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Optical Dicke super-radiance is investigated for the first time, using a pyrene-doped diphenyl 
crystal as the example, under conditions when the temperature of the system of impurity 
centers differs from the lattice temperature. The influence of lattice phonons and of 
pseudolocalized phonons on the course of this phenomenon is investigated. The effective 
temperature of the local heating is found (T,, = 4.45 K )  and the temperature increment 
produced by each succeeding pump pulse is determined (0.25 K ) .  The optical Dicke super- 
radiance method is used to determine the propagation velocity of pseudolocalized phonons 
( lo4 cm/s) and the specific heat of a pyrene-doped diphenel crystal ( 1.15 kgf-'J/deg). A 
theory of optical super-radiance in crystals is developed in the nonequilibrium statistical 
operator formalism. 

1. INTRODUCTION 2. THEORY OF OPTICAL DlCKE SUPERRADIANCE UNDER 

In Ref. 1 Dicke predicted optical super-radiance (SR), 
in which a system of excited particles emits spontaneously a 
narrow coherent photon beam whose intensity is propor- 
tional to the square of the number of photons. Super-radi- 
ance is the result of self-induced correlations between the 
emitters through their common radiation field. The over- 
whelming number of experimental observations of SR, 
which date back to 1973, were in gases (see the review by 
Andrew et ~ 1 . ~ 1 .  Only a few recent papers are devoted to 
experimental study of SR in solids, viz., doped  crystal^.^-^ 

One of the main features of SR in solids is the influence 
that phonons exert on it. This was manifested in the tem- 
perature dependence of the SR intensity plotted in Ref. 4, 
where an equilibrium phonon subsystem was assumed. Fre- 
quently, howver, no such assumption can be made. Thus, in 
exact quantitative measurements of the SR intensity, the 
pumping pulse is applied to the crystal repeatedly. The ex- 
cess energy (equal to the difference between the pump and 
super-radiance photons) goes to molecule vibrations at defi- 
nite frequencies, and this in turn increases substantially the 
number of phonons having these frequencies. When the time 
intervals between the pump pulses is decreased, there is no 
time for the energy of these phonons to go over to other 
phonons, so that the phonon sytem is in disequilibrium. We 
shall refer to this character of crystal-lattice heating as local. 
The present paper is in fact devoted to the properties of SR 
formation in a pyrene-doped diphenyl crystal under condi- 
tions oflocal heating. In our investigation we determined the 
effective local-heating temperature, the specific heat of the 
investigated crystal, and the average propagation velocity of 
the pseudolocalized phonons that take part in the relaxation. 

CONDITIONS OF LOCAL HEATING OF A MIXED 
MOLECULAR CRYSTAL 

We use the energy scheme, shown in Fig. 1, of the levels 
that take part in the excitation and evolution of optical su- 
per-radiance in mixed molecular crystal. The pumping is via 
the energy transition 11 > - / 3 > . As a result of the rapid 
nonradiative transition (within a time 10- '*-lo-" s ) ,  the 
electrons are in the state 12 > and under certain conditions 
the system of impurity molecules is inverted. The first elec- 
trons that break away in the spontaneous transitions 
12 > - I 1 > influence, via their radiation field, the electrons 
that remain in the state 12 > , causing them to go over next 
into state / 1 > . The growth of the number of such transition 
is avalanche-like. If the time of self-induction of correlations 
in the emission of the impurity molecules is shorter than the 

FIG. 1. Energy-level scheme of an impurity molecule in a molecular crys- 
tal. 
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times of the longitudinal ( T, ) and transverse ( T,) irrevers- potential energy6). We express the Hamiltonian of the sys- 
ible relaxations, Dicke super-radiance is realized in the tran- tem in the form 
sition designated 12 > + 11 > in Fig. 1 (the (0-0 transition). %?=%?o+&fi, (1 
Depending on the experimental conditions, its formation is 
influenced by various relaxation processes. At very low tem- where 

peratures ( - 1.5 K )  intermolecular interactions predomi- 
nate, as well as certain types of spectral diffusion. As the %o=%'d+%r+%pn+%pn, (2) 

temperature is raised, relaxation processes with participa- a,=%,- ,,+%, - p ~ % d  - pn ( 3 )  
tion of phonons become activated. In mixed molecular crys- 
tals, at liquid-helium temperature, the principal role is 
played in the damping by the Orbach relaxation. In many 
such crystals, including pyrene-doped d i ~ h e n y l , ~  pseudolo- 
calized phonons with activation energy on the order of 4 1 6  
cm-' take part in this relaxation. Libration of the impurity 
molecules sets in, and the electrons previously in the )2>  
state turn out to be in a short-lived electron-vibrational state 
j2'>. Although the electrons may return to the 12 > state 
after lo-" s, nontheless the data on the phase are lost, and 
the impurity molecule itself is "knocked out" of the super- 
radiance process. This lead to a temperature decrease of the 
super-radiance inten~ity.~ It follows from the foregoing that, 
from the large set of lattice vibrations, the impurity mole- 
cules are acted upon mainly by "resonant" phonons. Their 
frequency coincides with the molecule-libration frequency, 
which in turn is determined by the scatter of the spatial ori- 
entations of the impurity molecule in the matrix and by the 
nature of the molecules. 

Under conditions of local heating of the impurity mole- 
cules, the energy of the nonradiative transitions 13 > - 12 > 
and 13 > -. 12'> is "dispersed" into many phonons, includ- 
ing pseudolocalized resonant ones. In view of their relatively 
slow motion through the ~rystal,~. '  they transfer their ener- 
gy to the helium heat bath much more slowly than the delo- 
calized phonons. This energy is therefore transferred mainly 
by transformation of the pseudolocalized phonons into delo- 
calized ones that escape subsequently through the crystal 
boundaries. If, however, the number of pseudolocalized 
phonons is large enough, i.e., at sufficiently high densities of 
the impurity molecules, before a delocalized phonon man- 
ages to reach the sample boundary it manages to become 
reabsorbed and reradiated many times and to interact with 
the pseudolocalized phonon modes, thereby hindering in 
principle the relaxation in this channel, too. Local heating of 
the sample is thereby made possible. If under conditions of 
local heating one applies to the heat bath not a single pump 
pulse but a sequence of pulses at intervals shorter than the 
resonant-phonon relaxation time, the heating will be in- 
creased by each new pulse, and the relaxation with participa- 
tion of resonant phonons becomes stronger, thereby causing 
damping of the SR. 

Thus, let us consider a system of N impurity molecules 
in a molecular matrix and investigate its behavior at times t 
longer than the correlation of self-induction in SR and the 
time of formation of the nonequilibrium pseudolocalized 
phonon mode. We shall regard the pseudolocalized oscilla- 
tions and the continuum oscillaton of the lattice as two inter- 
acting subsystems (this interaction is manifested by the exis- 
tance of anharmonic terms in the expression for the crystal 

is the perturbation Hamiltonjan, Xd is the electron-energy 
operator of the system of impurity molecules (in the two- 
level approximation, %, is the energy operator of the pseu- 
dolocalized phonons, XP, is the energy operator of the lat- 
tice phonons, %*, is the photon-field energy operator, 
X,.,, is the operator of the resonant and nonresonant inter- 
actions between the pseudolocalized and delocalized (lat- 
tice) phon~ns"~  (allowance is made in the nonresonant in- 
teraction for only processes such as Raman scattering, in 
which the creation or annihilation of a pseudolocalized 
phonon is accompanied by creation of one lattice phonon 
and annhilation of another), Zd,, is the electron-phonon 
interaction operator, responsible for the temperature depen- 
dence of the homogeneous linewidth of the optical transition 
and due to noncorrelated scattering by p h o n ~ n s , ~ . ~  and 
2Yd-,, is the electron-photon interaction operator in the two- 
level model and in the dipole approximation. 

To describe the dynamics of the evolution of the system 
in the super-radiance process, we use Zubarev's9 nonequilib- 
rium-statistical operator (NSO) method (as modified by 
Pokro~ski i '~) .  We chose the following quasi-integrals of the 
motion: 

where S + = S x  + i s  y; Sx , Sy , and S, are the components of 
the energy spin S = 1/2; B,: and B,, are the creation and 
annihilation operators of a pseudolocalized phonon of mode 
s (of frequency fils ) and connected with the impurity sitef; 
b ,t and 6, are the operators ofcreation and annihilation of a 
lattice phonon with wave vector q and polarization 6 (we use 
a common subscript for both parameters); r,. is the radius 
vector joining the locations of the ith and jth impurity mole- 
cules, and k, is the super-radiance wave vector. These quasi- 
integrals of the motion have respectively the meaning of the 
operators of the collective population difference of the elec- 
tron levels, the square of the Bloch vector, the number of 
pseudolocalized phonons of modes, and the number of delo- 
calized phonons of mode q. 

In second-order perturbation theory in X I ,  the system 
of kinetic equations for the mean values of the quasiintegrals 
of the motion are written in the form 
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where 

n, is the equilibrium number of phonons with wave vector q; 

r1 is the radiative lifetime of the isolated impurity center 
(and is due to the spontaneous transition) 'I; 

is the sample shape factor; w, is the frequency of the resonant 
transition; w, is the radiation frequency corresponding to 
the mode k; a(w, - w,) is the Dirac delta function; 

piS is the constant of the interaction of an unpaired electron 
of thejth impurity molecule with the phonons of modes and 
with the wave vector q; hi,  and p:,, are the constants of the 
resonant and nonresonant interactions of the pseudoloca- 
lized and lattice delocalized phonons, respectively; SZjs is the 
frequency of the pseudolocalized phonon of mode s coupled 
to the jth impurity site; 0, is the frequency of the lattice 
phonons having a wave vector q; rj is the radius vector of the 
jth impurity molecules. We have introduced phenomeno- 
logically in these equations terms that describe the energy 
relaxation of the system of resonant lattice phonons to the 
heat bath (by heat bath is meant here the subsystem of non- 
resonant lattice phonons plus the helium bath) with a char- 
acteristic time rpn governed by the intrinsic anharmonicity 
in the system of lattice phonons and by the phonon scatter- 
ing from the sample boundaries. 

At liquid-helium temperatures (T  = 1.5-4.2 K ) ,  when 
resonant damping of pseudolocalized phonons to the "lat- 
tice" dominates, one can separate a certain central frequency 
of the librational (electron-vibrational) sublevel 12' > . The 
form factor of the 12 > + 12' > transition line is highly accu- 
rately Lorentzian: 

where A is the line half width. 
In the weak electron-phonon coupling approximation, 

when Ihqjl & lpqsJ), as is the case for many mixed molecular 
crystals including the pyrene-doped diphenyl crystal, Eqs. 
( 7 )  and (8)  can be solved independently of Eqs. (5)  and 
(6) .  This yields 

<N(Q,))=ii+a, exp (-t/.cl')+a, exp (-tlrPn 1, (9 )  

where n is the equilibrium number of phonons, 

6N is the initial excess of vibrational photons in the pseudo- 
localized phonon mode a = ( u / u ) ~ ,  while v and u are the 
velocities of the lattice and pseudolocalized phonons. From 
the same system of kinetic equations ( 5  )-( 8) we obtain 

(n(Qo) >=E-a, exp (-t/.cll) +az exp (-t/~,,  1. ( 10) 

We have introduced in Eqs. (9)  and ( 10) the following new 
parameters: 7; = r l / ( l  + (T) is the effective time in which 
equilibrium is established between the pseudolocalized- 
phonon subsystem and the resonant lattice phonon subsys- 
tem; rp, = 71 + (1 + u)rpn is the effective relaxation time 
of the combined system of pseudolocalized and resonant lat- 
tice phonons in the heat bath. The role of the action of these 
parameters in the two-step dissipation process is illustrated 
in Fig. 2. From (9)  and ( 10) follows an effective lengthening 
of the times of relaxation to the thermostat at cr> 1, in analo- 
gy with the "phonon-bottleneck" effect in paramagnetic re- 
laxation.'* At low pseudolocalized-phonon velocities 
( u u ) this leads to local heating of the sample. 

RDP H J 

FIG. 2. Energy transfer from pseudolocalized phonons (PF)  to a heat 
bath ( T): RP-resonant phonons, EDP-resonant delocalized phonons, 
HT-helium heat bath. 
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Let us dwell on the contribution of the cubic anharmon- 
icity to the interaction between the pseudolocalized and lat- 
tice phonons. In the low-temperature approximation one 
need take into account only the resonant phonons, with 
allowance for a frequency spread within the inhomogenous 
12 > - 12' > line width. Under this condition, solution of the 
system (5)-(8) yields 

( N ( Q ~ ) ) = C , + U ~ '  exp ( b  - I/ur,,) +a,' exp [ - o ( I l ~ ~ + a )  1, 
(11) 

where C,, a ; ,  and a; are constants, 

andp(n,) is the density of the phonon states of the lattice; 
the summation is over the frequencies of the inhomogeneous 
width. 

Analysis of the solution ( 11 ) shows that the cubic an- 
harmonicity of the aforementioned phonons leads to an ad- 
ditional lengthening of the relaxation time T;, of the elec- 
tronic excitation to the thermostat and to acceleration of the 
establishment of quasiequilibrium between the two phonon 
subsystem. The changes are due to Raman-type scattering 
by nonresonant phonons, at frequencies within the limits of 
the inhomogeneous width of the librational level. The situa- 
tion is made clear in Fig. 3a. Similar processes accompany 
absorption (emission) of a resonant lattice phonon with 
emission (absorption) of a nonresonant phonon whose fre- 
quency is within the inhomogeneous width of the librational 
sublevel (since there is no broad spectrum of thermal phon- 
ons at helium temperatures). On the other hand, with in- 
crease of temperature (from 4.2 to 20 K and higher) one can 
neglect the contribution of the resonant phonons and the 
scattering processes (described by terms of type B, +b, b, +) 

and take into account only scattering by nonresonant phon- 
ons. The character of this scattering is explained in Fig. 3b. 
We are dealing here with processes of the type of Raman 
scattering with absorption (emission) of a large photon 
from the lattice, with frequency n, > n o ,  and emission (ab- 
sorption) of a difference-frequency phonon (see, e.g., Ref. 
12). In this case solution of Eqs. (7) and (8)  yields 

FIG. 3. Inelastic (Raman) scattering of lattice delocalized phonons by 
pseudolocalized phonons: a) with participation of real levels belonging to 
the inhomogeneously broadened profile of the pseudolocalized phonons; 
b) with participation of virtual levels y. The energy conservation law 
ZiOjs = I tin, - fill; I holds in all the processes. 

where 

Analysis of (12) shows that on satisfaction of the inequality 

which is valid for many mixed molecular crystals at the tem- 
peratures indicated, processes of the "phonon bottleneck" 
type are hindered. In this case the effective relaxation is via 
intermediate levels of the continuous phonon spectrum on 
account of the strong phonoa anharmonicity. 

Assuming that super-radiance develops over times 
r; 4 t 4 T~~ ', where the change of the phonon occupation 
numbers can be neglected compared with the change of the 
electron-level population difference, and using the law of 
energy conservation in an "impurity molecules plus field" 
system, we obtain the following expression for the intensity 
of the optical Dicke super-radiance: 

fiwo t-to 
z ~ l  sechZ - , ISR = - 

4p ( Z R )  ~ T R  

where l/r, = p N  /T, - 1/T2 is the reciprocal SR pulse du- 
ration, to is the delay of the SR pulse, T2 is the phase-relaxa- 
tion time defined in the present case as 

and T2 ( m ) is the lifetime of the continuum phonons (in Ref. 
4, T,( ) was designated T,, ). In the low-temperature ap- 
proximation we can obtain the expression 

Here 

k, is the Boltzmann constant, and SN(n0) is the initial ex- 
cess of the pseudolocalized phonons over their equilibrium 
value. Recognizing that the average number of resonant 
phonons is (N ) = SN(no) + exp(fiSldka T) , we obtain for 
a% 1 

Let us dwell briefly on the influence of the inhomogen- 
eous broadening on the formation of the SR. The theory of 
this influence was developed in a number of papers (e.g., in 
Refs. 13-15). Let us discuss the physics of the problem un- 
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der conditions of broad-band excitation of the line. We con- 
sider for the sake of clarity a set of pendulums (approximate- 
ly equal in length) fastened on one stretched string and all in 
the upper unstable equilibrium position. Each pendulum is 
taken to correspond to a definite molecule in an excited state, 
and the stretched string characterizes the radiation field 
common to all molecules. Assume that one pendulum left its 
upper unstable position and began its fall. This fall is "felt" 
through the common string by the remaining pendulums, so 
that ail begin to fall after a certain time. In the upshot, an 
avalanche of falling pendulums sets in, the equivalent of the 
super-radiant avalanche. Since the pendulum lengths are un- 
equal (as are the working frequencies 4 of the molecules 
under inhomogeneous broadening conditions), the set of 
phases after one and the same time interval twill be different 
(with values q, = d o t  for the different molecules). If the 
phase difference turns out to exceed n-, the oscillations of 
such pendulums become subsequently mutually incoherent. 
The most important feature of superradiance is the correla- 
tion self-induction time rc (for the set of pendulums this is 
the time of propagation, along the string, of a signal report- 
ing the fall of the first pendulum). If this time is very long, 
the fall of even the nearest pendulum can start after the first 
pendulum has acquired a phase difference larger than n-, and 
the avalanche is incoherent from the very outset. For an ac- 
tual impurity crystal characterized by a definite value of rc , 
the molecules that will participate in the super-radiance cor- 
respond to a spectral width 7 ;  ', i.e., a set of spectral "pack- 
ets" within the limits of the indicated width will be "cut out" 
from the inhomogeneously broadened line. In the case of 
pyrene-doped dihenyl, the inhomogeneously broadened 
'A,tt lB ,, line is characterized by three broad peaks.4 Since 
the number of molecules corresponding to each peak is much 
larger than for the remaining sections of the line, and the SR 
intensity is proportional to N 2, the probability of a super- 
radiant avalanche at the frequency of the peaks turns out to 
be considerably larger. The peaks of the super-radiance spec- 
trum become sharply p ron~unced .~  Thus, excitation of SR is 
possible even under conditions of broadband excitation, and 
the self-induction of correlations serves also as a "mono- 
chromator" of sorts. 

A few words concerning some estimates for pyrene- 
doped diphenyl crystals (transition 'B, ,  + 'A,  ) . The corre- 
lation self-induction time T, is estimated at (3NR 'L / 
gar,)- ' ,  where N = 1013 - 1014 cmF3, R = 3,73. cm, 
L = 0,2 cm, and T, = 10-'s (corresponding to a transition 
electric dipole moment of several Debye). Estimates yield 
T, = 10-'0-10-" s, and a part of inhomogeneously broad- 
ened line with spectral width will take part in the SR 
process. 

3. EXPERIMENTAL INVESTIGATION OF OPTICAL DlCKE 
SUPER-RADIANCE IN A PYRENE-DOPED DIPHENYL 
CRYSTAL UNDER LOCAL HEATING CONDITIONS 

The SR experiment was perfomed on a pyrene-doped 
diphenyl crystal (measuring 0.1 x 0.1 X 0.4 cm) in the tem- 
perature range 1.5-4.2 K. The concentration of the pyrene 

molecules was 0.25 mol.%. The SR was produced on the 0-0 
( 'B ,, -+ 'A, ) transition of pyrene at a wavelength A = 373.9 
nm. The excitation ( 1 1 > + 13 > pumping) sources were 
three laser types with different degrees of pulsed-radiation 
coherence: 1) nitrogen laser (A = 337 nm, emission spec- 
trum width A v z  10 cm-', pulse duration At, = 8 ns); 2 )  
YAG:Nd3+ laser (A = 354.7 nm, A v ~ 0 .  lcm- ', At, = 10 
ns); 3) neodymium-glass laser ( A  = 353.2 nm, A v z  25 
cm-', At, = 10 ns). Experiment has shown that irrespec- 
tive of the degree of monochromaticity and coherence of the 
excitation, SR was always observed and its intensity was 
practically independent of the coherence of the source radi- 
ation. At the same time, the pump-spectrum width in- 
fluenced the spectral characteristics of the SR pump, viz., 
the SR signal was emitted by the entire inhomogeneously 
broadened line in the case of broad-band pumping and by its 
spectral components for narrow-band pumping. The experi- 
mental apparatus is described in Ref. 3. The spectral proper- 
ties of the SR as functions of the excitation method were 
studied with a Fabry-Perot interferometer and an STE - 1 
spectrograph. The SR kinetics was recorded with an ELU- 
FT coaxial photomultiplier and an I2 - 7 high-speed oscil- 
loscope. In contrast to Refs. 3 and 4, the SR signal was re- 
corded for both sides of thez axis, as illustrated in Fig. 4. The 
polar diagram of the SR flashes turned out to be equal in 
both z directions. 

To investigate the influence of the local heating of the 
crystal on the SR, we varied in the experiment the pump- 
pulse repetition frequency. A nitrogen-laser pump was used 
for the quantitative measurements. In that case it was tech- 
nically most convenient to record the SR pulse parameters 
after the second pump pulse. The dependence of the relative 
intensity I,, of this SR signal on the pump pulse repetition 
frequency is shown in Fig. 5a. The crystal temperature was 
4.2 K. It was found that at a repetition frequency f = 10 Hz 
the SR signal intensity of each succeeding pulse decreased, 
vanished after the twelfth pulse, and ordinary luminescence 
was observed. No noticeable changes of the SR intensity was 
observed at a crystal temperature 1.5 K for pump pulse repe- 
tition frequencies in the range from 2 to 25 Hz. The SR be- 
haved differently in the temperature range T = 2.5-3.5 K, 
where it changed into luminescence already after the fifth 
pump pulse (at f = 10 Hz).  The decrease of the SR-pulse 
intensity after each succeeding pump pulse is demonstrated 
in Fig. 5b. 

4. ANALYSIS OF EXPERIMENTAL DATA 

The starting point for the estimates is Eq. ( 14), which is 
written out for two pump-pulse repetition frequencies Cfand 
f '1. Using Eq. ( 161, where the value of ( N  ) after the I th 
.pulse is 

Crvstal 

FIG. 4. Spatial pattern of superradiance of a pyrene-doped dyphenyl crys- 
tal. 
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a 1 , O .  n n a a A a A a A A A  Fig. 5. Results of experimental investigation of superradiance 
(SR) in a pyrene-doped diphenyl crystal: a )  SR intensity after 

0.8 t the second pump pulse vs the pulse repetition frequency at 4.2 k; 
4 6  0.6 : o b) SR intensity after each succeeding pulse at f = 10 Hz and at 
0, 4 0.4 ' ' o n -  

sample temperatures 1.5 K ( A ) ,  3.03 K (e) and 4.2 K (0). 
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(17) 
The specific heat of the investigated pyrene-doped di- 

phenyl crystal is given by 

we obtain for the ratio of the SR signal intensities after the C= [h  ( o i s - o Z i ) N ~ ] l M A  Tet~:, 

second and first pump pulses where M is the sample mass, w ,, and a,, are the frequencies 
of the I 1) -+ 13) and 12) -+ 1 1 ) transitions, and NM is the num- 

Ii ber of active impurity molecules. For 10" cm-' active mole- 
cules per unit volume we'get 

The relation for the repetition frequency f '  is similar. 5. CONCLUS~ON 
Dividing one by the other, we obtain an equation for the We have demonstrated experimentally and theoretical- 
effective relaxation time: ly that, depending on the pump-pulse repetition frequency, 

Tpn =[ ( f r ) - * -  (f)-*]{ln 1 -  ( I ) )  1'' } (19) the formanon of SR in doped crystals varies from pulse to 
[ I -  (Iz(!')/I~) ]I1* pulse. The SR method was used to determine the effective 

We turn to Fig. 5b, where we use for the estimates the values 
of 1,Cf) and I2Cf1) pertaining respectively to the repetition 
frequencies f = 25 Hz and f '  = lOHz, and assume for I, the 
value of I, at the repetitive frequency 2 Hz (inasmuch as 
12=:1, in this case). The estimates show that T;, = 9 .  lop2 s 
in a pyrene-doped diphenyl crystal. The time T,, of relaxa- 
tion of the lattice phonons to the thermostat is determined 
mainly by their scattering from the sample boundaries. In 
this case we have12 

T,, = (2Q+i) L/2u, (20) 

where Q is the sample quality factor, L the linear dimension 
of the sample, and v the lattice-phonon velocity. At Q = 10, 
L = 0.4 cm, and u = 3 .  lo5 cm/s we have 7-,, =: loV5 s. Since 
T, =: 10-10-10-'1 s and r;,/rpn % 1 we get ~=:T;,/T,, =: lo4. 
The allows us to find the velocity of the pseudolocalized 
phonons, viz., u = v/a- 'I2 =: 104 cm/s. We estimate T, from 
Eq. ( 8 ) and from the I,, 0 plot of Fig. 5a. At the measured 
reciprocal SR duration 7,' = 2.10' s-I we obtain 
T,(O) ~ 7 . 1 0 - 9  s. According to Ref. 4, T,( cc ) =: 10-'I s, 
therefore SN = T2( cc )/T,(O) -- loV3. At T = 4.2 K, when 
i i ~ 3 . 1 0 - ~ ,  we have (n)'L'=:4.10-3, which is the average 
number of phonons at the time of the first response. This 
enables us to find the sample's effective local heating tem- 
perature T,, from the equation 

It was found to be 4.45 K, and the sample temperature rise 
after the next pump pulse was AT,, = 0.25 K. 

local-heating temperature and the increase of this tempera- 
ture from pulse to pulse in a pyrene-doped diphenyl crystal. 
Since the optical Dicke super-radiance method is developing 
into an effective coherent-spectroscopy m e t h ~ d , ~ . ~ . ~  and of- 
fers promising technical applications,2 our investigations are 
quite timely. To investigate the role of lattice and pseudolo- 
calized phonons in the evolution of the SR, we have used for 
the first time the nonequilibrium-statistical-operator meth- 
od, and determined from an analysis of the experimental 
data the velocity of pseudolocalized phonons. Finally, these 
investigations, with pyrene-doped diphenyl as an example, 
have shown that the SR method can be used to determine so 
important a parameter as the specific heat of a crystal at low 
temperatures. 
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