey the following relationship:

2 —I
RP1q T —2' ph pe ~

Equations {3) and (4) can be readily used to obtain the
steady-state values of qusslparticlcs snd phonons fsr sway
from the transition region, which is defined as the vicinity

where n~ and nph are the quasiparticle and phonon densi-
ties, Dq and Dph are the quasiparticle and phonon dif-
fusivities, respectively. Iq and Iph are the quasiparticle
and phonon generation rates due to optical illumination,
8 is the quasiparticle recombination constant, rz is the
phonon pair-breaking rate, and ~&

' is the phonon
thermalization rate with the thermal bath (substrate and
helium bath). The approximations involved in obtaining
the RT equations from the general Boltzman equation are
as follows: (a) the low-energy phonons with energy insuf-
ficient to break a Cooper pair are ignored, (b) the various
rate constants, i.e., R,»II,»r, are assumed to be indepen-
dent of the detailed energy distribution of quasiparticles
and phonons, and (c) the cascading processes of the
photon-excited high-energy quasiparticles are replaced by
the effective quasiparticles and phonon source terms I»
and Iph, which can be chosen to approximate the end re-
sult of the fast cascading processes. "

As is usually the case for metals, the quasiparticle dif-
fusion constant Dq is much larger than the phonon dif-
fusion constant Dph so that the latter can be omitted in
Eq. (2). Then with some manipulation, the steady-state
solution of Eqs. (1) and (2) can be written as

R (nq2 nq T)+DV—2nq+Iq =0 (3)

(nph n—phT)lr +DV nq/2+—I@/=0, (4)

where

near x=O:

nq ——nq( —oo ) =llq T

A:(D/2—n R' )' (10)

%hen the light intensity is strong or the bath tempera-
ture is low, i.e., nq+ »nq T, then the solution of Eq. (8) in
the dark region near the illumination interface can be
given as

6D/R' n
nq(x) —n»T = for x &0.

(x +xo)

The constant xo can be determined by matching this
dark-region solution to that on the illuminated side, i.e.,
x~0. The interesting point is that the quasiparticle den-
sity decreases from the interface as a power law instead of
an exponential until nq(x) becomes comparable to n»T.
Tllc lcIlgfll scale 111 tlils case Is (6D/R n»T), which is
of the same order of magnitude as the exponential decay
length given by Eq. (10). Therefore, except for the de-
tailed functional form, we expect that the length scale of
the transition region is always 2A, regardless of the light
intensity.

It is appropriate at this point to note that this treatment
of diffusion at the boundary between dark and light re-
gions is more general than the treatment using the classi-
cal heat-diffusion equation, in which a local thermal
equilibrium among quasiparticles and phonons is as-
sumed. As a matter of fact, in the limit of ~r &&rll, the
quasiparticle diffusion length given by Eq. (10) ap-
proaches the thermal healing length /r obtained from the
heat-diffusion equation, where lI. is given by:

lT =(Xd/a)'~2

and IC is the thermal conductance of the film, d is the
film thickness, and a is the Kapitza conductance of the
film-He and/or film-substrate interfaces. The equality
between A and lr can be established by noting that
K-nq TDkII, a-»lnphrV, kII, and lr-4d/»1V„where 11
1s thc probability of phonon transmission at thc 1ntcrfacc
and V, is the phonon velocity. '

In the opposite limit, i.e., ~r&&lli, A-(DvII )'~ is
determined by the quasiparticle recombination time

nq+=nq(+ oo)=(nqz. +Iq /R' )'

eff
nph+ —=nph(+ oo )=nphT+IphTr. '

Then Eqs. {3)and (4) can be reduced to

R'—(nq nq+—)+Dd nq/dx =0,
(n—ph nph+—)»r '+(D/2)d nqldx =0,

where the subscripts + and —indicate the region of
x&0 and x &0, respectively. Equation (7) can be linear-
ized to the standard one-dimensional diffusion equation if
the light intensity is weak, i.e., (n» nq—+) «n»T. Then
the solution of nq can be given as

nq(x)=nq, + ,'(n, + nq-)c I"—I
IA- (9)
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rz —= I/2nqr R .It is easy to see that lz is actually shorter
than A in this limit. Since a local thermal equilibrium be-
tween the quasiparticle subsystem and the phonon subsys-
tem clearly cannot be established when rr «rz, it is a
clear indication of the invalidity of the classical heat-
diffusion equation in this situation.

In real experimental situations, the illumination boun-
dary is not absolutely sharp. It is usually limited by the
spherical aberration and/or the diffraction limit of the
lens used. It is intuitively clear that the transition width
must be larger than both 2A and the width of the blurred
illumination boundary. There is no universal formula to
determine the transition width in the general case. How-
ever, numerical calculation of some simple situations indi-
cates that the transition width, for example, 10—90%%uo of
the full illumination level, can be roughly given by
(4A + W )', where IV is the width of the blurred il-
lumination boundary.
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FIG. 1. A schematic representation of the experimental set-

up. The front projection lens (Nikkor-P, 1:4, f-105 mm) is

mounted on an X- Y-Z stage (not shown) to allow precise focus-

ing and beam positioning. The optical mask with the desired

pattern is mounted on an X- Y stage (not shown) perpendicular

to the direction of the laser beam so that the projection pattern
can be shifted arbitrarily with respect to the sample.

B. Experiment

To experimentally measure the properties of the opti-
cally created interface, a 300-A-thick 1.5-mm-wide Al
film was evaporated onto a 250-pm-thick crystalline
quartz substrate (z-cut) in an Oi partial pressure of
4X10 Torr. The surface of the Al film was then oxi-
dized in air prior to evaporation of a relatively thick (2000
A) and narrow (25 pm) Pb counterelectrode across the Al
film to form a tunnel junction. The sample was mounted
vertically in an optical immersion Dewar. A simple opti-
cal pattern projection system, shown in Fig. 1, was used to
create a movable half-bright and half-dark pattern on the
sample plane. By taking advantage of the fact that the Al
was semitransparent, another lens was used on the other
side of the film to project both the sample and the il-
lumination pattern onto a distant wall so that the sharp-
ness of the focus and the relative position of the illumina-
tion pattern with respect to the sample could be deter-
mined. For this particular optical setup, an estimate of
5-pm optical resolution is achievable with a field size
about 3 mm in diameter. The dark-to-bright edge pattern
was illuminated onto the Al film through the transparent
substrate with the light boundary parallel to the narrow
Pb counterelectrode. Figure 2 shows a series of dI/dV

I I I I

l.2 l.3 I.4 l.5

V (IIIV)

FIG. 2. dI/dV-vs-V curves as a sharp dark-to-bright edge
moves across the Al film. The illumination edge is parallel to
the narrow (25-pm) Pb counterelectrode. For curves a f, the-
illumination edge is shifted by 10-pm steps. Curve a represents
the thermal equilibrium case when the tunneling region is com-
pletely in the dark side. The peak at the higher voltage corre-
sponds to the sum of the Al and Pb superconducting gaps.
Curve b represents the case when the illumination edge almost
touches the junction edge. The fact that curve b is nearly identi-
cal to curve a is indicative of a sharply focused illumination
edge. Curves c and d represent the cases when 8 and 18 pm of
the total 25-pm-wide tunneling region were illuminated respec-
tively. Roughly speaking, curves c and d correspond to the
dI/dV curves for an inhomogeneous junction with a larger gap,
as shown in curves a and b, and a smaller gap, as shown in
curves e and f which represent the case when the tunneling re-

gion is completely in the illuminated side.

versus- V curves of the tunnel junction as the illumination
boundary moved across the Pb probe. The light intensity
was adjusted so that a small but observable Al supercon-
ducting gap remained when the tunneling area was fully
illuminated. The superconducting gap of Pb was hardly
affected by the illumination because its T, was much
higher, the film was much thicker, and the amount of
light received through the semitransparent Al film was
much less ( (4%o of the incident light intensity). One can
see from Fig. 2 that the dI/dV curve changes completely
from dark dI/dV to fully illuminated dI/dV within 30
pm of movement of the illumination boundary. Given
the fact that the width of the Pb probe was 25 pm, this is
certainly consistent with the estimated 5-pm optical reso-
lution due to the lens. Furthermore, the dI/d V curves for
the illumination boundary inside the tunnel area are quite
different from either thermal equilibrium dI/dV curves
at any temperature or the fully illuminated dI/dV curves
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for any light intensity. It is indicative of an inhomogene-
ous gap 111duced by tile 11111111111at1011boundary. Tile fact
that we still could observe thc dark gap when only 7 pm
of the total 25-pm-wide tunneling region was on the dark
side (see trace d of Fig. 2) strongly suggests that the total
gap smearing was less than 7 p,m.

To estimate the width of the dynamic interface for an
absolutely sharp illumination, the mean free path l of
electrons in the Al film was obtained from the resistivity
measurement at 4.2 K. With pl=9&(10 '6 Qm2 and
p=4&10 AID, /is estimated to be 2.3 nm. ' Using Eq.
(10) with D = VFl/3, V~ =2.0&(10 m/s, ' and rJ f:—(2n~TR' ) '=1 ns at T=T„we obtained 2A=2.6
pm, which is considerably smaller than our optical resolu-
tion. It was unfortunate that we could not measure 2A
directly with the present optical setup. But this calcula-
tion indicates that at most, we can make only a factor of 2
improvement with better lenses.

Note that the thermal heating length for our Al film,
estimated from Eq. (12), gives Iz -0.3 pm&~A. There-
fore we conclude that the classical heat-diffusion model is
not appropriate for thin Al films immersed in liquid He.

ing transition temperature T, and the critical current I,
of the Al film as functions of the projected bridge posi-
tion. The results are shown in Figs. 4(a) and 4(b). It is in-
teresting to note that the T, distribution has sharp peaks
at both edges of the Al film. Since the Al film was de-
posited onto the substrate through a metal mask, it is
quite conceivable that the edges were tapered due to par-
tial shadowing. For Al films, thinner or dirtier regions
usually give higher T, s. The critical current distribution,
shown in Fig. 4(b), was measured at an ambient tempera-
ture T (=0.9T, ) reasonably close to the T, of the Al
film, so the Ginzburg-Landau mean-field theory is valid.
One can use the following expression for I,(x):

III. PROBING INHQMQGENEITY OF
TUNNEL JUNCTIONS

The same saIDple described in Sec. II was also used to
demonstrate that the optical probing technique can be a
very useful tool to obtain information about the inhomo-
geneity of tunnel junctions.
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A. InhoIDogeneity of the Al film
and the tunnel barrier

A short dark-bridge pattern, shown in Fig. 3, was used
to probe both the Al film and the tunnel junction. The
shaded area represents the dark region. The light intensi-
ty was adjusted so that thc 111uII11natcd part was COIIlplctc-
ly driven into the normal state at the ambient tempera-
tuI'c. If, 1s clear that w1th cuI'1cnt Rnd volfagc leads Rf,-
tached to the Al film, one can measure the superconduct-
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FIG. 3. A dark-bridge pattern used to probe the spatial dis-
tribution of the superconducting parameters of the Al film as
well as the Josephson critical current. The dark bridge scans
from one edge of the Al to the other across the tunneling region
between the heavy dotted lines shown.
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FIG. 4. Moving the projected pattern of Fig. 3 on the Al
film, we obtained the following: (a) superconducting transition
temperature T of the Al film as a function of position. (b)
Critical current I, of the Al film as a function of position. (c)
Film thickness as deduced from (a) and (b) and Eq. (13) (circles),
together with film thickness by optical transmissivity measure-
ment.
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I,(x) cc [1—T/T, (x) j d(x), (13)

25-

where d(x) is the film thickness at position x along the
tunneling area.

The absence of sharp peaks at both edges for the criti-
cal current distribution indicates that the film is indeed
much thinner at the edges where the T, is higher. The
film thickness profile can be deduced from Eq. (13) with
the measured I,(x) and T, (x). The thickness calculated
is shown as circles in Fig. 4(c). To check the validity of
the probing technique, the relative film thickness was in-
dependently obtained from the optical transmissivity mea-
surement near the tunneling area. The result is shown as
a solid line in Fig. 4(c). The good agreement between the

two independent measurements strongly supports the
probing technique and the validity of Eq. (13).

With the same bridge pattern, but with the current and
voltage leads connected across the tunnel junction, we also
measured the distribution of the critical Josephson
currents Iic(x) shown in Fig. 5(a). Since only the dark
part of the Al film can support a Josephson current, the
measured Iic(x) is the equilibrium value of the local
Josephson current without any complication due to non-
equilibrium phenomena. With the dark-bridge pattern,
the effective Josephson tunneling area is 25X25 pm, far
less than the Josephson penetration length estimated for
this junction (=1 mm) so that a uniform supercurrent
tunneling is guaranteed.

It is well known that the Josephson critical current for
a small tunnel junction with extremely asymmetric gaps is
given by'
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IJ( =~6,/2eRNN, (14)

where b, is the smaller gap and RNN is the tunneling resis-
tance when both electrodes are in the normal state. This
is certainly a good approximation for our present case
where the superconducting Pb gap is at least 5 times
larger than the Al gap in our experimental temperature
range (1.4—2 K).

The Al firn is known to be a very good BCS supercon-
ductor. With the measured T, distribution and the as-
sumed BCS relationship between the superconducting gap
and T„adistribution of Al gaps, A(x), at T=1.45 K was
obtained and is shown in Fig. 5(b). By using Eq. (14) and
IJ( (x) and h(x ), the relative tunneling probability, which
is proportional to RNN, was obtained. The result is
shown in Fig. 5(c). We note that the tunneling probability
is quite uniform throughout the whole length of the tun-
nel junction. This implies that the thickness of the tunnel
barrier is extremely uniform on the scale of our probe di-
mension. The uniformity of the barrier thickness deduced
from the relative tunneling probability is actually much
better than the uniformity of the Al film itself. This is an
interesting but probably not surprising conclusion for Al
tunnel junctions. '
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FIG. 5. (a) Local critical Josephson current IJc(x) as a func-
tion of position by moving the projected pattern of Fig. 3 on the
tunnel junction. (b) Superconducting gap of Al as calculated
from T,(x) and BCS relationship. (c) Tunneling probability as a
function of position as calculated from Eq. (14) by using (a) and
(b).

B. Spatial distribution of excess quasiparticle
tunneling currents

A bright rectangular spot shown in Fig. 6(a), which is
complementary to the dark bridge in the tunneling area,
was used to probe the excess quasiparticle tunneling
currents due to laser illumination. %ith this pattern and
the tunnel junction biased at a finite voltage less than
( 6pb —6~])/e, the distributions of the excess quasiparticle
current were measured for several incident laser powers,
as shown in Fig. 6(b). It is evident from this figure that
the distributions of the excess quasiparticle current have
much larger spatial variations than the Josephson critical
current distribution obtained with a dark-bridge pattern.
The lack of similarity between the two seems to be con-
tradictory at first sight, because both the Josephson and
quasiparticle tunneling current were expected to be pro-
portional to the single-electron tunneling probability. Ac-
tually there is no serious discrepancy between them as one
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Using the BCS gap equation, one can relate 5b, i/b, i to
5f, (E) as follows:

55i/5i ——[5n~/2N (0)b, i] (6 i/E )sf (17)

where 5nq is the excess quasiparticle density and

(5]/E )sf = f p~(E)dE 5f i (E)(b i/E) 5nq .
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FIG. 6. (a) Bright rectangular spot mask pattern, complimen-
tary to that shown in Fig. 3. (b) Spatial distribution of excess
quasiparticle current for several incident powers as measured by
projecting the pattern of (a) on the tunneling area. The incident
laser intensities were measured to be 230, 160, 80, 40, 20, and 10
mW/cm for the curves from the top to the bottom, respective-
ly.

oo

Iqp
—— Ep~, E p~ E+e

X[fi (E)—f2(E +eV)],

where p~(E) =
~

E
~

/(E b, )' for
~

E
~

& b, and 0 o—th-
erwise. For the present experiment, we have A2 »6], and
fi(E)=0 because 52»k~T and the second film (Pb) is
not directly illuminated. Then the excess current due to
illumination on the Al film can be written as

ce

5Iqp —— f dEpg (E)pg (E+eV)
eRNN

(16)

examines the detailed dependence of excess quasiparticle
currents as discussed in the following paragraph.

In order to understand the excess quasiparticle current
due to the laser illumination in more detail, the quasipar-
ticle tunneling current can be written as

One can see, from Eqs. (16) and (17), that the excess
quasiparticle current depends not only on the total excess
quasiparticle density but also the excess quasiparticle en-

ergy distribution.
Furthermore, the steady-state value of the excess quasi-

particle density depends sensitively on the local light in-
tensity and energy relaxation rates, i.e., electron-phonon
inelastic scattering rate, phonon-thermal bath thermaliza-
tion rate etc. There are clear maxima and minima in Fig.
6(b), which are not related to noise in the measurements;
the critical Josephson currents measured with the dark-
bridge pattern do not show the corresponding variations.
Thus we believe that the variation in the excess quasipar-
ticle currents is not due to the inhomogeneity in the tun-
nel barrier, it is most likely due to the spatial variation in

For example, an ice particle on the surface could de-
crease the phonon-escape rate from the film with a corre-
sponding increase in the excess quasiparticle current due
to the light illumination. Therefore, we conclude that one
cannot extract the information about the tunneling proba-
bility from the excess quasiparticle current distribution
unless one can assume the uniformity of various relaxa-
tion processes. The present experiment clearly demon-
strates that it is a poor assumption, at least for this partic-
ular sample.

IV. CONCLUSION

We have demonstrated that dynamic S-Jor S-S' inter-
faces can be generated by patterned laser illumination of
superconducting films. The dynamic interface has a max-
imum width due to quasiparticle diffusion. The length
scale of the width is approximately 2A [Eq. (10)]. De-
pending upon the light intensity and ambient temperature,
the excess quasiparticle density changes from the il-
luminated side to the dark side with either an exponential
or a power-law relationship. The classical thermal healing
length lT [Eq. (12)], is the limiting value of A when the
phonon-escape time ~& is much longer than the phonon
pair-breaking time wii. In practice, for a typical optical
projection system such as the one used in this experiment,
the optical resolution is of the order of a few microns.
For a thin Al film (300 A), the calculated value for A is of
the same order of magnitude but slightly smaller. There-
fore for the present experiment, the interface width is
largely limited by the optical resolution rather than quasi-
particle diffusion length. The experimental result of the
dI/dV curves of a Al-A1203-Pb junction as a sharp il-
lumination edge is passed through the junction region
clearly demonstrates that the total spatial resolution of
our system is about 5 pm.

Using this versatile projection technique, we have used
a simple dark-bridge pattern to measure the T, and I,
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distributions of the Al film, and the critical Josephson
current IJc of the Al-A1203-Pb junction. From these
measurements, we are able to obtain the thickness distri-
bution of the Al film, which is in very good agreement
with the result obtained from optical transmissivity mea-
surements. For the first time, we are also able to obtain
the distribution of the tunneling probability, which is
reasonably flat as expected for a good-quality Al junction.

With a bright rectangular spot pattern, which is com-
plimentary to the dark-bridge pattern used, wc also mea-
sured the distributions of the excess quasiparticle current
for several light intensities. The excess quasiparticle
current shows much more spatial variation than either the
critical Josephson current distribution or the tunneling
probability distribution. We have shown that the excess
quasiparticle current is inherently a nonequilibrium pro-
cess. Its steady-state value would sensitively depend on
the phonon thermalization process, quasiparticle-phonon
inelastic scattering, as well as the tunneling probability of
the tunnel barrier. Therefore, the tunneling probability
extracted from the critical Josephson current distribution
should be much more reliable.

Finally, it is worthwhile to point out that one would
have a much wider experimental temperature range if the
sample were cooled by He vapor or by a cold contact
finger instead of being immersed in superfluid helium.
However, the penalty one is likely to incur is the increase
in the quasiparticle diffusion length, which makes the
drive for higher optical resolution unwarranted.

Note added in proof. An analytic solution of the non-

linear diffusion equation [Eq. (7)] has been found as fol-
lows:

nq(x)=nq +3nq /sinh [(nq R'ff/2D)'~~
~

x
~
+C ]

for x &0,
nq(x) =nq+ 3—nq+/cosh [(nq+8' /2D)'~2

~

x
~ +C+]
for x &0,

vvhere

C = —,'ln
[n (0)+2n j'~ +(3n )'

[n, (0)+2n, ]'"—(3n, )'"
(3nq+)'~ +[nq(0)+ 2nq+]'~2

, (3nq+)'~ —[nq(0)+2nq+]'~z

nq(o)=2(n,' +nq nq++nq+)/3(n, +n, +) .

lt is interesting to note that the quaslparticle density at
the illumination boundary, nq (0), varies from
(nq +nq+)/2 to 2nq+/3 for the weak- to the strong-
illumination limit. The approximate solutions for the
weak- and strong-illumination limits, Eqs. (9) and (11),are
the natural consequences of the general solution given as
above.
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