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The relaxation of vibrationally excited diatomic molecules of one kind is studied by second-
quantization methods. The relaxation processes are described by interactions of the vibra-
tional degree of freedom with translational and radiational heat baths. General quantum-
mechanical expressions are developed for transition rates in vibration-translation, vibra-
tion-vibration, and vibration-radiation processes. These expressions include the broadening
of spectral lines in a nonequilibrium gas. The line broadening is affected by the correlation
function of both the dipole moment and the density matrix. In the interaction of the vibrational
degree of freedom with a radiational heat bath, cooperative effects are studied. Cooperative
molecular effects do not influence the induced emission and absorption, but lead to changes in

the process of spontaneous emission.

I. INTRODUCTION

In the present work we study the relaxation of
the vibrational degree of freedom in a diatomic
gas of one kind. At room temperatures (or higher),
the thermal equilibrium of the gas is described
by the Boltzmann vibrational, translational, and
rotational distributions. We assume that an ex-
ternal perturbation is applied to the gas for a
short time, leaving it in a vibrational nonequilib-
rium distribution, whereas the rotational and the
translational degrees of freedom return to the
Boltzmann equilibrium distribution immediately
(in a very short time). We may describe our sys-
tem as being composed of anharmonic oscillators
prepared initially in a nonequilibrium vibrational
distribution. After the external perturbation has
been removed the system of oscillators relaxes
to its final vibrational equilibrium distribution by
collisions and by radiative transitions. These
processes represent energy exchanges between
the nonequilibrium vibrational degree of freedom
and either the rotational-translational degrees
of freedom or the radiational field. The rotational-
translational degrees of freedom and the radia-
tional field, which are assumed to be in thermal
equilibrium, are represented by a very large
number of closely spaced energy levels, and their
interactions with the relaxing vibrational degree
of freedom practically do not change their equilib-
rium temperature. In view of these considerations,
the rotational-translational degrees of freedom
and the radiational field, act as heat baths'*? for
the relaxation processes of the vibrational levels.

9

Such relaxation phenomena have recently become
of practical interest in relation to the problem of
population inversion in diatomic gas lasers.

The transfer of vibrational energy to or from
the translational kinetic modes is made by two
kinds of binary collisions. In a binary vibration-
translation collision (VT process) only one mol-
ecule is vibrationally deexcited or excited. In
a binary vibration-vibration collision (VV process)
one molecule is vibrationally excited, and the
other deexcited. The exchange between two mol-
ecules of a single quantum of vibration is the
dominant process and occurs more frequently
than do exchanges of multiple quanta of vibrational
energy. Therefore we neglect vibrational mul-
tiple quanta transitions. In this approximation
we use the energy levels of an anharmonic os-
cillator with the selection rules of a harmonic
oscillator. The mathematical methods which will
be developed here may be easily applied also to
multiple quanta transitions, but this would com-
plicate the calculations without significantly af-
fecting our physical conclusions. Because we use
energy levels of an anharmonic oscillator, VV
processes introduce energy defects. These defects
in energy are balanced by changes in the transla-
tional and rotational energies, so that the total
energy of the colliding molecules is conserved.
After VV and VT collisions the system is restored
very rapidly by elastic collisions to a translational
and rotational equilibrium.

While studying the vibrational relaxation of a
diatomic gas many authors®~ started their
research from the master equation
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Here n, and n are, respectively, the population
density of the vibrational quantum level » and the
total number density. E, is the vibrational energy
of the » state. P,,, , n,,,n is the rate of produc-
tion of r state molecules from 7 +1 state mole-
cules, owing to VT energy exchanges. Ps_, ,.. 5,
XM, Mg, is the rate of production of » and s state
molecules from 7 +1 and s-1 state molecules.
The difference due to anharmonicity between the
two quanta (E,,, - E,)-(E,- E,_,) is exchanged
with the translational modes. In Eq. (1) the prin-
ciple of detailed balance has been used, viz.,

Pr.r+1=Pr+1,rexP[—(Er+1" r)/kT],
(2)
Pm,r; I,s :Pl.s:m.r exp[—(Es +El "Er"Em)/kT)]-

Relaxation dissipation and fluctuation of the
present system are discussed in the present work,
using second-quantization methods. The master
equation for vibrational relaxation is studied,
using a quantum-mechanical description of the
translational heat bath. The quantum-mechanical
derivation of Eq. (1) shows its validity conditions
and gives quantum-mechanical expressions for
the rate coefficients n,,,nP, ., ,and n, . n,_,
XPgs_y,r+1:s,r- Inthe special case where the
binary collision is isolated from other perturbing
processes, and assuming that the “memory” of
the heat bath is shorter than all other time con-
stants of the system, we obtain the common ex-
pressions for transition rates.®™'> The present
methods enable us to derive new results for broad-
ening and shifts of levels which are especially
important in a dense gas. The expressions for
the broadening take into account the time depen-
dence of the density matrix. In the equilibrium
condition of the gas our expressions are reduced
to results similar to those obtained by other au-
thors.

In the present work we also discuss the relaxa-
tion of the vibrational degree of freedom by a
radiational heat bath (nonlasing modes). There
are fundamental differences between the quantum-
mechanical description of the translational heat
bath and the radiational heat bath. In a radia-
tional heat bath the operator B, or Bl destroys
or creates a photon with frequency w, while the

corresponding translational heat-bath operators
B, and B} change the relative energy of a col-
liding pair of molecules and therefore act as shift
operators. In a translational heat bath the ccl-
lisions represent random processes, and cooper-
ative effects are neglected. The many-body for-
malism is reduced to a treatment of bimolecular
processes by using a mathematical method of
contraction.! For a radiational heat bath we show
that cooperative effects in the gas lead to coherent
spontaneous emission.'®''* Within the general
assumptions about the radiational heat bath, the
induced emission and absorption are not changed
by cooperative effects of the gas. Neglecting the
cooperation effects among the molecules, and
using (in the mathematical formalism) the method
of contraction, we get the usual expression for
noncoherent spontaneous emission. In conclusion,
cooperative effects might influence significantly
the vibration-radiation relaxation rates of the
diatomic gas.

I1. HAMILTONIAN FOR VT RELAXATION

Our system consists of N diatomic molecules
confined to a volume, V, and we are interested
in the limit N, V —«, with the density n=N/V
remaining constant. The translational wave tunc-
tions are assumed to be periodic in the normaliza-
tion box of volume V. According to our assump-
tions the translational and rotational degrees of
freedom are in a thermodynamic equilibrium.
Therefore from now on, when we refer to transla-
tion we take into account (without mentioning it
explicitly) also the rotational degree of freedom.

In a binary collision the forces between the
molecules depend only on the internal and relative
coordinates of the particles. The center of mass
of the two molecules moves like a free particle,
and the internal energy is coupled by the interac-
tion only to the relative motion of the molecules.'®
In a VT binary collision only one molecule loses
or gains vibrational energy, and this amount of
energy is added to or subtracted from the relative
energy of motion of the two molecules. The ki-
netic energy gained or lost by the reduced mass
of the molecular pair is “smeared” by many
elastic collisions on the Boltzmann distribution
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of the heat bath. The “smearing” process is very
rapid in comparison with all other characteristic
time constants of the system. The exchange of
energy between the vibrational and translational
degrees of freedom depends mainly on matrix
elements for strong collisions. The effect of
rapid elastic collisions is expressed in our Ham-
iltonian by the assumption of the heat bath’s short
memory.

We assume that all the diatomic molecules are
in the electronic ground state. The total wave
function of one molecule is described by the
quantum numbers of vibration, rotation, and
translation. According to quantum mechanics
two molecules in the gas with the same quantum
numbers are indistinguishable. Since, in our
system the gas is at a translational room tem-
perature (or higher), we may assume that Boltz-
mann, Fermi, and Bose-Einstein statistics would
give equivalent results. Using this assumption the
gas is represented in our model by an ensemble of
bosons characterized by the quantum numbers of
vibration and translation (including rotation).

The Hamiltonian operator H,, for the whole gas
may be written

Hiy =Hoy +Hyg + Hypy+ Hyyy, (3)

where H,, is the unperturbed vibrational Hamil-
tonian for the N molecules and H, is the un-
perturbed Hamiltonian for the heat bath. Hyry
and Hyyy represent, respectively, the interactions
with the heat bath by VT and VV collisions. In
the present section we take into account only VT
interactions and postpone the treatment of the Vv
interactions to Sec. VI.

The vibrational free part of the Hamiltonian
can be written in the second-quantization formal-
ism as

Hyy = 2; E b (i)b(i) = ‘: Bwgb'(2)b(5) , 4

where ¢ refers to the ¢ vibrational level, 0
and b(Z) are, respectively, the creation and annihi-
lation operators for the vibrational state i. E;
represents the energy levels of the diatomic an-
harmonic oscillator.

J

In the description of the heat bath for VT inter-
actions we consider colliding pairs of molecules.
In our model we divide the gas into pairs of mol-
ecules so that the VT interactions take place
only between the two molecules of each colliding
pair. The VT energy exchanges occur only in a
small part of the pairs, namely, inthe pairsinwhich
the collisions are very strong. The translational
Hamiltonian of the gas can be separated into the
Hamiltonian of free particles moving with the
center-of-mass velocities of each pair, and into
quasiparticles with the reduced mass of each pair
moving relative to fixed scattering centers.!®'!”
The translational Hamiltonian of the free particles
is not coupled to the vibrational degree of freedom
and can be written

Hyp =Y hwB' (w0, k)B(w, k). (5)

wy R

Here BT(w, k) and B(w, k) are, respectively, the
creation and annihilation operators of the boson
quasiparticles which have translational energies
hw and are characterized also by a set of other
quantum numbers % (including rotation, orienta-
tion of the bimolecular quasiparticle, etc.). In
the following discussion we shall use the com-
mutation relations:

l.B(w9k)9 Bt(w"kl)]:éw, w'ék,h’y (6)

[B(w, k), B(w', k)] =| B'(w, k), BT (0, k")| =0,
)

[6(), bT(5)) =5y, (8)
[6(), b(5)]=[b"(), b7(5)]=0 . (9)

B(w, k) and B'(w, k) operate on the basis state
vectors of the translational quasiparticles in the
Fock space which have the form |n(w,, #,), n(w,, k,),
ooy n(wi, k). . ). Here w,, w,, ... refer to the
quantized translational energies in the normaliza-
tion box, and &y, k,, ... are all the other quantum
numbers characterizing the bimolecular quasi-
particles. n(w,, k,) #(w,, k,)... are the corre-
sponding occupation numbers. According to sec-
ond-quantization definitions

B(wy, k)| n(wy, ky), mwy, k), .oy m(wiy k), o) =[a(wy, k)Y 2 n(wy, ky), m(wy, By), ooy mwy, k) =1, ...,
(10)
B (wy, ky) | nlwy, k), @y, ky), o ooy mwy, ky), o) = [ n(wy, k) + 1]V 2 [ n(w,, By), m(wy, By), . .., mwy, k) +1,...) .
In a similar way we have (11)
b)Y [ n(1), n(2), . ..., (&), .. )= [n() ]2 (1), n(2), ..., n(i)-1,...), (12)

BT ()| n(1), n(2), ..., n(@), ...y =[nG)+1]*2[n(1), n(2), ..., n(E) +1,...), (13)
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where 7(Z) is the occupation number in Fock space
for the molecules in the Zth vibrational state.

The VT coupling between the translational heat
bath and the vibrational degree of freedom is
given by the Hamiltonian of interaction:

Hyg =h Y, b7 (= 1)bG) My, -,
i

X3 D BN w, BB, kK yr,ar; i

wy W' R,k

+B Y bNEb(E -1 M-,
[

XY X B kB, R s
w, W' Ry R (14)

As was explained in the introduction, we take

into account only single-quantum transitions.

The first and second terms of Hyry represent,
respectively, excitation and deexcitation of mo-
lecular pairs by one vibrational quantum. The
matrix elements of interaction are separated into
products of vibrational and translational parts.

M; -, represents the vibrational matrix element
of the molecular pair, where one molecule is
deexcited by one vibrational quantum. K, ,; ., &

is the translational matrix element for the transla-
tional quasiparticle which is excited from the state
w, k to a new state w’,k’. The second part of Hyy
is the Hermitian conjugate of the first part, and
we have the relations

Myoy, i =My, (15)
Kw’.k'; w.szZJ.h; S 1 (16)

The complex conjugate is denoted in the present
work by an asterisk. The operators b and B be-
long to different quantum-mechanical systems and
are commuting operators:

(6, B =[ 5", B]=[", B"] =[5, B]=0 (17

for any operator b(i) and B(w, k).

In the rotating-wave approximation we assume
w - w’=v>0 and neglect in the Hamiltonian of
interaction terms for which w - w’<0. Using this
approximation we define new operators of the
translational heat bath

BJ = ‘; Z: BT(“),+V, k)B(w" k,)Kw'k'; W'V R
k&'
(18a)

—

B, = Z Z BT (w’, k" )B(w' + v, RK 4 vu, s o, 0
w' Rk’
(18b)
and, then, we get the VT interaction Hamiltonian
in a shorter notation:

Hpy =Y bT(G-1)b(i)M, -, ) B}
i v
hYy bT(i)b(i—l)M,_h,Z B, . (19)
i v

Here again the operators B, and b(¢) belong to
different quantum-mechanical systems and there-
fore are commuting operators:

(b(:), B} ] =[6"(:), B, =[b"(4), B} ] =[ b(s), B,] =0.
(20)

III. EQUATIONS OF MOTION FOR VIBRATIONAL
OPERATORS b (i) IN VT RELAXATION

The general Hamiltonian of the present system
(neglecting H,y, interactions) can be written

H=Hy, +Hyg +Hypy , (21)
where H,,, H,z, and H, are defined by Egs. (4),
(5), (18), and (19). Using the Heisenberg picture
the equation of motion for the operator b(7) can
be written

., ab(r

i 20~ (507, H) =[6(0), Hon ) +[6(0), Hop ]

+[b(7), Hyrd] . (22)

The first term on the right-hand side of Eq. (22)
gives

(6(), Hom ] =[0(7), D~ Bw, b7 (3)b(4)]
£

= 5w, {6 (1b(r) - bT (b(r)b(7)}
=hw, b(r) . (23)
According to Eq. (17) we have
[6(7), Hyg 1=0 . (24)

The third term on the right-hand side of Eq. (22)
is calculated by using the following commutation
relations for the b operators:

[b(7), Z b7 -1)b6 )]=b(r +1) (since the contribution is only from i - 1=7),

i

(25)

[b(7), Z BT ()b - 1)]=b(r —1) (since the contribution is only from i =7).

i
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As b(») and B} (or B,) are commuting operators [Eq. (20)] we get according to Eqs. (19) and (25):

[5(r), Hyra) = (60), 5 Y b7 (G = 106 M1y 2 B})+ (600, Y 7 (:)6( = DMy 2 By)
i v i v

=hb(r +1)M,,,,, D B} +hb(r -1)M,_,,, D B,. (26)
v v
; _ t
Using Eqs. (22)-(26) we get i dlzlt(r) A —h‘bT(r+1)M,,, o
. db(r) _ +
i =275 = R, b(r) +b(r +1) M s, ; B; <3 By-nbt r - 1M, 3 B
v v
28
+hb(r ~1)M,_,,, D By. (27 (28)
v Formal solutions for Eqgs. (27) and (28) can be
A similar equation of motion is obtained for bt () given as
¢ ’
b(r, )= b(r, 0)e~t 4t — 4 f ate™ N 41, 1) Mo, (1) 3 BL(E)
(1]
14
- f dt' e by 1, 1M, (1) Y B, (29)
(4] v
&
b (r, t) =" (r, O)etort 4 f at' =T a1, M, (0 S B, ()
o v
t
+z'f at' e =" (r —1, )M, (t) Y BI(t") . (30)
0 v

Here we inserted matrix elements which may depend on time due to external perturbations on the binary
VT interaction (like elastic collisions with distant molecules). We shall use later the formal solutions to
discuss the vibrational relaxation phenomena.

IV. EQUATIONS OF MOTION FOR OCCUPATION NUMBER OPERATORS OF VIBRATIONAL STATES

The occupation-number operators of the vibrational states change during the relaxation process ac-
cording to Egs. (27) and (28) by the rate

b (r) db(r)

[bT(r)b(r)] = i ———= b(¥) +ifbT (r) ——

S ﬁb*(r +)B(M,,, 4 }: B, -1b"(r =1) () M, > Bl +Bb"(r)b(r + 1) M,,,,, > B}
v v v

+1 (Pb(r -1)M,_,,, I B,. (31)
v
We shall assume that B, and BI are Markoffian with the vibrational operators, the first term on
so that ensemble averages of products of either the right-hand side of Eq. (32) vanishes. The
B,’s alone, BI ’s alone, or of odd products in which third term gives, according to Eq. (19), the re-
B, and B,T appear alternatively, vanish. Using sult
this assumption, we shall take into account only
the products B,B] and B} B, and ignore all other (B, Hypg 1 =5 2 0" =10 M, 4, < > (B, B,L])
products of B,’s and B!’s according to their ap- i v’
pearance in the calculations.! For the operator tringys
B, defined in Eq. (18b) we have the equation of +h ; bEBE-1)Mm, ; (5., B"']>
motion Z
ts :
dB =k Q2 b"(i-1)b(i)My, - f(B)
ik =By, Hom | +[By, Hop | +[By, Hypg] - (32) i

Since the operators of the heat bath B, commute +i Z b7 (i) YM -, :18(B). (33)
i
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fy»(B) and g, (B) denote in short notation the terms
in the large parentheses which are functions only
of the heat bath and their evaluation will not be
needed here.

The second term on the right-hand side of Eq.
(32) gives

[BU ’ HOB]

= [Z E BT(w’,k")B(w' +V, k,)Kw'Hl.k':w',k"’

UJ' k’k"
xS i wB' (w, £)B(w, k)} -hvB,. (34)
Wk
Here we used the commutation relations according
to Egs. (6) and (7).
We finally get the equation of motion for B, as

_dB, . . .
i =huBu+h—‘;bT(z-l)b(z)M..‘_Lf,,(B)

+11 Y b1 (@) - 1) M,y 8(B) (35)
i

and, in a similar way, we have

dB}

in a

=—hvB) Ky bT(G)b(E - 1My, f](B)
i

—BY BT -1)b() My, 4,80 (B). (36)
i

J
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The formal solutions of Eqs. (35) and (36) are

By(t) ZBU(O)e—(ut - f‘ dt/e—iu(t—gl)
x(z b1 (i = )0 M, iy fo (B)
i
+ 3 b*(z’)b(z‘—l)M‘-l,igu(B)), (37)

]

BJ(t)=B](0)e™* +i ft d’ et =t"
0o
x(z BT ()bl ~ )My, s £ 1(B)
[

+ 3 b= 1B )My ] (B)), (38)
i

where the terms in the large parentheses are func-
tions of the time ¢’,

Let us substitute the formal solutions of B, and
B} into Eq. (31) and order these operators (to
the left of the nearby operator b) so that they will
always appear between the two vibrational oper-
ators b. This procedure is allowed (as the oper-
ators b and B commute) and appears to have
computational advantages. One gets

if-a (B (b(r)] = = b (r +1) ( 2 B0 o) My 1y =07 - 1)( z BJ(o>e*"') BM, -

+hib* (7) (}: B,I(O)e‘"')b(rn)M,ﬂ,, mbf(r)(Z B,,(O)e'“") br-1)M,.,,,

-nb'(r+1) [—i ft g’y et <Z b (i - 1)b(: )M, -, fu(B)
o v i

¢ 3 6@ = DM i, 8LB)) | DM,
{

_h’bT(r—l)[i f‘ g’y et (Z T ()i -1)M,_,,; f1(B)
o v i

+ 3 bT(- 106 My, 8] (B))] bIM, -,
1

+h’bT(7)[i f ' Yy ettt (Z bY(E)b(E - 1My, i f (B)
o v i

+ Z bt - l)b(i)Mh‘_lg,f(B))} br +1)M, ,,.,

mb*(r)[—i f‘ dar' Y~ et (Z b" (i = 1)b(i )M, 4, f(B)
o v i

D3 b*(z‘)b(i—nM‘-l,‘gv(B)ﬂ br=DM,,,,. (39)
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Here we shall use the idea of contraction as
formulated by Haken.! The collisions are random
processes and, by neglecting cooperative effects
between the molecules products of the four opera-
tors, b should satisfy the general relation

(bT(1)b(G )BT (R)D(L) =(bT(i)b(1))6; . (40)

This property of the algebraic ring of operators

b can be verified directly by using a one-molecule
wave function: |2(1)=0,7(2)=0, ..., nin-1)=0,
nm)=1,nm+1)=0,...). The use of contraction
might be incorrect for molecular interactions
with radiational heat bath (see Sec. VII).

In the last four terms of Eq. (39), the functions
f,(B)and g,(B) contain summation of pairs such as
B,(t")B1,(t'). We assume that the ensemble average
of such products of heat-bath operators cannot
contain a rapid phase factor. Therefore the
ensemble average of f,(B) or g,(B) is a slow-vary-
ing function of v. The summation over closely
spaced values of v may be exchanged by integra-
tion over v, and we use the relation'

[ave=ve -z, BY =(r(BY [dve-ttth

=21 (f5(B) d(t=1¢"),

where (f;(B)) is a mean value of (f,(B)). After
integration over time, and using the well-known
properties of the function 6(¢ —¢’), the products
of the vibrational operators b'(i—1,)b(i, t')
and b"(7,t")b(i—1,¢') tend, respectively, to the
values b¥(i—1,¢)b(i,¢) and bT(4, £)b(i-1,¢). A
more detailed discussion of this procedure will
be given later, in our treatment of the radiational
heat bath. The mathematical formalism there is
simpler, but the conclusions are of general va-
lidity to heat baths. We obtain therefore inthe last
four terms of Eq. (39) the products:

b r +1)b7 (i = 1)b()b(r);
b + )b (1)b(i - 1)b(r);
=T =10 ()b (i - 1)b(r);
=5 =157 (i = 1)b(i)o(r);
b r)b T (i)b(i -1)b(r +1);

bY)b (i =1)b(i)blr +1);

—bT )b (i = 1)bG )blr - 1);
=576 (4)b(i = 1)blr - 1)

(all operators at time ¢). All the terms of this
kind vanish according to Eq. (40) (after they have
been put in the order of Eq. (40). Finally we ob-
tain that the four last terms in Eq. (39) are equal
to zero. One should take note of the fact that
although b(¢) commutes with B,(¢), b(¢) does not
commute with B, (0).

Since the last four terms of Eq. (39) vanished
we continue with the first four terms by using the
following procedure: We substitute the operators
b and " by their formal solutions [Eqs. (29) and
(30)] and order the operators B,(¢') or B}(¢') which
appear in these formal solutions (to the right or
the left of the nearby vibrational operator) so
that the translational operators will appear always
between the vibrational operators. Then we sub-
stitute the formal solutions of B, and B, [Eqs.

(37) and (38)] and assume that the heat bath has

a short memory. The operators B, are Markoffian,
and therefore ensemble averages of one operator
B, or odd products of operators B, vanish. Only
even products of Bz and B, contribute to the ensem-
ble average. Using these properties we proceed

in our calculations, excluding the terms which
contain the functions f,(B) or g,(B) |which enter

by the substitution of the formal solutions of B, (')
and B,T,(t’)]. If these terms were included, the calcula-
tions would be more complicated and tedious, but
would lead to the same result [Eq. (43)]. Part

of the terms containing the functions f,(B) or

g, (B) would vanish on ensemble averaging, and
part would be included in the operators b¥(r +1, ¢)
and b(r, t) which appear in Eq. (43). It is empha-
sized that we do not use in the present work the
approximation B, (t) =B, (0)e~'”* (although it might
seem so from the final results). The complete
equations of motion for B, and B, are used, and
only by certain ordering of the operators and by
using Markoffian properties, second and third
terms in the expressions for B, and B, [Egs. (317)
and (38)] are excluded. By the present method

we therefore obtain a certain ordering of the
operators B,(0) and B, (0), which is very important
in evaluating the correct results. Without this
ordering of operators the results would be the
same, but the mathematical development would

be much more complicated. In order to illustrate
the methods of the calculation mentioned above,

we show in great detail the treatment of the first
term in Eq. (39). The second, third, and fourth
terms are treated in a similar way. Using Eqgs.
(29) and (30 we get
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bT('r+l,t)<ZB,,(O)e“"‘)b('r,t)M,‘,“
v

¢
= <b'(r +1,0)etwr+it, 1f dt'e’r a7 r 12, M, Lo (t) ZB,, (0)e-tvt’
0 v

t
+if dt'e’r+ 1T p T M, () ZBJ(O)e"’")( ZBU(O)e""')
v v

0

t
><<b(r, 0)etort — i f dt'ert=t) S B 0)e " by +1, )M, (t")
0 v

t
°iJ. dt:e..iw,(t-:')ZBV(O)e-iuf'b(‘r-1, t')M"l.r(t')>M.r+1(t)' (41)
(i v

Averaging and taking into account only the double products of the operators B, and B, we get

v

<b*(r+1, t)<ZB,,(0)e'“">b(r,t)M,,,+,> = <b*('r+1,0)giwyu‘M,',“(t)( ZBU(O)e""‘>
v v
t : ’
X(— ,if dt'e=ivrt=t )ZBJ(O)e'"“b(’r 1, t')Mr«u.r(t,))
0 v
t ’ ’
+<z’ f dt'etore 1ttt p Ty t’)M,”,,(t’)ZB;(O)e‘”' >
0 v

XM, ., (t )( ;B,, (O)e-‘"‘>b(r, 0)e“‘”"> . (42)

W e can exchange in Eq. (42) the terms b"(» + 1, 0)e*“r+1* and b(r, 0)e~*“r*, respectively, by b'(» +1, ¢) and
b(r, t) (as we add by these substitutions vanishing terms of triple products of B,). Using these properties
of Markovian processes we finally get

<bT(T+1, t)(z Bu(O)e-fu:)b('r, t)M'.,+l> = (bT('r+l’ t)M"-H'l(t)(Z: Bu(o)e—iue>
v v
t , ,
o v
t
+ (i j{; dt’! etwrs1(t=t )bT(r, tl)Mru,r(t’) ; BI(O)e‘”‘)

><M,.m<t)( > BU(O)e""') b, 1)) (43)

In deriving Eq. (43) we have not so far used the perturbation theory, and the result is based only on the
assumption that the heat bath has a short memory (Markoffian process) and on contraction (vibrational
interaction with one representative molecule). By continuing the calculations in the second, third, and
fourth term of Eq. (39) we get the complete results.
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<iﬁ%[b7(r, t)b(r, t)]>
¢ ' v
- <_ iﬁ( L dt or Bt o M, L, (F) }; B,(0)e~* )M,,,_,(t)( > B} (0)e* ‘) br, t)
t
vinbt(r -1, t)M,',_l(t)[Z B,t(o)e'"] (f dt' et 3 B0 by -1, )M, ., (t’)>
v ‘0 v
- m( fo "t BT, VM, () S B (O)e‘"")M,_ ,,,,(t)(z B,,(O)e““‘) b(r, t)
st -ivt i 1 ,=we(t=t?) T ive! ’ ’
+iBb (v +1, )M, ,,,(8) (E B,(0)e )(f dt' e > Bl(0)e™ b(r +1, ) M,,, (¢ )>
v o v
+ih'(j;' dtt et ort=tpT(r 41, t')M,.,”(t’)Z Bu(o)e"”‘>M,,1,,(t)(Z B,]“(O)e‘"‘) b(r+1,t)
- iﬁb*(r, t)Mr+1,r(t) (Z BI(O)e"") (j“ dt’ e~twrer(t=t") Z Bu(0)€°"'"b(r, t')Mr,ru(t'))
v o v
t
il ( [ areteort8t 21, 00M, (0 Y B (O)e“’"> Mooy, () ( S B, (O)e"”‘) b(r -1, t)
o v v

=i, Oy, (1) ( 3 B0 ) ([ Capreternt S B0} b, M e (8)) -
v ] v
(44)

V. FUNDAMENTAL EQUATIONS FOR VT RELAXATION OF DIATOMIC GAS

We can get from Eq. (44) higher-order terms by repeating the substitution of the b operators according
to Eqs. (29) and (30). To get the second-order perturbation theory, we cut off this iteration procedure.
We shall use the relation

b(7 t)=by(r, t)etrt, (45)

Here b4(7, t) is a slowly varying function of time, and the rapid changes with time are included only in
e~!“rt  In the products of summations over v, in Eq. (44), we take into account only resonant terms (with
the same v). In the first stage of the calculation we take an average value of B}(0)B,(0) near the resonance
frequency and leave the rapid fluctuating term e*”*~*') of the phase unchanged. Equation (44) is then re-
duced to the fundamental equation of VT relaxation in a diatomic gas

<iﬁ;;—iz[b*(r, £ber, t)]>

- < iR Z j dt’ expli(@,_, - @, +V){t = )]0 b, t Yoo br, M, _, ,(¢'M, ,_, (X B, (0)B] (0))
+ilk }: fotdt’ exp[~i(w, —w,_, =v)(t =)0l 0r =1, Vo, 0r = 1,¢'M,_, (M, . (t)(B](0)B,0)
-ik Z fo ‘ar expli @,y = w, =v){t =) b6, ' Yoo 0r, MM, ' M, ., () B} (0)B, ()
+ik ; fo'dt' exp[~i (@, =@, +1)(t = t)|Bhr +1, byl +1, )M, ,, ,(¢')M, ., (t)( B, (0)B](0))
+ik Zu: fo‘dt’ expli (W, = w,,, +V)(t =')]bo0r +1, WM, ., (¢'WM,,, () B, (0)B](©0))
-ik XV: fotdt’ exp[—i (@, = w, =v)(t ~¢')]b}lr, Voo br, ' WL, . (' WM,,, () B (0)B, (0))
+in Z fotdt’ expli (w, = w,_, =v)(t =£)pler =1, )bor =1, )M, ,_, ()M, _, ,(t)(B](0)B, (0)

. t
DY f at’ expl—i (@, = w, +V)(t =)o) br, o lr, M, ,_ "M, _, , (t)(B, (0)BL(0)) )

/,

(46)
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In Eq. (46) the terms (B, (0)B](0)) and (B (0)

B, (0)) are average values of the translational part
of the interaction, which has a very slow depen-
dence on energy. (We shall develop later the trans-
lational part of the interaction.) The vibrational
part shows line-broadening effects near the reso-
nance frequencies of the various vibrational transi-
tions. In each term we have the correlation in
time of the dipole M (/)M (t) and another correlation
of the form b (¢')b,(t). This result for the line
shape describes general behavior which in cases

of equilibrium reduces to the known expressions

J

\dt
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from other works on spectral line broadening.!®1°
Our general result is valid for nonequilibrium as
well as for equilibrium conditions. For nonequi-
librium conditions the line-shape expression con-
tains correlation in time of parts of the density
matrix b] (#')b,(t). The dependence of the matrix
elements on time can result from external pertur-
bations in the gas to the VT binary collision.!?

Neglecting also memory effects of the vibrational
part of the interaction, the summation over v in
Eq. (46) introduces the function 5(f = #'), and Eq.
(46) is reduced to

/i[bT(r, £)b (v, t)]> =1 (=2bJ b, oo lr, M, ,_,()|*(B, (0)B] (0)),- e ot

+26] (0 =1, Dbl =1, O, L, OB OB, 0), -y, _,

- Zb(;r (’V, t)bo(r, t)Wr,r+1(t)lz<BJ (O)Bu (0)>U= w,H-w,

205 0 +1, oo +1,8)|M,, .., ()% B, (0)B](0)),- .,

Using the relation bJ (-, )b, (r, 1) =bT G, )b (r, t).

The comparison between Eq. (47) and the VT tran-
sition rates in Eq. (1) is straightforward. We sub-
stitute for (b) &, )b, (r, t)) the number of molecules
in the vibrational state » at time {. The transla-
tional parts of the interaction can be developed as
follows:

(B, 0)B}(0)

V= Wy

=n Y Pge(B|B,0)|a)(a|BIO)B). (48)

8

Here B, (0) is an energy-shift operator. « and g8
are the many-body quasiparticle bimolecular
states. The translational energy of the state g8 is
lower in energy 7(w, - w,_,) relative to a. Since
the translational degree of freedom is in thermo-
dynamic equilibrium at temperature T we have

pas"(l/l)e_EB/kT, (49)

where z is the translational partition function. The
transition probability of the translational interac-
tion in Eq. (48) is given by

IKs, ol*=(BIB, 0)|a)( a|B;(0)B) - (50)
We get the final result
t =f_’_ -Eg/RT 2
(B, 0)B](0)) =~ Zﬁ: eE8/RTIK, 2. (51)
In a similar way we get

(BIO)B, (0)),- 0, -0, _

1

=n 3 Pod @|BJ(0)B)(BIB, 0)|@), (52)

(47)

r+1""r> :

-
where, here again, the translational energy state

B is lower in energy #(w, — w,_, ) relative to a.
For this term we have

(BIO)B, Oy iy, == 2oe ™5 /MTIK, .

(53)

Each term in (B, (0)B}(0)) is larger by a factor
e(Br=Er-1/kT than the corresponding term in (B (0)
B,(0)), and therefore

(BJ0)B, (0= -, _

1

=(B,0)B]O),..,_.,_ e Er-Er-0/kT_ (54)

Let us use the following definitions:

(BJ©)B,(0))y= 0, -, _

1

n
_n Ee-za/krlKa' BlenK
2

r=1,r?

(55)

(B, 0)B}(0)

>V= Wy=Wpoy

n
=; zﬂ: e‘Eﬁ/krlKe, a‘z EnKr,r—l . (56)
From these relations we get the detailed-balance
ratio

K K, . e Er-Er-0/rT (57)

r=1,r  Dor,r-

By similar definitions and considerations for the
spectral transitions »~ » +1 we have

K, 1 =Kr+1.re-(srﬂ-s')/kT' (58)
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Substituting Eqs. (54)—-(58) for the transitions » +1
-~ yand v~ » -1 into Eq. (47), we get

dn(r)
dt

=20|M,., [,y Jnl + 10— e Broi B AT )|

—2m|M, ,_’K, , [nGm —e~Er-Er-0/kTy( — 1)n].

(59)
All the terms in Eq. (59) are defined for the same
time ¢, and this equation is equivalent to the VT
part in Eq. (1).

Vibration-translation transition probabilities
have been calculated in great detail, by many au-
thors for various molecules. Usually in practical
calculations of the matrix elements (mostly for
the squared absolute values) one cannot take into
account a full description of the interactions in the
gas, and various approximations are used. The
term which is equivalent to [M, ., ,|* (in our work)
is often taken to be equal to the squared absolute
value of the harmonic oscillator matrix element.

J

The term K, ,_,, defined in our work by Eqgs. (55)
and (50), turns out to be very complicated, and it
was evaluated by other researchers only in sim-
plified cases. The fundamental equation of VT re-
laxation of diatomic gas given in our work [Eq.
(46)] is more general than usual expressions
[equivalent to Egs. (59)]. Although usually Eq. (59)
is a good approximation for Eq. (46), the effects
of broadening and the external perturbations to the
VT relaxation might be important in studying the
fine details of population inversion in diatomic gas
lasers. These effects must also be important in
dense gas systems far from thermal equilibrium
(e.g., high-pressure lasers).

VI. VV RELAXATION IN DIATOMIC GAS

The theory of vibration-vibration relaxation cou-
pled to a translational heat bath can be presented
by the same methods given for the VT relaxation.
Here we outline only the main results and the quan-
tum-mechanical analogs for the VV expressions of
Eq. (1). The quantum-mechanical expression for
the rate coefficients n,, n,_P;_, ,.1,s,, 1S given by

t
< S J dt'{exp[—i(w, + W, = w,,; —ws_, +V)E =t +1, s =1;0bo0r +1,8 =L WMy oy,y EM, o0y oo O
v o

-Ep/kT
e EB/RT| . |2
X E 2 &
B

t
+ Z J- dl’{exp[i (W, +wg =W, , =w_, +V){t = t’)]bg(r +1,s =1;t")b,0r +1,5 = 1; f)M,.s;Hl' s_l(t’)A/l,H's_l:,,s(t)}
v (4]

e“Eﬂ/kTIK ]2‘
PR o - 1 N
« 3 S Faet)
B

<036 +1,5 =1; Dbolr +1,5 =1, )M,y oy oOIF 20
B

One can verify that this expression is the analo-
gous expression for the fourth and fifth terms on
the right-hand side of Eq. (46). Here the vibra-
tional transition is characterized by the vibrational
quantum numbers of the two molecules. The sum-
mation over v shows the distribution of the radia-
tive transition near the resonance frequency

Vo= (W =w,_,) = (w,,; —w,). (According to the ro-
tating-wave approximation v, will always be posi-
tive.) M,_, ,.y,s,, iS the dipole moment for the vi-
brational transition of two molecules. The trans-
lational part of the interaction is equal to that
presented in VT relaxation. |K, o is defined by
Eq. (50) and z is the translational partition func-
tion. The right-hand side of Eq. (60) is obtained
by neglecting memory effects also for the vibra-

-Eg/kT 2
¢ Ks ol (0

r

tional part of the interaction. The expectation
values of the operators b on the right-hand side of
Eq. (60) are given as

(bg r+1,s =1t +1,s =1ty =n, ng_; .
(61)

The complete treatment of VV relaxation can be
made by exchanging all rate coefficients of Eq. (1)
[as illustrated for one term in Eq. (60)] by quan-
tum-mechanical expressions. The full treatment
of VV relaxation is similar to that of VT relaxa-
tion, and one can easily deduce the complete ex-
pressions. In the present work we do not treat
resonant VV interactions (» —=1,» - »,» —1) which
do not change the vibrational population of the gas.
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We can use the present methods only for cases in
which the VV interaction is coupled (due to the
anharmonicity of the diatomic molecule) to a trans-
lational heat bath.

VII. VIBRATIONAL RELAXATION BY
RADIATIONAL HEAT BATH

The Hamiltonian operator H,, for the whole gas
may be written in the present case as

H,, =H, +Hgp+H pg, (62)
where H,, is defined by Eq. (4). Hgis defined by

HORB= E h—wBI)Bu’ (63)

where the summation is over all frequencies of

the radiational heat bath.?° B} and B are the crea-
tion and annihilation operators of a photon with
frequency w. H,..canbe written

H,pp=% E bl ‘l)b(imi,iq Zg’:»BL
i [7]
+B S BTEB6E 1My Do guBy, (84)

where g, is a slowly varying function of the energy
Fw. M, ;_, is the dipole matrix element for radia-
tive transition (we neglect in the present work the
Doppler broadening); g, includes constants which
appear in the usual theory of matter-radiation in-
teractions. The radiational heat bath represents
an equilibrium state of the radiation with a con-
stant frequency distribution. For example, this
distribution might be equal to that of a blackbody
radiation or to that of nonlasing modes in a cw
laser. Equation (64) describes the matter-radia-
tion heat-bath interaction, which is analogous to
the vibration-translation heat-bath interaction de-
scribed in Eq. (19).

Using the Heisenberg picture the equation of mo-
tion for the operator b () can be written in the
present case as

mide(r“) =[00), Hop) +[66), Hora ] +[06), Hopgg ]

(65)
where

[b(”)’ Hpp ] =0, [b o), HOM] =hw,b o), [b ), H,pp ]

is evaluated according to Eqs. (25) and (64). We
get

dblr)
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.. db
zh’—E;@=iiw,b(r)+h’b(r+1W,ﬂ', ngz
w
+Rbor 1M, . D 2B, (66)
w

Equation (66) is analogous to Eq. (27), where the
radiational term ), g, B, exchanges the transla-
tional term ), B,. The equation of motion for B,
is given by

., dB

ik dtw=[B“”H‘°‘]

=[BL:)’H0m] +[BMHORB] +[BM Hmll]’ (67)

where [B,, H,,] =0 and [B,, H s ] =hwB,. Here we
use the commutation relations

(B, Bl:]=6,, .. (68)

Our treatment of the radiational heat bath is dif-
ferent from that of the translational heat bath in
two fundamental points. The use of Eq. (68) sim-
plifies the treatment of the radiational heat bath,
but, on the other hand, we shall avoid using here
the contraction and shall consider the possibility
of cooperative effects between molecules (while
in the treatment of the translational heat bath such
effects were excluded).

Using Eqs. (64) and (68) we evaluate the expres-
sion [B, H,g, ] and get

.. dB, . ;
ih = =hwB, +figh Z{:b*(z-l)b(z)M,',_,. (69)

The formal solutions of B, and B} can be written

B,(t)=B,0) "t
t
_if dt'ee-ge 3 TG m )M,
o [}

(70)
Bl(t)=Bl0)e**

t
+i f dt'etelt=tg Zb*(i)b(i-lwi-l,a-
o
‘ (1)

Equations (70) and (71) for radiational heat-bath
operators are analogous, respectively, to Egs.
(37) and (38) for the translational heat-bath opera-
tors, but here the expressions are simplified due
to Eq. (68). We insert the formal solutions of B,
and B] into Eq. (66) (ordering the operators B,

to the left of operators b), and then we get

t
in o bl) +in [ dr e U g 2 T BTG 06~ 1, Db +1, M,y M,
0 w i

t
_iﬁf at' Yy et g (23" bt =1, )06, b =1, M, M, _,
o w i

+K ( ngm)e‘“) b +1M, ., +K ( > 2,80k )b~ 1M, (12)
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Equation (72) is simplified by using the relation

T lgultetUtmt= Y g ffemie ot =2kB(t - 1), (13)
w w
where k =7|g. |3 . We obtain
_dbly) . v : t :
zﬁ—dt—-=ﬁw,b(r)+lﬁ'< S bTEwGE -6 1M, M,,, ~ilik Zb G=-1b@we-1M, ;. M,_,,
J i
(T g2BLOK) bt 10, o8 (D guBOk )0 -1y, a4)
w w

All operators in Eq. (73) are at time ¢, and memory effects are neglected by this approximation. In
a similar way,

.
D) oo b ) =it 30Tl = 0BT @G = DM, M, rile Y 0T +10bTG ~1BGM (M, .,
i i

ik T

0t 1w, (2 gz BlORt )=t e 10, . (2 g B0 ). 15)

The formal solutions of Eqs. (74) and (75) are

t
b(r,t)=br, O)e-ivrt 1 J' dt’e-iert=t") Zb‘t’(l—’ )G -1, )00 +1, i'Wl-l,i(t,)Mﬁ-l.r(tl)
o i
t
" f dt'e=rt=t) S BTG o1 b, G =1, M, (M, _, ()
o [

t
" J‘ dt:e-(w,(t—t )( Zgwl’}(o)eiw:l> b(r +1, t')M,ﬂ,,(t')
0 w

¢
- f dt;e-iu,(t.c') ( E :ngu(O)e-iwu> b(r _1, t’)My-l'r(t,) (76)
o w

and

t
BT, =0T, 0¥ et~k [ aretrt=) b o 1, 00676, 06 =1, M,y (W, ()
0 i
t
s [ aret ) S 0T o1, 0676 =1, 000G, UM O, (1)
o i
4 { ’
+1 f datet =t 1, 1M, (t') D gEBL (0’
o w

t
+i f dt’e“"f("")bv(r+1,t’)M,',,,,(t’) Zngw(o)e-(wt’ . (717)
0 w

The rate of change of the occupation-number operators of the vibrational states during the vibration-
radiation interaction process is given by

d dbt(r)

a db(r)
dt dt

b(r) +imd? (r) 2

in— o' (r)) =ik

r.rtl

=—ific 3 0T r =T (@bG = VoM, M, +ifik Y 6T (r +1)bT (i = DbEB M, ;M
i i
+ifik Y b @B @b - Vblr + 1M, (M, ~ihk Y b ()b (i - Vbl - M, ,_,M,_,
i i
-nbt(r - 1)M,_,_1[Z g;‘jBI,(O)e“‘“}b(r) -Ebt(r+1M, ., (Z ngw(O)e““">b(r)

+ﬂb*(r)<2 g,jBZ,(O)e“‘")b(r+1)M,+1'r+ﬁb*(r) [Z ngw(O)e“‘“":lb(r—l)Mr_lvr. (78)
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In deriving Eq. (78) we used Egs. (74) and (75), where all the operators b of this equation are at time ¢.
Substituting Eqs. (76) and (77) in Eq. (78), and using the Markoffian properties of the radiational heat-bath
operators B, in an analogous way to that which has been used in developing the translational heat-bath
equations, we get

. d
<m L1t 0000, z)]>
= <ih'x Z b (r, BT (6, )0 =1, )b(r +1, )M, _, (DM, (t)
i
—ihk Y b r =1, 06", 066G =1, 0b(r, M, (M, ,_,()
i

=il YT, b7 (=1, 066, Db (r = 1, 0M, ,_, (DM, _, (D)

+ifik ) bT(r+1, 007G =1, 06, Db G, OM, ,_ (DM, (1)
i

‘ ’ .
-z‘ﬁ(f dt'etr-14 " o, )M, _, (1) D g, B, (0)e7i" )M,_,_l(t) (Z g:;BL(O)eW'>b(r, t)
0 w w
t ’ ’
il (r =1, 0M,,, (1 (Z g;BL(O)ew')( [[aremies=n ¥ g8, @) blr =1, 00, (¢)
w ° w
t
-m(f dt’e““'”"")b*(r,t’)M,H,,(t’)Zg:BL(O)e““">Mr.r+1(t)(Z ngw(O)e"“">b(r, t)
0 w w
: t s ’ ’
+iﬁb*(r+1,t)M,_,H(t)<2 ngw(O)e"w'>(f dt'emiortt0 3 gu’jBL(O)e“‘“b(r+1,t')M,H,r(t’)>
w o w
t
+ih’(f at'et T (r +1,00M, () Zgwﬁu(o)e"w"xz g:BL(0>e"“')b(r+1,t)MM_,(t)
o w w
t
_mb*(r,z)(Zg;B;(O)e‘W><f dt’e”iwrsa(t=t?) Z gqu(O)e"'“’"b(r,t’)M,_”1(t')>M,H,,u)
w o w
‘ ! : ’ :
+iﬁ<f dt'e*r =T (r =1, )M, _,(t") Z gXxBl(0)e'“! >< Zngw(O)eW‘>b(r—l,t)M,_l,,(t)
0 w w

t
-mb*(r,t)M,_l,,u)(ZngW(O)e-‘w'Xf dt’e‘“r-l”‘")Zgu";BL(O)e‘“"b(r,t’)M,"_l(t’)>>. (79)

The use of the Markoffian properties in deriving Eq. (79) is made in the same way as was illustrated in
Eq. (41). Equation (79) is analogous to Eq. (44), but here we get additional terms [the first four terms of
Eq. (79)] since we do not use contraction [Eq. (40)]. One can proceed in the same way as was described
in Sec. V and derive formal results for the broadening. The memory effect (i.e., the broadening) has
already been neglected in the first four terms of Eq. (79) by using Eq. (73). Neglecting the memory
effects in other terms in Eq. (79) we can proceed in a way similar, although not equivalent, to that which
has been described in the translational heat-bath treatment.

In the products of summation over w [in Eq. (79)] we consider only resonant terms with the same w.
We take the averages (B, (0)B}(0)) (B}(0)B,(0)) out of the integral signs evaluated near the resonance
frequencies and then introduce the & function using Eq. (73). These calculations give the results
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dn(r)

ih— =ik <£[b T(r)b(r)]>

= <iﬁx2b*(r)b*(i)b(z'- Dbl +1)M;_, iM,,, , - iﬁxz b = 1)bT(i)B(i - Dor M,y (M, ,_,
i i

—iik b )b (i = 1)b(i)blr = 1M, M,y ,+ikik )b o + 1) " (i - 1)b(i)b(r)M,_,_,M,_m>

+2zﬁm(r - l)er,r-Jz(But(o)Bw(o»w =Wy

-2 iﬁ"n(r)iMr,r-d 2<Bw (O)BS(O»w Wy, _

1

+2i1kn(r + DM, ,,1|2(B,(0)BS (0N <o, , -w, =260 0)\M, ;.| *(BS(O)B,(O)ywyyy-w, - (80)

In Eq. (80) all operators b are at time ¢, and we
again substitute (5T(»)b(»)) =n(r). The first four
terms of Eq. (80) describe coherent spontaneous
emission,'®!* as will be shown later. We shall
now show that the last four terms of Eq. (80) de-
scribe the induced absorption and emission and
the usual spontaneous emission. The averaged
nonvanishing products of the radiational heat-bath
operators can be developed as follows
(BJ(0)B,(0)y, -,

Wy

=1Y _ Paa (@l B}(0)0) (0| B, (0)|a)

=nf(w,— w"-l)l’ (81)

where |a) are all the photon states with energy

J

-
w=w,—w,_;. |0) is the radiational vacuum state,
and n is the total density of the photons in our
system. f(w,-w,_,) describes the result of the
summation over one-photon states with energy
w=w,-w,_,;. According to its definition
nf(w, - w,_,) is proportional to the density of the
photons at the resonance frequency w, - w,_,.

Using the commutation relations of B, and B}
we have

(By(0)BI(ONy wsymwyy = BEO)BL (O gz -, +1-
(82)

Other products of radiational heat bath operators
are calculated in a similar way. Substituting these
results [Eqs. (81) and (82) into Eq. (80), and order-
ing the operators b in a different way [Eqs. (8) and
(9)] we get

d—;‘-t@=<x2b*(r)b(i— Db ()bl +1)M;_y 1My, =k 90 0 = Db(i =1 ()b IM;_, (M, ,
i i

-k Qb )b()B (i = 1)blr = )M, M, ,
K 32D+ DB (4= D) My saMy )

+2knf (Wy = w, M, ,_4|*[nlr = 1) =n()] +2kIM, ,,|*n(r +1) = 2kIM, ,_,|*n(r) .

—ZKIMr,r+1|2nf(wr+1 - w,)[n(r) -n(r+ 1)] (83)

The last two terms in Eq. (83) describe the
usual spontaneous emission from levels » +1 and
r, respectively, to » (a positive term) and » -1
(a negative term). The induced emission and ab-
sorption have opposite signs for certain radiative
transitions and are described in Eq. (83) by the
terms which are proportional to the total photon
density n. For a blackbody radiation heat bath
we have the relation nf (w, - w,_,) =[e"*/*T -1] ~*.

On ensemble averaging, the first four terms of
Eq. (83) will contribute only diagonal expressions
in the vibrational quantum numbers. By the pres-
ent approximation of a diagonalized form for the

r

statistical density matrix, we neglect cooperative
effects between radiative transitions and take into
account only products of matrix elements which
belong to the same radiative transitions. Using
this approximation we get for the first four terms
of Eq. (83) the result

(e

) =2k @b T + Db +1INIM, ,, 1P
SCE

=2(xb*(r - 1blr =)o (o NIM, -, .
(84)

The index SCE refers to spontaneous coherent
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emission. We can evaluate Eq. (84) by various
approximations. By using contraction and assum-
ing one-molecule states [Eq. (40)], the expressions
for spontaneous coherent emission in Eq. (84)
vanish. By using many-body states and assuming
maximum coherence between molecules, we get

< dn(r)

T)ﬂ =2kn(r)n(r + 1)|Mr+1,rlz

=2kn(r)nlr - 1)|M, ,_,|*. (85)

This result is interesting as it shows the possibili-
ty of cooperative spontaneous emission which
depends on the population density of both the upper
and lower levels of the radiative transitions. Co-
operative radiation effects (which are proportional
to the squared values of population numbers) are
well known from descriptions of super-radiance,
Bloch-type equations, etc.’*** The amount of
spontaneous coherent emission in a real case
should be much smaller than in the idealized many-
body case expressed in Eq. (85). The many-body
formalism has a physical meaning if we take into
account the number of molecules that “build” the
photon cooperatively. In our system the wave-
length X is much larger than the mean distance
between molecules, and cooperative effects are
important. However, collisions between
molecules, including resonant effects (which are
possible among identical molecules) tend to de-
stroy the cooperative effects. In passing from
Eq. (79) to Eq. (80) we assume short memory
approximation and neglect the effect of collisions.
Practically, collisions may decrease the volume
in which cooperative effects are important.
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VIII. SUMMARY AND CONCLUSIONS

The vibrational relaxation of a diatomic gas by
vibrational and translational heat baths has been
studied by second-quantization methods. General
methods have been developed for treating the
various heat baths that have a short memory.

New expressions are developed for the broadening
of a gas which is in a nonequilibrium state [Eqgs.
(46) and (79)].

The fundamental equations for VT relaxation of
a diatomic gas are presented in Eq. (44) and are
much more general than previous semiclassical
expressions. The methods developed here for
treating a translational heat bath are useful also
for treating nonresonant VV relaxation. The rate
of production of molecules in one state from
molecules of other states is described in the pres-
ent work by quantum-mechanical expressions.

A many -body formalism is developed for treating
the relaxation of the diatomic gas by radiation.
The cooperative effects in the gas do not change
the rate of induced emission or absorption, but
can change the rate of spontaneous emission.

In addition to the usual spontaneous emission we
get a spontaneous coherent emission. [Eqgs. (80)
and (85)]. The authors hope that experimental
studies will be made on the broadening of a
nonequilibrium gas, and on the possibility for a
coherent spontaneous emission in a diatomic gas.
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