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Computations are carried out for the 'S(6s2)-'P(6s,6p) coherent laser excitation of '*’Ba and **Ba in
a magnetic field. Results are presented for both the steady-state and time-dependent excited-state popu-
lations of the Zeeman-split magnetic sublevels. The quantum-statistical Liouville-equation approach (for
the reduced density matrix) is compared to the rate-equations approach. Significant differences are
found between these, due to the interference between strongly overlapping lines (especially for '*’Ba).
The time-evolution profiles indicate that the '*’Ba transient time is much longer than that of '**Ba.

PACS number(s): 32.80.Bx, 32.70.Jz, 42.50.Ar

I. INTRODUCTION

In a wide variety of experiments aimed at the detailed
study of excited atomic (molecular) systems, laser radia-
tion has long been used for the preparation of specific ex-
cited states [1,2]. Most of these experiments only require
lasers of moderate power (approximately in the milliwatts
to watts range) so that strong-field phenomena, such as
multiple-photon absorption, dressed-state spectroscopy,
and ultrafast nonresonant radiative collisions, etc., can be
ignored. Under these conditions, the dynamics of the
atomic (molecular) system interacting with the laser radi-
ation can be understood readily in terms of the field-free
states. A basic problem is then the determination of the
time evolution of excited-state populations as the matter
system is pumped in a collisionless environment by the
laser for a time period long in comparison with typical
excitation and decay times. A knowledge of the time
profile of these populations is critical for the understand-
ing of secondary processes occurring on the excited
states, such as electron scattering, electron-impact ioniza-
tion, photodissociation, photoionization, and various
charge-transfer processes.

In this paper we investigate theoretically the coherent
laser excitation of '*’Ba and '*®Ba from the ground mani-
fold 'S (6s2) to the excited manifold 'P(6s6p) in the pres-
ence of a magnetic field. The excitation of the Zeeman-
split magnetic sublevels arising from the fine structure
(’®Ba) and the hyperfine structure (!*’Ba) exhibits in-
teresting temporal coherences and steady-state power-
broadening effects due to overlapping resonances that are
of crucial importance in the interpretation of experimen-
tal results on excited-state processes. Data for Ba in a
collisionless environment already exist for electron-
impact ionization [3,4] and superelastic electron scatter-
ing [5] from the !P excited manifold.

The physically appealing and conceptually simple
rate-equations approach has often been successfully used
in many applications on the interpretation of excitation
spectra [6]. It fails, however, to describe temporal coher-
ences due to'quantum superposition [2,7,8]. In this work
we will use a nonrelativistic quantum-electrodynamical
(QED) model to describe the laser-atom interaction and a
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quantum-statistical density-matrix approach [2] based on
the Liouville-space formalism [9] to treat the dynamics of
the coherent excitation. This approach will adequately
describe temporal coherences in the presence of energy
and/or phase relaxation due to spontaneous emission
[10]. Our treatment is based on the Schrddinger picture,
where the time evolution of the reduced density matrix
for the atomic subsystem is directly calculated. A paral-
lel treatment based on the Heisenberg picture calculates
instead the time evolution of the radiation field [11] and
atomic operators [12].

Section II summarizes the theory on which our calcu-
lations are based. The main result is the Liouville equa-
tion for the reduced density matrix p, [Eq. (12) and
Table I]. We also discuss the transition from the Liou-
ville Equation to the rate equations [Eq. (21) and Table
II]. Section III presents details and results of our calcula-
tions for the o and 7 pumping of the Ba systems. We
will demonstrate significant differences between the
density-matrix and rate-equations approaches (Figs. 6, 7,
and 10), interference effects due to overlapping reso-
nances (Fig. 7), and different transient time scales in the
time-evolution profiles of the excited-state populations of
the two isotopic species (Figs. 10—12). Section IV con-
cludes the paper with a discussion of the numerical re-
sults.

II. THE LIOUVILLE EQUATION
FOR THE REDUCED DENSITY MATRIX
AND THE CORRESPONDING RATE EQUATIONS

Our QED model consists of a single-mode laser in the
Fock representation interacting with a multilevel atom
capable of spontaneous decay. The atomic levels consist
of a ground-state manifold (g), an excited-state manifold
(e), and metastable bath manifold (b). The single laser
mode is chosen with frequency w; approximately reso-
nant between the g and e levels but far off resonance be-
tween the b and e levels. We thus exclude absorption
from the metastable bath states back to the excited mani-
fold after spontaneous decay from e to b. Figure 1 shows
schematically the atomic levels with the allowed radiative
processes in our model.
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FIG. 1. Schematic atomic energy-level diagram for the QED
model of Egs. (1)-(4). The solid line represents absorption and
stimulated emission of a laser photon of energy fiw;. Wavy
lines represent spontaneous emission.

We assume the g and e states are dipole coupled and
use the rotating-wave approximation (RWA) [13]. The
total Hamiltonian in second-quantized form can then be
written as

H=Hatom+Hﬁeld+Hi ’ (1
where
Htom 28 cg+ 25 4 Ce s ()
Hﬁe1d=2 ﬁwkakak ) (3)
k
Hiz_ﬂ'E
=# 3 [ghclea+(gk)*alcle,], )
e,d,k
with
. . 21Ta)k 172
8ed = _lek'Ded AV ’ (5)
DedE<e|l""d> . (6)

In Egs. (4)-(6), d denotes either the g or b states. In
qr (2) &, and ¢, denote the atomic energy levels, and c;
;) the atomlc anmhllatlon (creation) operators. In Eq
(3) k labels the field mode (wave vector k and polariza-
tion vector €), @y is the field frequency of the k mode,
and a; (ak) represent creation (annihilation) operators for
photons of the k mode. Equation (4) gives the interaction
Hamiltonian within the dipole approximation and the
RWA. pu is the atomic dipole moment operator and E is
the electric-field operator (with constant amplitude). The
first term in the sum on the right-hand side of Eq. (4) de-
scribes absorption by the ground manifold. The second
term describes stimulated and spontaneous emission from
the excited to the ground manifold, and spontaneous de-
cay from the excited manifold to the bath. In Eq. (5), Vis
the quantization volume.

The RWA amounts to including only those processes
where absorption is accompanied by atomic excitation
and emission by atomic deexcitation. Under the
RWA, the Hilbert subspace spanned by the dressed
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atomic states lg,NL ), Ig,NL“n;kil, cen ,k.-" ),
|e,NL—n;k,-l,...,k,."_l), and |b,N,—1;k,), where

1<n <N, and k;5L, is then invariant under H. In the
above notation, L labels the single laser mode, N, is the
number of photons in that mode, and k; represents a sin-
gle photon in the arbitrary k; mode. The coupling be-
tween the dressed states is shown in Fig. 2.

We consider only laser powers such that the Rabi fre-
quencies are comparable to the spontaneous-decay rates
(Einstein A coefficients~10® s™!). Then N >>1; but for
typical laser-atom interaction times of interest (on the or-
der of 100 atomic lifetimes), the cascading towards lower
N, is still completely negligible. In these situations only
the states |e,N,—1), |g,N.), lg,N,—1;k;), and
|b,N; —1;k,) are effectively coupled by H;. Phys1ca1]y
le,N, —1) will represent the excited atomic states in a
laser field with the number of photons in the L mode
<N;. Thus absorption from all the lg,NL —1;k,,)
states will replenish |e, N; —1) and the sequence of states
in Fig. 2 (in principle progressing all the way down to
lg,0:k,, . .. vk, )) can be truncated at |g,N; —1;k,).

To simplify notation we will denote our truncated (but
still infinite set of) basis states by

le)=le,N,—1), (7a)

lg)=lg,N.) , (7b)

k) =lg,N.—1;k;) , (7c)
and

|k, )=1b,N, —1;k,) . (7d)

The full density matrix p,-j(t), where i,j refer to the
basis states in Eq. (7), can be partitioned as follows:

Pa PaB

PB4 PBB

plt)= (8)

where A denotes the atomic subsystem (states labeled by
e or g), and B the bath of spontaneous decay channels
(states labeled by k, or k,) [c.f. Eq. (7)]. We seek the
equation of motion (Liouville equation) for p 4, the re-
duced density matrix for the atomic subsystem.

A convenient procedure consists in applying the resol-

le.,N-1> |e,N=2;k> le,N=35ki, ke >
[b N Tk >
[g,N> g, Nk (8 N2k, k>

FIG. 2. Coupling scheme between the basis states in an in-
variant subspace of the total Hamiltonian H given by Eq. (1).
Upward solid arrows represent absorption, downward solid ar-
rows represent stimulated emission, and wavy arrows represent
spontaneous emission. See text for an explanation of the state
labels.
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TABLE 1. The time-evolution matrix (L, +.L,). For details on the notation see Egs. (13)-(20). The sign convention for the decay
coherence term (proportional to the square root of the product of Einstein A4 coefficients) is as follows: + ( —) is used when the corre-
sponding dipole moment matrix elements have the same sign (opposite sign).

8384 83€4 €384 e3ey
— ; 172
8182 w31828318388284 Qe4g28glg3 QeBg1682g4 ilSm31m42( Ae351Ae432)
gie; Qe 4,8 6, 8g,6,80,e,(Aeg, —1/2N,7,) 0 Qeyg,Beye,
€8, Qelg383234 0 5323489133(—Aelgz—i/ZNeT,) _—ﬂ"ﬂza"les
ee; 0 0213382224 _Qe23489123 8818352224(609182—[/Ne'r,)

vent method with the appropriate projection operators to
the Fourier transform of p(¢) [14]. The resulting equa-
tion (exact) is [4]

p4(t)=—iLp 4(t)

t —i[Ly+(1—=D)L, ]t
— [farLe "t !
0

(1—D)L,
Xp(t—1t"), ¢l
where the Liouville operator L is defined by
Lp=[H,p], (10

and L, (L) corresponds to the unperturbed (interaction)
Hamiltonian. The projection operator D projects onto
the atomic subspace: Dp=p ,. Equation (9) clearly de-

scribes memory effects. The Markovian (memory-
erasing) approximation consisting of the steps
t ©
dt’ t 11
Jar—["d (11a)
and
pat—t)—p (1) (11b)

is then applied to yield finally the Liouville equation [4]
pat)=—i(Ly+Lp 4(8), (12)

where L is diagonal and the entire time-evolution matrix
L,+.L, is time independent. Its specific form is given in
Table I. The notation used in this table is explained as
follows: The resonance frequencies w;; are given by

w;=(E,—E;)/#, (13)
the detunings A, are
eg

Aeg = Wy — (0]
and the Rabi frequencies (1, are
TABLE II. Time-evolution matrix (L,) for the rate equa-

tions. The absorption and stimulated emission rates B,, are
given by Eq. (22).

82 7]
g1 T EEB% Beys, T Aeys,
€ Belg2 —aelez Eg(Be!g+Ae1g+2b Aelb
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B, U,

2T

Q= sgn(D,, )€, €,,,)

(Am=0,%1) . (15)

In (15), Am is the change in magnetic quantum number
for the dipole transition (g—e) and €, is the laser-
polarization unit vector (perpendicular to wave vector of
laser). The unit vectors in circular basis are

(16a)

8="6, , (16b)

U, is the laser energy density, the Einstein 4 and B
coefficients are given by

3m2ci A
B,=—7", (17)
fiw,,
4D2 w}
Ap=—27, (18)
3fic

N, is the total number of excited states in the P mani-
fold, and
1

1,1 (19)

T Tg Ty

in which 7, is the lifetime for e —g decay and 7, is the

lifetime for e — b (metastable bath) decay, and

11,1>

le>

10,0> e >

FIG. 3. Pumping and decay scheme for the Zeeman-split
magnetic sublevels of the '**Ba 'S(6s2)—'P(6s,6p) transition.
The individual sublevels are designated by |F,my). Solid ar-
rows represent absorption and stimulated emission. Wavy ar-
rows represent spontaneous emission. (The Zeeman-splittings
as shown are grossly exaggerated.)
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TABLE III. Resonance energy levels v=E/h for the
Zeeman-split magnetic sublevels of the !P(6s6p) excited mani-
fold of 1*’Ba and '**Ba used in the present calculations. Values
for '**Ba are referenced to v(1,—1)=0, those for *’Ba to
v($,—3)=0. The splittings are created by a magnetic field of
~93 G (Ref. [4)).

F mg WF',mp) (MHz)

138Ba 1 —1 0
0 130
1 260

1378, 0
36.03
77.67

127.26

188.49

260.40

305.58

324.04

348.82

414.12

613.07

687.45

Nl
I

TSN

ST}
(ST ST I I [NYIVRSTINYNT N
[T STI)

o=

m,1=Am(e,<—gl) . (20

Dipole moment matrix elements D,, for specific transi-
tions (e<«—g) of the Ba systems under study are given in
the next section [Egs. (23) and (24)].

The rate equations for the diagonal elements of p ,
(populations) are obtained from the Liouville equation for
p 4 [Eq. (12)] by another round of projection and Marko-
vian approximation. The result is [4]

pp=Lypp » 1)

where the time-evolution matrix L, for the atomic popu-
lations (pp) is given in Table II. The absorption and
stimulated emission rates j3,, in this table are given by the
Lorentzians [4]

2 F=1/
3
Ly e 2 ,
2y, R T F=232 le>
5
1 3/2 i
3 -1/ _/2_. - '
s P F'=5/2
Ve 2 ¥z F=3/2  |g>

FIG. 4. Level scheme for the hyperfine Zeeman-split magnet-
ic sublevels of the *’Ba 'S(6s2)—!P(6s,6p) transition. The
numbers directly above the levels denote my. (Zeeman split-
tings are grossly exaggerated.)
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B
l—————> 7
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x|

FIG. 5. Possible geometry of experimental setup for the o
(7) pumping of Ba. B represents the magnetic field responsible
for the Zeeman splitting of the excited hyperfine states. k
represents the propagation direction (wave vector) of the laser
beam. E represents the polarization direction (on the xz plane).

Aegﬂgg
(0p @, P+ A4%/4

Bee= (22)

In practice one can phenomenologically insert arbitrary
line-shape functions (of w,) for B,, to incorporate inho-
mogeneous as well as homogeneous broadening. Our cal-
culations use Eq. (22).

The rate equations for populations contain less spectral
(time coherence) information than the corresponding
Liouville equation for the reduced density matrix p 4.
The information (memory) loss becomes more severe as
the amount of overlap between the atomic resonances in-
creases. In the next section we will show the differences
between these two approaches.

III. THE CALCULATIONS

For both *’Ba and '*®Ba, we label the atomic states
with the hyperfine spectroscopic designation (F,my) for
uniformity of notation, even though I =0 for 3¥Ba. Thus
we consider dipole transitions between the 'S(6s?) mani-
fold with hyperfine magnetic sublevels labeled by
la=[(6s%),L =0,8 =0];J =0,I;F,mg) and the
1P(6s,6p) manifold with the corresponding labeling
|a’=[(6s,6p),L'=1,8'=0);J'=1,I;F',m}). For '*Ba
(I =0) the ground manifold consists of only one magnetic
sublevel |a;(0,0);(0,0)) while the excited manifold con-
sists of three Zeeman-split magnetic sublevels
la’;(1,0);(1,mp=0,%1)). The 'S—'P transition for
1388, thus constitutes a four-level system with a pumping
and spontaneous-decay scheme illustrated in Fig. 3. For
37Ba (I=32) the ground manifold consists of four
hyperfine magnetic sublevels |g;)=|a;(0,2);(3,mp
=+3,41)), and the excited manifold consists of 12
Zeeman-split hyperfine magnetic sublevels

&3 (1,3)(F'=3,mp=+3,43,+1)

le;}= (F'=3mp=%3,+1) >
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The level scheme for the '*’Ba 'S — !P transition is illus-
trated in Fig. 4. The optical transition 'S—'P is ~2.4
eV ~5.76 X 10'* Hz and we consider Zeeman splittings of
<700 MHz brought about by a magnetic field of ~100 G
(see Table III). In practice spontaneous emission from
the ! P manifold also populates the lower-lying bath mani-
folds 3P, 'D, and 3D (between~1.1 and ~1.7 eV above

U= 5 (@)
0.5F3x104erg/cm

0.4

0.3

0.2

0.1

0.0
-0.2 -0.1 0.0 0.1 0.2 -30 0.4
v, (GHz)
0.5
U = (b)

3x 10-4erg/cm3

0.4

0.3

0.2

0.1

s S

-0.2 -0.1 0.0 0.1 0.2 0.3 0.4
v (GHz)

FIG. 6. Density-matrix (a) and rate-equations (b) steady-state
excited-state populations of the !**Ba 1S — !P transitions (shown
in Fig. 3) as functions of laser frequency for o+ pumping.
Zero frequency is at the |[F=1,my= —1) level. Positions of all
excited Zeeman-split magnetic sublevels are 0.13 GHz apart.
U, is the laser energy density. The curves in each figure include
the individual excited-state populations and the total excited-
state population.
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the 'S ground state). This is relatively insignificant com-
pared with emission to the 1S manifold (branching ratio
~1:300), [15] and will be ignored in our calculations, al-
though the formalism includes it. The o(Amgp==1),
m(Amr=0), and o plus 7(Amz=0,%1) pumping
schemes will be considered. These can be realized, for ex-
ample, by a crossed atomic beam—laser magnetic-field ex-
periment [3] in which the component beams are at right
angles to each other and the laser is linearly polarized, as
shown in Fig. 5.

The dipole matrix elements D,, can be obtained with
the help of the Wigner-Eckart theorem. We have [16]

0.8

LU= 3 (a) 4
| 5x10-3erg/cm

0.6

0.4

0.2

0.6

UL -

0.0 1 1 L 1 1 1 1 1 1 |
-0.2 -0.1 0.0 0.1 0.2 0.3 0.4

v, (GHz)

FIG. 7. The same results as in Fig. 6 for a higher laser energy
density: from density matrix (a) and rate equations (b). Note
that interference effects due to overlapping resonances are quite
apparent in this figure. (See Fig. 6 caption.)
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—(—)F TSRS o B 1)(2F + 120+ 12 +1)] 28

J’
L s L'

F' 1 F
J 1 J

F’ 1 F

—mp Am mg

X

((6s6p)L’'||D™V||(6sP)L ) . 23)

This leads to the following expressions for the 'S — P dipole transitions:

[ h T T T T T T T T T T ]
j (a) :
0.3 y o .
r U =3x104erg/cm3 7]
02 f ]
01 F h
0.0 :
-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
v, (GHz
L ey,
0.24 T T T P
[ b ]
. Tc 4
i Up =3x104erg/cm®]
0.16 B
0.08 - i
0.0 =—r— 2 =
0.1 0.0 0.1 2 0.3 0.4 0.5 0.6 0.7

FIG. 8. Density-matrix steady-state excited-state populations
of the '¥’Ba 'S —'P transitions (Fig. 4) as functions of laser fre-
quency, for o pumping (a) and 7 pumping (b). Zero frequency is
at the |[F=3,m;=—1) level. Positions of the Zeeman-split
magnetic sublevels (see Table III) are indicated. U, is the laser
energy density. The curves in each figure include the individual
excited-state population and the total excited-state population.
Note the uneven shifts and broadening of the individual
excited-state resonances.
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1 T Y T I Y I [
0.6 T T T T T T T T T T
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0.0 e s S M S B ——
01- 00 01 02 03 04 05 06 07
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ol | L1

FIG. 9. Same results as in Fig. 8 for a higher laser energy
density: o pumping (a) and 7 pumping (b). (See Fig. 8 caption.)
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Mz (24a)

o V3 Ba
* 2P —mi 32 ol (24b)

(=1

172
(2F'+1)
3

where M is the reduced matrix element
M ={(6s6p)L'=1||DV||(6s*)L =0) . (25)

M can be determined in terms of empirical ' P lifetimes T,
(for '**Ba) and 7/, (for '*"Ba) by

4oy 1 _ 1
o aM=E—=—. (26)
3#ic 4r, T
Standard matrix techniques [17] are used for the solu-
tions of the Liouville equation and the rate equations.
All eigenvalues and eigenvectors are obtained with the
EISPACK matrix eigensystem routines [18]. Determinants
are evaluated with the LINPACK linear algebra routines
[19]. Numerical inputs for the present calculations are
listed as follows:

0, =2m(5.76X10M) 71, (27)
T,=8.37X107° s, (28)
(P a)gg,(0)=8; /N, , (29a)
(P )ge(0)=(p 4 )eg(0)=(p 1), (0)=0, (29b)
(pplg (0)=1/N, , (30a)
(pp)e (0)=0, (30b)

where Ng is the total number of states in the 'S manifold.

With respect to the geometry of Fig. 5

Z (7 pumping)
€, = |X (o pumping) (31
—\/I—E(’i+’z‘) (o +7 pumping)

Table III gives the energy values for the Zeeman-split
magnetic sublevels.

Figures 6-9 present computed results for steady-state
excited-state populations as functions of laser frequency,
while Figs. 10—12 show time-evolution profiles of total
excited-state populations (sum of all Zeeman-split level
populations in the 'P manifold). In Figs. 6, 7, and 10
density-matrix results are compared with rate-equations
results for o +7 pumping of **Ba. Figures 8, 9, 11, and
12 show density-matrix results for *’Ba, for o and =
pumping separately.

IV. DISCUSSION

Figures 6, 7, and 10 for **Ba results show clearly the
similarities and differences between the Liouville equa-
tion (density-matrix) and rate-equation approaches. For

—mp Am myg

M , 137Ba

short times (much less than steady-state time scales), the
differences are manifested by the presence of large Rabi
oscillations in the density-matrix excited-state popula-
tions, in contrast to the steady buildup of the rate-
equation populations. For on-resonance frequencies, the
rate-equation populations correspond roughly to the

0.8
(a)
L U =3x104 erg/cm?>
V| =0.0 (GHz)
0.6 4
L /\ AN
\_/ I ———
0.4 b
02h ]
0.0 PR S S NSNS SN SR NN TR (NN SR SN SN NN S SN SR '
o 40 80 120 160 200
time (10-9 sec)
L (b) -
0.32 i U =3x104erg /cm3 |
L v[=0.05 (GHz)
L
0.24 1
H

0.16

0.08

§ T 1 1 '

0 40 80 120
time (10-9 sec)

| I S B T 'S

0.0 1 1 1

FIG. 10. Time-evolution profile (o +# pumping) of the total
excited-state population of the !**Ba 'S — !P transitions (shown
in Fig. 3), for two laser frequencies v;. Zero laser frequency is
at the |[F=1,my=—1) level and the excited levels are 0.13
GHz apart (see Table III). U, is the laser energy density. Each
figure compares the density-matrix results (curves with Rabi os-
cillations) to the rate-equation results (curves with steady build-
up).
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density-matrix populations averaged over the Rabi oscil-
lations [Fig. 10(a)]. But this is no longer true as one
moves away from resonance [Fig. 10(b)]. If one is only
interested in the steady-state (1 — o) populations, how-
ever, our results indicate that the two approaches are
comparable when the laser energy density is low enough
so that the individual atomic resonances do not overlap
significantly (Fig. 6). With the increase in laser energy
density, power broadening causes strong overlap and in-
terference between the resonances. The Liouville-
equation approach is capable of describing these interfer-
ence effects by incorporating phase information carried

026 ——r——7—— "7 "7 7T T T T
(@ A
o
UL =3x10-4erg/cm®
0.18 V| =0.13 GHz

0.12

0.06 -

RS SN N IS N | S T S T S S S IS N S I S S |

00 L 1 L ! L s 1 L | L 1 L 1 L 1 ' !
0 200 400 600 800 1000
time (10-9 sec)

PO S A YA A S S S B S S T ‘l—h“i

(b) 7

0.3 ]

n ]

U =3x104 erg/cm3 1

v =0.13GHz 1

0.2 \ .

0.1+ ]

0.0 L L 1 1 1 L ! L 1 1 1 1 L 1 1 L 1 1 1 ]
0 200 400 600 800 1000

time (10-9 sec)

FIG. 11. Density-matrix time-evolution profiles of the total
excited-state population of the '*’Ba 'S — !P transitions (Fig. 4),
for o pumping (a) and 7 pumping (b). U, is the laser energy
density and v, is the laser frequency. Zero laser frequency is at

5

the |F=2,m;= —3) level.
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by the time evolution of the off-diagonal density-matrix
elements of p , and predicts shifts and broadening of the
individual resonances that are significantly different from
those predicted by the rate equations (Fig. 7). These
differences, as discussed previously, result from the fact
that, on passing from the Liouville equation to the rate
equations, a Markovian approximation is introduced
which erases memory and thus spectral information.

The Zeeman-split hyperfine spectroscopy of the '*’Ba
leads to strongly overlapping resonances, even for rela-
tively low laser powers. Thus interference effects due to
power broadening are expected to be much more

C T T T T T I T T T
(a)
0.4 1
c b
U = 3x 104 erg/cm® ]
0.3} V| =0.33 GHz ]
02 ]
01} 1
00 : 1 1 L 1 L 1 L 1 1 1 L 1 1 1 1 1 1 1 1
0 200 400 600 800 1000

time (10-9 sec)

UL =3x104erg/cm®
V|=0.33 GHz

0.3

T T T T T T T

O T I NI Bt

1

n

0.2}

0.1}F

S O N I T N A T SR G

1 Il i

O 3 0 1 1 1 1 1 1 1 1 1 L i 1 1 1
0 200 400 600 800 1000

time (10-9 sec)

FIG. 12. Same results as in Fig. 11 for a different laser fre-
quency. (See Fig. 11 caption.)
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significant than in the case of '3Ba. This is revealed
strikingly in Figs. 8 and 9, which show the shifts and
broadening of the individual Zeeman-split resonances as
well as the total excited-state populations.

Time-evolution profiles for '*’Ba, shown in Figs. 11
and 12, indicate that it takes significantly longer for the
odd isotope excited-state populations to approach
steady-state values: ~ 500 ns for '3’Ba compared to ~200
ns for 3¥Ba. Rabi oscillations, however, disappear at
~200 ns for both the even and odd isotope cases. These
time characteristics should be important for the interpre-
tation of time-resolved experimental data.

We conclude by mentioning that for direct comparison
with experimental data our formalism and computations
would have to be appropriately modified to accommodate
specific experimental situations, such as Doppler
broadening, time dependence of laser power, etc. These,
however, present no difficulties in principle.
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