the self-focusing beam breaks up into individual thinner beams as a result of
the inhomogenelty of the wave front.

Thus, irradiation and breakdown of crystals that are transparent in the
infrared region by means of a powerful pulse from a CO, laser has made it pos-
sible to observe directly thermal self-focusing of 10-y radiation in solids
having dn/dT < 0.

The authors thank E.K. Karlova for help with the experiment.
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The purpose of this investigation was an experimental search for the
phenomenon of Bose condensation of excitons.!

The CdSe crystal was chosen because the excitons in it are predominantly
repelled from one another [2], and not attracted, and this, as 1s well known
[1, 3], is the condition for Bose condensation of excitons.

. The authors have focused thelr attention on the emission spectrum of CdSe
in the LO band of intereaction of tge excitons with the optical phonons [4].
As was noted by one of the authors?’/, this band can serve as a good indication
of the onset of the Bose condensation of excitons, owing to the appearance of
a narrow line (peak) on the long-wave boundary of this band, due to the vanish-
ing of the momentum of the excitons following the Bose condensation.

The investigations were carried out at U4.2°K. The excitation source was
the second harmonic of neodymium laser (xexc = 5300 A). The pulse duration

1)A detalled bibliography on Boge-Einstein condensation of excitons is
given in Moskalenko's monograph [1].

2)E.F. Gross, Paper delivered at the Institute of Semiconductors, USSR
Academy of Sciences, 2 December 1969.
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6820 G850 690  SM0 6980 W0 dlid not exceed 5 x 10-®% sec. The ex-
— T T v T ! cltation power ranged from 6 to 1500
kW/cm®. According to rough estimates
the exciton concentration reached 107
- 10'® om™®. The emission spectra were
photographed with an instrument having
2 dispersion of 30.5 R/mm in the in-
vestigated region.

At excitation powers 6 - 50
kW/cm® , the luminescence spectrum of
CdSe is similar to the spectrum de-
scribed in [2], where the CdSe crystal
was likewise excited with a neodymium
laser. . Further, at an exeitation
power W = 55 kW/cm®, the spectrum of
the crystal still has many features
in common with the spectrum obtained
by excitation with a DRSh mercury lamp
[5] (see the figure). Curve 1 shows
clearly the first phonon replica of the
free exciton n = 1 of the series Ty -
I'; (A, - LO); the first phonon replica
of the free exciton n = 2 (4, - LO) [5]
(according to another interpretation -
the band M due to exciton collision
[21), and the line of the bound exci-
ton Iy - LO. The resonance emission
lines of the excitons are exceedingly
: ) s n - WwWeak. We note that the A, - LO band
e e G 4m 47 b eV pag ) at an exclbation W = 55 KW/ cem®
an asymmetrical Maxwell-like shape,
due to the fact that the excitons have
Microphotographs of the emission spectrum kinetic energy [4].
of a CdSe crystal at T = 4.2°K following
exitation with a laser at 5300 & and at With further increase of the exci-
different power levels (W). Curve 1 - tation, at W = 150 kW/cm?, a sharp
W =55 kW/em?; curve 2 - W = 150 kW/cm?; change takes place in the emission
curve 3 - W = 200 kW/em?; curve 4 - W = spectrum of the crystal (see the
500 kW/cm?. figure).

Emission

The short wave part of the A4, -

LO band decreases in intensity, and

a new emission line, A = 6887 R, with width 2 - 3 A, appears on its long-wave
edge, we shall designate it by K.

Simultaneously, a continuous radiation background appears on the long-wave
side of the line K. With increasing excitation, this background becomes
stronger and propagates in the long-wave side. At an excitation W = 1500
kW/em* the background reaches the wavelength region ~v7000

On this background there are observed on the long-wave side of the K line

three new emission lines v;, Y,, and y, (see the table), forming together with
the line K an equidistant sequence with an approximate period 8 ﬁv(Q meV). The
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Spectral position of fthe lines and S band observed
in the case of strong excitation with a laser.

Designation Wavelength, Energy, |[Distance between
eV lines, eV
f :z';: 17999 0.0022
t 1,797 0,0021
A, 6904 1,705 00021
X 6912 1,7024 :
6917 1,7921
sh ’ 0,0010
LQ?I L.79]1

)The end points and width are indicated for the band S.

widtg of these lines is about 3 3. Some of the lines have a doublet struc-
ture /.

In addition, on the long-wave side of the new lines there 1s observed one
more singularity, namely a break in the continuous spectrum, in thg form of a
narrow band*) (which we d§signate.by S), with approximate width 4 A and with
end points 6917 - 6921 %) (see the figure). On the long-wave side of the
band S, the radiation background can be suspected of having a complicated
structure. The spectral position and the widths of the new lines and of the
band S did not vary in the entire investigated excitation interval (150 - 1500
kW/cem?). All that took place was a redistribution of the intensity among the
lines, and the spreading of the continuous background in the long-wave direc-
tion It is also remarkable that within the limits of the measurement error
(*1 ﬁ) we observed no temperature shift of the spectrum, a shift that might
have been observable in the case of strong excitation.

When the excitation increased above 150 kW/cm®, the band A, - LO (or M)
weakens and narrows down considerably. In some crystals it disappears com-
pletely.

It is difficult to explain the described experimental results within the
framework of the usual concepts, and we propose that the observed phenomena are
due to Bose-Einstein condensation of excitons:

1. The appearance of the narrow K line and the simultaneous radical
changes in the distribution of the intensity of the exciton-phonon band are

3)All the new lines, as well as the line K, are not modes of the coherent
emission, since they are invariably observed in crystals of different thick-
ness, and do not depend on the geometry of the experiment. However, 1n the
case of low excitation power (DRSh lamp) there exist three,phonon-replica lines
of bound excitons with wavelengths 6894, 6902.5, and 6913 A. We do not believe,
however, that laser excitation produces Just these bound-exclton lines, since
they have somewhat different wavelengths. In addition, the emission of bound-
exelton lines usually is not amplified with increasing excitation.

) An analysis of the experimental data leads us to the conclusion that this
break in the radiation background cannot be due to elither light absorption or
interference phenomena in the CdSe [6].

5)'I‘he line I1 - L0, with A = 6922.5 3, hinders the determination of the
exact value of the long-wave end point.
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characterlistic of the onset of Bose condensation of excitons, and agree with
theoretical investigations of V.A. Geregel'®) and of Kazarinov and Suris [7].

The presence of the exciton-annihilation line K shows that the excitons
are not destroyed on going over into the condensate (they do not dissociate in-
to electrons and holes), and consequently there is no "metallization" of the
excitons in our experiments with the CdSe crystal.

2. The intense gquasicontinuous emission spectrum on the long-wave side of
the line K can be naturally connected with acoustic oscillations in the exciton
condensate when the annihilating excitons interact in the Bose condensate both
with the quanta of the exciton sound and with other excitons of the condensate,
when they acquire a momentum p # 0; this also agrees with the theoretical in-
vestigations of V.A. Gergel'. :

3. The narrow break in the continuous emission spectrum (the band S)
should possibly be regarded as a spectroscopic manifestation of the energy "gap"
A in the spectrum of the electron excitations in the Bose condensate of the ex-
citons. This gap was predicted many times in theoretical papers [8].

I, It is remarkable that the distance between the lines A;_; (2 meV) is
equal to double the width of the gap of the band S in the background (1 meV).
Since 1t follows from the theoretical papers [9] that double the gap width
edquals the binding energy of the electron-hole pair in the condensate, we con-
slder this coincidence not to be accidental. It can be assumed that the lines
Ai_3 are the result of the breaking of the electron-~hole pairs (breaking energy
2 meV) at the expense of the exciton annihilation energy.

5. Account must be taken of the possible existence of plasma oscillatlons
in the exciton condensate (due to the exciton annihilation energy); these os-
cillations can lead to the appearance in the spectrum of individual lines that
fall in the region of the continuous spectrum observed by us.

6. The presence of a jumpwise change in the spectrum of the CdSe crystal
with increasing excitation is also evidence in favor of the Bose condensation
of the excitons.

7. The absence of a dependence (or perhaps the weak dependence) of the
distance between the individual lines and the width of the band S on the excita-
tion intensity can be understood if it 1s assumed that with increasing excita-
tion and with increasing number of excitons the Bose condensate increases its
volume in the crystal lattice, retaining the same density and other physical
properties, until it fills the entire crystal.

The authors are sincerely grateful to M.A. Drygin for great help with the
experiment and are deeply grateful to P.N. Zanadorov and V.M. Rysakov for mak-
ing it possible to perform the experiments in their laboratory.
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Multiphoton ionization of atoms in the ground state has been under dili-~
gent study during the last few years. We have obtained experimental data on
multiphoton ionization of the helium atom in an excited state. Observation of
such a process was reported in [1]. Besides being of independent interest, an
investigation of the multiphoton ionization of an atom in the excited state may
contribute greatly to our understanding of the process of multiphoton ioniza-
tion of an atom from the ground state via a resonant intermediate exclted state.
In a large number of cases, the transition from the intermediate state to the
continuous spectrum has a multiphoton character.

The experiment consisted of 0
the following. The He atoms of a . . D—Q’
discharge-afterglow plasma, in the
ex01ted metastable states 2'S and
233, were exposed to focused
radiation of a Q-switched ruby ﬂqu
laser (Fig. 1). The ions produced 5
in the plasma by the laser radia-

tion were registered with a probe 7
[1]. PFor ionization from the two

states, 1t is necessary to absorb Fig. 1. Experimental setup: 1 - laser,
three quanta of ruby-laser radia- 2 - radiation attenuator, 3 - discharge
tion. It can be assumed, however, tube, U - calorimeter, 5 - galvanometer,
that the probablllty of 1onlzatlon 6 - photographic film; 7 - photocell,
from the state 2'S is much higher, 8 - circuit producing the discharge in
since the energy of the two quanta the tube, 9 - amplifier, 10 - probe, 11
is close to the energy of the 6ls - c¢ircult for synchronizing the dis-
level (frequency deviation n30 charge shutoff with the laser pulse.

cm~!). In the case of ionlzation
from the 2%S state, the frequency deviations are of the order of several hun-
dred cm—?!

1)gentral Physics Institute of the Hungarian Academy of Sciences
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