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Laser induced breakdown of alkali-halide crystals
0. G. Gorshkov, Yu. K. Danileiko, A. S. Epifanov, V. A. Lobachev, A. A. Manenkov,
and A. V. Sidorin
P. N. Lebedev Physics Institute, USSR Academy of Sciences
(Submitted September 1976)
Zh. Eksp. Teor. Fi. 72, 1171-1181 (March 1977)
The frequency and temperature dependences of the laser-induced breakdown thresholds of a number of
alkali halide crystals are investigated. In the samples with the highest thresholds the dependences agree
qualitatively with the avalanche ionization theory and this mechanism is the probable cause of their
destruction. Possible causes of the quantitative discrepancy between theory and experiment are discussed.
PACS numbers: 79.20.Ds, 77.50. +p

1. INTRODUCTION

The mechanism of laser-induced breakdown of solid
transparent dielectrics remains to this day a complicated and debatable problem in the physics of the interaction between high-power electromagnetic radiation and
matter. For pure materials, in the case of pulses in the
picosecond range, the most widely discussed mechanism
is the electron avalanche due to impact ionization. ['I It
is still unclear, however, whether this mechanism predominates in the breakdown of real materials, since the
latter always contain various kinds of defects and inclusions that can influence strongly the breakdown process.
It was stated inc2*] that the electron-avalanche mechanism was realized in the alkali-halide crystals investigated by the authors. The proof advanced in the cited
papers, however, can hardly be regarded a s convincing.
In fact, the statements there were based mainly on the
following observed experimental facts: a) the independence of the laser-breakdown threshold of the frequency
612
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in a wide range, and the fact that these thresholds
agreed with those observed in constant electric fields;
b) the correlations of the thresholds in the series of the
alkali-halide crystals. It was also stated that no effects of the absorbing inclusions were accounted for in
the experiments. All this, however, cannot be regarded
as fully convincing proof in the favor of a breakdown
mechanism that is connected with the development of an
electron avalanche. In fact:
The independence of the thresholds of the frequency may also be a property of other breakdown mechanisms, including the thermal one. And if this fact is
analyzed within the framework of the electron avalanche
mechanism, then it means that the relaxation time 7 of
the longitudinal component of the momentum of the ''hot''
electrons turns out to be shorter than 6 x lo-' sec,
which is, in the very least, unexpected and requires
careful corroboration. The comparison that was carried out between the thresholds of laser breakdown and
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of dielectric breakdowns in constant fields is not quite
correct, since the experiments were performed in these
two cases under conditions that a r e difficult to compare
with one another. In addition, the question of the breakdown mechanism in a constant field has not been resolved unequivocally. [']
2. A correlation of the breakdown thresholds in the
series of alkali-halide crystals can be observed also in
the case of the thermal breakdown mechanism, since
the same sequence is followed also by the changes of
such parameters a s the heat capacity, the thermal conductivity, and the melting temperature, which determine the thermal endurance of the crystals.
3. The conclusion that the absorbing inclusions exert
no influence was based only on a study of the morphology
of the damage, which is patently insufficient.
The information obtained inc2"', in our opinion, i s
therefore insufficient to draw reliable conclusions concerning the role of avalanche ionization in laser-induced breakdown of solid dielectrics.
As shown inc", the most distinctive features of the
electron-avalanche mechanism a r e the frequency and
temperature dependences of the damage thresholds, and
these dependences a r e closely connected with each other;
the temperature dependence is essentially determined by
the field frequency 9, o r more accurately by the quantity QT. These relations were investigated by usCB1
for
a number of alkali-halide crystals a t neodymium-and
ruby-laser frequencies, were found to vary strongly
from crystal to crystal, and did not conform at all to the
predictions of the theory of avalanche ionization. It appears that these variations mean that the mechanism
of "pure" avalanche ionization was not realized even in
crystals whose threshold fields greatly exceeded the
constant critical fields.

In the present study, to assess in detail the role of
impact ionization in the damage of transparent dielectrics, we have investigated the connection between the
frequency and temperature dependences of the damage
thresholds of a large number of samples of alkali-halide
crystals in a wide range of laser-radiation frequencies.
The investigations were made on the crystals NaC1,
KC1, KBr, LiF and NaF at the frequencies of the C02
laser (wavelength X = 10.6 pm), neodymium laser (1.06
pm), and ruby laser (0.69 pm), and also a t the second
harmonic of a neodymium-garnet laser ( X = 0.53 pm) in
the temperature interval from 100 to 800 K.
2. EXPERIMENTAL PROCEDURE AND CONDITIONS

ing a C0,-He working mixture without adding N,, and by
using a low-inductance discharge-supply circuit. The
result was a smooth bell-shaped radiation pulse of nearGaussian form and of duration 60 nsec at half the maximum power.

-

~ ' with passive Q-switching. The
2) YAG: ~ d laser
selection of the transverse and longitudinal modes,
which ensured a single-frequency lasing regime, was
effected by using a standard scheme, viz., by placing
a small-diameter ( d = 1 mm) diaphragm and a quartz
stack in a resonator with flat mirrors. The duration of
the smooth bell-shaped pulse was 10 nsec.
3) A ruby laser, the arrangement and space-time
characteristics of which were perfectly analogous to
those given for the YAG :~ d ~ ' .

4) A YAG :Nd3+laser with a frequency doubler using a
lithium iodate crystal.
The output energy was measured with an IKT- 1M
calorimeter o r with a graphite calorimeter checked
against the former. Particular attention was paid to the
study of the spatial distribution of the intensity in the
caustics of the lenses used to focus the radiation into
the interior of the investigated samples. We used
lenses of focal lengths f = 100, 38, and 15 mm for the
CO, laser and at the other frequencies, respectively.
For a correct determination of the beam radius a t the
minimal section of the lens caustic we used the following
two methods, ['a*"1 which yielded identical results.
a) A light-struck photographic film was placed in the
focal plane of the lens in such a way that only the very
maximum of the spatial distribution of the radiation was
printed on the film. The power was then gradually increased, producing spots of larger diameter with sufficiently sharp boundary. From the measured values of
the spot diameters and of the radiation power at the entrance to the lens we plotted the distribution of the intensity in the cross section of the beam.
b) A razor blade was displaced in discrete steps along
the y coordinate in the focal plane in such a way that it
covered partly the laser beam. The transmitted fraction G of the radiation energy was recorded with a photomultiplier. The radiation was attenuated beforehand
with filters to prevent production of a plasma on the
edge of the blade. The G(y) curve obtained in this manner was used to calculate the spatial distribution of the
radiation intensity in the lens caustic.
Measurements by the two described methods have
shown that the intensity distribution in the cross sec-

The laser damage of alkali-halide crystals was investigated using the following single-mode lasers:
1) C02 laser with transverse discharge. The fundamental transverse mode was separated by using an unstable semi-concentric resonator,
in which the totalreflection m i r r o r was a concave spherical metallic mirr o r with curvature radius R = 5 m, and the output mirr o r was a silicon plate. The distance between m i r r o r s
was somewhat more than 5 meters and was adjusted experimentally. The short lasing pulse was shaped by us613
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TABLE I. Diameters of
the caustics of the employed lenses, p m.

Gorshkov et a/.

tions of the caustics of all the employed lenses is close
to Gaussian at all the employed laser frequencies. The
dimension of the caustics practically coincide in this
case with the diffraction limit, a s demonstrated by the
absence of noticeable lens aberrations. Table I lists
the measured caustic diameters (at the level l/e of the
maximum intensity).
To prevent breakdown from occurring on the surfaces
of the investigated samples, the radiation was focused
into the volume of the crystals with a lens off = 15 mm
to a depth of 1 mm, with f = 38 mm to a depth 5 mm, and
with f = 100 to a depth 10 mm. Estimates show that at
the indicated distances from the lens foci to the sample
surfaces the aberrations due to the surface a r e small,
and the focal-spot radius measured in air remains practically constant when the radiation is focused in the interior of the sample. This circumstance, and also the
fact that the inhomogeneity of the refractive index of the
crystal did not affect the radiation intensity at the focus,
were confirmed by an experiment in which the damage
thresholds remained unchanged when the depth of focusing in the interior of the samples was varied.
The damage was revealed visually by a spark observed through a light filter that cut off the main illumination and by t h e scattering in the beam of a helium-neon
laser, and was investigated with a microscope. We note
that the damage observed under the microscope in samples having sufficiently high thresholds always occurred
simultaneously with the appearance of the spark and of
the scattering. By critical (threshold) intensity we mean
here the minimal peak laser intensity, at the center of
the lens caustic, necessary to produce damage in a single flash.
3. RESULTS OF EXPERIMENTS

In the investigation of the temperature dependences
of the damage thresholds, we have observed the following effect. After a heat-treatment cycle consisting
of heating, soaking for a certain time (- 30 min) at a
temperature T', and cooling (with a time constant 5
min), most NaC1, KC1, and KBr crystals had appreciably higher damage thresholds at the emission frequencies of the ruby and neodymium l a s e r s and at the

-

TABLE 11. Effect of heat treatment on the damage threshold
and on the optical characteristics of the crystals*

--

*T '-heat-treatment temperature, W [W/cm2 ]-damage threshold,
J(re1. un.)-scattering intensity, k [cm-' ] --extinction coefficient,
(Y [cm-' 1 -absorption
coefficient; the values of h are in microns.
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second harmonic of the latter. This effect is most noticeable in the case of crystals having low initial thresholds. On the whole, the scatter of the thresholds from
sample to sample, using the indicated heat treatment,
decreased appreciably, and crystals of different quality
acquired an optical quality closer to that of the better
ones. T-able2 lists some data on the variation of the
thresholds as a result of heat treatment Bt various temperatures T'. It is seen that appreciable strengthening
sets in if T' is close to the lattice melting temperature
Tmelt.
We note that among the crystals that increase greatly
in optical strength as a result of the heat treatment there
a r e also some (see, e. g., the data for KC1 and KBr in
Table 11) whose initial thresholds a r e close to those
measured by Fradin et at. L3*41 This circumstance casts
doubts on the conclusion drawn by Fradin et al., that an
intrinsic damage mechanism was realized in their experiments.
In the investigation of crystal damage a t the C0,-laser
frequency, no noticeable effect of heat treatment on the
damage thresholds was recorded.
To check on the possible existence of a correlation
between the change in the laser-induced damage thresholds and the optical characteristics of the crystals we
measured the scattering (at X =O.63 pm) and the absorption of light (at X = 1.06 p m), and also the spectrum of
the transmission of the samples in the range X =O. 2-0.8
nm before and after the heat treatment. The results a r e
listed in Table 11. It is seen that no definite correlation
whatever is observed between the optical characteristics
and the damage thresholds.
The following fact is also of interest: The results obtained in the study of the temperature dependences of the
damage threshold of crystals subjected to preliminary
heat treatment were not reproducible. When a certain
temperature interval was passed through slowly, the
damage threshold decreased. In heat treatment consisting of heating to a temperature close to T,,,, followed by
slow cooling (the cooling rate in the interval from T,,,,
to 400 K was 50 deg/hr), the endurance of the previously strengthened crystals decreased to the initial value.
Naturally, effects of this kind can greatly influence the
observed temperature dependences of the damage
thresholds. An attempt was therefore made to find samples not affected by heat treatment.

-

By careful selection, we found such samples of NaC1,
KC1, and KBr crystals, and it turned out that they had
the highest damage thresholds, just as the best heattreated crystals. These crystals were used to study
the temperature dependences of the damage thresholds
at various laser-radiation frequencies (Fig. 1).
In addition, we investigated the temperature dependences of the damage thresholds at X =O. 69 p m and
X = 1.06 p m of the crystals NaF and LiF. It was observed that the thresholds of these crystals do not depend on the temperature in the interval 300-900 K and
amount respectively to 1.4x 10" and 3.6X 10'' w/cm2
at both frequencies. We note that such high values of
Gonhkov et a/.
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In the frequency region of interest to us the parameter

(e and m is the charge and effective mass of the electron, E is the amplitude of the electric field, and A p is
the change of the electron momentum a s a result of the
electron-phonon collision), which characterizes the role
of the interband multiphoton processes, turns out to be
l e s s than unity, and therefore, to avoid excessively
cumbersome formulas, we shall take into account below
only single-photon transitions.
After introducing the dimensionless energy
Temperature dependence of the threshold
intensity of laser-induced
damage of the crystals
NaCl (a), KBr (b) and KC1
(c) at different emission
wavelengths (0-A = 0.53 p m
v-h=0.69 pm.0-h=l.06
p m , - h=10.6 pm).
FIG. 1.

200

400

600

where I is the effective ionization potential, [I3] the differential-difference equation takes in the parabolic-band
approximation the following form (x, = En/I):

+w,( x ) j ( x + x OT)U ~ L(' ?5 )f ( 5 - x O )- [ W ,( 5 )+wt (2) I f ( 5 )+w11 b)fi
(X+XO)
+w,, ( x )fi(..-so)+ w , ? ( x ) f . N ( ~ + 2+.w~2) ? ( x ) f i N ( ~ - x o ) .

800 T. K

(3)

the optical strength were obtained f o r exceptional sarnples."
The experimental results shown in Fig. 1 indicate
that in specially selected NaC1, KC1, and KBr crystals
the character of the dependences agrees qualitatively
with the predictions of the avalanche ionization theFor a correct comparison of the results of the
ory. ['*"
experiments with the theory it must be borne in mind,
however, that the diffusion approximation used in['*71
may not be valid at high electromagnetic-radiation frequencies. Therefore, before proceeding to a discussion
of the results, we examine the features of avalanche development under the influence of radiation in the visible
region of the spectrum.

We introduce in addition the following notation: v , i s
the speed of sound, p is the density, el is tine energy
constant of the deformation potential, T i s the lattice
temperature, and I, i s the mean free path of the electrons in deformation scattering by acoustic phonons.
F o r the case of predominant scattering the phonons of
the acoustic branch we have in the high-temperature approximation:

4. THEORY

We consider the process of the development of an
electron avalanche in the case when

where ( E ) is the average electron energy in the conduction band.
The differential-difference equation describing this
process can be derived from the general quantum-kinetic equation for the electrons of the conduction band, [lZ1
by using the customary expansion of the distribution
function in the displaced point:

where Ew is the phonon energy, n = 0, 1,
615

Sov. Phys. JETP 45(3), Mar. 1977

... .

It i s interesting to note that Eq. (3) has distincitive
terms containing f (xix,) and f ' ( x * xo). Their appearance is connected with the fact that the triple electronphoton-phonon collision cause the electron to go over
into the state with energy & not from a state with E i En
(this process would be described only by terms containing f(xixo)), but from a state with an energy shifted additionally by an amount Ew, which is the phonon energy.
Gorshkov e t a / .
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FIG. 2 . Theoretical plots of
the damage-threshold intensity of NaCl crystals v s . the
radiation frequency at T
= 300 K. 1) in the diffusion
approximation, 2 , 3) from

the differential-difference
equation: 2) using relation
(7), 3) numerical calculation.

As shown by estimates, the corrections that must be introduced in the critical field because of the presence of
these terms in (3) turn out to be small, and will therefore be disregarded. 2 '
The free-electron concentration N increases in the
case of avalanche ionization exponentially, N = NoeYt, and
af(c, t)/at = Y ~ ( ct).
,
We note that when condition (1) is satisfied we can neglect in (3) the terms containing f(x+xo), s o that

the obtained solution (6) goes over directly into the solution of the diffusion equationc131with variable coefficients. This circumstance allows u s to find the corrections that must be added to the critical field because of
the large value of the light quantum, since it makes
known the ratio

at which the damage s e t s in a s a result of the development of an electron avalanche. c131 Thus, to damage
NaCl crystals by l a s e r radiation of duration 10" s e c we
need 5 0.08.

-

We note some substantial results that follow from relation (7) which, if 5 is known, is in fact the equation for
the determination of the critical field.
1. The temperature dependence of the damage threshold remains the same a s in the diffusion approximation,
and in particular
E,, a T-"

for the temperature region in which the high-temperature solution is valid (T> 250 K for NaCl crystals), if
The latter inequality obviously takes place at x>xo. The
inequalities (4) allow us to obtain the quasistationary
if
solution of Eq. (3) by the method

with the aid of the following procedure. We obtain the
solution of the equation in the region O<x <xo, we use
the solution to obtain the distribution function in the r e gion xo<x < 2x,, etc., and later on join together the
functions at the points nx,, n = 1, 2,
The resultant
relations for the avalanche-development constant y a r e
in this case quite cumbersome and a r e not illustrative.
Numerical calculations, on the other hand, show that
not only qualitatively but also quantitatively satisfactory
results can be obtained from an approximate analysis of
the differential-difference equation. For such a analysis, we put

... .

Y;D,(X)=4u.'rn/(2rnI)'"I,,, 1 ; ( x~) =4~.2rnI/kT(2rnJ)'"l.,;
~
w , ( x )=4Ia/(2mI)'"I,,., w , ( x ) = w ,

and introduce the notation

the parameter s being determined from the equation

and the quantity (s+ l ) T playing the role of the effective
electron temperature. We note that at
Sov. Phys. JETP 45(3), Mar.

then the damage threshold may even decrease with increasing electromagnetic-field frequency.
Figure 2 shows the theoretical dependence of the
damage threshold on the radiation frequency f o r NaCl
crystals at T = 300 OK. In the calculations we assumed
the following values of the parameters: m =me (the
mass of the free electron), I = 10 eV, v, = 4X lo5 cm/sec,
I,, = 2x lo-' cm. The threshold intensities were obtained
from the relation
W = 2 . 6 . 10-%Eeff2 ( E , , , = ~ / f i ) ,

where n is the refractive index, and W and W,, a r e expressed respectively in w/cm2 and in ~ / c m . It is seen
from Fig. 2, in particular, that the critical field is
maximal at a quantum energy fin- 2 eV (X- 0.5 pm).

-

The resultant equation with constant coefficients has
a stationary solution in the form

616

2. The frequency dependence turns out to be much
weaker than in the diffusion approximation (E,, a a t
C ~ T>> I), and if

1977

3. Inasmuch as at a quantum energy 1 eV the more
probable process is impact ionization with simultaneous
absorption of a light quantum, the effective ionization
potential in this frequency region i s

where &, is the width of the forbidden band. At the neodymium-laser frequency, the critical intensity is additionally decreased a s a result of this effect by an approximate factor 1.5.
It must be noted that Eq. (7) can be used only if condition (5) is satisfied, for otherwise an important role
is assumed in the formation of the distribution function
by the electrons produced as a result of impact ionizaGorshkov e t a / .
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tion. This frequency region, however, seems to be of
no particular interest from the point of view of the investigation of the properties of the electron avalanche,
since the most probable cause of the damage at such
large radiation quanta will be two- o r three-phonon ionization processes.

5. DISCUSSION OF RESULTS
The experimental investigation of the frequency and
temperature dependences of the laser-damage thresholds of a large number of samples of alkali-halide crystals has shown that for most crystals these dependences
exhibit no singularities typical of the avalanche mechanism. Of particular interest, however, are crystals
specially selected in accordance with the following two
attributes :
a) the highest and most reproducible damage threshold;
b) independence of the optical endurance of the heat
treatment.
NaC1, KC1, and KBr crystals possessing these properties have thresholds whose frequency and temperature
dependences agree qualitatively with the theoretical ones
obtained for damage as a result of the development of an
electron avalanche at the frequencies of CO,, neodymium, and ruby lasers. There is, however, a quantitative disparity between theory and experiment. Thus, if
it i s assumed that the absence of a temperature dependence of the damage threshold at a wavelength 10.6 p m
is due to the approximate equality of the C0,-laser frequency to the effective frequency v, of the electronphonon collisions, then we obtain for the latter (at T
= 300 K)

On the other hand, an analysis of the frequency dependence leads to the value
v.,j~6.1OL'sec -'.

To explain this disparity, we can advance two hypothetical explanations.

1) The avalanche-ionization theory was developed under the assumption that the electrons in the conduction
bands have a parabolic dispersion law. However, owing
to the complex structure of the real conduction bands of
dielectrics, and the fact that they possess subbands,
rather effective direct transitions between the subbands
may be turned on, going from the C0,-laser frequency
to the neodymium-laser frequency and above, with absorption of electromagnetic-radiation quanta. These
processes, obviously, can lower appreciably the observed damage threshold if k4-22 1 eV, and thereby decrease the effective ionization potential.
2) Atomic impurities and defects can exert just the
opposite effect on the development of the avalanche ionization at the relatively low (CO, laser) and high (neodymium and ruby laser) frequencies. The electrons of
617
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the conduction bands collide with the impurity atoms and
excite the latter. If the radiation quantum i s sufficient
for the ionization of the excited atoms, then the damage
threshold will be lowered, and in the opposite case the
development of the electron avalanche may be halted.
This i s also the possible cause of the influence of heat
treatment on the damage threshold. When the crystals
a r e slowly cooled, the atomic defects and impurities can
form local clusters with a concentration 2 1018 cmmS,
which i s sufficient for the development of an electron
avalanche on the impurities at an electromagnetic-radiation quantum energy 2 1 eV. If the cooling is rapid, on
the other hand, the impurities and defects a r e more uniformly distributed, and this raises the damage threshold. At the lower radiation frequencies (CO, laser) the
influence of the impurities and of the defects, a s noted
above, can in principle be different, and from this point
of view i t becomes clear why heat treatment influences
the optical endurance only at sufficiently high field frequencies.
Thus, the presence of characteristic frequency and
temperature dependences of the laser-damage threshold
of specially selected samples of the alkali-halide crystals NaC1, KC1, and KBr shows that their damage via
an electron-avalanche development i s probable, in contrast to most ordinary samples of the same crystals.
The most difficult to explain i s the absence of a temperature dependence of the damage threshold at the second harmonic of a neodymium laser. It is possible that
the decisive role is played in this case either by direct
ionization of the impurities o r by multiphonon absorption processes.
In conclusion, the authors thank G. F. Dobrzhanskii,
V. S. ~anevskir,V. N. Lukanin, and V. M. Ovchinnikov for supplying the alkakb-halide crystal samples.
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Crystallography Institute of the USSR Academy of Sciences.
he kinetic-equation terms containing f l ( x i x o ) and f f * ( x i x o )
may turn out to be significant in relatively weak fields and at
sufficiently high phonon energies. In that case, however, the
use of Eq. (3) may not be justified at all, since the expansion
(2) becomes meaningless.
'A. S. Epifanov, A. A. Manenkov, and A. M. Prokhorov, Zh.
Eksp. Teor. Fiz. 70, 728 (1976) [Sov. Phys. JETP 43, 377
(1976)l.
2 ~ Yablonovitch,
.
Appl. Phys. Lett. 19, 495 (1971).
3 ~ W.
.
Fradin, E. Yablonovitch, and M. Bass. Appl. Opt. 12,
700 (1973).
4 ~ W.
.
Fradin and M. Bass, NBS Special Publ. 887, 225 (1973).
5 ~ Bloembergen,
.
IEEE Quantum Electron. QE-10, 375 (1974).
6 ~ .R. Hanscomb, Appl. Phys. 41, 3561 (1971).
'A. S. Epifanov, A. A. Manenkov, and A. M. Prokhorov,
Pis'ma Zh. Eksp. Teor. Fiz. 21. 483 (1975) [JETP Lett.
21, 223 (1975)l.
'B. G. Gorshkov, Yu. K. ~ a n i l e l k o .A. S. Epifanov, V. A.
Lobachev, and A. A. Manenkov, Pis'ma Zh. Tekh. Fiz. 2,
284 (1976) [Sov. Tech. Phys. Lett. (1976)l.
'A. L. Mikaelyan. Yu. G . Turkov, and V. G . Savel'ev, Pis'ma
Zh. Eksp. Teor. Fiz. 6, 675 (1967) [JETP Lett. 6 %161
(1967)l.
Gorshkov et a/.

617

R. Giuliano and D. Y. Tseng, NBS Special Publ. 387, 84
(1973).
"w. L. Smith, J. H. Bechtel, and N. Bloembergen, Phys.
Fev. B32, 70t (1975).
1 2 ~ .M. Epshtein, Fiz. Tverd. Tela (Leningrad) 11, 2732
'OC.

(1969)[Sov. Phys. JETP 40, 897 (1975)l.
Epifanov, Zh. Eksp. Teor. Fiz. 67, 1805 (1974)[Sov.
Phys. JETP 40, 897 (1975)j.

1 3 ~ S.
.

Translated by J. G. Adashko

Tunnel effect in superconductors with nonequilbrium quasiparticle population under laser irradiation
0.P. Balkashin, I. K. Yanson, and A. V. Khotekevich
Physico-technic01 Institute of Low Tempemtures, Ukroinion Academy of Sciences
(Submitted September 21, 1976)
Zh. Eksp. Teor. Fiz. 72, 1182-1191 (March 1977)

Small deviations of the volt-ampere characteristics of laser-irradiated Pb-PbO-Pb and Sn-SnO-Sn tunnel
junctions from equilibrium are measured. The decrease of the junction conductivity due to nonequilibrium
occupation of the quasi-particle states is investigated in detail for various temperatures and laser-radiation
intensities. The tunnel current is calculated for a special model with a nonequilibrium excitation
distribution function. The results of the calculation are in good agreement with the experiments. The role
of thermal effects is analyzed.
PACS numbers: 74.50.+r, 74.70.Gj, 79.20.D~

1. INTRODUCTION

A stationary energy distribution of the quasiparticles
and phonons, which differs considerably from the equilibrium distribution, is established a t sufficiently low
temperatures (kT<< A) and under the influence of laser
radiation in thin superconducting films. ['I The properties of the superconductor in such a nonequilibrium state
a r e determined both by the total number of excess excitations and by the actual form of their energy distribution. However, experiments carried out to date have
been limited principally to measurements of such integrated characteristics a s the energy gap, [" the dc
resistance,
or tlie reflection coefficient a t microwave
frequencies.
Therefore, their results can be sufficiently well explained by various model-dependent disunder the condition that the contribution functionsc5p81
centration of the nonequilibrium excitations is small and
that their total number remains unchanged.

'"

A decrease in the conductivity of a laser-irradiated

tunnel junction was first observed experimentally in
Ref. 7 in a narrow range of voltages eV>2A, the reason
for this decrease is the occupation of part of the states
over the energy gap by photo-excited nonequilibrium
quasiparticles. The tunnel effect allows a direct measurement of the energy localization of the nonequilibrium occupation and, consequently, yields some information on the nonequilibrium contribution to the distribution function of the quasiparticles.
In the present we report here an experimental study
of the behavior of the tunnel junctions of lead and tin irradiated by an He-Ne laser. The measurements were
performed a t various temperatures and radiation inten618
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sities. The calculation of the volt-ampere characteristics of the junctions was performed with the use of the
nonequilibrium quasiparticle distribution function proposed by Vardanyan and lvlevCB1
and agrees well with the
experimental results.
2. EXPERIMENTAL METHOD
The measurements were carried out on Pb-PbO-Ob
and Sn-SnO-Sn tunnel junctions prepared by the usual
techniques (condensation in a vacuum and oxidation in a
glow discharge). The a r e a of the junctions amounted to
0.15-0.06 mm2, the resistance was 1-15 ohms. The
thickness of the metallic films was within the range
1000-2000 A. Crystalline quartz o r sapphire was used
a s a substrate; in the initial states of the research,
glass was also used. The sample was placed directly in
liquid helium. I'
Radiation from an He-Ne l a s e r of wavelength 1.15 j.t
was chopped a t a rate of 420 Hz by a disc modulator
(Fig. I), guided into the cryostat by a light pipe, and
focused with the help of a cone on the upper film of the
sample in the form of a spot with a diameter of 2.2 mm.
P a r t of the radiation was diverted to a calibrated photodetector t o record the power level in the measurement
process. The power was regulated by an iris diaphragm
and by grid attenuators. Tbe optical system was tuned
against the red emission line a s the l a s e r resonator tuning was varied. To prevent heating and formation of a
spatially inhomogeneous nonequilibrium state in the
relatively low levels of radiation intensity were
film,
used.
After amplification and synchronous detection, the
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