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New bands in low-temperature fluorescence of anthracene
crystals at high exciton concentrations
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Changes in the fluorescence spectra of the anthracene crystals were investigated at a pulsed pump
intensity 10%°-2 10?* cm~2 sec™! and at crystal temperatures (at the instant of measurement) 10-16 K.
It is observed that at exciton concentrations (2-5)X10'7 cm~* each of the vibronic bands of the
fluorescence spectrum acquires, above a. certain threshold, an additional component with half-width
100-150 cm~!. At maximum pump intensities the additional emission can reach half the total integrated
emission of the crystal. When the new bands are produced, a decrease is observed in the quantum yield of
the total radiation from the crystal. It is shown that these bands are due to interaction between the
excitons when their concentration is high. This interaction is interpreted in terms of a phase transition
with formation of a new phase having an increased exciton concentration. Experimental and theoretical
estimates are obtained for the exciton concentration in the phase, and yield values that are one or two
orders of magnitude smaller than the concentration of the molecules in the crystal.

PACS numbers: 78.55.Kz, 71.35.+z

1. INTRODUCTION

An investigation of germanium crystals subjected to
intense optical excitation has led to observation of ex-
citon condensation, as a result of which electron-hole
drops (EHD) are produced at a definite temperature and
concentration of the excitons'~®); this process has a
threshold. Data on the formation of EHD in crystals of
other semiconductors were also obtained. °! For a
gas of Frenkel excitons, the binding energies of which
are much larger than their interaction energies, one
can expect condensation to result not in EHD but in
drops of a dielectric exciton liquid. Because of the
short-lived interaction (compared with the Coulomb in-
teraction) between small-radius excitons, and also be-
cause of their short lifetimes, the exciton concentra-
tions needed for this purpose must be several orders of
magnitude higher than in semiconducting crystals, and
the measurement times correspondingly shorter, It
was observed earlier® that in a molecular anthracene
crystal a strong broadening of the exciton-fluorescence
bands sets in at exciton concentrations ~10" cm™. This
phenomenon was tentatively explained as being due to
formation of a dielectric exciton phase of increased den-
sity, the emission of which consistsof broadbands that

56 Sov. Phys. JETP, Vol. 45, No. 1, January 1977

are superimposed on the narrower fluorescence bandsof
the free excitons.

An investigation of the fluorescence of anthracene
crystals at low temperatures and high optical-pumping
levels!™®! has shown that, depending on the experimental
conditions (sample thickness, dimensions of the pumping
region, the quality of the end-face faceting) the result is
either lasing at the most intense vibronic transition in
the fluorescent spectrum, or a decrease of the fluores-
cence quantum yield as a result of bimolecular recom-
bination of the excitons (nonlinear quenching). Since
lasing is accompanied by stabilization of the exciton
concentration, high concentrations can be obtained only
by suppressing the lasing, in particular, by decreasing
the linear dimensions of the pumped volume. Even in
this case, however, the exciton concentration increases
sublinearly with the pump, owing to nonlinear quench-
ing, making it necessary to use very high pump levels
(up to 10%® cm™ sec™) in order to exceed the threshold
exciton concentrations at which the aforementioned band .
broadening takes place. Under these conditions, heat-
ing of the crystals during the pulse is unavoidable be-
cause of the nonradiative conversion of the excitation
quanta into excitons of the lowest band and the release
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of heat during the nonlinear quenching. Since the crys-
tal heating is itself accompanied by a broadening of the
fluorescence-spectrum bands, a major difficulty in the
experiment is the separation of effects due to sample
heating, on the one hand, and to increase of the exciton
concentration, on the other. In addition, the broaden-
ing of the fluorescence bands can be due also to the de-
formation that the pulsed heating introduces in the
pumped region of the crystal. Finally, the observed
change in the shapes of the spectrum bands may be due
to reversible accumulation of photochemical defects,
nonequilibrium phonons, or excitons, which occur in
nonradiative transitions, or which are produced either
under the influence of the pump, or when the excitons
recombine,

In view of the foregoing, we describe in the first half
of the present article special experiments that make it
possible to obtain the required discrimination, i.e., to
demonstrate that the observed effects are due to in-
creased exciton concentration and not to extraneous phe-
nomena such as heating, etc. In the second half of the
paper we describe methods of separating the ‘“phase”
spectrum from the combined emission of the crystal,
we analyze the regularities observed in this emission,
and present certain theoretical derivations and esti-
mates,

2. EXPERIMENTAL PROCEDURE

The setup for the investigation of the fluorescence
spectra in the nanosecond emission range and at helium
temperatures was described earlier, "®’ The optical
pumping was with a pulsed nitrogen laser (A=337.1 nm)
with duration 8 nsec at pulse half-width and a repetition
frequency 100 Hz.

We used sublimated single-crystal anthracene plates.
Since perfect anthracene crystals have a high thermal
diffusivity at low temperatures (the phonon mean free
path exceeds 30 u at a velocity 10° cm/sec™®)), we used,
to obtain high exciton concentrations at the lowest pos-
sible temperature, relatively thick samples in which
heat could still be drained from the pumped surface re-
gion into the interior during the measurement time
(during the pump pulse). At the indicated phonon ve~
locity and pulse duration, the required crystal thick-
nesses were 10-20 u. In thinner samples, owing to the
small volume, the temperature turned out to be higher
at the end of the pulse. The samples returned to the
original temperature in the intervals between the pulses
(10" sec) via heat transfer to the thermostat bath, char-
acterized by a time on the order of 107° sec, 1%

The absorption coefficient was 4x10™* ¢cm™ when the
laser beam was polarized along the b axis of the crystal,
and 2x10* em™ in case of polarization along the a
axis. !'*1 Since the laser beam cross section was not
uniform, a special system of slits and lenses™’ at the
- entry to the monochromator was used to focus the light
from a selected section of the sample (dimension 0.1
%x0.1 mm) within which the inhomogeneity of the pump
did not exceed 10%. From an analysis of the shapes
of the fluorescence-damping curves at low pump levels
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(< 10%° cm"? sec™) we determined the exciton life-
times, 3.5+0,5 nsec in the interval 6-40 °K.

It should be recalled that, owing to the use of a
stroboscopic procedure, ! each measured point was
the result of statistical averaging over 10° pump pulses.
Therefore any spectrum-distortion accumulation that
was irreversible in a time less than 102 sec, should
have been accompanied by irreversibility in prolonged
measurements. Since no violations of reproducibility
were observed in the measurements, we shall analyze
in the following explanation of the phenomena only rapid
processes in which the initial state of the sample is re- .
stored in the interval between the pulses.

3. THE FIRST EXPERIMENT

In our earlier studiest®? we monitored the sample
temperature with a “tetracene thermometer” %! pased
on the measurements of the Debye-Waller factor in the
fluorescence spectrum of a tetracene impurity intro-
duced into the crystal. An important advantage of this
thermometer is absence of inertia, so that the tem-
perature can be measured at any instant of time during
the pump pulse. The accuracy of the method, however,
is doubtful, for in view of the finite rate of propagation
of the heat into the interior of the sample the anthra-
cene fluorescence can become reabsorbed by a tetra-
cene impurity located in the still-unheated region of
the crystal. The “tetracene thermometer” then under-
estimates the temperature, To monitor this circum-
stance and to obtain more correct values of the tem-
perature of the pump region, a thin crystal layer with
~10'° cm™ tetracene impurity was grown additionally
on the surface of the pure crystal. The thickness of
the impurity layer (0.3=0.4 u) was such that the pump
light, polarized along the a axis, was absorbed in it
almost uniformly. Figure 1 shows the dependence of
the temperature in this layer on the pump intensity at
the pump-pulse maximum, It shows also the tempera-
tures measured in a sample of the same thickness but
with uniform distribution of the tetracene impurity over
the volume, It is seen that in the second case the read-
ings of the “tetracene thermometer” are indeed too low.
The results obtained with the additionally grown layer
were compared with the known data on the temperature
dependence of the heat content of the anthracene crys-
tal, ®21 To this end we subtracted from the pump values
the amount of heat delivered to the crystal. Account
was taken of the dependence of the pump quenching fac-
tor, which determines the absorbed-energy fraction
going into heat and into fluorescence, The temperature
was then determined in accordance with the data of 2!,
This result is also shown in Fig. 1. It is seen that it
agrees well with the dependence obtained for the sample
with the additional layer, thus confirming the accuracy
of the temperature measurement in the layer with the
“tetracene thermometer.”

Following these measurements, the samples with the
additional layer were used to obtain the fluorescence
spectra of the anthracene crystal at high pump levels.
These spectra were then compared with the spectra ob-
tained by exciting with an ordinary mercury lamp (very
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FIG. 1. Temperature of illuminated layer of anthracene crys-
tal vs the intensity of the exciting light: curve 1 shows the
calculated heating of a crystal d=10"3 cm at the instant of time
corresponding to the maximum pump pulse (f, = 10 nsec); A—
temperature under a phthalocyanine layer, determined by mea-
suring the shape of the fluorescent spectrum of anthracene;

® —temperature measured with a “tetracene thermometer” in
a surface layer; o-—readings of “tetracene thermometer”
when the impurity is uniformly distributed over the sample in
a crystal of the same thickness; © —readings of “tetracene
thermometer” when the impurity is uniformly distributed in a
crystal 5x 107 cm thick.

low pump level), but at thermostat-bath temperatures
maintained at the values corresponding to the readings
of the “tetracene thermometer” in the surface layer
under intense pumping. Under these conditions we have
confirmed the previously observed!®’ fact that the fluo-
rescence bands of strongly excited anthracene are sub-
ject to a broadening in excess of the temperature broad-
ening. ¥

4. SECOND EXPERIMENT

In the preceding experiments one could not exclude
the possibility that part of the energy fed to the crystal
by the pulsed heating went to deform the crystal, thus
causing band broadening other than thermal. To elimi-
nate this factor, the following experiment was per-
formed. The fluorescence spectra pertaining to iden-
tical optical pump levels but to different resultant ex-
citon concentrations were compared by depositing, by
vacuum sublimation, a thin (~0.1 p) layer of organic
dye, copper phthalocyanine, on part of the crystal sur-
face. This layer had a noticeable absorption and at-
tenuated the pump-light intensity by a factor 30-40.

The control samples were simultaneously doped with
tetracene in an amount such that the crystal was heated
to the same degree when excited either through the dye
layer or on the free part of the surface. The exact
values of this heat rise (see Fig. 1) were determined
from the fluorescence spectrum of the anthracene ex-
cited through the dye layer, and this spectrum was tem-
perature-calibrated beforehand for this purpose.

In this series of experiments we compared the fluo-
rescence spectra of the anthracene in uncoated crystal-
surface sections and those coated with a phthalocyanine
layer. The results of this comparison are shown in
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Fig. 2 and confirm the presence of an appreciable
broadening in excess of the thermal broadening. We
note that the depositing of the dye does not disturb the
crystal surface-layer quality, as evidenced by the ab-
sence of changes in the anthracene fluorescence spec-
tra at low excitation levels before and after the coating.

These experiments have confirmed directly that the
anthracene fluorescence broadening in excess of the
thermal broadening, under intense pumping, is due to
the increase in the exciton concentration. In addition,
the same experiments allow us to reject the assumption
that the fluorescence band shape is influenced by the
pulsed character of the heating and that impact deforma-
tion of the sample takes place as a result of this heating.

5. THIRD EXPERIMENT

The second measurement method described above
does not show whether the observed changes in the band
shape can be affected by photochemical defects, non-
equilibrium phonons, or excitons produced when the
optical excitation is relaxed or produced under the in-
fluence of the pump. We have therefore performed the
following experiment:

The anthracene crystal was excited by focusing on its
surface a strip of light a fraction of a millimeter wide
and up to 5 mm long. Under these conditions, lasing
was produced in the crystal on the 23692 cm™ vibronic
band of the anthracene fluorescence spectrum. !"~* The
exciton concentration was stabilized at a level that could
be determined from the intensity of the remaining bands
of the spectrum. Then, without changing the excitation
intensity, the length of the strip was decreased with a
diaphragm to 0.1-0.2 mm. This suppressed the genera-
tion of light and increased the exciton concentration by
2.5-3 times. At the same time a change in band shape
similar to that shown in Fig. 2 was observed.

These experiments allow us to state that the observed

FIG. 2. Determination of the fraction of the new emission

in the fluorescence spectrum of an anthracene crystal at a
high level of optical pumping: 1—1403 cm™ 0-0 band at 7,
=1.5% 10%®® ¢m™ sec™! and at an illuminated-layer temperature
T=22.5°K (, =10 nsec); 2—the same band at 1,=10% cm™
sec™! and T =22.5°K; 3—shape of band under the phthalocyanine
layer at I,=1.5x10% cm-? sec™; 4—determination of the
fraction of the new band by the first method; 5—determination
of the fraction of the new band by the second method.
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changes in the fluorescence spectrum are indeed not
caused by the interfering factors mentioned above, but
are due exclusively to the change of the exciton con-
centration in the sample, i.e., to interaction of the
Frenkel excitons when their concentration is high.

6. SEPARATION AND ANALYSIS OF THE NEW
EMISSION OF THE ANTHRACENE CRYSTALS

Quantitative information on the character and param-
eters of the crystal emission in excess of the tempera-
ture-induced emission can be most conveniently ob-
tained by using the procedure of the second experiment,
although the two other series of experiments alsoagreed
fully with this information.

Figure 2 shows the changes in the shape of the 23692
cm™ vibronic transition band when the exciton concen-
tration is changed by approximately 30-40 times. These
changes are typical also of two other vibronic bands of
the fluorescence spectrum of anthracene. In this figure,
the two bands obtained by applying the excitation through
a dye layer and to the free part of its surface were
equalized in intensity at the maximum of the band.

It was shown above that the additional broadening il-
lustrated in Fig. 2 is due to exciton-exciton interac-
tions. It can therefore be caused either by exciton-
exciton collisions, which broaden the exciton bands of
the fluorescence spectrum, or to superposition of the
exciton bands on the bands corresponding to formation
of a bound state of excitons. The first cause should
apparently be excluded, since the exciton-—exciton col-
lisions cannot lead to the threshold-dependent change
in the fluorescence quantum yield, which will be de-
scribed below (see Fig. 5), or to the kinetic character-
istics of the emission (see Fig. 6). The analysis that
follows is therefore based on the assumption of two
components of the combined-fluorescence bands.

The principal parameter in this case is the share
of the new emission in the combined total spectrum;
this share is determined by methods described below,
which do not claim to determine the shape of the bands
of the new emission. The first method was based on

2
]
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(00-mo3 cm™) | (00-395) (00)
v, cm

——

FIG. 3. Fluorescence spectrum of anthracene crystal at high
pump intensity ( g=1.5% 10% cm™ gec™!, T=22.5°K, t,=10
nsec): 1—total spectrum, 2—spectrum of new emission
(separated by the second method).
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FIG. 4. Dependence of the relative fraction n of the new
emission on the excitation intensity I (the measurements were
performed at a constant temperature of the illuminated layer
T =22,5°K; to this end the thermostat-bath temperature was
increased when the pump intensity was decreased in such a
way that the fluorescence bands of the anthracene under the
phthalocyanine layer retained the same shape; £, =10 nsec,
d=10" cm): e—reduction by the first method, O —reduction
by the second method.

direct subtraction of the bands with their intensities
equalized at the maximum. In this case the difference
band is a double-hump curve with zero amplitude at the
maximum of the initial bands. This, naturally, under-
estimates the fraction of the new emission in the com-
bined band. Another way of separating the bands is to
multiply the subtracted band by a factor such that the
new-emission band is smoothed out and has a single
maximum,

As a measure of the non-temperature broadening, we
introduce the parameter n, which corresponds to the
fraction of the new emission in the total emission of the
crystal in the region of the investigated band, n=(S
- 8,)/S, where S and S, are the areas of the bands at
high and low exciton concentrations. Although the val-
ues of 7 determined by the two separation methods dif-
fer by approximately 1.5 times, the dependences of 7
on the pump intensity and on the temperature turn out
to be similar.

The sensitivity of the apparatus (the signal to noise
ratio was approximately 40) made it possible to deter-
mine values of 7 as low as 0.05. This quantity deter-
mines the accuracy with which the threshold of the effect
is determined.

Figure 3 shows the fluorescence spectrum of the
anthracene crystal (the time position of the pulse maxi-
mum) at the pump maximum, the value of which was
limited by the sample surface-damage threshold. The
figure shows also the new-emission spectrum separated
by the described procedure. It is seen that each of the
vibronic bands in this spectrum corresponds to a broad-
er band (half-width 100-150 cm™) of new emission,
which is possibly slightly shifted (20~30 cm™) in the
long-wave direction. The values of 1 are approximate-
ly the same for all the vibronic bands.

Figure 4 shows the dependence of 1 on the pump in-
tensity for two band-separation methods. A character-
istic feature is the presence of a threshold pump in-
tensity (~3x10% cm™ sec™), corresponding to an ex-
citon concentration 2 x 10! cm ™ (this value lies in the
range (2-5)x10'7 cm™ for different crystals). The
maximum values of 7 corresponding to a pump 10
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FIG. 5. Plots of the fluorescence quantum yields & against
the intensity of the exciting light I: 1(®)—nonlinear-quenching
curve of the integrated (over the spectrum) fluorescence of
the anthracene, measured at a constant illuminated-layer tem-
perature T =22, 5°K (the procedure used to maintain the tem-
perature constant is indicated in the caption of Fig. 4). The
theoretical curve!3) is shown dashed; 2 (@)—dependence of
the fraction n of the new emission on the excitation intensity;

3 (a) quantum yield &, of the new emission; 4 (0) nonlinear
quenching curve at T=60 °K; 5 (@) —exciton-emission quantum
yield calculated from curves 1 and 2,

cm™ sec™! range from 0.4 to 0. 5 for different crystals. -

When new bands appear, the total quantum yield of
the anthracene fluorescence ® =%, +®, is decreased (2,
is the exciton-emission quantum yield and ¢, is the
quantum yield of the new emission). This is shown in
Fig. 5, which gives also the changes of ¢, and ¢, ob-
tained by separating the spectra (®,=7®). The values
of &, for different samples amount to (3-6)x 1072,

A 10—20% decrease of @, is observed at /> 5x10% cm™?
sec™,

With increasing temperature, n decreases. At J;
~2x10% cm™ sec™ the effect is not observed at T
>50°K, and under weaker pumping the new emission
vanishes at lower temperatures. If it is assumed that
the threshold exciton concentration is proportional to
exp(—&/kT), then the range of ¢ is 40-60 cm™. It
should be noted that at 7> 50 °K, when no new emission
is observed, there is likewise no break on the nonlinear-
quenching curves,

The kinetic characteristics of the total, exciton, and
new emissions are given in Fig, 6. The new emission
appears after a threshold exciton concentration is pro-
duced, in agreement with the previously noted™®’ lag
between the changes in the spectrum and the rise of the
pump pulse. On the decreasing part of the pulse, the
new emission is preserved at lower values of the pump
intensity. Thus, a unique hysteresis is observed, and
the same pump value corresponds to different values of
of 7.

7. DISCUSSION OF RESULTS

The fact that the observed new emission is found to
be explicitly connected with the increased exciton con-
centration in the crystal, as well as the threshold char-
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acter of the appearance of this emission, can serve as
the basis for the interpretation of the phenomenon as a
phase transition in a system of Frenkel excitons, with
formation of a two-phase system. An important argu-
ment in favor of the exciton condensation is the decrease
of the quantum yield of the fluorescence of the crystal
when new emission is produced, inasmuch as the non-
linear quenching of the excitons should accelerate in

the denser phase.

We start with this assumption and consider the growth
kinetics of the exciton phase with the increased density.
The exciton mean free path in anthracene crystals at
medium temperatures decreases rapidly with increasing
temperature, and does not exceed 100 A in the range
15-40 °K. Inasmuch as the exciton mean free path is
comparable with or smaller than the proposed drop
radius R, the rate of exciton capture by the drop is
described in the diffusion approximation. The equa-
tions for the concentrations 7 of the free excitons and
for the total number of excitons in the drop (i.e., for
the radius R of a drop in which the exciton concentra-
tion #n, is constant) differ from the case of production of
EHD in germanium, when A>R, "1 and take the form

d
—E—I.,-——Kun —4nDRN (n—n,), 1)
dt T

d 4 4n

o (3— 'tR’nd) =4nDR (n—n,) ——3—R’ e (2)

where D is the exciton diffusion coefficient, N is the
drop concentration, #, is the threshold concentration of
the free excitons and corresponds to the start of con-
densation, 7 is the radiative lifetime of the free excitons,
74 is the lifetime of the excitons in the drop (it includes
the radiative and nonradiative channels, the latter being
determined by the collision annihilation of the excitons
at constant n,), and K is the constant of bimolecular
concentration of the free excitons.

From the solution of (2) we obtain under stationary
conditions

L , rel.un,

FIG. 6. Time dependences of the fluorescence at a high pump
intensity I,=1,0x 10%cm ? gec™. The measurements were
made at a constant illuminated-layer temperature T =24°K,
corresponding to the temperature at the end of the optical-
pumping pulse, and the procedure used to maintain the tem-
perature constant is indicated in the caption of Fig. 4. 1—
optical-pumping pulse (scale decreased by a factor 5); 2 (0)—
total emission; 3 (®)—emission of free excitons; 4 (®)—‘“phase”
emission,
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n—n, ] Ya

R=[3D1:d .

(3)

The equation for the concentration of the free excitons
then takes the form

az?+pz’+ (20t+1) z=H—a—1, (4)
where
I
z= -ﬁ- -1, H= i, a=Kgsn,t,
2 2 (5)

12}

p=4n(3D°v*y) " N (;;— ) ‘l’.

The pump threshold is equal to
He=1+a, (8)

and the condensation in accordance with (4) can take
place under the condition 8 > a. The phase emission,
equal to the phase flux (8z%/%) multiplied by the quan-
tum yield ¢, of its emission at pump value near thresh-
old (2«1, H= H,), is given by

0. — P (H_m)*
L= imggys HH™ ™

while in the region H> H,, z>>1 we have
L~=,H. (8)

With further increase of the pump, the rate of bimo-
lecular quenching catches up with the rate of the influx
of the excitons into the phase, as a result of which L,
begins to decrease. This behavior of L, agrees qualita-
tively with the experimental data, Figure 7 shows plots
of ,, ®, and n against H, calculated from (2) and (4)
at @ =3 and B =10; they agree satisfactorily with the ex-
perimental data of Fig. 5. If it is assumed that the
radiative lifetime of the excitons does not change dur-
ing condensation, then the value of 7, is given by ®,7
=(1-2)x107® sec. It is important that the values 8/a
~10 and RR10°® ¢cm at z >1 correspond to reason-

able values of the unknown parameters, namely N
=10"-10'° cm™ and n,/7, =10"2-10" (we used in the
calculations the values of n,, 7, and 7, given above,

as well as K45 =3x10"° cm® sec™ ) and D=1 cm? sec™).
Thus, a reduction of the data of Fig. 5 within the frame-
work of the assumption of production of an exciton phase
of increased density shows that, as a result of the short
lifetimes and the short diffusion length of the free ex-
citons, only minute droplets of the exciton phase can be
produced, containing ~ 10%-10° excitons, the exciton
concentration in the drops being much lower than the
concentration of the molecules in the anthracene crys-
tal (2x10* cm™),

The data of Fig. 6 show that the exciton concentra-
tions at which drops are produced are several times
larger than those at which they vanish. This can be at-
tributed to the supersaturation, whichisa characteristic
of formation of the new phase. The value of the super-
saturation, determined by the mechanism that produces
the condensation nucleus, depends in this case also on
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the mechanism whereby the drops vanish, in which, pos-
sibly, an important role is played by the heat released
from the drop as a result of the high rate of nonradiative
annihilation of the excitons in the drop.

We examine now in greater detail the conditions for
the formation and possible concentration of the exeitons
in the condensed phase. The Hamiltonian of the lattice
gas of Frenkel excitons can be represented in the form

~ 1
5% =Y butbaTon = Y ba*babatbuVim, (9)

where b}, and b, are the Pauli operators for exciton pro-
duction and annihilation, the summation being extended
over the entire lattice, T, are the exciton transport
integrals in the lattice, and V,, is close to the differ-
ence between the van der Waals energies of two excited
molecules, on the one hand, and of a pair of molecules
of which only one is excited, on the other, since the ex-
citon—exciton interaction with participation of phonons
and the additional interaction connected with the reso-
nant transfer of two excitons to a single center are ap-
parently small,

Since the considered temperatures are higher than the
Bose-condensation temperature, it might seem at first
glance that classical statistical-mechanics approach is
sufficient. However, the exciton wavelength at the tem-
perature of the experiment is comparable with the ex-
citon—exciton scattering length. The dynamics of the
exciton—exciton interaction has therefore a quantum-
mechanical character. Consequently, we can consider
values of T'and V such that there is no bound state of
the two excitons, but, as will be shown below, the
existence of large exciton aggregates is possible,

The energy of the state N of the noninteracting exci-
tons situated at the bottom of the exciton band is

51,=—2sz T,=—6NT, (10)

and the energy of a certain number of closest~packed
excitons having zero Kinetic energy (if we disregard
surface effects, as is permissible at large N) is equal
to

0.75

0.5

0.25

-

1
1 10 0 H 107

FIG. 7. Calculated plots (at @ =3 and 8 =10) for the exciton
emission &, (curve 1), the fraction of the new emission 7
(curve 2), and the quantum yield of the new emission &, (curve
3) as functions of the pump intensity.
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8.=—N2 V.=—3NT. (11)
[}
Consequently, at
27>V (12)

there exists an exciton condensed state with an energy
lower than that of the exciton gas. Of course, the den-
sity of the minimum-energy state is not necessarily
maximal, for in this case the loss of kinetic energy may
turn out to be very large. It should be noted, however,
that in the one-dimensional case, where exact solutions
exist for a system of paulions!®’ the dense state has a
maximum density for large N if the condition (12) is
satisfied. For the three-dimensional case, this prob-
lem is much more complicated in the presence of an-
isotropy.

We shall show below that the exciton phase can have

a low equilibrium concentration (in comparison with
the concentration of the molecules in the crystal). The
estimate can then be obtained by considering a system
of hard spheres* satisfying Bose statistics at not too
high a concentration. According to''®?, at T=0 the free
energy of a system of spheres having a radius d and a
concentration p is equal to

f-= E‘.ip’(iﬂﬁp"'d”'). (13)

m

The average attraction energy in this state (when the
wave function is approximated by the classical function
for a system of hard spheres) is equal to

fo=—3Vd (14)
The foregoing expression is the first term of the ex-
pansion in the small density, while the next term is of
order p°, so that the retention of the p* 2 term in (13)
is legitimate. Expressing the effective mass m* in
terms of the parameters of the Hamiltonian (1/m*
=27d%/k?%) and minimizing the total energy of the sys-
tem f=f, +f., we obtain the concentration p* correspond-

ing to the minimum of the energy of the spheres in the
system®’;

. 144 V  2n\*
T (?”?) ' (15)
where p, is the maximum exciton concentration. The

energy of this state relative to the bottom of the exciton
band is equal to 6=6¥p*/p,. Since the last quantity cor-
responds to a shift of the new bands relative to the ex-
citon bands and should lie within the limits of the width
of the experimentally observed new bands, we assume
that 6=10~10 cm™, We then obtainfrom (15)p*/p,
=0,01-0.1. The obtained value of p*/p, agrees with the
estimate given above for n,/n, and obtained from the
analysis of the kinetic data.

8. CONCLUSION

The foregoing analysis of the experimental material
and some theoretical estimates show that a condensed
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exciton phase with a concentration smaller by one or two
orders of magnitude than the concentration of the mole-
cules in the crystal is produced inanthracene crystals at
high exciton concentrations and at low temperatures.
The radiation from this phase can be as much as one-
half the total radiation of the crystal under these con-
ditions,

Presented simple estimates of the parameters of this -
phenomenon do not take into account some undoubtedly
important details, such as the anisotropy of the motion
of the excitons in the anthracene crystal, or the role of
the exciton-impurity complexes. In particular, the con-
densation process must be strongly anisotropic, since
the motion of the excitons in anthracene crystals at
helium temperatures is in fact close to one-dimensional
(along the a axis), because the band with large effective
mass is not analytic along the ¢’ axis. ©*4* On the other
hand, in the (be’) plane, where the kinetic energy of the
excitons is low, the conditions for their binding should
be the most favorable. However, although these fea-
tures of the anthracene crystals are not taken into ac-
count, we can draw rather reliable conclusions, for
example that there is no connection between the ob-
served phenomena and biexciton formation or exciton-
exciton collisions in the gas of free excitons. This con-
clusion is based on the assumptions that neither of these
effects can have a threshold or cause the experimentally
observed change of the nonlinear quenching curves and
the hysteresis in the kinetics of the new emission. One
cannot deny, of course, the possible effect of exciton—
exciton collisions on the type of the condensate band
and, in particular, the connection between this process
and the observed large widths of the bands.

The circumstances under which Frenkel excitons con-
dense in anthracene crystals call for additional research.
The measurements made at lower temperatures, owing
to the decreased pump-pulse duration and the increased
absorption coefficient over its wavelength (in the latter
case the concentration of the excitons increases while
the temperature of the illuminated layer remains con-
stant) will be the subject of our forthcoming studies.

The authors thank ﬁ: 1. Roshba for a useful discus-
sion of the experiments.
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on the time variation of the band half-width are qualitatively
correct.
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)t is seen from (15) that a dense state is realized under the
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Measurement of the electron temperature and density
distributions in the plasma in the TM-3 Tokamak
installation by the method of laser radiation scattering

V. V. Sannikov
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Electron temperatures of 0.15-1.2 keV have been measured at plasma densities 7, = 6X 10'-6x 10'?
cm~? under stable discharge conditions in the TM-3 Tokamak installation by the method of Thomson
scattering. The electron temperature and density distributions along the plasma column radius have been
obtained for different plasma parameters. The variation in time of the plasma-electron density and
temperature profiles has been measured in one of the standard regimes (H, =22kOe, J =150 kA,
i, = 6X 10" cm~%). The diamagnetic and laser measurements have been compared.

PACS numbers: 52.55.Gb, 52.70.Kz, 52.25.Lp

1. INTRODUCTION

The application of the technique of laser probing of a
plasma in installations of the Tokamak type has allowed
the accumulation of a large quantity of information about
the local density, n,, and temperature, T,, of the elec-
trons in the plasma column. %’ Of indubitable interest
is the problem of the measurement of the distributions
T.(r) and n,(r) on the TM-3 Tokamak installation, whose
operating conditions allow the variation of the plasma
parameters in a wide range of values. However, the
small transverse dimensions of the diagnostic port on
the installation limit considerably the transmission of
the collection optics, and make it impossible for a dia-
phragm and a trap to be mounted for the purpose of sup-
pressing the parasitic light scattered from the windows
and walls of the vacuum chamber. On account of this,
the fraction of the parasitic scattered light in the TM-3
facility attains an appreciable value. It becomes nec-
essary to prepare the apparatus for Thomson scattering
with appreciable suppression of the parasitic back-
ground.

In the experiment we used a polychromator assembled
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on the basis of the high-transmission MDR-2 diffrac-
tion monochromator™’ with a selective ruby filter. The
filter, which was 12 mm thick, was cut from a ruby
crystal (with a chromium concentration in parts by
weight in the blend of 0.5). Absorption in ruby depends
on the orientation of the electric vector of the incident
radiation relative to the optical axis of the crystal. tel
The filter was mounted in front of the entrance slit of
the polychromator in such a way that the optical axis

of the crystal was perpendicular to the polarization of
the scattered light. Maximum absorption in the ruby
line, R;, is realized in this case. It was possible to
reduce the intensity of the A;=6943 A parasitic line,
scattered from the windows and walls of the vacuum
chamber, by a factor of more than 10% with the aid of
the selective ruby filter. ’

The experiment was performed under stable discharge
conditions in the Tokamak in the case when the stability
safety factor had a value ¢ >3.

2. THE EXPERIMENTAL SETUP

A schematic diagram of the experiment is shown in
Fig. 1. Scattered light from a 0.2-cm® plasma volume
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