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It is shown that an electromagnetic field of sufficient intensity affects the collision inte-
grals. A kinetic equation derived in the impact approximation contains a collision inte-
gral which can be expressed in terms of the generalized T matrix in which the external
field is taken into account. A monochromatic field and elastic scattering are considered
in the non-degenerate state model. Spectroscopic effects in two and three-level systems
are analyzed. One of the external effects is a reduction of impact broadening of spectral

lines.

1. INTRODUCTION

In an earlier paper 1] we called attention to the limi-
tations on the theory of broadening of spectral lines by
low magnetic-field intensities. If the external field does
not succeed in changing the state of the optical electron
during the collision time 7, then the atom scattering
takes place practically as in the absence of a field. On
the other hand, if the following conditions are satisfied:

[Viw>1, [VI>[s],
V =dn.E | 2h,

(dpp is the dipole-moment matrix element, and E and w
are the amplitude and frequency of the field), then after
a time 7, the field mixes the states m and n of the atom,
and the scattering can be significantly altered during
the collision. In this case, consequently, the collision
integrals, the relaxation constants, and other character-
istics depend on the field.

§=0— Omn

(1.1)

One of the phenomena connected with this fact is the
narrowing of the spectral lines. We recall that in the
case of elastic scattering, the collision broadening is
due to the difference between the interaction potentials
in the two combining states m and n. When the condition
(1.1) is satisfied, the atom executes several transitions
m < n during the time 7, and is scattered in a certain
average potential. The indicated cause of the line broad-
ening therefore disappears, i.e., the impact line width
should become leveled-out by the strong field (1.1).

For A ~ 1,f ~ 0.1, and 7, ~ 107 sec, the condition
|V|7e = 1is satisfied at intensities ~ 10" W/cm®, which
at present is by far not exotic.

The present article is devoted to an investigation of
the described effect. In Sec. 2 we obtain a general ex-
pression for the collision integral (in the impact approxi-
mation). This expression is made more concrete in
Sec. 3 for the case of a plane monochromatic wave and
elastic scattering. Sections 4 and 5 contain an analysis
of the spectroscopic phenomena.

2. THE COLLISION INTEGRAL

We consider below a two-component gas (particles a
and b) at low pressure and calculate the collision inte-
gral for particles a as a result of interaction with parti-
cles b. We start from a chain of Bogolyubov equations
terminated at the two-particle function Fg},, and with the
Bogolyubov initial conditions

F N
th—F.(t)=[H.+V (), Fu(t) ]+ i8S, S =l,—n”Spb[W, Fal,
7]
ih— Fu()=[H.+ Hy+ V() + W, Fu (1),
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Lim Fa(t) = Fa(t) X Fo(t). (2.1)

Here F, and Fy, are single-particle functions. H, and H
are the Hamiltonians of the isolated particles. V(t) and
W are the Hamiltonians of the interaction of the particles
a with the field and with particles b, and Ny, is the con-
centration of particles b.

Relations (2.1) are the net result of solution of the
statistical part of the problem of calculating the colli-
sion integral S, and any further detailed description of S
presupposes the use of results of the solution of the
dynamic problem of the collision of the two particles a
and b. We can attempt to express S directly in terms of
the potential WL, This, however, will not yield a
universal formula for S, inasmuch as the solution of the
scattering problem cannot be presented in closed form
at arbitrary W. The problem has therefore frequently
been formulated of late in a new manner, namely, ex-
press S in terms of standard collision-theory operators
(scattering amplitudes, cross sections, etc.). This ap-
proach was used in many papers", but these assumed
besides the premises of impact theory, also the exis-
tence of temporal and spatial homogeneity, which do not
hold true in six strong external fields. We therefore ob-
tain below for S an expression free of the indicated limi-
tations.

We introduce Green’s functions in accordance with
the equations ]
m%c(t,t')=w.,+m+ V()16 (t,t)+intd(t—t),
s ' 2.2)
ih— (t,t)=[Ha+ Ho + V() + WIS (1,8) + im18 (¢ —¢").
The solution of the initial problem for F,;,(t) we express
in terms of %(t, t'): _
Fo(t) =F (¢, t')Fur (£)F* (2, t'). (2.3)
Between Fyp(t') and ¥, %' we introduce unit matrices in
the form
1=G(t, t')G* (¢, t') =G*(t, t')G(t, t)
and write
Fa(t) =Q(2, t')G (2, ') Fa(t') G* (¢, ) Q* (¢, ¥),
Q(t,t) =G (4, t)G*(t, t),

(2.4)
ih—g-tQ(t, t)y=[H,+H,+V(@),Q¢¢t)]+WQ(tt)+irs(t—t').

In this form, the use of the initial conditions (2.1) is

elementary:
Fo(8)=Q(2) (Fa(t) X Fy () ) Q* (1), Q(t)=tlli_r.13w9(t,t’). (2.5)

The operator Q(t) is a generalization of the Moller oper-
ator Q" to the case of a time-dependent Hamiltonian.
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When (2.5) is taken into account, the kinetic equation
takes the form

a 1 1
a_cF"(t)= _7[FF'(t)+F‘(t)F]+ﬁ[H‘+ V(),F.(t) 1+,

S= %Spa(.‘r(t) (Fa X F)Q*(2)— Q(t) (F. X Fp) T *(2)},

We have introduced here an additional term with a diag-
onal matrix T'. This term describes the spontaneous
damping. .7 () is a generalized T-matrix. K Q(t) is
represented in'the form [*@

Q@) =1+K(@), @.7)

then S breaks up into "arrival" terms (containing K(t))
and "departure' terms

S=i:;—:Sp,,{9'(t) (Fo X Fo)—(Foa X F)T*(t)+ T (t) (Fa X F) K*(¢)

— K () (Fa X F)T*(8)). (2.8)
We emphasize that S is expressed in terms of the
Moller operator, and not the scattering matrix
(S matrix). This result is closely connected with the
fact that collisions are equally probable on the interval
(—, t) that precedes the instant of observation t. It is
the operator  (t) which describes the evolution on this

interval. The scattering matrix, on the other hand, des- .

cribes the net result of the evolution on the interval

(— e, +w), and the collision is taken to occur at finite t
(scattering by a target); the S matrix has therefore no
direct connection with kinetic problems.

Formulas (2.6), supplemented with Eq. (2.4) for
Q(t, t'), give the most general, to our knowledge, formu-
lation of the kinetic equation within the framework of the
problem (2.1). All the known expressions for S are ob-
tained from (2.6) as particular cases. It is also easy to
generalize (2.6) to include the case of collisions of iden-
tical atoms.

3. COLLISION INTEGRAL IN ELASTIC
SCATTERING AND IN A STRONG
MONOCHROMATIC EXTERNAL FIELD

We consider, in the resonance approximation, elastic
scattering in the presence of an external field

V(t) = —dE cos (ot — kr,). 3.1)

We denote by m and n the states of the isolated atom a,
for which wyp ~ w (W > 0). The similarity trans-
formation with the matrix P(t)

Py(t) =6 P..(t) =¢€*,

excludes from the Hamiltonian the explicit dependence
on the time, and the argument of the operator Q(t, t)

= P t)Q(t, t')P(t) is t —t'. Therefore §(t, t') = Q does
not depend on the time and satisfies the equation

T Al

[A.4+8,+7,Q+WQ=0, V=P'({t)V()P(), 3.2)

or the integral equation

Q=1 +—J"er(T)WQG+(T), G(1)=P-'()G(t,t — 1) P(t— 1),
(3.3)
the forms of which are standard for the stationary scat-

tering theory[**}. On the other hand, the kinetic equa-
tion is

ik %F’,(t) =[H.+V,F.(t)]— m—z[I‘FB(t)— F.(t)T]+in3;
Fa(t) =P-'(t)Fa(t)P(t),
(H)pn=E.+ho+p*/2m,, (H.)i=08.E;+p*/2m,
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2.6)
T ())=WR(r).

QF ()X Fu(2))T*Y, T =wQ.
(3.4)

We assume first the simplest model with nondegener-
ate states n and m and with structureless perturbing par-
ticles. In the equation for , we put k = 0 (27/k is much
larger than the interaction radius (pjnt)), after which the
variables of the mass center and of the relative motion
of the particles a and b separate:

Qis(Pe, Po’s Poy Ps’) = 6(P — P")Qii(p, p),

5= %smmm)x Fu(t)Qt -

Qii(p, p) =6(p—p')d;+ Ky(p, p');
P=p.+ po P = poPa — WaPe, P' = po’ + p/, p' = peps’ — uopy’,
o om. _oom, . mamy (3'5)
He met+m, m,' He Matm, mg’ Mt ms

The introduction of 6(P — P’) is connected with the as-
sumption W(ry — rp). The system of equations for

ij (p’ pl) is

Ky (8, p) — S Wi (p— 1) Kia (01, ) oy = Wi — 9), L, m;

(3.6)
N— WnlFe 1% S 0 Kmm
v A—8— W,/ 0 -V Kom
-V 0 A8 — Wk 14 Kopn
\ 0 -V v A— Wk K,
Wmm
. 0
=l o | 3.7)
W’II."I
A= (p?—p*) /2uh, V=d..E/2hk,
where W.. in the left-hand side of (3.7) should be taken

to mean Hme integral operator (as in (3.6)).

The interaction with the external field connects the
equations for K;:(i, j = m, n) and in this sense plays a
role analogous to 1ne1ast1c processes, the only essential
distinguishing feature being that the "'inelastic part" of
the potential is constant in the elastic-interaction radius
Pint- On the other hand, the field inelasticity has a
specific character, and connects together four equations
for K;; the truly inelastic processes (W) lead only to
a palrivlse connection of Ky, with Ky and of Ky, with
Ko This difference is due, in final analysis, to the
fact that V is dynamic in origin and W static (see Eq.

(3.2)).

The fact that the matrix of the system (3.7) is not
diagonal means, in ""time language,'' that the external
field induces transitions of the atom from the state m
into the state n and back, and the atom ''feels' alternately
first Wm and then W, .. This interpretation coincides
with the explanation of the saturation effect, the analogy
with which is obvious: the structure of the field terms
in the equations for F, and K is the same; the Kj j are
analogous to the populations (Fa)j i’ and Kij are analogous
to the off-diagonal elements (Fa)ly finally, W i in the
right-hand side of (3.7) corresponds to the rates of exci-
tation of the levels j.

The indicated analogy breaks down at the following
point: in the theory of effective saturation one usually
considers a system of four first-order equations; the
equations for K, on the other hand, are a system of four
second-order equations (in the coordinate representa-
tion). This difference is eliminated in the eikonal ap-
proximation, In this case, in analogy with the saturation
effect, we can prove the following: if

Wan |

Won — i Vite>»1, 1=

IV|>>!o)—mm,.— 7

m
—p0s (3.8
i (3.8)
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men Kmn = Knm = 0 K = Kpy and satisfies the equa-
tion
Kor (0,0 = — 2206, (22 )7 00,
-(3.9)
— Wt W

T W)= [ W —p) I8 =)t K (P, p) 1dpy, W= —"

o

The condition (3.8) coincides with (1.1) if one includes in
6 the frequency shift due to the interaction.

Thus, in a strong external field (3.8), the equation for
K has the same form as at V = 0, but the scattering
potential is now W, From the point of view of the analogy
with the saturation effect, this means '"equalization of
the populations' within the time 7, of the action of the
"pulsed excitation". If at least one of the conditions (3.8)
(or both) is reversed, then the external field has no
effect:

p/z — pz

Ky(p,p') = — 2, ( ) Ty, d=mn;

(3.10)
To0.0) = [Wislp— p) (6 (b0 — ') + Ky(p, 1) 1dp..

We confine ourselves henceforth to a comparison of

S:: in strong and weak fields, and the intermediate case

ij

1 Wom — Wan'
IVI~—+|6f—r
Te A

I
will be disregarded.

If the states m and n are degenerate (this factor was
not taken into account above), then the situation becomes
more complicated: some of the magnetic sublevels may
not interact directly with the external field, and the lat-
ter will be effective only as a result of collision mixing.
Therefore the collision integrals will depend not only on
V, but also on the polarization of the field, on the type of
the scattering potential, on the ratio of the angular mo-
menta of the combining levels, etc.

Let us spell out the expressions for S;; more con-
cretely for the case of a spatially homogeneous distri-
bution of Fy,:

Fo(@op)=8(pe— 0V (), [Fu(p)dp,— (2mh). (3.11)
With the aid of (3.5) and (3.11) we obtain from (3.4)

S:5(Par B2 = = Vi (P2) Fots(Pus P2+ [ A (Pay Pet) Fass (P Pus
+ P~ D) dp, (3.12)

where we have left out in (3.12) all the terms except
those containing Fy;i(Py, P3). The general structure of
§;; coincides with that postulated earlier tul Depending
on the field amplitude, the expressions for the departure
frequencies Vij(pa) and the kernels Ai]-(pa, Pyi) will con-
tain different functions: in the case of a strong field they
contain the scattering amplitudes .7 and .7, which are ob-
tained by solving (3.9):

iN, o f WP~ P
vap) =1 [ 1o ) = 775 () 16 (222 s
(an Ha
21N, WoPar — Pu
Aij(pa, pal) = Wjdp dp;Fb (-—H"—) 8 (Pu — Pat + P p) (3. 13)

- 2__ 2 — 2__ 2
X{%f(p, P07 i (p,p1)o- (—p‘z—p) +Tu(p, p)T 5" (p, P1) 8y (p‘)—p)}
n 2u

In the absence of a field, Vij and Aij are obtained from
(3.13) by replacing /‘]] and 7j j by Tj, after which the ex-
pression in the curly brackets in (3.13) becomes equal

toz) .
p—p
Tii(PyPA)Tjj+(P.P1)5( 3 ) .
m

(3.14)
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In the collision integrals Si' (! #m, n, j =m, n), the fre-
quency and the kernel take lhe form

dp,

”"'("“):%f [7u(p )~ T3 (b, ) 1, (S22 )

a

27N, UsPas — Ps
ﬁu,f’ Jldp dp1Fb (_}Lu—) S(Pu_Pa1+P1—p) (3.15)

Ay (Pay Par) =

_ 2_ p2
X\[ Tu (P, P1)-7—u'+ (P7P1)5— ( pi‘ 4
§ 2p

. P12 _ pz

) + Tu(p, p:)T 5 (P‘P1)5+(’°—2“ )}
In a number of problems it is convenient to use the

Wigner representation*

T T i
pi(g, )= jFij (q+—, (I*‘) 0Xp[~-FTrT]dt,

) : (3.16)

which we shall use below. Here Sij @, r) are given by

Si(q, 1) = —vi(q@) pulq, r) + J‘A,-.;(q‘ @) 0is(qy, T) das, (3.17)

with v;:(q) and A;:(q, q.) obtained from (3.13—3.15) after
J 1)
making the substitution py, P71 — 4, Qe

Let us ascertain now the changes that the external
fields introduce in the physical properties S;;. We shall
operate mainly with the departure frequencies “ij(pa)
and the arrival frequencies

%5(Pa) = [ 451(Per Pus) dpas. (3.18)

It is easily deduced from (3.13) the universal relation
Vﬁ(Pa) +'V:'j(Pu) =Vij(}’u) +V:‘i(Pu) =2Re Vr‘i(Pa), (3.19)

which was proved earlier '™ in the Born approximation.
Thus, the fulfillment of (3.19) does not depend on the ac-
curacy with which the ]jj are calculated, nor on the am-

plitude of the external field. We note that, generally
speaking, vj; # 311-. As is well known, the equalities
Yij = i and Re vi; = Re vij mean physically, respec-
tively, the conservation of the number of particles (at
the level j) and the conservation of the ""phase memory"
(or the absence of broadening due to the interac- ‘
tion) L1 2],

~

I Womm = Wpp, then we obtain from (3.7), regardless .
of the value of |V|:

Komn =Ky Kin=Ku=0, Ty= =Ty As=A4.., (3.20)

i.e., at identical potentials in the states m and n, the ex-
ternal field does not change the collision integrals; both
the numbers of the atoms and the phase memory are

conserved (v; =~ij =y =7

mn mn)°
Let now Wy, # Wp . If [V| =0, then v;; = ;jj by vir-
tue of the diagonality of the scattering potential, which
is equivalent to the optical theorem

T, (p.9)— T (b,p) == 2t [ T5(p, p) 75 (b, p) 8 £ ;f ) d.. (3.21)

In the case of a strong field, a relation analogous to
(3.21) is satisfied for .7, but not for .7;; (7 corresponds
to elastic scattering in the potential Wi. Therefore in
the general case ij # '17].].. It can be stated, therefore,

that the transitions m <+ n, which are induced by the ex-
ternal field, lead to "inelasticity" of the collision in-
tegrals in spite of the diagonal potential. The "field
inelasticity'' has opposite signs for S;,,, and S,
namely,

= Vm == (Van— Tn), (3.22)
meaning conservation of the number of particles at both
levels m and n.

Voum
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It is frequently useful to use a model in which one of
the W.. vanishes. Assume, for concreteness, that W,

= 0. Then at |V| = 0 we have
San=0, Ann=0,

Vinm = Vmm = 2R@ Vi,

(3.23)

i.e., there is no arrival term in Sp,p, and the impact
half-width of the line Re vy, is equal to half the fre-
quency of the elastic scattering in the state m{*), Ina
strong field we have .7 = .7, /2, and the quantity vy,
decreases (scattering in a potential W, .. /2, but all the
relations of (3.23), with the exception of A, = 0, re-
main in force; there appears in S, , an arrival term
with complete phase memory and with a kernel®

2nN,
Ay =
Aped

Thus, the field mixing of the states m and n during

the collision time gives rise to Ay, # 0 and, further-
more, annihilates completely the impact broadening of
the line in the same m — n transition. A similar effect
exists also for the neighboring transition n — 7, in which
S, 7 also acquires an arrival term (A,; =0atV =0):
_ 2an
A= e
where Re 7] can be either larger or smaller than
Re Vni-

[P 27T *apdp,, 2 Re Adpn = Aun. ' (3.24)

IF,,&é_g_'Tu* dp dp,,

(3.25)

It may seem strange that S, = 0 at Wy, = 0 even in
the case of a strong field. Indeed, an atom colliding at
the level n with momentum p,; may remain after the
collision at the same level, but obtain py # Pa1, owing to
the interaction Wy, during the time ¢, i.e., Spy # 0
seems natural. To resolve this question, we express Sy,
in the form

thS iy = No Spu{W 1n[ Q(Fo X Fy) Q* L — [Q(F. XFp) Q41 Won}.  (3.26)

The expression in the curly brackets has the same
meaning as the combination V,,, Fi .y — Fp, Vi, Which
describes the field variation of the number of atoms at
the level n and is interpreted in the following manner:
in the transition m —n the external field induces a polar-
ization F and performs work proportional to [V, F]nn.
The analogy with (3.26) is obvious. The scattering poten-
tial produces a "polarization' [Q(Fg X Fp)Q '], and the
change of the number of atoms in the state n, p_ is de-
termined by the work Try[W, ., [Q(F4 X F)Q"]y,] of the
interaction forces precisely in this state. But if W,
= 0, then the work is equal to zero, although the polariza-
tion is finite. The foregoing reasoning, however, per-
tained precisely to polarization, but not to work.

A formally instructive case is Wim = ~Wpp- Here

K,;=0, ?‘:0, T =Wy 8;=0, An.=0,

Vinn = —Vam = 2”\'},(2:1”1) SI’V,,,,“ (0) /ﬁvllaa. (3.27)

The only nonvanishing terms are vy, and vy, which
are pure imaginary and are proportional (as in first-
order perturbation theory in W) to the difference of the
average interaction energies Wy, — W, =2W, ..
Consequently, when Wy, ,, = —W,,, there occurs neither
a change in the velocity of the atoms, nor a broadening
of the lines, but only an impact shift (by vy, ). This is
perfectly understandable physically: the atoms ''feels"
alternately potentials that are equal in magnitude but are
opposite in sign, and does not change its momentum.
For the line shift, however, the difference W, ., — W,
is important, and it is finite. On the transitions m —
and n — [, the collision integrals differ from zero when
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Wmm = —Wnn, but the contribution of the levels m and n
is determined only by Wj]-:
.Nb bPa —
Vi (pa) = 'éFJ [W5(0)— Tu* (p,p) 17, (—”pu—p') dp,
o 2N .
Ay (Par Pat) = % _[ Wii(p—p.) Tu* (p, py)
Wa

=
X6+( 12” )5(pa—-pa1+px—p)1"bdpdpi.

(3.28)

Of course, the equality W, ., = —W, cannot be satis-
fied at all ry — 1y, (if for no other reason than that
W > 0 for all states at small distances), but at large
distances W and W, can have opposite signs®’, and
the external field will lead to a decrease of S; i and of the
line width, but to an increase of the relative fme shift.

It is clear from the foregoing that a strong field
alters radically a number of main properties of collision
integrals. Each of these changes has a lucid interpreta-
tion in analogy with the saturation effect, but we shall
not dwell on this obvious fact.

At high field intensities (|[V| > kpy /mj, and all the
more |V|T, >>> 1), the natural variables are not F;; but
their combinations Fij + Fyry4. For such quantities, the
collision integrals are determined by the following
frequencies and kernels:

1 1 iN, — =
vy =7[vmm+v,.,.]=7[v,,.,l +vﬂm]=W;—j‘ [T —T +*]F, dp,

2Ny ¢ — —
Au(Poypu) = sl A+ Ara]= ol A+ Aum) =25 [ T (0,007 (0, 02)

2 __ 2 —
P )o@ —puct b= pA (R ) dpap,

a

NG (

Ve =e[Vom = Vanl, " =12 [Vrn = Vam], (3.29)
N -
va=nvy' +ivy” =—;l - J[Tmm(p, P)— T (P, p)]Fb(M) dp,
Ka Ha

ZJINI;
Apg’

2__ o2 —
X6 (p‘_L) 8(Pe — Por + 01 — p) P (_”ﬂ"“_p‘.)dp dp..
2 Ka

A= s[ A — A+ ol s = Aun]= = [ [T (9,2 = T (0,2 ]

According to (3.29), the symmetrical combinations of
the frequencies and of the kernels are identical for the
diagonal and off-diagonal elements. With respect to the
departure frequencies, this is a universal property (see
(3.9)). For kernels, the inequality Ay + Appn = Amn
+ Apm takes place only in a strong field. In addition,

P1 = vy, i.e., phase memory and particle conservation
exist. We note that antisymmetrical combinations are
the real and imaginary parts of one and the same quan-
tity (vz, Az).

4. POPULATION AND POLARIZATION

We consider stationary population and the polarization
of an atom in a strong field (3.8). We shall use the
Wigner representation (3.16) and introduce the functions

P1,2(q, ¥) =pmm (q, ©) £pan(qg—1k, 1), V/|V|=-exp(ip),

0s,4(q, 1) = exp[— i( + kr) Jpma(q — 'ofiK, ¥) (4.1)

Fexpli(@ +kr) Jpun (q— "ok, r).
We neglect the recoil effect'*); this corresponds to

k = 0 in the arguments of Py Then the system of kinetic
equations takes the form

Tp, + ¥p: = Si(ps) + 52" (p2) + Qs
Tps + yp: +2i | V] pa=Si(p2) + 8/ (p1) + @,
Tps — ibpu + 2 | V] p2 = Si(pa) + 18" (p),
Tpi— idps = Sy (ps) +iS2" (ps),
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Q=0n+t0Qn Q:=0Qn—0. 2I=T,+T,

0=0— Wnn—Kkq/ mq,
5.(p)=—wip + [4.(q, a)p (a:) da,
82 (p)+iS:" (p) = —vap +I 4:(q, q:) p(q:) dqu.

The rates of excitation Q,, and Q, of the levels will be
regarded as Maxwellian functions. Under the conditions
[V| > 1/r, > kq/m, of interest to us, the field inter-
acts practically in the uniform manner with all the
atoms. If, in addition, the perturbing gas has the same
temperature, then the distribution over the momenta for
gas a will obviously be Maxwellian. Further, taking into
account the momentum conservationlaw q —q; =p — Pi,
the following identity holds true:
0/ 3+ [t — p)* /w5’ = @/ + [wa —p1*/ ppe + [p2 — 01/ 17,
(4.3)

2Yy=Tn—T.,
4.2)

7/ me=pi*| my = p* [ p = 2ksT,
with the aid of which we can easily find from (3.29) that
for Maxwellian functions

21N,

S:(p)=0, h—l‘“—

Si)=—(a+ib)p, atib=vi=7—"[ [Ton(p,p)

T @2 17 (0 p)exp |~ L)
P
pi—p P — P
xa_( o )Fb( - ) dp dp..
Relations (4.4) simplify the system (4.2), from which
it follows that
_e mp =0 Qo tQun
C A TS VNS U
I"+(6—b)z_‘l_ _y+a
4VIe T [ T Q‘]’

(4.4)

P2 = Pmm — Pna ~

i Yt+a ; (4.5)
0= [o:- T o]
i Twlap Om Q. a

o)

According to (4.5), the p;; are determined by the mean
rates of excitation and decay. The difference of the popu-
lations p: and ps (which determines the imaginary part

of the polarizability) depends not only on Q. and I, but
also on the parameter of the ''field inelasticity'" a, which
plays the same role as the difference 2y =T, — I, of

the relaxation constants.

The equation for p4 in (4.2) has a collision integral
with a complete phase memory S;, corresponding to the
general considerations concerning the leveling-off of the
impact broadening in a strong field (Sec. 1). There ex-
ists, however, a specific line shift connected with the
term iSy (ps). K, for example, the parameter a depends
weakly on q, then ps is also a Maxwellian function, Sz (ps)

= —Dbps, and for the usual variable p = eik* rpmn we ob-
tain from (4.2) and (4.5) the equation

1 v k
rp=s.(p)+——[r+i(m—mm~b—m_“)] 0.

2 vl (4.6)

We shall find the solution of this equation in two simple
models. In the Weisskopf model (the velocity of the
atoms remains unchanged) we have S; = 0 and (4.6) means
that the collisions lead only to a shift of the line b, but
not to broadening. In this strong collision model

Ai(q, @) = v Wu(q) = vi(¥g) = exp [—q* /@],
; 4.7)
'+,

14 i
=1+ (0 — Omn— ) — kq/m. |,
p(q) 2|V|[1 F(m © ) q/m

i.e., here, too, the width is purely radiative. Were we to
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have 7, # v,, then the frequency dependence would be
determined by the combination

b) [ (T +vi—7%),

(0 — @pa—

i.e., it would contain an impact width (this follows from
the result of an earlier article*®),

5. EFFECTS OF NONLINEAR SPECTROSCOPY

As is well known, a monochromatic field splits the
levels of an atom into sublevels (see, e.g., -7718)

E,=|V|+08/2, E,=|V|-8/2 (5.1)

and the emission (or absorption) of radiation at the fre-
quencies w, different from w can be regarded as tran-
sitions between the sublevels (5.1) (the two-level prob-
lem) or between a third level ! and several of the (5.1)
sublevels (three-level problem). In this section we are
interested in the line contours corresponding to these
transitions and in their impact broadening. We start with
the three-level problem, assuming, for the sake of con-
creteness, w,; ~ wm] and wy; > 0. The radiation at
this transition takes the form of a doublet with resonan-
ces at the frequencies

op=0m*x |V|+8/2

At |V| > 1/7, + |5] the components of the doublet do not
overlap and their spectral contours can be considered
independently (moreover, they must be considered separ-
ately, since the impact approximation is valid only near
the maxima, within a frequency interval much larger
than 1/~rc).

We shall stipulate a weak field in the form of a mono-
chromatic (w,) plane traveling (k) wave. Then the m, /
element of the Wigner function can be naturally repre-
sented in the form

(5.2)

and pp, ;(@), as can be easily shown, satisfies the equa-
tion

Pmi(q, v, 1) = pmi(q) exp[—i(wut — kyr) |,

[P+ o) —ies]pm(q) =8 = oiVilpmn (@) — puda) ],

Vi=dmE./ 20, €.=0,— 0 =|V|—"2(0 —0n.) — (ky—2k)q/ m,,
S=-—- ml + A » Y4 ml 1 d 1y
v(q) pmi () j (9, 91) pri(a:) dg (5.3)
_ iN, — _ms weq —p
v@ =7 (170 0= 10 0 17 (=2 ) dp,

2__ n2
p—'z—Jp—)G(q—thp.—p)

% F, (M) dp dp..
M

21N, -
(0,00 =2 [T (0,20 T+ (0,2 8
[TA

The singularities of the spontaneous width
(TG + Iny)/2, of the shift of the line maximum by
+ [V + (@ = wp)/2, of the Doppler shift (k, —k/2)q/ma,
and of the right-hand side in Eq. (5.3[) for p;,;(Q) are en-
sured already at [V| >>k,q/m,, |6] 18] The stronger
condition |V| > 1/7, + |6| determines the specifics of
the collision integra(i S, which contains .7 (scattering in
w). I

kg mo+ 8| <| V< 1/t +|8],

then v and A would contain in place of .7 the combination
(Tyam + Tnn)/2, and each of the Tjj corresponds to scat-
tering in the potential W.., Thus, the impact broadening

on the transition m —7 will change. We denote by v, and
y: the impact widths (Re (v—?)) at |[V| >> 1/7; + |6] and
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kd/mg + 6] < [V| < /7, + |6], respectively. From
(5.3) we easily get .

N, R
Y= Y= Re [[219 = ul? =|Zm = Tul* = Tou = Tul’]
e p‘z__pz (5‘4)
xG(—————) F, dp dp..
2p

In the Born approximation we have 7 = W and Tjj = Wjjs
and a direct check shows that vy, > y,, i.e., a strong
field (in the sense of (3.8)) decreases the broadening
(due to the interaction) on the transition m —I. For
another neighboring transition n —/, the collision fre-
quency and the kernel are given by the same formulas
(5.3), and everything said concerning the m — transi-
tion automatically holds for the n — [ transition.

In the three-level problem, to calculate the line con-
tour it is necessary to know the function

Punld, ¥y ) = pma(q) exp (ikr) + rm.(q) exp[ —i(o,— )t

+ikyr] +Fna(q)expli(o, — )¢ — i(k, — 2k)r]. (5.5)

The quantities p, (q) and r;,(q) determine the dipole
moment at the frequencies w and Wys while r, ,(q) de-
termine them at the combination frequency 2w — w Caed,
The resonant frequencies for the emission (absorption)
of a weak field are w; =wand wy = w 2|V|. Near these
frequencies, the equations for r,, take the form (if (3.8)
holds)

(T' — &) rma = S1(Fmn) — Y2iVPmm,

[T—i(ex£2|V]|)1rmn==81(Tmn) — YaiV.pmm.
e=0o,—0— (k,—k)q/m,

(5.6)

The solution (5.6) enables us, using the known pre-
scription[*™, to calculate the spectral density of the
spontaneous emission on the transition m — n. The
dielectric constant is determined with the aid of rp,y,
which satisfies an analogous equation, but with a differ-
ent right-hand part:

(F—ia)rm,.=S1(rm)'—l—Vu - Pam,y
2t
; 7] (5.7)
[T—i(e£2VI])1rmn= S,(rm>¢—2— Vu__V. P

Equations (5.6) and (5.7) contain a collision integral S,
without impact broadening (complete phase memory).
This property is most clearly manifest in the case of
""observation forward" (k,, || k), when € does not depend
on q and the mean value <rmn>q is obtained from (5.6)

and (5.7) in elementary fashion, since (Sl>q =0:

PSR SR £ S S L Vilpnnla
mnd 2 T—i(o,—w) % 4 T—i(on—o=x2[V]) '
i Vu(“’u‘“))(pﬂm)'l
Y= — et 2T B BnTe .
e = = P T (o) | T (5.8)
e LIV {Pamdq
T2 V' T—i(on—0x2[V])

The widths of all the spectral contours (5.8) are deter-
mined only by the spontaneous decay, and the collisions
do not come into play at all. I k, is not parallel to k,
then € contains q, and the line contour will depend on
the concrete type of S;. In any case, however, S; des-
cribes the change of velocity without a phase collapse,
and the collisions will only narrow down the line contour
(the Dicke effect). We can use here the results of [
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(where the wave vector should be taken to mean the dif-
ference k“ —k, which depends on the angle between k M
and k).

The authors are grateful to I. L. Beigman and E. A.
Yukov for a useful discussion of some of the problems
touched upon above.

DFrom among the latest papers, we mention, e.g., [¢°], where addition-
al references can be found.

2)Sij can be _eXpr_e_S_sed also in terms of the scattering amplitudes fkk’ which
are connected with the T-matrix elements in the normalization assumed
here, by the relation.

fun(p, 1) = — (270) *p BT wa (P, P1).

3 For the sake of brevity, we shall not indicate the arguments of the
functions where there is no danger of misunderstanding.

4 By way of example we indicate the difference between the signs of Wi
in the ground and metastable states of helium[!4].
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