
importance among renormalization effects is of the 
order #<<I, but it i s  larger than the friction forces 
owing to binary collisions for IE112/4nnT > &Ewl/zP,T. 
In the ultrarelativistic limit i ts  contribution t o  the re- 
normalization effects is sizable o r  even predominant 
[larger by a factor ln(&/m) than the terms that describe 
the dispersion in energy). The presence of the friction 
force makes possible the existence of equilibrium dis- 
tributions of the particles. In the region of nonrelativis- 
tic velocities such distributions a r e  Maxwellian with the 
relativistic temperature Teff  - 3 m c 2 / 4 a x ;  i.e., they do 
not completely forbid escape (for example for  ionic- 
acoustic oscillationss) a t  nonrelativistic energies. For  
v-1, i.e., in the ultrarelativistic limit, the equilibrium 
distribution will be a power law, l / & r ,  both for ions 
and for electrons. 

T o  answer the question as t o  whether one can explain 
in this way the observed power-law spectrum of cosmic 
rays, it is necessary to  obtain a quantum-theoretical 
expression for u =u (Y). It is important that this is  al- 
most the only mechanism which, when one uses re- 
sonance acceleration,' can give a power-law spectrum 
for ions (for electrons there a lso  exists the model of the 
so-called turbulent plasma reactofios"). The mass 
renormalization effect can a lso  affect the propagation of 
transverse electromagnetic waves of high frequency, 
since an electromagnetic wave can vibrate particles a t  
a frequency corresponding to those that contribute to 
the mass renormalization. For  isotropic particles 

there is a n  additional anomalous absorption, which was 
calculated ear l ier  in Ref. 12. 

 ere the resonance field is given a subscript 1 throughout. 
2 ) ~ h e  physical meaning of these par ts  of the work done by the 

forces, which parts are due respectively to the transverse 
(superscript t )  and longitudinal (superscript  1 )  mass  renor- 
malizations, will be explained in Sec. 3. 
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Vibrational bistability in an optically excited nonequilibrium 
molecular gas 
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It is shown that a molecular gas subjected to sufficiently strong optical excitation of the electron transition 
can exist in two stationary states with different degree of excitation of the vibrational degrees of freedom. The 
transition from one state to the other is discontinuous when the parameters of the external action reach their 
critical values, and is an analog of first-order phase transitions. The case of a collision gas of molecules with 
few atoms and of a rarefied gas of complex polyatomic molecules are considered separately. The vibrational 
bistability of a molecular gas manifests itself, in particular, in ambiguity and jumplike changes of the optical 
characteristics of the gas. The effect is subject to hysteresis. 

PACS numbers: 51.70. + f 

F 1. INTRODUCTION wherein, owing to the large power of the absorbed ra-  

The optics of electron-vibrational molecular systems 
in weak electromagnetic fields has been well investigat- 
ed both experimentally and theoretically. If the prob- 
ability of optical excitation i s  much smaller than the 
reciprocal times of the different relaxation processes, 
then the absorbing electron-vibrational system i s  in a 
state of thermodynamic equilibrium, a s  is usually as-  
sumed in the study of the optics of these objects. In 
modern spectroscopy, however, a situation ar ises  

diation, the molecular gas i s  in an essentially non- 
equilibrium state. The disequilibrium of the absorbing 
system should in turn exert an influence on the absorp- 
tion process itself. This change in the properties of 
the medium under the influence of the radiation can man- 
ifest itself in a large number of specific nonlinear ef- 
fects, to which the present paper is  devoted. 

Consider a gas of molecules having two electronic 
states, 1 and 2, and N vibrational degrees of freedom 
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interacting witheach other and with the electron sub- 
system. Let the molecule be excited by optical radia- 
tion into state 2 from state l. The reverse transition 
(2 - 1) can be realized nonradiatively, followed by ex- 
citation of oscillations that relax subsequently into a 
thermostat. The thermostat can comprise the re-  
maining degrees of freedom of the molecule and i ts  sur- 
rounding. The 2 - 1 transition can be also the result of 
spontaneous radiation. If the frequency of this radia- 
tion, averaged over the ensemble, is less than the fre- 
quency 52 of the exciting light, then the vibrational sub- 
system also becomes excited on the average a s  a re- 
sult. If the electron subsystem again goes over from 
1 into 2 within a time shorter than the relaxation time 
of the vibrational energy into the thermostat, then the 
degree of excitation of the oscillations can subsequently 
accumulate. The ability of the molecule to absorb light 
depends substantially on the degree of excitation of i ts  
vibrational subsystem. Since the disequilibrium of the 
oscillations i s  itself determined in turn by the absorbed 
radiation, a new class of nonlinear optical phenomena 
should be observed in this situation. We note that such 
systems a r e  reminescent, in a certain sense, of a self- 
excited amplifier with positive feedback. 

We assume that the redistribution energy among the 
vibrational degrees of freedom i s  much faster than the 
electronic transitions and the relaxation into the thermo- 
stat. If at the same time the vibrational energy ac- 
quired a s  a result of optical absorption becomes redis- 
tributed among many oscillations, then it can be as-  
sumed that an effective temperature T i s  established 
within a short time inthe vibrational subsystem and dif- 
fers from the thermostat temperature To. This situa- 
tion i s  perfectly feasible in a large number of molecu- 
lar  gases, in which the mean f ree  path time rV-,, rela- 
tive to exchange of vibrational energy, i s  much shorter 
than the time T,-~ o r  7;-R of the transfer of this energy 
to the translational o r  rotational degrees of 
In particular, the last of these references reports ex- 
perimentally observed establishment a vibrational tem- 
perature deviating from the temperature of the trans- 
lation degrees of freedom in SF, gas excited by an IR 
laser. 

Additional possibilities appear in a gas of polyatomic 
molecules, which have a large number of vibrational 
degrees of freedom and interact with the electron sub- 

FIG. 1. Dependence of the power dissipated into the thermostat 
(straight line) and the power absorbed in the optical transition 
(curves 1, 2,  3) on the effective vibrational temperature T. 
Ti, T2, and T3 are the stationary values of the effective tem- 
perature. 

system and with one another. The last of these inter- 
actions ensures redistribution of the vibrational energy 
and can lead to establishment of an effective vibrational 
temperature in each of the molecules independently (see, 
e.g., Ref. 5). In both cases the temperature T i s  de- 
termined by the total energy E ,  stored in the vibration- 
a l  subsystem 

Zx(T) i s  the average occupation number of the vibrations 
oi  frequency w,. 

2. OPTICAL EXCITATION OF OSCILLATIONS I N  A 
COLLISION GAS OF MOLECULES WITH FEW ATOMS 

We consider the first  of the cases indicated above, 
when the collisions establish rapidly in the gas a single 
vibrational temperature T that differs from the tem- 
perature To of the remaining degrees of freedom. The 
slow processes of interaction with the thermostat and 
with the external light, nonradiative transitions, and 
spontaneous emissionall lead to a change of the vibra- 
tional energy E ,  and of the populations n, andn, of the 
electronic states 1 and 2 in accordance with the equa- 
tions 

Here W::,,,, W(,,,, are  the probabilities, averaged over 
the state of the vibrational subsystem, of the nonradia- 
tive and externally induced transitions, respectively. 
The quantities @;,(T) and a(T)  a r e  determined by the 
formulas 

where W;f(Of, T) i s  the probability, averaged over the 
state of the vibrational subsystem, of the spontaneous 
emission a t  the frequency Of,  and a(T)  i s  theaverage 
frequency of the spontaneous emission. y is  the damp- 
ing constant of the x-th vibration, ~ 2 '  are  the equili- 
brium occupation numbers of the n-th vibration a t  the 
thermostat temperature To, A is the electron excita- 
tion energy, and Af = ti52 - A. Equation (4) for the vi- 
brational energy takes into account the fact that an ener- 
gy A i s  released (absorbed) in each act of nonradiative 
transition in the vibrational subsystem, an energy A, 
is released in transition induced by external light, and 
the average energy released in spontaneous transitions 
i s  A -Efi(T). The balance Eqs. (2)-(41, which have a 
lucid physical meaning, can be easily obtained by the 
density-matrix method in the rate-equation approxima- 
tion. Equations of similar type were derived in Refs. 
6 and 7 (see also Ref. 8). 

Under nonequilibrium stationary conditions, the ef- 
fective vibrational temperature i s  determined by the 
balance equation of the energy fluxes in the vibrational 
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subsystem: peratures T, To > Ew. In this case W{,(T) takes the form 

We consider a number of particular cases. 

1. Let the probability of the nonradiative de-excita- 
tion W;: of the electron subsystem be much higher than 
the probabilities W{2, Wi,, wgt of the optical transitions. 
In addition, we assume that A/T >> 1, so that Kk / W,! 
=e-&IT<< 1. Under these assumptions, Eq. (1) takes 
the form 

2. Let wit>> qi,12, ~ f i , , , , .  In this case Eq. (7) takes 
on a form similar to (8): 

3. The probabilities of excitation and de-excitation of 
the electron subsystem a r e  comparable, and i t  is ne- 
cessary to take into account the saturationof the elec- 
tron transition. 

Equations (8) and (9) have a simple physical meaning. 
Their left-hand sides represent the power dissipated 
into the thermostat, and the right-hand sides the power 
released into the vibrational subsystem by the external 
radiation (with the spontaneous-emission energy sub- 
tracted in case 2). The latter i s  determined only by 
the probability Wf,,(T) of the optical excitation, inas- 
much a s  within the framework of the assumptions made 
the molecules a r e  with overwhelming probability in the 
electronic ground state, and the electron de-excitation 
2 - 1, which follows the optical absorption, takes place 
almost instantaneously. 

We continue the analysis by considering first  the case 
of strong electron-vibrational coupling, when a large 
number of vibrational quanta participate in the optical 
absorption (molecules with wide absorption bands). In 
this case the expression for the probability of the opti- 
cal absorption i s  well known. '.lo For example, for 
close frequencies (ox= o )  of oscillations that interact 
actively with the electrons, it takes the form 

where dl, is the dipole matrix element of the electronic 
transition, F i s  the optical pumping field intensity, 7, 

i s  the time of transverse relaxation in the electronic 
subsystem, p = [ A f / ~ o ]  is the number of vibrational 
quanta released in the optical electronic transition ([x] 
i s  the integer part of x),  6 = Af -PEW is  the resonance 
detuning between the electron-vibrational levels, I,(x) 
i s  a modified Bessel function, and i s  the so-called 
heat-release constant. The factor in Eq, (10) i s  the 
result of averaging over all  the possible orientations 
of the molecule. To simplify the analysis of Eqs. (8) 
and (9), we consider the case of relatively high tem- 

We note that in the case of strong electron-vibrational 
coupling the maximum 0;- of the luminescence band i s  
shifted towards lower frequencies relative to the maxi- 
mum of the absorption band. Therefore the condition 
52 G(T), which i s  necessary in case 2 forvibrational 
excitation, is  satisfied in the case of excitation in the 
region of the absorption maximum. We note also that 
within the framework of the high-temperature approxi- 
mation used above, the luminescence band also as-  
sumes a Gaussian form and G(T) = n;,. 

We define the parameter a by the relation 

[E  = R52 in case 1 and E = R(O - &&,) in case 21. If a 
i s  much less than unity, then it follows from (8) and (9) 
that ( T  - T,)/Z',<< 1. The parameter a is the ratio of 
the power of the optical radiation absorbed a t  the maxi- 
mum of the band a t  T = To (with the power lost to spon- 
taneous radiation subtracted in case 21, to the charac- 
teristic power -yNTo dissipated into the thermostat a t  
T - To- To. We introduce the dimensionless variable 
x =  T/T, and rewrite Eqs. (8) and (9) in the form 

Theparameter 5 characterizes the frequency shift of the 
external light relative to the maximum of the absorption 
bands in units of its half-width at T= To. Figure 1 
shows a graphic solutionof Eq. (13) a t  a fixed value of 
5 and three values of the parameter a ( a ,  < a, < a,). At 
cu << 1 (curve 1) the equation has a single root (x >> 1, T 
>> To). At sufficiently large a (curve 3), Eq. (13) also 
has one root corresponding to a strong disequilibrium 
of the system (x  >> 1, T >>To). 

In some interval of a ,  however, the temperature T 
has three stationary values (curve 2). It is easy to 
verify that the central state T, i s  unstable, and the out- 
ermost T, and T, are  stable with respect to small de- 
viations. For such a situation to ar ise  theabsorption 
curve for fixed 5 and continuous variation of a from a, 
to a, must be tangent twice to the loss line (straight 
line in Fig. I),  i. e . ,  at fixed 6 there should exist values 
a, of the parameter a such that the system (13) is  com- 
patible and 

From this we easily find that Eq. (13) has three roots 
only a t  

5+a E2>EC:= ---- " 4.95. 
2 

(16) 

The parameter cr should be located in this case in the 
interval 
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In this interval of a, a bistable regime i s  realized in 
the system, i. e., a t  the same values of the optical- 
radiation parameter and of the temperature of the 
thermostat, the system canbe in one of two stable 
states with different vibrational temperatures. 

Figure 2 shows the power absorbed by a molecular gas 
(per molecule) in units of YNT,  [it i s  numerically equal 
to (T - To)/To in a stationary case] a s  a function of the 
parameter a at t2= 6. When a increases from zero to 
a value a = a + because of the change in the field inten- 
sity, of the radiation frequency, o r  of the thermostat 
temperature, the absorption in the gas (and i ts  vibra- 
tional temperature) follows the lower branch of the plot 
of Fig. 2. With further increase of a,  only one stable 
state becomes possible in the system, corresponding 
to the upper branch of this plot, and the transition to 
this state takes place jumpwise. With further de- 
crease of a ,  the gas remains in the upper stable state 
up to a value a = a_, beyond which it returns to the ini- 
tial low-temperature state, likewise jumpwise. Thus, 
the dependence of the power absorbed by the molecular 
gas on the parameters contained in a exhibits a clearly 
pronounced hysteresis. The absorption in regimes cor- 
responding to the different vibrational temperatures can 
differ by one o r  several orders of magnitude (in the case 
shown in Fig. 2 ,  the absorbed powers differ approxi- 
mately by a factor of 25). Since the behavior of this 
system i s  determined by its prior history, the system 
has optical memory and constitutes an "optical flip- 
flop. " 

We now estimate the exciting-field frequency a t  which 
the condition a 2 1, which i s  needed for the observation 
of the effects indicated above, i s  ensured. At normal 
gas density and typical parameters a - 10, To/Rw - 1, A/ 

Rw - 102,d12- 1 D, y- lo6-107sec', 7;'- 1010-1011 set-l, 
and F i s  of the order of 1-lo2 w/cm2. In the forgoing 
analysis we did not take into account the possibility of 
direct transfer of part of the electronic excitation ener- 
gy to the translational degrees of freedom in the col- 
lisions. In gases where these processes a re  substan- 
tial, they lead, a s  shown by an estimate, to a certain 
increase (within the limits of one order of magnitude) 
in the threshold of the effect in terms of the field inten- 
sity F, without changing qualitatively the picture of the 
phenomenon. 

FIG. 2 .  Hysteresis of the absorbed power as a function of the 
parameter a(t2 = 6). AA' is  the phase-coexistence line. 

Obviously, the triple crossing of the loss line by the 
absorption curve, which i s  needed for the onset of bi- 
stability (see Fig. I ) ,  is possible only when the loss 
curve has an inflection point. In the situation consid- 
ered above, this inflection i s  the result of the complicat- 
ed nonlinear temperature dependence of the probability 
of the optical transition with participation of many vi- 
brational quanta in the caseof a sufficiently strong elec- 
tron-vibrational coupling. It i s  easily seen, however, 
that a similar inflection can occur also for optical ex- 
citation with participation of only several vibrational 
quanta a t  a relatively weak electron-vibrational coup- 
ling, a s  a result of saturation of the electronic transi- 
tion in sufficiently strong fields. Consider, for ex- 
ample, case 3 for a weak electron-vibrational coupling, 
when the maximum of the luminescence band occurs in 
a purely electronic transition (a&= ~ / h )  and W,S;(T) 
= ys,, where ys, i s  the spontaneous width of the elec- 
tronic level. Let the gas be excited by light of fre- 
quency 51= A/R + kw (k i s  a positive integer). In this 
case the transitionprobability takes the form 

w,/=AP(~i+i)', (18) 

where A i s  the constant. Neglecting the probability of 
the nonradiative transitions in (i'), we get 

If k 2 2,  thenthe second derivative of the right-hand 
side of (19) i s  positive a t  small n, and negative a t  large 
n (because of the saturation of the electronic transition), 
Thus, the absorption curve has an inflection and a t  cer- 
tain values of the parameters Eq. (9) can have three 
roots, which in this case leads to bistability of the sys- 
tem. 

Hysteresis in the optical properties of a molecular 
gas manifests itself not only in the dependence of the 
absorbed power onthe intensity of the optical radiation, 
but also in the frequency dependence of the absorption 
coefficient. For case 1 considered above, Fig. 3 shows 
the contour of an individual line of the structure absorp- 
tion band corresponding to a transition with afixed num- 
ber of vibrational quanta. In the limiting case of weak 
fields, this line has a Lorentz shape [see (lo)]. The 
parameters of the numerical example shown in Fig. 3 
are  chosen such that the condition cu > a+ i s  satisfied 

FIG. 3. Shape of individual line of the frequency dependence 
of the absorption coefficient If@) in the bistable regime at t 2  
= 6 ,  a(6 =0) =50, 6 =Ar-pliw. 
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a t  the maximum of the line. On going from the maxi- 
mum of the line to i ts  wing6 the parameter a decreas- 
es ,  the line contour follows the upper branch of Fig. 3 
and then, at a certain detuning, a+ a jumplike transi- 
tiontakes place to the lower branch. At the reverse 
frequency variation (from the wing towards the center) 
the line contour follows the lower branch of Fig. 3 and 
goes over into the upper branch a t  6- < 6, At the points 
6, the frequency dependence has a singularity in the de- 
rivative and a break. The hysteresis character of the 
frequency dependence of theabsorption coefficient leads 
to a strong asymmetry of the line shape when the fre- 
quency is scanned from one wing to the other. It i s  in- 
teresting to note that the line shapes obtained by scan- 
ning from the "blue" wing to the "red" wing and back 
do not coincide, but have mirror symmetry with respect 
to the center of the line. 

The nonlinear dependenceof the absorption coefficient 
on the radiation intensity should manifest itself also in 
the law governing the damping of the stationary light 
flux into the interior of the absorbing gas. Thus, in 
particular, if the intensity of the radiation a t  the bound- 
ary ensures the condition a > a+, then a break, due to 
the change in the absorption regime, should appear in 
i ts  spatial distribution. 

When the parameter [ decreases to a value [= [,, 
the hysteresis region (see Fig. 2) becomes narrower 
and subsequently vanishes. However, interesting non- 
linear effects can be observed also a t  5 < 5,. Thus, the 
individual absorption line shape considered above con- 
tinues to differ substantially from a Lorentz shape be- 
cause of the nonuniform buildup of the oscillations when 
the frequency i s  scannedalong the line contour. The 
frequency dependence of the absorption coefficient, 
shown in Fig. 4, i s  then strongly drawn out a t  the cent- 
e r  of the line, where the buildup i s  maximal and tends 
to the weak-light absorption line (dashed) on the wings. 
A considerable distortion of the Lorentz shape of the 

line, which i s  due to the frequency dependence of the 
stationary value of the vibrational temperature, should 
be observed also in the example given above with sat- 
uration of the electronic transition. 

The existence of two stable states of the vibrational 
subsystem of the molecular gas is analogous in a certain 
sense to the presence of two phases in a thermodynamic 
first-order phase transition." Just a s  in the case of an 
ordinary phase transition, the existence of two phases 
is possible only when the system parameters reach cri-  
tical values (e. g. , a t  5' 2 4.95 in one of the cases 
discussed above). Such a bistability i s  one of the 
examples of the so-called dissipative structures which 
appear in a large number of open systems far from the 
state of thermodynamic equilibrium. "-17 The most im- 
portant specific property of these structures is  their 
ability of appear and disappear jumpwise a t  definite 
critical values of the external action, undergoing there- 
by a "kinetic phase transition. " 

The foregoing analysis pertained to the case of a spa- 
tially uniform distribution of the radiation, when one 
phase o r  the other occupies the entire volume of the ab- 
sorbing gas. Nonetheless, a case is possible whensome 
spatially inhomogeneous action (e. g . , heating, inhomo- 
geneity of the exciting light itself, o r  an additional spa- 
tially bounded radiation pulse) "switches over" the gas 
from one stable state to another in a spatially bounded 
region. In this case the question ar ises  of the spatial 
separation and coexistence of the phases. An import- 
ant role i s  played here by the diffusion of the gas mole- 
cules, whichleads to heat exahange between the vibra- 
tionally "hot" and "cold" regions. The gas density re- 
mains uniform in thiscase,  if the heat transfer is main- 
ly between the vibrational degrees of freedom. 

For  simplicity we consider the cases 1 and 2 analy- 
zed above, when the populations of the electron levels 
a re  practically independent of either the vibrational 
temperature or  the time (n, = l,n, = 0). Confining our- 
selves to the high-temperature approximation, we 
easily obtain an equation in closed form for the vibra- 
tional temperature: 

FIG. 4. Shape of individual line of the frequency dependence 
of the absorption coefficient KQ) at c2  =2.5, ( 4 6  =0) = 10 in 
units of the absorption coefficient of weak light Ko(6 = 0) at the 
center of the line. For comparison, the dashed curve is the 
normalized weak-light absorption line (a << 1). 

Here D i s  the coefficient of the vibrational thermal 
diffusivity of the gas, which coincides in this case 
with the diffusion coefficient. The quantity Q is the 
power that i s  effectively "pumped in" into each vibra- 
tional degree of freedom. The coefficient D depends 
only on the temperature of the translation degrees of 
freedom and i s  constant. The spatial coexistence of 
phases in a bistable system, with allowance for dif- 
fusion, was investigated in connection with bistable 
chemical reactions, in which different phases corre- 
spond to two stationary concentrations of the re- 
agents. 12. 13* l7 Following Ref. 12, i t  i s  easy to show that 
the narrow transition region between the two phases is  
a moving temperature front whose velocity from the 
"hot" region to the "cold" region satisfies the equation 
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where R i s  the coordinate of the front, and v= 1, 2, and 
3 respectively for planar and cylindrically and spheri- 
cally symmetrical fronts. The velocity u i s  determined 
by the stationary values of the temperature T, and T,: 

The integration in the denominator of (22) i s  over a 
transition layer in the region of the front, with a width 
-(D IQ'I)"~ (Q' is the characteristic value of the deri- 
vative in the temperature interval TI < T < T,). In the 
case of a planar front, u i s  i ts  velocity. Both phases 
coexist stationarily (the front is'immobile) only if a 
condition similar to the Maxwell rule in the theory of a 
van der Waals gas is  satisfied: 

j' Q(T)dT=O. (23) 
T I  

If the condition (23) i s  not satisfied, then the front 
moves, and after a certain time one of thephases (de- 
pending on the sign of the integral in (23) fills the entire 
volume. Just a s  in the case of a bistable chemical 
reaction, it follows from (21) that for cylindrical and 
spherical vibrational-temperature fronts there exist 
stationary but instable phase separation boundaries with 
radiusR, ,=u/~(v-1) .  I f e .g . ,  u > 0 ,  buttheinit ial  
radius Ri of the hot phase i s  less  than the critical value 
R,, then subsequently the region of the hot phase "col- 
lapses. " On the other hand if Ri > R,,, then, just a s  in 
the planar case,  the hot phase expands and fills the en- 
t i re  volume. We note that, in contrast to the bistable 
chemical reaction, inour case the formation of the ini- 
tial phase separation boundary with specified geometry 
can be easily effected, e. g. , by specifying the geo- 
metry of the additional light beam that "switches over" 
the gas from one phase to the other. 

3. VIBRATIONAL BlSTABlLlTY I N  A RAREFIEDGAS 
OF POLYATOMIC MOLECULES 

In the case of a collision molecular gas considered 
above, the energy RS1 acquired a s  a result of optical 
absorption i s  rapidly redistributed among a large num- 
ber of molecules, so that the gas can be characterized 
by a single vibrational temperature. If the molecule 
has a sufficiently large number of interacting vibra- 
tional degrees of freedom, the energy acquired by a 
single vibration becomes redistributed among a l l  the 
remaining vibrations after a short time (-10-1'-10-12 
s e ~ ) ' ~ ~ ' ~  and then, a s  already noted in the Introduction, 
the molecule can also be characterized by a vibrational 
temperature even in the absence of collisions. In this 
case,  however, owing to the absence of exchange of vi- 
brational energy between the different molecules, after 
the lapse of a definite time interval the different gas 
molecules will have different vibrational energies, and 
consequently different temperatures. The resultant 
spread of individual vibrational temperatures in the en- 
semble of absorbing molecules has a quantum charac- 
ter .  It is  due to the discrete character of the acquisi- 
tion of vibrational energy a s  a result of absorption of 

the quantum fin, and also to the probabilistic quantum- 
mechanical character of the absorption process itself. 
It i s  thus necessary to consider the distribution of the 
gas molecules in vibrational energy, which generally 
speaking i s  different in different electronic states. For 
simplicity we confine ourselves to molecules with small 
quantum luminescence yield (w$<<q:)  and to case 1 
of the preceding section, when the excited state 2 is  
rapidly depleted a s  a result of nonradiative transition. 
It can then be assumed that a l l  the molecules a r e  main- 
ly in the lower electronic state and a r e  distributed with 
respect to an individual vibrational energy with a dis- 
tribution function f(E,). In accordance with the as-  
sumptions made, this function satisfies the equation 

Here Eo i s  the equilibrium vibrational energy a t  a ther- 
mostat temperature To (we have assumed for simplicity 
y, 2 y ) .  The dependence of the vibrational temperature 
on the total vibrational energy i s  determined, a s  before, 
by (1). 

The first  term in the right-hand side of (24) corre- 
sponds to the process of energy dissipation into the 
thermostat, the second and third terms describe the 
molecules that go out of the energy interval (E,, E, 
+ dE,) and enter i t ,  respectively, a s  a result of the in- 
teraction with the exciting light. For a qualitative in- 
vestigation of the solutions of the differential-differ- 
ence Eq. (24) and for a comparison with the results of 
the preceding section, we consider the case when the 
quantum RS1 i s  much less  than the total vibrational ener- 
gy stored in the molecule. At sufficiently high temper 
atures (T > Aw , E ,  = NT) this condition takes the form 
~~Q/NT<< 1. Expanding the last term of (24) in terms of 
this parameter up to second order ,  we obtain an equa- 
tion of the Fokker-Planck type: 

If we leave out of (25) the last term,  which i s  respon- 
sible for the spreading of the distribution function on 
account of the quantum fluctuations in absorption, then 
the characteristics of the remaining linear equation 
a r e  determined by a formula of the type (8). The sta- 
tionary solution of (25) takes the form 

where C i s  the normalization constant. It i s  easily 
seen that the condition used above, that the energy flux- 
e s  in the vibrational subsystem (8) be in equilibrium, 
determines the extrema of the function (26). At 5 > 5, 
the distribution function has maxima a t  the points TI 
and T, and a minimum a t  T = T,. At ~ S Z / N T  << 1 and a t  
5 not too close to the critical value [,, these maxima 
a r e  well separatedand have Gaussian profiles, so  that 
one can speak of simultaneous coexistence of two phases 
in the ensemble of molecules excited by the light. By 
transferring the gas molecules fromone state to anoth- 
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e r ,  the quantum fluctuations lead to a stationary rela- 
tion between the phases. The fraction of the molecules 
in one phase o r  another i s  determined by the area under 
each of the maxima. These numbers a r e  comparable in 
order of magnitude only when the parameter a lies in a 
narrow interval near the value a, satisfying the con- 
dition 

which i s  also an analog of the Maxwell rule. In the en- 
t i re  interval a _ <  a <  a,, with the exception of the in- 
dicated vicinity of the value a,, one of the phases pre- 
vails exponentially over the other. Thus, at a = a, the 
molecular gas changes i ts  state abruptly and undergoes 
a nonequilibrium first-order phase transition." The 
optical manifestations of this phase transition a r e  sim- 
ilar to those considered in the preceding section. Thus, 
in particular, the dependence of the absorbedpower on 
the parameter a takes a form similar to Fig. 2. The 
segments AB and A 'B' (Fig. 2) are ,  however, meta- 
stable. These states a re  analogous to a superheated 
liquid (supercooled vapor). They can be attained by a 
rapid transition of F, 52, o r  To from the stable region 
and a re  observed during their lifetime, which i s  de- 
termined by the fluctuations. The effects considered 
in the present section can apparently be observed in 
vaporsof complex molecules, in which the deviation of 
an individual vibrational temperature from the equili- 
brium value after optical excitation has been experimen- 
tally established, e. g. , in the vapors of perylene, an- 
thracene, and 3,6-tetramethyl diaminophthalamide. 
See also the work on POPOP vapor. 20 

The authors thank E . E . Nikitin, who called their at- 
tention the possible contribution of the processes of col- 
lisional electronic deactivation to the energy balance 
(4). 

Note added in proof (26 May 1980). In the recently 
published collection "Lazernye sistemy" (Laser Sys- 
tems, Novosibirsk, Nauka, 1980, p. 1921, Yu. N. Sam- 
sonov and A. K. Petrov call attention to the fact that a 
number of threshold phenomena observed in IR excita- 
tion of molecular gases can be interpreted a s  the result 
of a jumplike change of the gas temperature when the 
laser-radiation power is continuously increased. The 
mechanism of the onset of temperature jumps, which 

they have considered, is based essentially on the tem- 
perature dependence of the IR absorption coefficient, 
a dependence similar to that shown in Fig. 1 of the 
present paper, and i s  essentially analogous to the mech- 
anism proposed by us earlier.  l1 
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