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The time dependence of the lumineacencc of thin anthracene plates excited by pulsed lasers is investigated. 
It is shown that the half-widths of the bands in the investigated spectra can be used to estimate the 
number of nonequilibrium phonons produced in the sample as a result of r-on of the electronic 
excitations. Qualitative models of generation and propagation of noncquilibrium phonons in a planar 
sample geometry are constructed. It is shown that the experimental observations are in satisfactory 
agreement with the model-deduced premises. 

PACS numbers: 71.36.+c, 78.55.ICz, 79.60.D~ 

1. INTRODUCTION 

The luminescence of anthracene is accompanied, a s  
is the case for other molecular crystals, by a heat re- 
lease (creation of additional phonons), and the energy 
efficiency of the radiation, in contrast with the quantum 
efficiency, is not equal to unity. This is connected pri- 
marily with the preceding act of luminescence by the 
process of fast (s0.1 nanosec) light-induced electron ex- 
citation to the lowest exciton band. Second, there takes 
place, at least partially, further relaxation of the exci- 
ton states, for example, with participation of those ly- 
ing below the triplet-exciton bands. In anthracene cry- 
stals, ~f course, this process is less probable than the 
direct luminescence of excitons (the exciton lifetime is 
7, = 3 nanosec) and the quantum efficiency of lumines- 

at low pumping is close to unity. Finally, as  a 
result of the luminescent electron transitions, the de- 
veloped system of vibrational sublevels of the ground 
state is filled with nonequilibrium phonons . 

Additional channels of heat release arise with in- 
crease in the intensity of the light that excites the lum- 

inescence. They are  produced by the interaction of ex- 
citons and depend in nonlinear fashion on their concen- 
tration. Evidently, the Auger recombination of excitons 
is most effective for the heat release. In this recom- 
bination, one of the colliding excitons receives the en- 
ergy of the other. The resulting high electron excita- 
tion again relaxes to the lowest exciton band. Under 
these conditions, a drop is experimentally observed in 
the energy yield of the radiation, to 0.1 and below, i.e., 
practically all the light energy incident on the crystal 
is transformed into phonons. 

In the first stage of relaxation of the electron excita- 
tion, high-frequency optical phonons are generated (in- 
tramolecular vibrational modes). Further relaxation is 
accompanied by the breaking down of the intramolecular 
phonons and it is concluded at some stage with the form- 
ation of acoustical phonons that a re  distributed uniform- 
ly over the Brillouin zone. The entire process of re- 
laxation, except the very last, can be regarded as spa- 
tially localized, since the exciton bands, and especially 
the W s  of optical vibrations, are  relatively narrow 
and the free paths of these excitations are small. 
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The light absorption in anthracene crystals is effected 
in a relatively thin near-surface layer (the absorption 
coefficients K = lo4 - 1O6cm4). The basic stages of the 
relaxation take place in this absorption layer since the 
length of the diffusional displacement of the excitons 
- 0 . 1 ~  and the velocity of the optical phonons is negligi- 
bly small. However, the acoustical phonons that a re  
generated can leave this layer within the actual time in- 
tervals, since the sound velocity in the anthracene cry- 
stal -2 X 105sec .''] This was shown in our previous pa- 
per~!'*~' It has been discovered that the departure of 
phonons from the absorption layer is accompanied by an 
increase in their numbers as a result of spontaneous 
splittings and at first a ballistic regime of motion of the 
phonons is formed, after which a hydrodynamic regime 
is possible. 

The propagation of phonons in molecular crystals has 
been practically unstudied previously. The present 
paper is a continuation of our and we 
report in it the results of further study of the excitation 
and propagation of phonons anthracene crystals at low 
temperatures. Such an investigation is very timely, 
since the luminescence of crystals under the action of 
intense laser pumping has been widely studied in recent 
years and a whole set of nonlinear effects has been un- 
covered.c441 Attempts (in which some of the co-authors 
of the present paper took part) at observing a condensed 
exciton phase at high concentrations of excitons occupy 
a special place in these researches. It has now become 
clear, however, that in these investigations, the intro- 
duction of certain corrections is necessary, since it has 
been assumed in them that practically uniform heating 
of the sample occurs throughout its thickness,Ls1 and the 
propagation and the succeeding reflection of nonequi- 
librium phonons from the surface of the plateL3] was not 
taken into account. 

2. EXPERIMENTAL METHOD 

We studied the low-temperature luminescence of sub- 
limated crystalline plates of anthracene (thickness 
L = 10 - 50p) under the effect of pulsed lasers whose 
parameters a re  given in the table. The frontal surface 
of the plate (the developed [OOl] plane) was irradiated 
by the laser. The dimension of the radiation spot -0.5 
mm was much greater than the plate thickness. The in- 

TABLE I. 

Model I L K r  l v ~ . c m - l l  & 1 f 3 ) , H z  

LGI-21 -29600 
c.bdkoo 
VRO dye lam 

 his laser is excited by a powerful (400 kW) 
nitrogen pulsed laser.  he VRO dye, which hag 
a high quantum efficiency of luminescence in 
the raqge 4150-3850 A, was lent to us by B. ~i 
KrasovitsMr (Institute of Single Crystals, Khw- 
hv), to whom the authors express their deep I 
gratitude. 
') vL is the laser radiation frequency. 
"f ts the repetition rate 

I 
1 

tensity of the optical pumping varied in the range from 2 
to 150 kw/cm2. The nonequilibrium phonons were de- 
tected with the aid of the luminescence spectrum which 
could be excited even beyond the limits of the pulse by 
means of an additional attenuated probe pulse, which 
was delayed relative to the main pumping pulse. The 
exciton concentration produced under the action of the 
probing pulse (<I kw/cm2) and the energy released were 
very small. The size of this excitation spot was smaller 
than the spot of the main pump. The same section of the 
crystal was irradiated by it in the case of measurements 
on the frontal surface, or  else a section located exactly 
under the spot of the main pump in the case of measure- 
ments made on the back face of the sample. 

The halfwidth Av of the vibronic transition 23,692 
cm" and its dependence on the delay time t ,  c 60 nano- 
sec were recorded in the luminescence spectra. The 
nature of the width of this band is not completely clear 
at the present time. It can be assumed that it is due 
either to the expansion of ttie exciton band of the anthra- 
cene crystal (-400 - 600 cm") in the case of a two-par- 
ticle electron-vibrational (vibronic) transition, or  to 
three-particle transitions with participation of external 
phonons. However, it is well known that with increase 
of temperature the halfwidth of this band changes signi- 
ficantly, but the location of its maximum remains vir- 

, tually unchanged (23,692 cm"). This can serve as  the 
basis for the use of its halfwidth for at least qualitative 
estimates of the presence of phonons in the sample. In 
experiments with relatively thick samples (see below), 
the intensity was measured in a knownc7] triplet of bands 
in the region of pure electron luminescence of the an- 
thracene crystal (25,081, 25,051 and 25,036 cm-'). The 
relative intensity of these bands also changes signifi- 
cantly upon decrease in the temperature of the crystal. 
Here, however, such measurements for the initial 
times are  limited to thick samples, in which the purely 
electronic luminescence of the frontal surface is practi- 
cally completely reabsorbed. Moreover, such types of 
measurements are  possible at relatively small phonon 
fluxes, since the ratio of intensities of these bands 
reaches saturation upon increase in the total energy. 

The measurements were carried out in a helium op- 
tical thermostat, the bath temperature of which was 
kept within the range 5 - 25 K with accuracy to -0.1 K. 
The detection of the radiation was carried out strobos- 
copically by means of an FEU-36 photomultiplier and a 
strobe-oscilloscope S 7-5 (time resolution of -4 nano- 
sec), and also with the aid of a four-stage image con- 
verter with a sawtooth sweep. The image on the screen 
of the image converter was read out line-by-line by the 
photomultiplier and gave the optional possibility of ob- 
taining either a time sweep at a given wavelength of 
radiation o r  the luminescence spectrum at a given in- 
stant of time during the main pulse, o r  else outside the 
pulse by use of a probe pulse. The time resolution in 
this method was no smaller than 0.1 nanosec. Thanks 
to the stroboscopic regime, averaging was carried out 
over 1000 readings at each measurement point. The use 
of the stroboscopic method was justified by the total re- 
laxation of all nonequilibrium states in the crystal over 
the time (10'' - 10-2sec) between the pump pulses. 
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3. EXPERIMENTAL RESULTS 

The principal result of the measurements, as  was re- 
proted in a preliminary note,[" is the observation of 
oscillations of the halfwidth Av of the vibronic band 
23,692 cm" as  a function of the delay time t,. These 
oscillations were found both in measurements of the 
radiation from the front and from the real surface of 
the plate. In connection with the fact that the phenome- 
non on the front surface can be complicated by the pres- 
ence of a high concentration of excitons, the situation 
at the rear face, where the excitons from the front sur- 
face could not arrive, was more useful instructive in- 
asmuch as  the lengths of the diffusion displacements of 
the excitons do not exceed a fraction of a micron. 

At first it was expedient to consider the results of 
measurements on a relatively thick (1 - 4 5 ~ )  crystal, 
where oscillations were not measured because of the 
limited delay times used, but, in return, one could ac- 
curately fix the arrival of phonons to the rear surface 
from the region where they were excited. In some ex- 
periments we measured the relative intensity of the 
bands 25,036 and 25,051 cm", for which an extraordin- 
ary sensitivity to temperature was established before- 
hand, as  remarked above. Figure 1 shows the results. 
It is seen that right up to -15 nanosec from the origin, 
no change was observed in the spectrum, after which 
one can identify three groups of nonequilibrium phonons 
which begin to arrive at the back surface at 15, 23 and 
31 nanosec after the initial pump pulse. 

It must be noted that we were able to record rapidly 
propagating phonons with relative small total energy on- 
ly by using the indicated method of measurement of the 
relative intensity of the triplet band in the region of a 
pure electronic transition. In a less sensitive method, 
with measurement of the halfwidth of the vibronic band 
23,692 cm" in similar thick samples, one succeeded 
in fixing only the arrival of the principal group of rela- 
tively slow phonons (time of arrival -30 nanosec) . 

In another group of experiments, we studied the time 
dependence of the halfwidth of the band 23,692 cm" in 
samples of different thicknesses. Figure 2 shows these 
results for the back surface. In experiments with a long 
pulse (t, = 10 nanosec) at I =  30 kw/cm2 a single oscilla- 
tion with a period of At = 20 nanosec is observed in a 

Iwl, rel. units 
I 

rel. 
'ZJDZI ' 1 1 ~ n ~ ~  units 

0 20 #I9 W 
t, , n n c  

FIG. 1. Dependence of the relative intensity of the 25,036 and 
25,051 cm" bands on the delay time tD at the back face of a 
crystal of thickness L = 45p at a pump of I=40 kw/cmz and 
temperature of the thermosbt bath T,=5 K; I,, is the shape of 
the pump pulse in relative units; ti, t 2 ,  t 3  are the times of 
arrival of the various groups of phonon at the back surface. 

crystal of thickness L = 12p. In the use of shorter 
pulses (t, =3 nanosec) in a crystal of thickness L - 20p 
we observed two groups of phonons, which reach the 
back surface at 13 and 19 nanosec (maxima of the arri- 
vals), which corresponds to times of 10 and 16 nanosec 
from the maximum of the pump pulse. The subsequent 
reflections of phonons lead to an increase in the half- 
width of the band by -30 nanosec, although in the inter- 
val it does not fall to the initial value -10 cm" and has 
the value -13.5 cm". 

In a very thin crystal (L - lop) the first maximum is 
observed at 12 nanosec, i.e., at 9 nanosec if we mea- 
sure from the maximum of the pulse. It then follows that 
the arrival of the fastest phonons takes place within the 
limits of the pump pulse, when the probing of the back 
surface is impossible because of the superposition of 
radiation from the main pulse. The complicated picture 
of oscillations in this experiment can confirm the pres- 
ence of more than one group of propagating phonons. 
A somehow averaged oscillation period amounts to -9- 10 
nanosec here. 

All these experiments reveal the characteristic times 
corresponding to velocity of propagation from 1 x lo5 to 
3 x 10' cm/sec, which is close, in order of magnitude, 
to the sound velocity in anthracene, from 1 x lo5 to 
4 x lo5 cm/sec (depending on the polarization and direc- 
tion of propagation) Therefore, the diffusion propa- 
gation of phonons (the thermal conductivity regime), 
which takes place much more slowly, is entirely ex- 
cluded in the interpretation of the oscillations. Only the 
ballistic or  hydrodynamic regime of propagation is pos- 
sible, or a regime intermediate between the two. 

In these experiments luminescence from the front 
surface was studied simultaneously. Here similar os- 
cillations of the halfwidth have been observed in the in- 
terval of time after coliclusion of the pump pulse. 
Within the limits of the pump pulse, the halfwidth also 
changed in nonmonotonic fashion; however, discussion 
of this feature does not enter into our purposes, since 
in this case it is necessary to take into account the 
presence of a high concentration of excitons, which af- 
fects the shape of the luminescence bands. 

FIG. 2 .  Dependence of the half-width Av of the 23,692 cm" 
vibronic band at the back surface on the delay time tD at T ,  
= 5 K in crystals of different thickness. a, b-excitation by dye 
laser; c-excitation by LGI-21. The dashed curve shows the 
shape of the pump pulse. 
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As was pointed out earlier,c33 the average levels of 
the 23.692 cm-' band halfwidth, close to which the os- 
cillations take place on both surfaces, depend on the in- 
tensity of the pump and on the temperature in the bath 
of the thermostat. Figure 3 shows the dependence of 
the mean levels of the oscillations on the pump inten- 
sity. It follows from them that in a crystal of thickness 
15p at pumps of less than 25 kW/cm2, the mean levels 
of the oscillations a r e  the same on both surfaces, and 
that at higher pumps the location of the mean level of 
the oscillations at the front surface increases in super- 
linear fashion, while at the back surface it approaches 
saturation. 

Figure 4 shows the time dependence of the halfwidth 
of the vibronic band 23,692 cm" at T = 20 K in the bath 
of the thermostat. Here a rapid and then a slower de- 
cay of the halfwidth on the front surface is seen, as 
well a s  a practically unchanged halfwidth of the vibronic 
band on the back surface up to 60-70 nanosec. 

4. QUASIBALLISTIC PROPAGATION 

The obtained experimental results determine the ne- 
cessity of the construction of a theoretical model of 
transmission of the phonons from the front to the back 
surface in a thin crystalline plate, at  different levels of 
the laser pump. 

As follows from the foregoing, the absorption layer 
can be regarded as  a source of acoustic phonons distrib- 
uted more or  less uniformly over the entire Brillouin 
zone. The basic contribution to the energy of such a 
distribution is given by the high-frequency phonons, with 
energies of the order of the Debye energy Ew,. Simpli- 
fying the picture, we shall assume that the first gener- 
ation of acoustic phonons that develops in the decay of 
the intramolecular one, consists of phonons with ener- 
gies tiw,, where w, = w,. The occupation numbers of the 
phonons no can be found from the energy balance: 

where 4 is the volume of. the unit cell, r0 is the lifetime 
of the phonons tiw,, and Q =IK is the power absorbed in 
1 cm3; for simplicity, a linear dispersion of the acous- 
tic branches is assumed as  well as  identical values of 
the three frequencies at the boundary of the Brillouin 
zone. 

FIG. 3. Dependence of the 
average levels of oscilla- 
tions Av, at the front (0) 

and back (0) surface of a 
crystal of thickness L = 1 5 ~  
on the pump intensity I at 
Tb=5 K. 

FIG. 4. Dependence of the half-width Av of the 23.692 cm-'vib- 
ronic band on the time at I= 30 kw/cm2, Tb=20 K, L = 12p. 1- 
results of measurements at the front, 2-at the back surface 
of the crystal, Avo is the equilibrium value of the half-width 
of the 23.692 cm" band at low intensity of excitation (ruby 
light) and Tb= 20 K. The dashed curve shows the shape of the 
pump pulse. 

Subsequent estimates show that no<< 1 under the ex- 
perimental conditions. Here the phonon distribution, at  
least initially, will develop by spontaneous splitting of 
the phonons into phonons of lower energy. Simplifying 
this degradation process, we shall assume that all the 
phonons decay into two phonons of half the original ener- 
gy. From the first generation with energy Ew, we ob- 
tain a second generation with energy Ew0/2 and then a 
third with energy ~ w , / 2 ~  and so on. The time of spon- 
taneous decay of the phonon depends on its frequency; 
in the simplest modelCa3 

The time r ( w )  can be regarded as the time of conver- 
sion of the "w" generation into the ' '~w9'  generation. The 
splitting process will be slowed rapidly with increasing 
degradation of the phonons . 

During the splitting time, the phonons simultaneously 
propagate in space. The generation with frequency w 
lives a time T(W) and is displaced in space by a distance 
of the order of l(w) =ST(@), where s is the sound velo- 
city. As the degradation proceeds, the length l(w) in- 
creases rapidly and therefore, for the generation that 
reaches the back surface of the sample, l(w) = L  to all 
intents and purposes, where L is the thickness of the 
crystalline plate. Typical values of 1, =ST, amount to 
(10- 100 a,; therefore, L >> 1, and this means that the 
back surface is reached by longwave phonons with w 
<< woe On the other hand, it is clear that the part of the 
sample occupied by phonons of all generations except 
the last comprises a small fraction of the entire thick- 
ness L. As a result, the following picture emerges: in 
a layer that is thin in comparison with L and adjoining 
the front surface, longwave phonons a re  created, move 
ballistically, and are  reflected from both surfaces. 
Strictly speaking, after several reflections, these phon- 
ons decay, which destroys the ballistic picture. How- 
ever, such times lie beyond the limits of the experiment 
and therefore this effect can be neglected. 

It should be emphasized that the existence of oscilla- 
tions of the phonon density in time in such a quasiballis- 
tic picture is not obvious. In the geometry usually em- 
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ployed with ballistic propagation of heat pulses, the di- 
mensions of the radiator and detector are  small in com- 
parison with the distance between them. Therefore the 
signal is produced by phonons traveling in one definite 
direction and having a definite time of flight between the 
radiator and detector. In our geometry, when the trans- 
verse dimensions of the "radiator" and "detector" are 
large comparison with the distance between them (see 
Sec. 2), the contribution to the signal is made by phon- 
ons propagating in different directions. Even in the iso- 
tropic model of the crystal, the travel times of these 
phonons from one surface to the other has a continuous 
distribution: t =L/scos8, where 8 is the angle between 
the momentum of the phonon and the normal to the plate. 
Therefore the question arises as to whether averaging 
over the angles leads to a complete disappearance of the 
oscillations. 

In order to answer this question, the following prob- 
lem was solved. Phonons a re  created on one of the sur- 
faces of a plate that is infinite in area, according to a 
definite temporal law. The crystal is assumed to be 
isotropic, and we take into account only one branch of 
the phonon spectrum. Velocity dispersion is absent. 
The latter makes the character of the frequency distrib- 
ution of the phonons unimportant. 

The angular distribution of the phonons in the quasi- 
ballistic situation is in fact unknown. Therefore the 
following simple assumption was made: the surface ra- 
diates isotropically , o t  more accurately, as a black 
body. The created phonons are then ballistically propa- 
gated in the plate, and are reflected from its surfaces 
(specularly or diffusely). The problem is to calculate 
the time of dependence of the phonon density at the back 
surface of the plate, n(t). 

In the case of specular reflection, the path of each 
phonon is traced geometrically. This makes it easy to 
find the phonon density at the back surface in the case of 
a delta-like excitation (Green's function): 

Here t is measured in units of 2L/s and [. . . ] denotes 
the integer part of the number. In a real excitation I ( t ) ,  
the phonon density at the back surface will be 

In the case of diffuse reflection, the problem is some- 
what more complicated. From the condition of such re- 
flection we obtain the following equations for the dis- 
tribution functions of the phonons at the two surfaces: 

Here x = cos0 ; the dependence on the frequency in the 
distribution functions n(x, z ,  t) is not indicated because 
it is unimportant in elastic reflection (without change in 

the frequency). The inhomogeneity of g(t) describes the 
source of the phonons at the front surface z =O;  g(t) is 
identical with the light pump pulse I(t) to within a con- 
stant factor. 

It is seen from (5) and (6) that the distribution func- 
tions f on the left sfdes are practically independent of x 
in the indicated regions of change of x.  Therefore, 

Using the condition of ballistic propagation and the nota- 
tion (7) and (8), we obtain 

Here, a s  in (3) and (4), the time is measured in units of 
2L/s. Substituting the last two equations in the right 
sides of (5) and (6), we obtain the set of equations 

The rear-surface phonon density of interest to us is 
equal, according to (8) and (lo), to 

Figure 5 shows the results of numerical calculations 
for n(t) according to the convolution (3) and as a result 
of the solution of the set (11)-(12). The real shape of 
the pulse is used, and the sound velocity is taken as 
corresponding to the period of the oscillations obtained 
in the experiment. It is seen that both the specular and 
the diffuse reflections of the oscillations a re  quite 
clearly expressed. 

5. HYDRODYNAMIC REGIME 

The foregoing discussions, which pertain to the 
quasiballistic regime, were based on the assumption 
that at all stages the occupation numbers of the phonons 
are n(w)<< 1. If during the degradation process, the oc- 
cupation numbers n(w) in any generation become of the 

n. rd .  units 

i n FIG. 5. Dependence of the 

phonon density at the back 

i"-. , - 

time surface in the of crystals models of on dif- the 
I .* 

I ' fuse (dashed) and specular 
, '  
J (solid) reflection (calcu- 

lated). The time is mea- 
sured in units of 2d/s. 

4 ,  

0 2 4 6  
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order of unity, then the process of development of the 
phonon spectrum is changed. At n(w) 1, along with 
processes of spontaneous decay, induced decays and the 
effects of the phonons become important. 

We estimate the occupation numbers n(w) of phonons 
with frequency w, first assuming the crystal to be in- 
finite. This generation exists at times t of the order 
T(w). If the duration of the pump pulse is t,<< ~ ( w ) ,  then 
by the time of the existence of this generation, the total 
energy of the pulse has already been delivered to the 
sample and has been entirely converted into the energy 
of this generation. 

The energy density of the generation w (in three 
branches) is 

- 3 4n o '  1 hoo ' 
e ( o ) = = n ( o ) h o y T ( T )  (2n) 

This generation occupies a layer in the crystal of thick- 
ness l(w). Therefore, 

where P is the total energy absorbed per square centi- 
meter of surface. From (14) and (15), we have 

i.e., for generations which develop after the end of the 
pump pulse, the occupation numbers fall off with in- 
creasing degradation of the phonons. 

We note that (15) presupposes that all the light flux is 
absorbed before the generation w is created. This pos- 
sibly does not refer to the very first generation, with 
w = w,, because it turns out that lo<< K" (K-' is the ab- 
sorption depth). For just this reason (16) does not trans- 
form into (1) at w = w,. 

We now consider an earlier generation, for which 
T(w)<< tp. Then the pump pulse can be considered sta- 
tionary and we find n(w) from the condition of constancy 
of the phonon energy flux in space. This same station- 
ary energy flux of the phonons should be equal to the 
light flux incident on the sample. In other words, 

From (13) and (17) we have 

i.e., for generations that develop during the pump pulse, 
the occupation numbers increase rapidly with degrada- 
tion of the phonons. 

Thus, at first, before the pump pulse has ended, the 
occupation numbers increase according to (18) and then, 
after its conclusion, they f a l l  off according to (16). The 
maximum occupation numbers exist at the times t = tp, 
when (16) is equal to (18). We then find 

max n (a)  = 2n2- 

The picture described in Sec. 4 is correct in the case in 
which maxn(w)<< 1. If the opposite inequality is satis- 
fied, then a t  any distance from the front surface, the 
occupation numbers reach values of the order of unity. 
The frequency of the phonons of this crucial generation 
can be found if we see n(w) = 1 in (19). This gives 

The turning point occurs at a distance from the front 
surface equal to 

The phonon propagation regime changes at this point. 
The processes of induced decay and the effect of the 
phonons thermalize the distribution, transforming it to 
a Planckian one with temperature T =EQ and drift velo- 
city of the order of the velocity s. At z>Z, the propaga- 
tion of phonons has a hydrodynamic (or diffusion) char- 
acter. 

This estimate of 2 remains valid even for a crystal of 
finite thickness L if Z<< L. If we are interested in the 
generation with l(w) >> L, then the analysis must be mod- 
ified. Phonons of such a generation a re  multiply re- 
flected from the walls of the crystal within the lifetime 
of the generation and are distributed uniformly over the 
entire thickness. The energy of such a generation is 
equal to the energy input at the instant of its existence, 
i.e., 

If the pump pulse is short, tp<< rL = L/s, then genera- 
tions that occupy the entire crystal, exist only after the 
conclusion of the pulse. We can then assume the inte- 
gral in (22) to be equal to P and obtain 

If the pump pulse is long, T,>>T,, then such genera- 
tions develop even during the pulse. Then the integral 
in (22) is equal approximately to h(w), which gives 

The formulas (23) and (24) show that in the finite vol- 
ume, the occupation numbers in the final analysis al- 
ways increase, When they reach values of the order of 
unity, a stationary Planck distribution of a uniformly 
heated crystal is established. It must be emphasized 
that in this case no hydrodynamic motion of the phonon 
gas arises. 

6. UMKLAPP PROCESSES 

We now consider the role of phonon-phonon scattering 
processes with umklapp. Here we distinguish between 
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scattering of nonequilibrium phonons by thermal (equi- 
Hbrium) phonons and scattering of nonequilibrium phon- 
ons by nonequilibrium phonons . The corresponding path 
lengths are denoted by $ and I;. For generations with 
w w  0,. 

1.0=l, exp (@.,IT), 1.'=1,. (25) 

Since these lengths are not shorter than the path length 
of the relatively spontaneous decay, I,, the umklapp 
processes do not play a significant role. 

For generations with w<< w,, the length 10, is deter- 
mined by the same formula (25), but it is difficult to es- 
timate the length l : ,  since it depends on the occupation 
number of nonequilibrium phonons in the high-frequency 
part of the distribution (the tail at  w w w,) which gener- 
ally does not enter into the model set forth. 

Thus increase in the temperature of the sample de- 
creases 10, and at 10, S L one should expect the generation 
o to go from the ballistic o r  hydrodynamic regime to 
the diffusion regime. The latter corresponds to a signi- 
ficant slowing of the appearance of energy at the back 
surface. In principle, a similar phenomenon should 
take place upon increase in the intensity of the light in- 
cident on the sample. In this case, a decisive role can 
be played by the falloff of the phonon distribution due to 
the growth of the high-frequency tail when the effective 
temperature T increases with increase in the pump I .  

7. DISCUSSION OF THE EXPERIMENTAL RESULTS 

We now discuss the experimental situation from the 
viewpoint of the representations thus far advanced. For 
anthracene, 

0,=30 an-', ~ ~ " 0 . 5 ~ 1 0 "  an3. 

Assuming wo = w, and s =2 x 105cm/sec, we obtain I, = 
240 kw/cma. The value of I, for anthracene, which is 
important for the theory, is unknown. If we start out 
from the analogy with other crystals, then, probably, 
1,=(10-100)a,=0.01- 0 . 1 ~ .  

At I=30 kW/cm2, we obtain Q = 0.6 wo and Z = 1 . 3 ~  
(at I, = 0.1 p). If we assume these estimates to be reli- 
able, then the experimentally observed oscillations cor- 
respond to the hydrodynamic regime. However, the 
question remains unclear as  to how much this regime is 
accompanied by scattering with umklapp and whether it 
breaks down because of this. At helium temperatures 
(T - 5 K) the scattering of phonons (3 with umklapp by 
equilibrium phonons corresponds to apath length 10, =54 p 
(at 1, =0.01 p). It then follows that this scattering 
does not transform the hydrodynamic regime into a dif- 
fusion one. However, at 20 K we have 1; w0.1p (at lo , 

=0.01 p )  which naturally transforms entirely the propa- 
gation of the phonons and leads to a diffusion regime. 
This circumstance occurs in the experiment (Fig. 4) 
when the back wall remains "cold" within the limits of 
measurable times (-60 nanosec). 

If we turn to scattering of nonequilibrium phonons by 
the high-frequency tail of the same nonequilibrium dis- 

tribution, then the problem turns out to be moTe inde- 
termbate. If we assume that the high-frequency part of 
the nonequilibrium distribution is also Planckian, then 
I; =Zoexp(wo/~)=0.5p for  the parameters given abwe 
(Io = 0.1 p). This means that the propagation should be 
diffusive, which clearly contradicts the experimental 
data. Thus the alternative arises: either the umklapp 
processes a re  suppressed for some reason (for exam- 
ple, because of the non-Planckian cutoff of the tail), o r  
the estimate of 2 is greatly understated, because of the 
roughness of the model1' and only a quasiballistic re- 
gime is realized. It has not yet been possible to make 
the choice between these two alternatives. So far  as  
experiment is concerned, it was shown in Sec. 3 that the 
growth of the pump (above 25 kW/cm2 for a crystal with 
L = 15p) slows the arrival of the energy at the back sur- 
face of the sample and leads to a heating of its front 
surface (Fig. 3). This can serve as  the basis for assum- 
ing I: to be small only at pumps above 25 kw/cm2 which, 
generally speaking, agrees with the qualitative theoreti- 
cal model. 

It must be noted that the hydrodynamic regime of pho- 
non propagation is observed only in a few cases. One of 
the reasons for this is the scattering of the phonons by 
isotopes. However, in molecular crystals, this factor 
is materially weakened because of the fact that the 
multi-atom molecules themselves are very heavy. The 
path length for such scattering can be estimated in the 
following : 

where the degree of isotopic defect is 

The mass defect 6p is averaged over various types of 
isotopic molecules. For anthracene, 6 =3.2 X 10" (see 
the Appendix), so  that I,, =32p, and E,(Q) = 250p. The 
degree of the defect thus found corresponds to an effec- 
tive impurity concentration N* = 6 / 4  = 6 x 1015cma, 
which is no smaller than the possibly existing impurity 
and defect concentrations in the crystal. Therefore, 
the total path length for elastic scattering from defects 
near the phonons G is not smaller than 125p and this 
scattering can be neglected. 

The model used to discuss the observed oscillations 
is very rough. It does not take into account the strong 
anisotropy of the phonon properties of the anthracene 
crystal and greatly simplifies the process of develop- 
ment of the phonon distribution. On the other hand, for 
the interpretation of the experiment on a crystal of 
thickness L =45p, where several arrival times of the 
nonequilibrium at the back surface was observed, a 
theory was constructed with account of the real aniso- 
tropy of the anthracene. Its detailed exposition is given 

; it is shown there that completely satis- 
factory agreement with experiment is observed in such 
a case. 
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8. CONCLUSION Then 

All the experiments carried out, in conjunction with 
the theoretical models and computer calculations, indi- 
cate that the halfwidths of the vibronic bands in the 
luminescence spectrum of an anthracene crystal, as  
well a s  the relative intensity of the bands of the multi- 
plet in the region of a purely electronic transition, can 
be used to estimate the number of nonequilibrium pho- 
nons in the sample in the case of laser excitation. 

It was shown here that the usually very thin subli- 
mated plates were useful in sufficient measure for the 
study of the regimes of propagation of nonequilibrium 
phonons even with account taken of the appreciable 
anisotropy of the sample. 

Undoubtedly a similar method and the illustrative the- 
oretical models used can be extended to a wide class of 
crystals and solids. This is timely in connection with 
the fact that the investigations of the propagation of pho- 
nons by usual methods a re  made difficult in a number of 
cases by the necessity of growing sufficiently perfect 
samples of large size. 

APPENDIX 

The unit cell of the anthracene crystal contains two 
molecules of C,,Hlo; the molecular weight of the cell is 
Mo =356. The hydrogen isotopes can be neglected be- 
cause of their low abundance in natural materials: 

The probability that there will be k isotopes CIS in the 
cell is 

Hence 

"one can attempt to determine the length l o  from the experi- 
mentally found time for the halfwidth of the 23,692 cm" band 
to reach a stationary value in very thin crystals (L = 0 . 5 ~  
-- K'). The stationary state of the phonon distribution in a 
bounded crystal corresponds to a Planck distribution with 
some temperature F. This distribution is established in the 
lifetime of that phonon generation for which the occupation 
numbers $rn out to be of the order of unity, and the frequen- 
cy is tie= T. On the other hand, this means that the process 
of establishment lasts a time equal to T (6). By determining 
T from the stationary h a w i d t h  (T= 22 K) and the time of es- 
tablishment of the Planck distribution from the time of estab- 
lishment of this halfwidth (- 8 nanosec), we can, from Eq. 
(2), find the To, to which corresponds lo=  0 . 6 ~  (in place of the 
maximum lo= 0 . 1 ~  used in the text). 
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