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The  act ion of r e sonance  IR l a s e r  radia t ion on a m o l e c u l a r  gas leads,  at h igh-power  absorpt ion  
intensi ty ,  to a breakdown in the equi l ibr ium (Boltzmann) ene rgy  dis t r ibut ion in the in terna l  
deg rees  of f r e edom  [1]. Under  r ea l i s t i c  conditions, m o l e c u l a r  gases  usual ly  a r e  (due to 
sma l l  amounts  of impur i t i e s  o r  isotopic  components)  mul t icomponent  s y s t e m s .  In this ca se  
r e sonance  IR l a s e r  radia t ion (or  o the r  methods of se l ec t ive  action), d is turbing the d i s t r ibu-  
t ion function of the p r i m a r y  gas,  does not in te rac t  d i r ec t ly  with impur i t i e s .  T h e  p rob lem 
thus a r i s e s  of de te rmin ing  the d i s t r ibu t ion  function of the impur i ty  gas in te rac t ing  with the 
nonequi l ibr ium (non-Boltzmann) t h e r m o s t a t .  The p r e sen t  paper ,  devoted to the solution of 
this  p rob l em,  t r e a t s  the dis t r ibut ion function of ha rmonic  osc i l l a to r s  A, cons is t ing  of a sma l l  
amounl i of impur i t i e s  in a s y s t e m  of ha rmon ic  osc i l l a to r s  B with given nonequi l ibr ium d i s -  
t r ibut ion functions of  v ib ra t iona l  energy .  The behav ior  of a s y s t e m  in a nonequi l ibr ium t h e r m o -  
s ta t  was  f i r s t  cons ide red  in [2, 3] where ,  as well  as in [4, 5], it was shown that in a non-Max-  
well ian t h e r m o s t a t  with a smal l  amount of ha rmon ic  osc i l l a to r  impur i t i e s ,  a Bol tzmann d i s -  
t r ibut ion  in ha rmonic  o sc i l l a t o r  v ib ra t iona l  energ ies  is es tab l i shed  under  s t a t ionary  condi-  
t ions,  with a t e m p e r a t u r e  differ ing f r o m  the gas -k ine t i c  t e m p e r a t u r e  of the t he rmos ta t ,  de-  
fined in t e r m s  of the m e a n - s q u a r e  ve loc i ty .  The behav io r  of a smal l  amount of impur i t i es  
(heavy monoa tomic  pa r t i c l e s  and ha rmon ic  osc i l l a to rs )  in a non-Maxwell ian t h e r m o s t a t  of 
a light gas  was fu r t he r  inves t iga ted  in [6-8]. Unlike the pape r s  mentioned,  the p resen t  one 
cons ide r s  the behav i o r  of  a sma l l  amount of ha rmonic  osc i l l a to r  impur i t i e s  in a t h e r m o s t a t  
with a Maxwell ian ve loc i ty  dis t r ibut ion and with a nonequi l ibr ium (non-Boltzmaun) d i s t r ibu-  
tion in v ib ra t iona l  ene rg i e s .  

1. Bas ic  Equat ions.  S ta t ionary  Solution. The kinetic equations descr ib ing  the p roces s  of v ibra t iona l  
re laxa t ion  of a sma l l  amount of d ia tomic  molecule  impur i t i e s  A in a t h e r m o s t a t  of d ia tomie molecules  B 
a r e  [1] 

dx n 
dt gAB ~ U Z ,~U X ~ (1.1} = ( Q ~  ,~y~ - -  ~ m  ~y~ j,  

l~mps, 

number  of molecu les  B at the n - th  v ibra t iona l  l e v e l ' ( ~  y ,~=N.) .  The functions yn a r e  a s sumed  known, ZAB 
\ 7 l = 0 1  

is the n u m b e r  of  col l is ions of one A molecule  with B molecu les  p e r  unit t ime  fo r  N B =1, and QSm/n is the v i -  
bra t ional  exchange probabi l i ty  f o r  one col l is ion of A and B molecules ,  as a resu l t  of which the A and B m o l e -  
cules pass  f r o m  s ta t e s  m and s into s ta tes  n and l, r e spec t ive ly .  

Only col l is ions  of A and B molecu les  a r e  taken into account in Eq. (1.1), while coll isions of A molecu les  
"with each o the r  a r e  neglec ted .  

Assuming  that  in col l i s ions  of A and B molecu les  q B quanta a re  conver ted  into p A quanta, for  the h a r -  
monic o sc i l l a t o r  model ,  s y s t e m  (1.1) decomposes  into a s y s t e m  of p uncoupled equations 

dTr+p! __ ,z OpO ~[r Q- p(14- t)][ 

qo~ 1, [[r+p(t+l)]I  Qop (r+f l ) t  (r § pl)! Q~p0 x~+P(z-l)t (1.2) 
L (r~-pl)t  Qpo -~-[ry~p( l - - l ) ] I  Xr+pl -~- [ r -pp ( I - - t ) ] !  

r = O , t , 2  . . . . .  p - - l ,  / = 0 ,  t ,2  . . . .  
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In der iv ing  (1.2) f r o m  (1.1), it was a s s u m e d  that  

QS,S+q B 

v-+p.. = 0o8 <*~ l y ~ I ~'~B~. Z.~Al,~p, zP I ,~t>~ q~0. (1.3) 

where  r s (Y) and r (x) a r e  wave functions of  ha rmon ic  o sc i l l a to r s  B and A in s t a t e s  s and n, r e spec t ive ly .  

Substituting in (1.3) the wel l -known va lues  of the m a t r i x  e lements  [9], we obtain 

q,.,+q = ~ ) I  (n+ p)! 
n+v.n nl pl QO~. (1.4) 

In Eqs .  (1.2) 

Oq 
Qp0 = qvo ~ (s+ q)! 

qO 
_ _ o_~; ~,  .I n y~. ~ 0 p  ql ~_ (, - q)! 

(1.5) 

(1.6) 

The decoupling of s y s t e m  (1.1) and i ts  t r a n s f o r m a t i o n  to the s y s t e m  of p independent equations (1.2) fo r  
mul t iquantum (p-quantum) t r ans i t ions  c o r r e s p o n d  to t he  phys ica l ly  obvious c i r c u m s t a n c e  that  p-quantum t r a n s i -  
t ions do not mix  the s t a t e s  m and n, whose d i f fe rence  I m - n l  is  not a mul t ip le  of p. Multiquantum t rans i t ions  
by  p quanta occu r  between levels  m and n sa t i s fy ing  the condition I m - n l  =p,  i .e . ,  they couple s ta tes  with sub-  
s c r i p t s  r + / p ,  where  r is  f ixed ( r = 0 ,  1, 2 . . . . .  p - l ) ,  and l =0, 1, 2 . . . . .  

The s y s t e m  of equations (1.2) has an i n t e r e s t i n g  f ea tu re  consis t ing in the fact  that  under  s t a t ionary  con-  
ditions i ts  solutions a r e  the Bol tzmann dis t r ibut ion functions 

%AnLlp 
X r , §  p ~ Cr e ~T~ 

with a t e m p e r a t u r e  de te rmined  by the re la t ion  

h~ Qp0 
p ~ = I .  ~ (1.7) 

where  oJ A is the f requency  of o sc i l l a t o r  A. 

t i c les  
The normal i za t ion  cons t an t s  C r a r e  de te rmined  f r o m  the conserva t ion  conditions of  the number  of p a r -  

z , + , p  = E z , + , p  (0) .  
I=0 l=0 

F o r  p =1 ( s ing le ,  quantum t rans i t ions  in component  A) the na tu ra l  no rma l i za t ion  coefficient  is  C O = N A [ 1 - e x  p 
(-IiWA/kTvA)]. Bes ides ,  f o r  p =1 s y s t e m  (1~2) p 0 s s e s s e s  the  p rope r ty  of canonical  invar iance ,  i .e . ,  in the r e -  
laxat ion p r o c e s s  it r e ta ins  the Bol tzmann shape  of the d is t r ibut ion function [1]. If in Eq. (1.1) one takes  into 
account s ing le -quantum exchange of v ib ra t iona l  ene rgy  in col l is ions  of A molecu les  with each other ,  this leads 
to all  C r being equal to each o the r .  

Thus,  in a ha rmon ic  o sc i l l a t o r  s y s t e m  being a smal l  impur i ty  in a non-Bol tzmann  t h e r m o s t a t  of h a r -  
monic o sc i l l a t o r s  of a di f ferent  kind, a Bol tzmann dis t r ibut ion is  es tab l i shed  fo r  all  levels  (in case  of s ing le -  
quantum tru__~Ritions p ~ l ) o r  f o r  a g roup  of l eve l s  (in ca se  of mul t iquantum t r ans i t i ons  p ~ 1) with a v ibra t iona l  
t e m p e r a t u r e  TA, de t e rmined  by  re la t ion  (1.7). 

In the c a s e  of  a Maxwell ian ve loc i ty  dis t r ibut ion,  the ene rgy  exchange probabi l i t i es  a r e  re la ted  by the 
p r inc ip le  of detai led balance:  

;~e B he0 A 
q~o - ~ - ~  -0~ "~x~- 

e = Q v o e  , (1.8) 

where  T is the t e m p e r a t u r e  of the t r ans la t iona l  deg ree s  of f r e e d o m  (the gas  t empe ra tu r e )  and w B is the f r e -  
quency of a B osc i l l a to r .  

Taking into account (1.8), re la t ion  (1.7) acqu i res  the f o r m  
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1i%4 he B ph(~ A --  qh~B 
P ~  - -  q k~v* --  kT ' ( 1 . 9 )  

where  the ef fec t ive  v ib ra t iona l  t e m p e r a t u r e  T B* is de te rmined  as  follows: 

~ o  (n + q)l --TV-- Yn (1.10) he B 

F o r  a Bol tzmann t h e r m o s t a t  with v ibra t iona l  t e m p e r a t u r e  TvB(yn =y0 e x p ( - ~ n / k T B I ) ,  the following ob- 
vious equal i ty is sa t i s f ied  

rf" = r f ,  

and Eq.  (1.9) ]:educes to the  wel l -known T r e a n o r  re la t ion  [1], re la t ing  TvA , TvB , and T.  Thus,  equali ty (1.9) can 
be cons ide red  as  a genera l iza t ion  of the T r e a n o r  re la t ion  to the case  of  a non-Bol tzmann t h e r m o s t a t .  

Fo r  n e a r l y  r e sonance  v ib ra t iona l  exchange 

q ~ B  = (i  .-}- y) phcoA, 1 9] <~ t (I.11) 

re la t ion  (1.9) can be wr i t t en  in the f o r m  

t + y - -  7TBv"/T r f * .  ( 1 1 2 )  

pecu l i a r  f ea tu re  of (1.12) is that for  7 > 0 and T B * ~  T / 7  the v ibra t iona l  t e m p e r a t u r e  of a smal l  i m -  A 
pur i ty  i n c r e a s e s  without bound. In r ea l i ty  this effect  is r e s t r i c t e d  by v i b r a t i o n a l - t r a n s l a t i o n a l  energy  ex-  
change and by m o l e c u l a r  anharmonic i ty .  

The ex is tence  of a Bol tzmann dis t r ibut ion of a smal l  impur i ty  in a nonequi l ibr ium t h e r m o s t a t  makes  it 
poss ib le  to d e t e r m i n e  expe r imen ta l ly  the c h a r a c t e r i s t i c s  of a nonequi l ibr ium t h e r m o s t a t  by m e a s u r i n g  only 
the impur i ty  v ibra t iona l  t e m p e r a t u r e .  

2. Ef fec t ive  Vibra t ional  T e m p e r a t u r e  of a Non-Bol tzmann T h e r m o s t a t .  As seen f r o m  re la t ion  (1.10), 
the effect ive v ibra t iona l  t e m p e r a t u r e  of a nonequi l ibr ium t h e r m o s t a t  depends not only on the nonequi l ibr ium 
dis t r ibut ion function of the t h e r m o s t a t ,  but also on the specif ic  shape of the r e sonance  ene rgy  exchange,  as 
de t e rmined  f r o m  (1.11). F o r  q = 1 the t e m p e r a t u r e  T B is de te rmined  by the ave r age  supply of v ibra t iona l  
quanta p e r  molecule  by the equation 

hi0 B 
kTB. - - . In  t -~(z ~i 

t 
where  ~=~B~=s . .  

F o r  q> I the t e m p e r a t u r e  T B* is no longer  e x p r e s s e d  in t e r m s  of t~, which makes  it poss ible ,  in p r i n -  
ciple,  to change T B* without e s sen t i a l ly  changing the ave rage  v ibra t iona l  energy .  

We inves t iga te  now how the speci f ic  shape of the nonequi l ibr ium distr ibut ion o v e r  v ibra t ional  levels  in 
the t h e r m o s t a t  Yn af fec ts  the t e m p e r a t u r e  T B* . The t e m p e r a t u r e  T B* is de te rmined  by re la t ion  (1.10), having 
two pecu l i a r  f e a t u r e s .  F i r s t ,  the t h e r m o s t a t  molecu les  i n t h e  f i r s t  q levels  do not par t ic ipa te  in the ac t iva-  
t ion of A molecu les ,  s ince t he i r  e n e r g y  is insuff ic ient .  These  molecules ,  however ,  do par t ic ipa te  in the de-  
act ivat ion p r o c e s s  of A molecu les  ( formal ly ,  this is e x p r e s s e d  by the fact  that the summat ion  in Eqs .  (1.5), 
(1.6), and consequent ly  (1.10), s t a r t s  with different  values  of v ibra t iona l  levels) .  

The second impor tan t  f ea tu re  of (1.10) (see  also Eq. (1.8)) is that the exchange probabi l i ty  Qf:~s~ q de-  
:fined by (1.4) i n c r e a s e s  with s approx ima te ly  as sq, which enhances the act ive  role  of v ibra t ional ly  e~:~ited 
molecules  of the t h e r m o s t a t  having a l a rge  r e s e r v e  of v ibra t iona l  ene rgy  in t h e r m a l  exchange with the s y s t e m  
under invest igat ion.  These  two fea tu res  cause  two opposi te  effects:  lowering and enhancement  of T B* with 
r e spec t  to the kinetic v ib ra t iona l  t e m p e r a t u r e  of the nonequi l ibr ium t h e r m o s t a t  Tn  B, defined by the re la t ion  

ha)B t + a 
_~ - -  I n  - -  k r ~  a ' (2.1) 

fo r  a gradual  enhancement  of the ave r age  v ibra t iona l  ene rgy  r e s e r v e  of the t he rmos t a t  ~ .  
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We i l lus t ra te  this d i scuss ion  on examples .  We a s s u m e  that t he re  ex is t s  a Bol tzmann dis t r ibut ion in the 
nonequi l ibr ium the rmos t a t ,  enr iched  by a smal l  amount  of v ibra t iona l ly  exci ted molecules :  

--6' --O n 
Y n = ( t - - x )  ( t - - e ) e  +x6,n0 (2.2) 

ho)B 
where  0 =  .--~w, and x<< 1. In this  ca se  we have fo r  n0-~q 

kT v 

h o  B __ q l ( t - - x )  ( l ' - ~ o ) q + x  (no+q) l  
a - - - ~ -  In nor ., 
,2., kT, v~ ql (t-~) ~++(~0"_~ 

where  s 0 =(e $ - 1 )  -1, and the summat ion  in (1.10) fo r  Yn of f o r m  (2.2) is c a r r i e d  out by means  of the obvious 
re la t ion  

( - o - a )  i e - %  = 

. ~ o  " a~ ,,--=o I ~:~-~  

where  ~ z n+q = zq- I o I f  one chooses  x and n o in the manne r  

(i - -  ~)] (i + ~o)q < < ' z ( n o  + q)l/no!, 

(i - -  z) a8 << xn0! / (n o - -  q)l, 

TvB* is  comple te ly  de t e rmined  by  the  s m a l l  impur i ty  of v ib ra t iona l ly  exci ted molecu les  

h~B (% + q)I (n o -- q)l 
q ~ = In %1 no I t 

B* and ~B di f fers  l i t t le  f r o m  the v ib ra t iona l  t e m p e r a t u r e  of the unper turbed  t h e r m o s t a t  T B,  while T v can ex-  

ceed  ~ B  signif icant ly .  

Cons ider  now an example  in which the second ca se  is rea l ized ,  lower ing of TvB* wi th  r e spec t  to ~ v  B dur -  
ing heat ing of the t h e r m o s t a t .  

In equi l ib r inm let  a l m os t  all  molecu les  be at the ze ro th  level ,  i .e . ,  c~<<1. I f  we now t r a n s f o r m  them to 
level  q - l ,  the ene rgy  flow f r o m  s y s t e m  A to the t h e r m o s t a t  B is enhanced, s ince the t r ans i t ion  probabi l i t i es  
i n c r e a s e  with the level  subsc r ip t .  In this case ,  however ,  the opposi te  energy  flow f r o m  the t h e r m o s t a t  B into 
s y s t e m  A does not change,  s ince t he r e  is no change in the population of leve ls  par t ic ipa t ing  in ene rgy  t r a n s f e r  
by  s y s t e m  A. This  leads  to lower ing of T B* , though the r e s e r v e  of quanta and consequently the kinetic v i b r a -  
t ional  t e m p e r a t u r e  T v  B i n c r e a s e .  

We e s t ima t e  this effect .  Under  equi l ibr ium conditions 

rT= 
h~) B . (t -~- Ct0)q 

where  q ~ ------. m - - - - ~ - -  Af te r  t r a n s f o r m i n g  the molecu les  of  B f r o m  the ze ro th  level  to level  q - l ,  the 
kTv ~0 

effect ive t e m p e r a t u r e  Tv B* is app rox ima te ly  de te rmined  by the equation 

li(OB~ ( 2 q - -  1) I 
q ,-7gh7 = In 

kT ,  (q - -  t) I ql a ~, 

with 

(2q - -  t)I 
TBv --TvB* ~ h r ~ B  In ql (q - -  t)1 (1 + a 0 ) q  

k l n t + % l n  ( 2 q - - l ) l  
% ql ( q -  i)! ~ 

The kinet ic  v ib ra t iona l  t e m p e r a t u r e  ~ B  a f t e r  m o l e c u l a r  exci ta t ion to level  q - 1  is de te rmined  by re la t ion  (2.1) 
with a = q - l ,  i .e . ,  

hr _ In q 
kTBv q - -  t ' 
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where  

1 -}-% 
T'-~ In 

% >> i. 
Tv In q - - :  

q - - t  

.~ B~  T v / T  v ~ 6. Thus, the signff- Numer ica l  es t imates  fo r  a 0 10 -1, T v 420, and q=3  give -vTB-mB*-v ~90K,  ~-B B 
icant  i nc rease  in the average  v ibra t ional  ene rgy  ( a / a 0  ~ 20) is accompanied in the given case  by a dec rease  
in TvB*. 

T h e  nonequi l ibr ium dis t r ibut ions cons idered  so f a r  a re  most ly  of an i l lus t ra t ive  nature,  since they can-  
not be eas i ly  :realized in the s ta t ionary  reg ime.  Real is t ic  distr ibutions formed under the action of e lec -  
t ron  and l a s e r  pumping have more  complicated shapes.  It can be assumed,  however,  that in the s implest  case  
of suff icient ly intense l a s e r  pumping, occur r ing  by the scheme of success ive  s ingle-s tep  excitations 0 -~ 1- -  
2 ~  . . . ~  l, the f i r s t  l +1 levels  a re  a lmost  ident ical ly populated, with exponential decay at the h igher  levels ,  
s ta r t ing  with level  l [1]. In this connection, we cons ider  a distr ibution of the fo rm 

/A, n <  z, (2.3) 
Yn = [A:exp:[-- 0 (n /)], n ~ l 

A ~- t--exp (--~) . 
t q - [ l  - -  exp (-- ~)] l 

At suff icient ly low t e m p e r a t u r e s  (~>> 1) the exponential tail  in the distr ibution (2.3) can be neglected.  I n  
this approximation the dis t r ibut ion (2.3) cor responds  to the kinetic vibrat ional  t e m p e r a t u r e  

--TB = he% [In (t -}- 2)] - i T  �9 (2.4) 

Express ion  (2.4) is obtained f rom (2.t) by substituting a = l / 2 .  

According to (1.10) the effect ive vibrat ional  t em p e ra tu r e  of the the rmos ta t  equals 

- -  l (n -[- q ) [ - - - - I  

h~o B ~ ~ l  B* ] t ,  ~:{} [ .  

Tv = - 7  i n b o r n - i n  z-q (n + q)!/_ (2.5) 

Direc t  compar i son  of (2.4) and (2.5) shows that fo r  q =2 and 3 

B* B. T~ < Tv (2.6) 

Obviously, (2.6) is val id at any q (q-< l) for  distr ibutions differing l i t t le f rom (2.3), i .e. ,  fo r  distributions fo rmed  
by l a s e r  o r  e lec t ron  pumping. 

A not iceable  deviation f rom TvB* to ~B can be expected for  distr ibutions of type (2.2), which a re  char -  
ac te r i s t i c  of sys t ems  with vibrat ional ly  exci ted molecu la r  sources  [1]. 

Analysis of the s ta t ionary  s ta tes  in a sys tem of harmonic  osc i l la tors  placed in a non-Boltzmann the rmo-  
stat  of harmonic  osc i l l a to rs  of a different  kind leads to the following basic resul ts :  

1. A Boltzmann distr ibution with t e m p e r a t u r e  T A, de te rmined  by re la t ion (1.11), is establ ished in the 
harmonic  osc i l l a to r  sys tem.  This  is a general izat ion of the well-known T r e a n o r  re la t ion to the case  of a non- 
equi l ibr ium the rmos ta t .  

2. The l :emperature T A depends on in tegral  cha rac te r i s t i c s  of the the rmos ta t  TvB* , called the effective 
vibra t ional  t e m p e r a t u r e  of the the rmos ta t .  The la t te r  differs  f rom the kinetic vibrat ional  t empera tu re  of the 
t he rmos t a t  Tv B, which is de te rmined  in t e r m s  of the average  r e s e r v e  of the rmos ta t  vibrat ional  energy.  

B* 3. The t e m p e r a t u r e  T v is sensi t ively  dependent on the nature  of the vibrat ional  energy distribution in 
the the rmos ta t  and on the method of vibrat ional  energy  exchange between the the rmos ta t  molecules ,  and can 
d i f fe r  apprec iably  f rom the kinetic t e m p e r a t u r e  ~B .  This opens up the possibi l i ty of significantly changing Tv A 
by a smal l  per turbat ion  of the dis tr ibut ion function of the the rmos ta t  vibrat ional  energy,  which enables one, 
e.g. ,  to control  chemical  o r  o the r  p roces se s  in the sys tem.  
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