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The optical pumping of atoms by a multimode gas laser, in the presence of a magnetic field,
is studied theoretically. The atoms are described by their density matrix, which is expanded
on an irreducible tensorial set. The atomic relaxation is assumed to be isotropic. In order
to avoid the usual perturbation theory, we use the so-called "Broad-Line approximation"
@ALA). BLA is valid when the width of the "Bennett hole" created by one laser mode in the
velocity distribution of the excited atoms is comparable to the spacing between modes; under
these conditions, the atomic response does not depend on the velocity and the multimode laser
irradiation is equivalent to a broad-line excitation. For the atomic system, BLA leads to a
set of coupled equations which is valid at arbitrary intensities of the laser field and which

depends on this fieM through a unique parameter, y. This parameter can be understood as a
laser-induced transition probability. In this article, we analyze the nonlinear effects which
can be deduced from this theory, for any value of the angular momenta involved in the laser
transition: Hanle-effect broadening, alignment coupling, saturation resonances on the popu-
lations are shown. The exact calculations, valid at arbitrary laser intensities for J=1

J =0, J'=1 J =1, and J'=1 4=2 transitions, and the corresponding experimental
results will be presented in forthcoming papers.

I. INTRODUCTION

The development of gas lasers has opened a new
field of experiments in atomic physics. In par-
ticular, the study of the fluorescent light from
atomic levels optically pumped with a laser beam
and submitted to a magnetic field has allowed the
measurement of relaxation times, collision cross
sections, "Landb g factors, ' ' etc. Recently,
these experiments have been extended to some
molecular levels."

The theoretical interpretation of these experi-
ments has been developed by Dumont and Decomps. '
The laser field was described classically and its
effects on the atoms were calculated by a perturba-
tion development up to the second order. Tsukakoshi
and Shimoda' extended a similar treatment up to
the fourth order, taking into account the first non-
linear effects. Recently, Dumont4' has developed
a theoretical study up to the fourth order, taking
into account the atomic relaxation processes by
means of a more sophisticated model: disorienting
collisions, velocity diffusion by collisions and by
trapping of fluorescence lines, etc. This theory
gives a good explanation for the behavior of certain
nonlinear effects observed on the levels popula-
tions, particularly the effect of mode locking. '
However, this theory is not well adjusted to the
study of the "Hanle-effect" shape (magnetic de-
polarization of the levels), and it fails at high laser
intensities: One must take into account the higher

orders and, furthermore, it is not sure that the
perturbation development is always convergent.
In recent publication, 9 several authors have
studied the monomode laser operation by a method
which is not based upon a perturbation develop-
ment. They have shown that, at high intensities,
the exact solution is different from the one obtained
by perturbation theory.

The aim of this paper is to study the optical
pumping of atomic levels by a multimode gas laser
through a nonperturbative method. The equations
of motion of the atomic system, which are set-up
in Sec.II, are simplified by means of some approx-
imations. These approximations and their physical
meaning are analyzed in Sec. III. Applications to
a linearly polarized laser (Sec. IV) and to a gen-
eral polarization (Sec. V) are considered. The
solution for any value of the angular momenta of
the levels is studied using a perturbation expan-
sion. In Sec. VI, we analyze the experimental
conditions which ensure the validity of the approx-
imations, and subsequently we discuss the limits
of the results deduced from this theory. In forth-
coming papers, exact calculations (valid at all
orders in the laser field) and experimental results
for small 8 values (J'=0, l, 2) will be presented.

H. EQUATIONS OF MOTION

%'e consider a gas of atoms havina two &bevels,

5 and s, of energies W, and W, (Fig.l). Every
level has a Zeeman structure completely deter-
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A. Basic Assumptions

Most of the starting hypotheses are the same as
those of Dumont. a' They will be shortly recalled
with the same notations as those of Ref. 4. The
atomic system will be described by its density
matrix p, which consists of four submatrices:

IP ygp

cop ep
(1.2)

,~p and ~,p represent the "optical coherences"
between a and b. They evolve at optical fre(ruen-
cies. Sp represents the sublevels' populations and
the Zeeman coherence for the P level. As Dumont, 4

we, too, describe the density-matrix evolution by
a Bolzmann-type equation:

mined by its angular momentum J8 and its Landb
factor A (p= a or b). The atoms are excited by a
discharge which populates all the levels; they are
irradiated by a laser beam resonant for the b-a
transition and submitted to a magnetic field. The
system is studied by means of the intensity and
the polarization of the fluorescent light emitted
from the b and a levels. The fluorescence from
level P can be expressed as a function of the dif-
ferent components of the density matrix of P, Bp.
This function depends on the polarization of the
fluorescence line (see Refs. 8 and 10). As our
detection setup does not resolve the spectral shape
of the lines, we have only to determine the veloci-
ty-averaged density matrix,

t p(r, t) = f (pv, r, t) dv.

2Jb+

ay= Wb-W,

2J, +5

FIG. 1. Diagram of the laser transition.

„sp,'=Tr(p„sT, ) (r 6)

A(v) =W„(v)(X,.T,'"+X„T,'"},
W„(v}=(uv w) 'e +ta'

u is the mean quadratic velocity.

3. Hamiltonian X

X consists of three parts:

X=X()+X, +R(r, t).
X, is the free-atom Hamiltonian:

(1.6)

Z. Excitation Matrix A(v)

The discharge is assumed to be isotropic and
homogeneous; it introduces only a global popula-
tion in the atomic levels. The velocity distribution
is assumed to be Maxwellian, independent of the
internal state:

~ 8 8p= —+v—p(v, r, t) =-i[X(v, r, t), p(v, r, t}]

+ A(v) + —p(v, r, t)dt

d
v

p p(v, v, t)j (tp)

Xo= P Ws(2~s+1)' sTo ~

&=a, b

X, is the Zeeman Hamiltonian:

~s(~s+r)(2ds+1) "' y)Xa = (tt)s
3 8 0 ~

s=a, s

(r.8)

v and r are, respectively, the projections of the
velocity and of the position of the atom on the laser
axis, "X is the atomic Hamiltonian, and A repre-
sents the excitation of the atoms by the discharge.
[(d/dt)p), „represents the coupling by spontaneous
emission from b to a~ and [(d/dt) p]~ contains all
the relaxation processes.

1. Density Matrix' p

Owing to the symmetry of the various interac-
tions, it is more convenient to develop the density
matrix on a set of irreducible tensors, ~'4

sp(v, r, t ) = P sp,'(v, r, t) „sT( ),

The quantization axis is assumed to be parallel to
the magnetic field rf. (ds =-(gst(~) is the P Zee-
man splitting (ps = Bohr magneton). R(r, t) is the
Hamiltonian of interaction with the laser beam:

R(r, t) = -P E(r, t) = -P(-)'P, E, . (1.10)

P is the electric dipole operator and E is the laser
electric field. P, and F., are the standard compo-
nents of P and E:

P, =(P.s/~&)[.p""+(-)""a.&,'"l (1..11)

(The reduced matrix element P,s is made real by
means of a convenient choice of the relative phase
of states a and b.) The laser consists of several
modes,
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E(r, t) =g[gue ' ~u' ~u"~+8u*e' u' ~u']. (I.12}

We assume the modes to have the same polariza-
tion, e"'

nored. " This case will be considerejd in a forth-
coming paper.

For the optical coherence, we shall neglect the
velocity changes:

Zu = g u'6 = )g u)e'eu e,
E = g5+ g*e*,

(1.13)

(I.14)

—,~p(u, y, i)) ~=- )'„(k),~(v, y, t). ()18)~ ~

g g gu e-(((du t-bur) (L15)
@=1

~gu~ and Pu are the amPlitude and Phase of the P,

mode. N is the number of modes.
Lastly, we assume the laser beam to be a travel-

ing wave: k„ is always positive. The standing-
wave pumping, which is considered in (Ref. 26),
does not introduce any fundamental change of the
theoretical results, in comparison with the run-
ning-wave pumping.

4. Relaxation Processes

They have been analyzed by Dumont in a detailed
manner. 4 Following him, we assume the relaxa-
tion to be isotropic~ and we use the "strong-col-
lision" model" for velocity changes due to colli-
sions or trapping of fluorescence lines (no speed
memory).

~p, (v, z, ))) = )(())zp((v, r, t)-
+yak)W„(v},p~(r, t), (L16)

where sp is defined by (I.l) and W„(v) by (I.6).
I'()(k) is the k-tensor relaxation rate due either
to the destruction of the tensorial quantity or to
the velocity change of the atom. ys(k) is the res-
toration rate from any other velocity. The re-
laxation rates of the velocity-averaged density
matrix, zp, are given by

rgk) =I gk) -yak).
In Eq (I.16) an.y coupling between different posi-
tions is ignored. This approximation is valid if
the trapping of the fluorescence lines is either
inexistent or complete, i.e., if the mean free path
of a fluorescence photon is either large or small
compared to the laser beam diameter. If the mean
free path is of the order of the beam diameter, the
coupling between distant positions cannot be ig-

Indeed, on the one hand, the velocity changes due
to fluorescence trapping do not restore optical
coherence; on the other hand, Berman and Lamb"
have shown that there is no velocity-changing col-
lision for the optical coherence if the scattering
potentials are different in the a and b levels (a
highly likely situation): in this case, it is not pos-
sible to define a classical trajectory for „p, be-
cause the velocity changes are different in the a
and b states.

I'„(k) possibly has an imaginary part which cor-
responds to a frequency shift of the optical tran-
sition. In general, this shiR is much smaller than
the collision broadening'9' and we shall neglect
it. These last two assumptions are not very im-
portant for the velocity-averaged density matrix
in levels a and b: the existence of „p velocity
changes or of a collision-induced frequency shift
would have little weight on the final results.

5. Transfer by SPontaneous Emission

The transfer by spontaneous emission from b to
a has the spherical symmetry. It is expressed by
means of a 6J coefficient~:

dt's&e N=B(b a k)npQ

=(-)~))+~))+~ y (~ + 1,) u u
p (I.1,9)

O'J JbabjJJha
a I

yb, is the b- a transition probability.

B. Density-Matrix Equations

With the help of the previous assumptions, we
can write (L3) as a set of equations coupling the

p tensorial components. We use the well-known
rotating-wave approximation'. in ~ and bp the
optical frequencies' components are neglected,
and in, bp only the optical frequencies' components
are kept.

After some algegra, the following equations are
obtained:

~~Q = [ig(e +1"-'(k)] pQ+y'(k)W&(v) Q~Q+B(b, a, k)&pQ +iP
& p (-) + '&GQQ[e g &pQ

a'Q'q

+( )~+4'+Qeegg p ))'t] (I 2Oa)

&pQ
= [iQ &Q)+f-i(k)] p u+Qy (k))) W(ve)(PQ +iP (, p 'u, GQQ[e, g„pQ'+( )""' e, g*„-p'Q.), .

k Q'q
(r.20b)
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~ jz . (dg + (Og . (v, —(o~,j,(J,+I) -J'~(Z, +1)
„pq =- i '2 Q' —~ +I'„(k') g,pq -i '2 Q' ' '

g( g 1) g,pq +e(k') g,pQ +o(k'+1) g,pq'

1
tl ~f ply pit ~l yyll gll g, ~ ~ ~ nW v)+iP,&$* Q e*, [&,Gqq &pq. +(-);&Gqq„,pqe'&+tPatz7 eq'5a'x

I ttqll
(I.20c)

where & =W~ —W, is the atomic frequency and where two geometrical factors are defined by means of the
3J and 6J coefficients:

k'1 k k' i
G 5 =(-)z~+~s+q'[(2k+1)(2k'+1)]'

(I.21)

1 [(~.+~.+ 1)' —k"][k" —(~ —~ )']fk" —Q"] '"
4k"-1' (I.22)

X~

r, (0)(u +1)"' r, (0)(~,+1)"'' (I.24)

In (I.20c), the different tensorial orders are cou-
pled when ~, and ~, are different (anomalous Zee-
man effect). This coupling disappears either if
the Landd factors are equal or if the laser transi-
tion is a J=1-J=0 transition. W'e shall neglect
this coupling in the following. The validity of this
approximation will be considered later.

To solve Eqs. (I.20), Dumont4 (as have other au-
thors'} has used an iteration procedure: at first
order in the electric field, optical coherence (rep-
resented by ~4&p&~) appears which is due to the n
source term in Eq. (I.20c). This optical coherence
is put into Eqs. (I.20a} and (I.20b) and causes ten-
sorial quantities to appear in levels a and b at the
second order. These quantities have the following
form":

Let us point out that, in Eqs. (I.20), p represents
the laser-induced modifications of the density ma-
trix. To obtain the total density matrix, we must
add the discharge-induced a and b populations when
the laser is off, ».„/I' (0). Indeed, the total den-
sity matrix is

r &s (0)~p+ I (0} &To Wz(v)
b

an~ ,p+ ('0), T(~) W„(v)

(I.23)
That is the reason why the discharge term ~8 does
not appear in Eqs. (I.20a) and (I.20b). But in Eq.
(I.20c) there is a source term proportional to the
laser -off populations inversion:

I&pq(v, r, t)=PII&pq(v, v, p}h"'h~
piv

xexp[i[(u&, ~„}t—(k„-k„)r]}.

4&v = cb, k=z(c/L), (I.26)

where c is the light velocity and L is the cavity
length.

We can write (I.25) following the general form:

pl! (v r t) Q p~ (v p}elDidwt-der& (I.27)

where P is an integer. It is easy to show that the
higher-order terms will appear in the same way.
Equation (I.27) will be taken as a starting equation
to find the stationary solution of (I.20) by a method
without iteration.

C. Stationary Operation

The Fourier expansion (I.27) is put into (I.20c):

ayPq' = [i(& Q ~z) I as(k )]~pq'

with

+tP„Q 8~'„g~(v, p')
p, 'P'

xe ix[p(&u„+p'b, lv}t —(k„+p'b, k)r], (1.28)

and

q&z = —,'(~, +(u, ) (I.29)

(I.25)

These solutions are modulated at all beat frequen-
cies, ~,—(d„. If we neglect small frequency shifts,
the modes frequencies are equidistant:

n,~tq(v, P')=e$
P& 5...5, ,, + g e*g[&, Gq'Q bPq (v, P')+(-) "';,Gq'q"M'. (v, P')].

pter I

The stationary solution is immediately obtained:

b&*.g",,(v, p')exp(t[(~„+ p'~(u)t (k„+p't&k—)r])
~ pr I~(k ) + i [M ~ +P 6lo —(8 + Q (al z —(k ~ +P 4k) v]

(I.30)

(I.31)
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In multiplying (I.31) by 8 [to obtain the source term of (I.20)], the following expression appears:

b"*6"~g~(v, p')exp'[((u„- (u„+p'a(u)t —(k),- k„+p'sk)r]
I'~(k') + i [(u „+P'4(u —&u + Q'(uz —(k„+P'6k) v]

(I.32)

Or, in another way,

h ~q' = i (P ) ' P ' S"(v, (u ) ~go'(v, P')
sP'

xexp[i(p'+ s)(s(uf -skr)], (I.33)

&S~&(v, ~ )

g2 g~gP-z
~ I",~(k')+ c((u„+P'a(u —(u+ Q'(uz —kv)

b" ' is the field amplitude corresponding to the
frequency ~„=co& -s4cu. The sum on p. is from

where [with the approximation k„+P'b k= k (Ref.
22)]

s+1 to N if s is positive, or from 1 to N+ s if s
is negative.

P', ),[F~(k')+i((u„+P'h(u —&u+ Q'(uz —kv)] ' is the
atomic cross section associated to the absorption
or stimulated emission of a photon. Subsequently,

~ Sz, can be understood as the probability that a
p'h(u-modulated atomic quantity so interacts with
a laser photon as to become modulated at frequency
(P'+ s)4&u. ~ So' characterizes the linear response
of atoms to the laser irradiation.

Finally, we bring Eq. (I.33) and its complex
conjugate in (I.20} and, with the help of the Fourier
expansion (1.2V), we obtain the following relations
between the Fourier coefficients, for the stationary
operation:

[r'.(k)+i(Q&u, +Pdcv)]~o(v, P) =) '.(k)&gv) P (o)()+e( ka, k) j)q(v, P)

( ) oaGo'o [z- (t- )@o'(v +z) o4'(v f
a'g as

+(-)'"'""z,*( p .)S'-'o (v, ~z)*.yC'-'o(v, -P-z)*], (I.35a)

[I",(k)+ f(Q(u P&(u)]p'(v, P}=y,'(k}W„(v),p'(P)

f+Goio [8 ~& &)Sol(v& (uz) ~,foi(v& P s)

+ (-)""4"e,*(~,)
S'o. (v, (uz)* „Po.(v, -P-s) *]. (I.35b)

The Doppler effect at frequency ph~ has been ne-
glected. " s is an integer defined by ~„-co„=sA~.
If the laser has N modes, the sum on s is from
-N+1 to N- l.

Up to now, we have not done any hypotheses on
the number of modes N, the Doppler width b, v = ku,
the relative importance of the mode splitting Lco,
and of the various relaxation rates, 1„(k') and
I'z(k). The application range of (I.35) is very large:
the laser is either monomode or multimode, the
transition may be visible or infrared, the pressure
range is not limited, and we can consider atomic
or molecular transitions.

HI. BROAD-LINE APPROXIMATION

In this section, . our purpose is to simplify the
expression of &So" [see (I.34)]. We shall do some
approximations that we shall call "broad-line
approximation" (BLA). The validity of these ap-
proximations will be examined in a detailed man-
ner, in the last section. We shall see that they
are fairly well fulfilled for the visible or near-

infrared transitions of neutral atoms, in the usual
pressure range (1-5 Torr).

We assume the laser to be phase-locked (the
free-running modes case will be considered in

paragraph Sec. 111 C). All the modes have the
same phase P, that we shall take equal to zero:
8" is real and positive.

A. Broad-Line Approximation

I'~(k') & A(u,

N&& 1.
(1.36)

(I.3V)

We also assume that 8" is a slowly varying func-
tion of p: (g""—6")/8"«1. In this case, the
right-hand side of (I.34) is slowly varying with g
and S can be written as an integral:

1. Approximate Expression for S by Means of an
Integral

The optical coherence relaxation rate is assumed
to be greater than the mode splitting, and the laser
oscillates on a great number of modes:
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gSoi(vq (dz)

P' 8~8~- d
-ark+ r (k')+i[+- to+(x„+p'}hu&+ Q'v, —kv],

(I.38)

(8")'= 8' =I/N,

with

(I.43a)

(~ =&a) and if the modes nearly have the same in-
tensity, then

where s is assumed to be positive. ~ is the laser
mean frequency, ~=N T„&u„, and x„ is equal to
(&u„—&u)/b, to. For negative s, the integral limits
are -N/2 and s+N/2.

2. Elimination of the DePendence on the Magnetic
Field and on the Modulation Order

In general, the experimental values of the mag-
netic field are weak enough to verify the following
condition:

(I.39a)

gjgpp

We obtain

5=0,
P~ ~ N+co

2r„(k') '

N~&u» r„(k'),
then

(I.43b)

(I.44)

(I.45)

Owing to the resonant factor of the left-hand side
of (I.35), in weak field, the modulations at the
pA~ frequency are off resonance for large-p val-
ues and we assume

NECKS
' (I.46)

y is independent of the relaxation rate, r,s(k').
On the other hand, if

Nhe» P'6e, s6~ . (r.39b) Nn. e« I' (k'), (I.47)

8. Elimination of the Velocity Dependence

The laser width is assumed to be much greater
than the Doppler width:

NAY@»tv=kg.

The previous equation becomes

(I.41)

As h" is slowly varying with p, (I.38) is replaced
by

+"& (P„S~)'dx„(
)r~(k') + i[&a —tu+ x„A&u —kv].

then

P~I
r„(k') ' (I.48)

Condition (I.45) is much more likely than (I.47).

B. Equations of Motion in the Broad-Line

Approximation

We assume ~$&(v, rex) to be equal to y, which is
a laser-induced transition probability which is
independent of the magnetic field and the atomic
velocity. Subsequently, the solution of (I.35) has,
obviously, the following form:

&k ra, (k ) +'l[(d (d +xsk~]
sPo(v, P) = sPo(P)W&(v) . (I.49)

(r.42)

If the laser is centered on the atomic frequency
The internal and external variables are indepen-
dent. The equations of motion become'3

[I',(k)+i(Q&u, +ptsco)]~, (p) =e(b, a, k)spsz(p) -y g (-)"+ eG&&[e, ,sfo(p —s)+(-) +o"e,*~pet( p s)], --
0 Qqa

(I.SOa)

[rs(k}+i(Q+s+pE&u)]pcs(p) = —y Q s,G&so[e, ~t'o (p —s)+( )"*' eo-, t~&s(-p-s}],
a'Q'qs

where

(I.50b}

o.(p') =e&f. ~&5s.,5l, + e",.[f„Gq.q. p& (p')+(-) '
~G&&. g&.(p')].

g IQlql
(I.51)

In these equations, the relaxation rates are the velocity-averaged ones, I's(k) [see (I.17)]. Introducing the

following notations

aa" q a'a -q' a'a"
s&oo =Q snGoosnGoo ~

0 Q

(I.52)
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kk' Ifkk" ~ .

(
)k'+k" +1 k Gk'k O'Gk'k'

A' Q

(I.s3)

%e finally obtain2'

[r,(e)+k(q~. +p~~)lu~qV ) =e(s, s, &)kpq(P}+(-)' ~3 s,sP;kG~'q+» p ( )"-""s,sg'.PC'q: kpq"& s)-
a

( )k+ k"[8 ek + ( }0+k"+ q+q "8 g] krr'If kk" +k y S)
~tq tl

aa's

[rk(o)+f(q~k+pba))] kaq(p) = — Tpe, e, k,G, q+2y Q e,e, k, Hq~q'. ..pq' (p —s)~" aa' yttgtl

[e ey + ( )k+ k"+q+q"e ek]kk'~kk" pk" (p S)
yttq Ita

(I.54b)

This system of equations couples the density-ma-
trix components inside levels a and b. The terms
that are due to the evolution of the atoms in the
magnetic field and to the relaxation, have been
placed in the left-hand side of these equations.
The right-hand side gets together the contributions
of the spontaneous emission and of the interaction
with the laser field. Let us analyze these last
contributions.

(1) The p, term represents the effect of the laser
on the atoms in the lower level: this is the effect
of a photon absorption. As it can be seen in (L54),
the angular part of the absorption process is de-
coupled from the absorption probability y. This
property is also obtained in the optical pumping
with an ordinary light source. ~' The analogy be-
tween the two situations is studied in Sec. ID D.
The angular coefficients could be obtained from
considerations on the conservation of the total
angular momentum of the system atom plus laser
photon, during the absorption process. The photon,
in a given spin state, is absorbed by an atom in
level u, having a given angular momentum, and
brings this atom into the upper level. This transi-
tion of an atom from level g to level 5 changes the
global angular properties of the atomic gas in the
lower level (due to the fact that the removed atom
carries a certain orientation) and in the upper
level. This explains the presence of a term with

p, in (I.54a) and (L54b).
(2} Likewise, the kp term represents the effect

of the laser on the atoms in the upper level: this
is the effect of stimulated emission. This process
and the absorption one are symmetrical. In ordi-
nary optical pumping, such a process eras not taken
into account. Let us point out that absorption and
stimulated emission do not interfex e and appear in
an uncorrelated way. Contrary to the coupling by
spontaneous emission which is isotropic (term with
e in (I.54a), the coupling by stimulated emission
is anisotropic, because of the laser polarization.

(3) The term with n is the source term at the
second order in the electric fieM: it represents
the effect of both the absorption and the stimulated
emission on the laser-off populations inversion, e.

C. Free-Running Modes

With the help of (L13), (I.34) can be written

t Sqr(V, 4lz)

Ikk(k ) +'E((dk +P Std —(d +Q (Og —kV)
(I.ss)

When the modes are free running, the phase p„
is a random function of p, .

t Sq. is the sum of terms such as f(g)e'~p, where
f(p) is slowly varying with p and P„a random func-
tion of p, . 8 cannot be expressed as an integral
anymore. In the BLA conditions (I'„&b, &u), the
various terms of (Lss) vanish by interference and
S(s e 0) «S(s =0). We finally get

trSqr(v& (dg) =ysk
(& r (I.ss)

where y is defined in Sec. IIIA.
The exact validity of (I.56) is analyzed in a more

detailed manner in Ref. 26. As long as the dis-
charge excitation does not create modulation, the
density-matrix modulations at the

philo

frequencies
disappear, due to (I.56): Equations (I.54) are still
valid, provided that p =8 =0. Subsequently, in the
free-running-modes case, the condition (I.39b) is
verified very well.

1. 8=0

For zero s, P„—P„,=0 and the free-running-
modes case is equivalent to the phase-locked one.
%hat has been said in Sec. IIIA is still valid.
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D. Physical Meaning of the Broad-Line

Approximation

Relation (I.49) means that internal and external
variables are separated: The atomic response to
the laser irradiation does not depend on the veloc-
ity. This can be interpreted in the following way.

Let us consider the velocity distribution of one
of the laser levels (Fig. 2). A mode p interacts
with the atoms having such a velocity that the mode
frequency shifted by Doppler effect is equal to the
atomic frequency, up to the natural width of the
atomic transition: &„-k„v = co. Subsequently each
laser mode creates a hole in the velocity distribu-
tion (the well-known "Bennett hole""}. The hole
width is proportional to twice the optical coherence
relaxation rate 1 „and their distance is propor-
tional to the mode splitting b.co. If I'„&her, the
holes are overlapping and the hole structure of the
atomic response disappears. If, in addition, the
modes cover all the velocity distribution (Na+
& kg), the atomic response does not depend on the
velocity: we get the relation (I.49}.

In the previous discussion, we have shown that
the hole structure disappears if I'„&b, ~. For the
atoms, everything happens as if the mode structure
of the laser line were vanishing, and the laser line
becomes equivalent to an ordinary light source of
width Nb, +. Subsequently, an analogy appears

between the laser pumping and the optical pumping

by an ordinary light source described by Barrat
and Cohen-Tannoudji. " In an ordinary source, as
the relative phase of the various field components
are random, this analogy will be complete in the
case when the laser modes are free running. This
point, which is studied in a more detailed manner
in Ref. 26 had previously been analyzed by Dumont 5

As shown in Ref. 26 this analogy leads to con-
sidering y and 5 [Eq. (I.42)], respectively, as the
probability of real and virtual laser-induced tran-
sitions. It also leads to a physical interpretation
of conditions (L39), (L41), and (L45).

As in the case of an ordinary source, we can
associate to the free-running multimode laser field
a correlation time of about Tz —- 2v(Natu) '. In
the same way as in usual pumping, this correlation
time determines the decay time of the transient
phenomena appearing in the a and 5 levels after
an interaction between an atom and a laser pho-
ton." This means that the absorption or the stim-
ulated emission, seen from the laser levels, lasts
a time of the order of T~.

This property is also valid for a phase-locked
laser, in the BLA approximation. It is no longer
possible to associate the atom-photon-interaction
transient time to the correlation time of the laser
field, because the latter is infinite. But we can

V

FIG. 2. Velocity distribution of a laser level. The laser-off distribution is proportional to the Maxwell repartition
function Wzg). When the laser is turned on, a set of equidistant "Bennett holes" appears, the position of which is
determined bykv=co&-cu (dashed curves). When I'~~ is greater than ~, the hole structure disappears and the atomic
response is proportional to 8'&(v) (BLA limit, dotted line).
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use another simple physical argument.
Let us analyze the time behavior of the laser

electric field. At position ~„ the field is given
by [see (1.15)]

g(t) e iv-(t (0-) g h we iw-5v(t g-) (1.57)

where r~ =ct„co is the laser mean frequency, and

p varies between N/2-and N/2 by integer values.
g" is real and positive for a phase-locked laser.
For t =to all the modes are in phase and the field
amplitude is maximum. For t —t, & 2w/Nn&o, every
phase has increased differently and there is a de-
structive interference. The field amplitude van-
ishes. For t —to =2w/he, all the modes get the
same phase again ~and the amplitude is maximum.
The laser field is modulated in short periodic
pulses of width of the order of T~ and of period
2w/b, co(see Fig. 3).

Two cases are possible.
(1) I'„«n&o. The optical dipole created by a

pulse has a lifetime long enough to wait for the
next pulse. Then a second interaction with the
laser field may occur and the atom will undergo
a transition between levels a and b: A time-delayed
photon absorption may appear. l

(2) I'„&nru. The latter process is no longer
possible because the optical dipole vanishes be-
fore the transit of the second pulse. (For I'„=n&u,
the dipole is already reduced by a factor e "
= 2x10 '). The two successive interactions with
the electric field must be realized during the tran-
sit time of one pulse. As it is in the free-running

case, the photon absorption time is of the order
of T~. The difference between the two operations
comes from the time modulations of the phase-
locked laser intensity, which involve the modula-
tions of the atomic quantities.

Introducing the characteristic interaction time
T~, we can write (I.39a) and (I.39b) as

~T «12' (1.58a)

Pb +Ti« 1. (I.58b)

Equation (L58a) means that the optical coherence
does not precess under the effect of the magnetic
field during the interaction time. Since the mag-
netic field has not enough time to operate, the
transition probability y does not depend on H.
From this, we can obtain the condition which al-
ows us to neglect the coupling between the various
„po, in (I.20c). The (a&, —&o,) factor means that
this coupling is induced by the magnetic field, due
to the anomalous Zeeman effect. If

—(d QP —hl

2w Nb+ (1.59)

the magnetic field has not enough time to induce
this coupling during the characteristic interaction
time and it can be neglected. A rigorous proof is
given in Ref. 26.

Similarly, (L58b) infers that, during the absorp-
tion time, the density matrix does not evolve at

t +2'0

FIG. 3. Electric field amplitude of a phase-locked multimode laser as a function of time. The amplitude is modulated
in short periodic pulses of width Tl. The dashed curve represents the decay of the optical coherence created by the to
pulse.
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the modulations frequencies: y is independent of
these modulations. Condition (L41) is equivalent
to (ku/2s) Ts «1 (or else uTs «X). During the
absorption time, the atom travels across a dis-
tance much smaller than the laser wavelength.
The Doppler shift of the optical dipole does not
appear and y does not depend on the velocity.

Lastly, (I.45) can be written I',oTs «1. Thus y
is not sensitive to the optical dipole decay and
appears as the product of the interaction strength,
P,', I, by the interaction time (Nhoo) '. But in the
contrary case (I'„'«T~) the optical coherence
lifetime is much smaller than the pulse duration:
now I',~' is the photon-atom interaction time. This
explains the shape of (L48): P,', I(I'„) '.

IV. LINEAR POLARIZATION

In the following, we shall analyze Eqs. (I.54} in
the more compact form (P =a or b):

[r s(k) +f(Qols+P&ol)]Spq(P)

+ yZ[ooHoo oao aHoo ooo ]
ktl

2Wo xk1,(k) o ao = —
~~ o,Goo

(r.67a)

+2y~[ H'"'P" H-~' a ] (r.67b)

where Bo is the density matrix for the m polariza-
tion. In the phase-locked case, Eqs. (I.6V) are
still valid if

A. m Polarization

When the polarization vector is parallel to the
magnetic field, e, =1 and e,y 0 The selection
rules of the Sg coefficients prescribe Q=Q" =0
in (I.54). The equations of motion do not depend
on the magnetic field anymore. " When the modes
are free running, there are no modulations and
one obtains

I',(k}P"=e(b, a, k) oo + ~~,oG
—k 2 yo

=bs,e(b, a, k) oP&(P)+~&sgq rs(k) «~~. (L68)

with

+y Q [sohq~q ~ pq„(P —s) —s qq. st, (P — )],
kllq Il +

(r.60}

The density-matrix modulations contain the non-
resonant factor [I's(k) +i pro&] ' and are negligible.

Due to the selection rules of the 3J coefficients,
the tensorial order of the optical coherences must
be odd." Subsequently, the H coefficients are
defined by

gg 2+e- e'o G q,
aa'

o qq" Z -e o'o qq"
kk" ~ aa' kk"

aa

(I.61)

(I.62}

00 kk" 0 k'k 0 k'k"
e Hoo =

6 Goo nsm
k

(I.69)

ohqo~z-=g[e, eP+(-)""'q' "e;e+]' Hq~q-, (1.63)
aa'

OO kk" O k'a o k'k"
sHoo =P sGm sGoo ~

k odd
(LVO)

and similar expressions for the a level.
When the laser is linearly polarized, the polar-

ization vector e is real and J,+Jb &2. (r.71)

An interesting case corresponds to the transitions
verifying

e, =(-)'e*, .

Thus

ega =o

and

(r.64)

(I.65)

They are the J= 0—J= 1, J= 1—J= 1, and J=
&—J=-,' transitions. Owing to the selection rules

(k' &J,+J, ), k' must be equal to 1 and the H co-
efficients factorize. The,g coefficients [Eq. (I.51)]
can be reintroduced in (I.67):

a„hqoq =0 for odd (k —k"). (r.66)

Equation (I.65) means that, up to the second order
in the electric field, the laser creates population,
k = 0, and alignment, k = 2 (no orientation, k = 1).
This is a we11-known result in optical pumping.
On the other hand, (I.66) means that a coupling
only appears between such tensorial quantities
as k —k" =0 or +2. At all orders in the field, the
laser only creates even tensorial orders.

I'o(k)oa = —2y,g o,Goo.

It is easy to show that

n 1 ~2 (',.Goo)' ('.oG,'o)'
73 y~ 1,(k) 1,(k)

o Gxko Gxk t
-x

k% eb 00 ba 00( ' ' }r.(k)r,(k),

(r.72b)

(I.73)
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S. 6 P018Azstlon

If the polarization axis is perpendicular to Oz,
eo =0. Thus, we easily show that Q must be even.
When the field is equal to zero, by carrying out
a rotation which brings the polarization direction
on Oz, we reduce the problem to the previous one.

In the other cases, we must consider Eqs. (I.60).
For a laser polarization a1ong theOy axis, e„
=-i/W2, co=0, and subsequently

kk" kkko'c = P "H~"- (P, a=a or 5).
a' s'f}
qt sao

(I.V5)

For each particular transition, Eqs. (L60) are
entirely solvable. In practice, for high-J values,
the calculations become too complicated. The

AQ the density-matrix components show the same
variations with the laser intensity and their ratios
are constant. "

This last result can be interpreted by simple
physical considerations. In Fig. 4 the different
laser transitions have been represented. It is
essential to note that, in every case, all the al-
lowed transitions have the same probability. Due
to this fact and to the spherical symmetry of the
relaxation, the Zeeman sublevels of a laser level,
which are connected by these transitions, undergo
identical populations modifications. This charac-
teristic is valid at all orders in the laser electric
field. The other sublevels may be populated by
the depolarizing relaxation processes. Subsequent-
ly, at every order in the electric field, the pro-
portion between the laser-induced modifications
of the sublevels populations is constant: Their
ratio is independent of the laser intensity.

From Eq. (I.6V), we can obtain the atomic den-
sity matrix for any linear polarization, at zero
magnetic field. This can be done by performing
on the density-matrix components, the rotation
which brings the Qz axis on the selected polariza-
tion axis." Particularly, for the polarization
along the Oy axis.

sTtc(H =0) =R~",(v/2, v/2, 0) 8v~

[(k+q)t(k-q)} P~'

2'[(k+O)/2]} [(k- q)/2]~ ' "
(I.V4}

k and Q are even. R~~o are the rotation matrix
components. '~ For the transitions verifying J,+J,
& 2, the ratios between the density-matrix com-
ponents are constant. This is the reason why the
anisotropy ratio of the laser-induced Quorescence
variations does not depend on the laser intensity.
(For experimental verifications, see Fig. 4 of
Ref. la, and Ref. 10, Figs. V and 14.)

1y 3y~

FIG. 4. Diagram of the m' transitions vrhenJ~ +Q ~2.
(n) 4=1-4=0, (p) J=l-4 =1, (y) J= 2-J'= 2.

equations of motion have been solved at all orders
in the fieM by an analytic calculation for J = I-J =0
(Ref. 1V} and / = I-8=1 (Ref. 48) transitions, and
by a computer calculation for a 8= I-J =2 (Ref. 35)
transition. The exact solutions and the experimen-
tal verifications will be presented in forthcoming
papers. In the following, we study the behavior of
the solution for any J value, by means of a fourth-
order perturbation expansion which is only valid
at weak laser intensities. The results will be
compared with previous calculations.

2. 6'onlinear Effects in Weak Magnetic Eield

We maintain condition (I.68}: I'gk)«hu&. There-
fore, in weak field (vs—- I'8(k)), due to the non-
resonant factor [I's(k) +i (Qras+Pb &o)]

' the density-
matrix modulations are negligible and we set
P=s=0 in (I.60). Moreover whenthe modes are
free running, condition (I.68} is not necessary.

To the second order in the electric field (i.e.,
first order in y} the laser irradiation induces a
population modification (p,'} and creates a longitu-
dinal (po and transverse alignment (p', ~}. At higher
orders, first a coupling between these quantities
appears and secondly, for high-J' levels (J'~ 2),
the laser creates high-order multipole moments
(k & 4). Generation and detection of such moments
mill be studied in other publications. " These high-
order multipole moments are created only from
the fourth order in the field. Subsequently, they
appear in the equations of motion of the population
and alignment at the sixth order: thee u ill he
neglected in the fourth-order calculation.

&ants-eff«t broadening. Up to the fourth
order, the equation of motion of the 5 transverse
alignment is given by Eq. (I.60}, in which we set
4 =@=2 and we neglect the p+ components for 4 ~ 4:

[F~(2) + 2I Qg] gpss
=

~8 sf g

+y g [„k',,"',p,""-,k"",~"]
k"=0,3

+y[naka~s. pm
—skag A] (I V6)

We shall see later on that, from the fourth order
in the electric field, the longitudinal components
depend on the magnetic field. Nevertheless, these
variations appear into Eq. (I.V6) at the sixth order
(i.e., third order iny) only. Consequently, to
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study the Hanle-effect shape up to the fourth order,
we only take into account the coupling between the
transverse alignments.

,h,", is always positive:

b hob = 5+ (2k' + I)

sublevel of b only (solid lines). Thus the laser
does not couple the alignments. "

b. Saturation resonances in a zero field. If we

neglect the tensorial components of order k & 4,
the equations of motion of the longitudinal quan-

tities are given by

1 1-2 3 -1-2 — J~ J~ J~

(I.vv}

The coupling of,p', with itself corresponds to a
linear broadening of the Hanle effect. Its width
becomes I'b(2)+bh,",y." The physical meaning is
evident: due to the laser-induced transitions be-
tween a and b, the alignment mean lifetime is re-
duced. If „h",, is different from zero, there is a
coupling between the a and b transverse align-
ments, and the shape of Hanle effect of b is no
longer Lorentzian. "

Using the symmetry relations of H (Ref. 24), we
obtain

10312(312
ba ba ba 22 j j j [j j j (I 78)

This last relation means that, in BLA, the a and b

alignments are coupled through the k' =3 optical
coherence (,bp', ) only. For the transitions veri-
fying j,+j,c 2 [Eq. (I.vl)], the coupling coefficient
vanishes: there is no direct coupling of the trans-
verse alignments. (At higher orders in the field,
there is an indirect coupling through the longitudi-
nal quantities:, p', - 8p,'- Q.) In this case, up to
the fourth order, the Hanle effect keeps a Lorentz-
ian shape and its width is given by I',(2) + bh",,y.

The apparent relaxation rate is the sum of the
effects due to spontaneous emission, collisions,
and laser irradiation. For J,+J, ~2, up to the
fourth order, the laser effect is equivalent to a
relaxation process which does not depend on the
other relaxation processes: the corresponding
term has only to be added to the other relaxation
terms. "

The absence of coupling is evident for the J=0
—J=1 and J=-,' —J=-, transitions: an alignment
cannot exist in one of the laser levels. The J=1
—J=1 case can be explained by simple physical
considerations. In Fig. 5 we have drawn the tran-
sitions induced between the two levels by a o-po-
larized laser.

The b transverse alignment, which corresponds
to the Zeeman coherence between the m = -1 and

m =1 sublevels, is coupled by the laser to the
population of the m =0 sublevel of level a only
(dashed transitions). Likewise, the a transverse
alignment is coupled to the population of the m =0

I'b(k) bPo=~3bgo +y Z [boh~oo~ Po —bhoo bPo ]
k"=O,2

+y[bahOb(A+A ) hb02( Pba +pbb)] ~

(I.v9)

To the fourth order, due to the coupling with

jP, and, p,', the longitudinal quantities present a
resonant variation around the zero magnetic field.
This resonance is the sum of two Lorentzian shapes
proportional to the a Hanle effect (,p', +,p,'), and
the b Hanle effect (,p,'+bg }, respectively. The
relative importance of these contributions is'

given by

hob apb(H 0} b H G F (2)
h b b(H =0) b bHbb ~ Gbb I' (2)

' (I.80)

(1.81)

When ~, = ~„ these equations are exactly equiva-
lent to the weak-field equations, if we replace
(~o+-,'&~) by obo and opo(Q/2) by opo(0). The be-

For high values of j, (I.80) is equal to I',(2)/I', (2),
and the importance of the contribution of the two
Hanle effects is inversely proportional to their
width From. (1.79), it is evident that the power
broadening of the Hanle effects must also appear
in the saturation resonances.

2. Nonlinear Effects in Strong Field

If the magnetic field is strong, we cannot neglect
the modulations of the density matrix (in the phase-
locked operation). Indeed, opo(P) is resonant if
Q~8+Phco =0. First we shall study the case where
either the Landb factors are equal, or the laser
transition is a J=1-J=0 transition.

a. g, =g, =g. ,Po(P) and bPo(P} are simultaneously
resonant for Qco, =Q(d, =-Phrs. In particular, the
first modulations of the transverse alignments
appear for 2(d, =2~, =-he. For such a value of the
field, Sp~ presents a resonant modulation at the
frequency phrs =-,'Qb, o& (Q is even).

If I'8(k) «6&g, the other modulations are negligi-
ble and Eqs. (I.60) are reduced to

[I'b(k) +i Q(~o + —,'L ~)] oPo(Q/2)

=(ny/~3 ago +bo,e(b, a, k) be(Q/2)
~l I ~ll

kk" —k" ~ kk'b
+y Q uhoo" po" 2 shoo- 8&o

kllq lt 2 2
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havior of the solutions are the same. All that has
been said about, the Hanle effect can be applied to
the modulated transverse alignment, zp,'(I). For
instance, if J,+J, ~2, up to the fourth order, the
behavior of ~P*,(1) is Lorentzian and is centered on
the following value of the field:

H'" =ha&/2gp, (I.82)

Because of equations similar to (LV9} [where we
replace SIC by &pm(1)], this modulation of the align-
ment is responsible of a saturation resonance on
the nonmodulated longitudinal quantities. For
H =H ', a "lateral saturation" appears on Sp„
having exactly the same behavior as the "central
saturation" (H =0).

In the same way, the modulations of the align-
ment at the sb, &o frequency appear for Ht'' = sLv/
2gpz. Thus 8p evolves at the frequency ph~
=s(Q/2)b &o. Equations (I.81) are still valid, pro-
vided that we replace b, ~ by sb, ~, and &lfo(Q/2)
by pe�(sQ/2). In particular, the longitudinal quan-
tities present a "lateral saturation" resonant for
H H~". [Nevertheless, let us remember that these
results are valid only if condition (L39) is fulfilled:
s«H. ]

The previous study shows that when (1) the modes
are phase locked, (2) the Landb factors are equal,
and (3) I'8(k) «6 a&, the general solution can be
deduced from the solution of the equations of mo-
tion in weak fieM [(L60) with P = s =0].

If we call Osp(H) the solution in weak field, the
general solution is, for Qw 0,

qpo(H) =Q zpz(H H~'~) exp-[i(sQ/2)(tb &o -rid)]
(I.83)

and, for Q=O,

P&(H) 0 Pk(~)++[0 p&(H H(s)) 0 Pk(~)]
(L84)

'Sp, (~) is the solution of (L60) when the longitudinal
quantities are the only ones kept (Q =0); this corre-
sponds to a magnetic fieM such that I' s(k) «co8 «a~
[qP,'(H H~'~) —0&P,'(-~}] represents the sth lateral
saturation resonance. Its shape is given at all
orders by (I.60), and at fourth order by (I.V9).

When the modes are free running, there is no
more modulation and the general solution is given
by 08pc(H). On the longitudinal quantities appears
only a "central saturation" (H =0) but no lateral
saturation. '

b. g, 4 g~. If the Landh factors are different,
the modulations of,j and p are not resonant for
the same value of the field. Indeed, the first mod-
ulations of,j appear vrhen -2', =2g,p~H ~ Aw,

FIG. 5. Diagram of the transitions induced by a 0'-po-

larized laser beam between two J = 1 levels.

and the first modulations of ~P when 2g, p~H = hen.

If ~&o, —~, ~& I'8(k}, Eqs. (I.81) are still valid; but,
as ~,4 ~„ they are no more equivalent to the
weak-field equations. The saturation res( sees
from levels a and 5 are not centered on the same
value of the field.

On the other hand, if ~&o, —v, ~
» I'gk), the non-

resonant transverse quantities can be eliminated
from (L81). For instance, if the 8 transverse
quantities are the only resonant ones, a coupling
between the transverse alignments cannot exist.
Even if J,+J,& 2, up to the fourth order, the mod-
ulated transverse alignment of 5 keeps a Lorentz-
ian shape. ~

When the laser polarization is elliptic, the study
is much more complicated. In general, there is
no more selection rule. All the density-matrix
tensorial orders are excited. In particular, at
the second order in the electric field, the laser
creates both orientation(& =1) and alignment (P =2),
and couples them at higher orders: from the
fourth order, the Hanle effects do not keep a
Lorentzian shape. On the other hand, the satura-
tion resonances on the longitudinal quantities come
from all the second-order Hanle effects: trans-
verse orientation (p', ) and alignme~t (lP„p',).

When (L68) is fulfilled, for a given magnetic
field, there is at most one resonant modulation
in Spo~. Then, in theory, Eqs. (L54) can be com-
pletely solved. " But the calculation is complica-
ted. As experiments have been performed using
a linear polarization, me shall not analyze the
general case in a more detailed may.

VI. VALIDITY OF THE APPROXIMATIONS—
LIMITS OF THE THEORY

In this section, me analyze, in a detailed man-
ner, the validity of the approximations introduced
in Sec. III.

A. Atomic Transitions

In a first part, @re consider the case of visible
or near-infrared laser transitions of neutral at-
oms. More particularly, all the numerical values
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come from the following neon transitions (in
Paschen notation): 3s, —2p, (X =6328 A), 3s, —2p,
(X =6401 A), 3s, —2p~ (X =7305 A}, and 2s, —2p,
(x=1.52 p).

To write S as an integral, the conditions (I.36}
and (I.37) are necessary. For the visible lines,
(I.37) is well verified in the usual experimental
conditions. (For a 2-m-long laser, N= 10-13 for
X = 7305 A, ~ 15 for 6401 A, and a 20 for 6328 A).
On the other hand, if the atomic linewidth is great-
er than the mode spacing [Eq. (L36)], the hole
structure of the atomic response vanishes (see
Fig. 2). For a 2-m-long laser cavity, A&a is equal
to 75 MHz. But the atomic linewidth is strongly
broadened by the dephasing atomic collisions. By
Lamb-dip experiments on the 6328-A laser line,
Smith4' measures a broadening di'„/dp about 70
MHz/Torr ~n a 7:1 mixture of He: Ne; for the Same
mixture, Shank~ gives 90 MHz/Torr. Dietel"
finds 61 MHz/Torr for a, 5:1-He: Ne mixture and
Cordover4' finds 58 MHz/Torr for a 8:1 mixture.
On the 1.52-p line, Carroll" gives 80 MHz/Torr
for a 10:1-He: Ne mixture. Subsequently, the
condition (L36) is valid in the usual laser pressure
range (1 to 5 Torrs) and the expression of S by
means of an integral [Eq. (I.38)] is well proved.

Now, let us consider the second set of condi-
tions: NE&o» &u~, p'A~, situ (I.39). Most of the
experimental results will concern the Hanle effect
and the zero-field "saturation resonance". In this
case, (I.39} is verified very well, because the
magnetic field is weak: g (

& 5 G and subsequently

~&os ~~ 10 MHz, while Nh e = 1000-2000 MHz.
Moreover, as condition (I.68) is valid in the usual
experimental situation [I'gk) = 10 MHz and Au&

= 80 MHz (Refs. 1 and 10)], the density-matrix
modulations are not resonant and p' = s =o.

On the other hand, for the analysis of modula-
tions and "lateral saturations", the validity of
(I.39) must be carefully studied For .the first
modulations (p= 1),pa&o= 80 MHz and the resonant
field corresponds to &o~ = 40 MHz: (L39) is still
valid, but becomes less and less valid as the mod-
ulation order grows up and, subsequently, as the
magnetic field at resonance becomes higher. To
show the limits of the present theory, let us com-
pare the results of Sec. IV with the interpretation
that Dumont proposes for the saturation resonances
using a more sophisticated fourth-order perturba-
tion calculation. 4 Dumont has shown these reso-
nances are produced by two phenomena.

(1) A population effec& which is resonant when

the 0' component of a laser mode and the cr com-
ponent of another one interact with the atoms of
same velocity (Bennett hole crossing). The width

of these resonances is 21"„. In the BLA conditions
(I'„&6&v), these resonances are not resolved, as

shown by both the theoretical calculations and the
experimental results of Dumont. '

(2) A Zeeman coherence effec&: to the second
order, the laser creates a modulated transverse
alignment, and, to the fourth order, this align-
ment produces unmodulated longitudinal quantities
exhibiting resonances when the magnetic field is
scanned. The saturation resonances appearing in
Sec. IV, have exactly the same origin. However,
when the modes are phase locked, in the BLA
approximation, a11 the resonances have the same
intensity, whereas the more realistic calculation
of Ref. 4 shows that, due to the finite number of
modes, the intensity of the resonances slowly
decreases when their order (p) grows (see Figs. 5,
7, and 9 of Ref. 4). This feature agrees with the
validity conditions of the BLA: the modulation
order must be much smaller than the modes num-
ber.

Nb, ~» hv is the last condition introduced in the
BLA (Eq. I.41). It is the most crude one because,
for the usual neon laser lines, Nhco is of the order
of 2hv. This condition is necessary for the laser-
induced transition probability S(v) to be indepen-
dent of the velocity. Indeed there are other ways
to get the velocity-averaged equations, (L50) and

(I.51), from the motion equations, (I.35). For
instance, it is sufficient that S(v) and p(v} are not
correlated: the velocity average of S(v)p(v) is then
written as a product of the two velocity averaged
quantities (S(v)},„(p(v)),„.

This situation is realized in the optical pumping
of the ground state. ' There are many collisions
which change the velocity without disturbing the
internal state of the atom. The velocity distribu-
tion is quickly thermalized and p(v) is proportional
to the Maxwell repartition function. To a certain
extent, this situation may also be realized in the
excited states when the fluorescence lines are
strongly reabsorbed in the gas: in this case, it
is the trapping of the fluorescence lines that en-
sures the thermalization of the velocity of the ex-
cited atoms.

Another possibility is that the intensities of the
modes are fairly equal. Indeed, if all the modes
have the same amplitude, it is shown in Ref. 26
that, to get Eqs. (I.50), condition (I.41) can be
replaced by Nb, co» I'„.

In other respects, when the laser intensity
grows, the correlations which may exist between
p(v) and S(v) decrease. Indeed, the p dependence
on the modes intensity is essentially nonlinear.
This nonlinear behavior softens off the depth dif-
ference of the Bennett holes coming from the dif-
ference between the modes intensities. Moreover,
these holes are powerbroadened and more over-
lapping. p(v) comes nearer to the Maxwell distri-
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bution. On the other hand, S(v) is always a linear
function of the intensity of the modes: this explains
the vanishing of the S(t)-p(v) correlations. Sub-
sequently, the BLA approximation is particulaxly
convenient for high laser intensities.

In conclusion of this part, the use of the BLA
equations seems to be correct for the atomic tran-
sitions.

8. Molecular Transitions

note").
With regard to the I molecule, the laser-satu-

rated absorption experiments show that the opti-
cal linewidth stays in the 2-20 MHz range as long
as the pressure is lower than 2 Torr. Due to the
200 MHz mode spacing, the BLA validity is highly
unlikely. In particular, the Zeeman-tuned holes
crossing effect must be taken into account. The
observed saturation effects4' cannot be explained
in the frame of the present theory.

Recently, a few molecular levels have been suc-
cessfully pumped with ionic lasers. McClintock
eI; al.' have observed the zero-fieLd level crossing
in the excited 9'm„state of the Na, molecule
pumped by an argon-ion laser. Broyer eI; al.' have
studied the same effect in some excited states of
I, with Ar' and Kr' lasers.

Is the BLA valid for these experiments' The
width of the ion lasers is very large: NA& = 3000-
5000 MHz. The Doppler widths are about 300 MHz

for I, and 800 MHz for Na, . Subsequently the con-
dition (I.41) is fulfilled: Nb. &o» d v. On the other
hand, due to the weak-g values of these molecules,
Nb co is much greater than ~~. The principal dif-
ficulties come from the relative values of I'„and

In the pumping of molecules, the pressures
are smaller (10 '-1 Torr) than for the atoms, and

the collision broadening of the optical linewidth
must be weaker.

For the Na, experiments, McClintock et al. give
~~ =60 MHz and measure a natural width of the
B'g„state of about 25 MHz. The problem is that
the effect of the dephasing collisions is not known

(the authors do not give the experimental pres-
sures). It is possible that the BLA conditions are
fulfilled: this is necessary for the validity of the
zero-field optical pumping theory of Drullinger
and Z are using a rate-equation approach (see

VII. CONCLUSION

In this paper, we have presented a theoretical
study of the optical pumping with a multimode
laser. The so-called "broad-line approximation"
allows us to write a set of equations of motion
which are theoretically solvable at all orders in
the laser field. The fourth-order solution has
been analyzed here and the results have been com-
pared with previous theories. The validity of BLA
must be considered in a detailed way for each par-
ticular transition.

This theory seems we11 fitted to the laser pump-
ing of the neon levels. We have entirely solved the
motion equations in the case when the laser is
linearly polarized and resonant for the following
transitions: Z =0-8 = 1 (Ref. 1V), 8 = 1-g = 1 (Ref.
48), and /= I-1=2 (Ref. 35). The experimental
verifications have been worked out on the neon
laser lines. They will be described in a detailed
manner in following paper s.
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