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We have investigated the dynamic Stark effect in a J =0—1—0 three-level ladder system in an
atomic beam of natural barium. An intense, actively stabilized cw dye laser was tuned to resonance
between the upper two levels, and a similar laser was scanned through resonance with the transition
connecting the lower two levels. Fluorescence arising from transitions out of the middle and upper
levels was separately recorded as a function of probe laser frequency. This is the third and final pa-
per in a series, of which the first two papers investigated theoretically and experimentally the
“weak-probe” case, where the intensity of the probe laser was sufficiently low for the interaction be-
tween the atoms and the probe laser to be linear. In this paper we present an experimental investiga-
tion of the “strong-probe” case, where both lasers interact nonlinearly with the atoms, and we com-
pare the results with the predictions of a theoretical model based on the optical Bloch equations.

I. INTRODUCTION

In recent years there have been several investigations of
the dynamic Stark effect in Doppler-free (atomic beam)
optical double-resonance experiments.'~* Most of these
experiments used three-level systems (3LS’s) in an atomic
beam of sodium. A strong perturbing laser was tuned to
resonance between the ground state and middle level of
the 3LS, and a weak probe laser was scanned through res-
onance with the transition connecting the middle and
upper levels. Fluorescence from the upper level was mon-
itored as a function of probe-laser frequency. This gen-
erally resulted in a two-peaked profile, known as an
Autler-Townes doublet, which is symmetrical when the
strong laser is tuned to exact resonance, and becomes
asymmetrical as the strong laser is detuned. With the
strong laser tuned to exact resonance, the separation (in
angular frequency units) of the two peaks is equal to the
Rabi frequency B=pu-E/#, where u is the dipole moment
of the transition driven by the strong laser, |E| is the
electric field amplitude of the laser light, and 7 is Planck’s
constant divided by 27.

More recently, we have investigated experimentally’
and theoretically® the case where the strong laser was
tuned to the transition connecting the upper two levels of
a 3LS in barium, and the weak-probe laser was scanned
through resonance with the transition connecting the
lower two levels. Fluorescence from the middle and upper
levels was independently monitored as a function of
probe-laser frequency for a range of strong-laser detun-
ings. The results of this “weak-probe” investigation were
in excellent agreement with theory.

As an extension to this work,*>® we present in this paper
the results and comparison with theory of an almost iden-
tical experiment, but where the intensity of the “probe”’
laser was increased so that it also interacted nonlinearly
with the atoms. This type of situation arises in many ex-
periments involving multistep laser excitation of atoms or
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molecules, but few systematic experimental investigations
have been published.*

II. EXPERIMENT

The atomic system in '**Ba,®~1° shown in Fig. 1, and

the experimental arrangement and method used for the
present (strong-probe) experiment are identical to that
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FIG. 1. System of atomic levels in '**Ba involved in the ex-
periment. Relevant atomic parameters are oscillator strengths
(f): 6st'Sy—6s6p'P,, f=1.64 (Ref. 8), 6s6p 'P,—6p2°P,,
S =0.0078 (Ref. 5). Lifetimes (7): 6s6p 'P,, 7=8.4 ns (Ref. 9),
6p*3Py, 7=6.2 ns (Ref. 10). The 655d 'D, level is metastable.
Branching ratios (r): 6p23P,—6s6p 'P,, r=2.6% (Ref. 5),
656p 'P—652'S,, r >98.5% (Ref. 8).
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used in the weak-probe experiment, and are described in
detail elsewhere.>® Briefly, a laser tuned to 608.3 nm (the
strong laser) and a laser tuned to 553.5 nm (the probe
laser), were focused onto an atomic beam of natural bari-
um. The frequency jitter of the two lasers and the residu-
al Doppler width of the atomic beam were small com-
pared with the natural linewidths of the transitions being
driven. The intensity of the 553.5- and 457.4-nm fluores-
cence, resulting from transitions from the middle
(6s6p 'P,) and upper (6p*3P,) levels, respectively, was
independently recorded as the 553.5-nm probe laser was
scanned. The dependence of the resulting profiles on the
detuning and intensity of the strong laser, and on the in-
tensity of the probe laser, was investigated.

In the present (strong-probe) work, the intensity of the
probe beam was varied (using neutral density filters) over
the range 22 W/m2-2.7 kW/m? corresponding to
probe-laser Rabi frequencies of 9—100 MHz. For com-
parison, the probe-laser intensity in the weak-probe experi-
ment’® was 2.4 W/m?, corresponding to a Rabi frequency
of 3 MHz.

III. RESULTS

A series of profiles obtained with different probe-laser
Rabi frequencies, and with the strong laser tuned to reso-
nance (+3 MHz), is shown in Fig. 2. Throughout this pa-
per, a positive detuning indicates that the frequency of the
laser light is greater than that of the atomic transition be-
ing driven. The profiles are all normalized to the same
peak amplitude. In the weak-probe case (probe-laser Rabi
frequency 3 MHz), the profiles of both the middle and
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upper levels exhibit the well-known Autler-Townes doub-
let.!=° The primary effect on these profiles of increasing
the probe-laser intensity is that of power broadening. For
this particular strong-laser Rabi frequency (200+5 MHz),
the Autler-Townes doublet is no longer resolved in either
the middle- or upper-level profiles when the probe-laser
Rabi frequency is greater than 95 MHz.

The asymmetry of the Autler-Townes doublets is due to
isotopes of barium other than '*®Ba.>® These other iso-
topes are also responsible for the smaller peaks to the
right (larger probe-laser detuning) of the Autler-Townes
doublets in both the middle and upper-level profiles.

Figure 3 shows a series of profiles obtained with the
same experimental parameters as for the profiles shown in
Fig. 2, except that the strong laser was detuned from reso-
nance by —400+10 MHz. As was previously observed in
the weak-probe case,’ the upper-level profiles consist of
two main peaks, one close to the unperturbed resonance
position (zero probe-laser detuning) and the other close to
the two-photon resonance (where the sum of the strong-
laser and probe-laser detunings is zero). The middle-level
profiles consist of only one peak, the peak near the two-
photon resonance being suppressed by the same process
responsible for coherent population trapping.'"'>> The
numerous smaller peaks in both the upper- and middle-
level profiles are again due to isotopes other than **Ba.

The most interesting feature of the profiles shown in
Fig. 3 is that as the intensity of the probe laser is in-
creased, the profiles are not only power broadened, but the
relative heights of the two peaks of the Autler-Townes
doublet are gradually reversed. Such behavior is signifi-
cant for two-step excitation experiments which aim to
maximize the population of the uppermost level.
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FIG. 2. Comparison of experimental results obtained with four different probe-laser Rabi frequencies. The strong-laser Rabi fre-
quency was 200+5 MHz, and the strong laser was tuned to line center. For each probe-laser Rabi frequency, the intensity of fluores-
cence I is plotted against the detuning of the probe laser from line center. The 65 6p 'P; and 6p?3P, profiles represent the intensity of
the 553.5- and 457.4-nm fluorescence, respectively.
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FIG. 3. Comparison of experimental results obtained with four different probe-laser Rabi frequencies. The strong-laser Rabi fre-
quency was 200+5 MHz, and the strong laser was detuned —400+ 10 MHz from line center.

Figure 4 demonstrates the dependence of the profiles on
the detuning of the strong laser. In this figure the intensi-
ty scales for middle- and upper-level profiles are unrelat-
ed.

It is interesting to compare Fig. 4 with Fig. 3 of our
earlier work,> which shows a corresponding series of pro-
files obtained in the weak-probe regime. This comparison

shows that the dependence of the middle-level profiles on
the strong-laser detuning is similar in both the weak- and
strong-probe regimes. In the case of the upper-level pro-
files, the peak amplitude of the component of the Autler-
Townes doublet which remains closest to the unperturbed
resonance (zero probe-laser detuning) as the strong laser is
detuned shows a similar dependence on the strong-laser
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FIG. 4. Experimental profiles obtained with a strong-laser Rabi frequency of 200+5 MHz and a probe-laser Rabi frequency of

95+5 MHz.
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detuning in both the weak- and strong-probe regimes.
The strong-laser detuning dependence of the component
at the two-photon resonance, however, is markedly dif-
ferent in the two regimes. It therefore appears that apart
from power broadening of the profiles, the most signifi-
cant effect, on the shape of the profiles, of increasing the
probe-laser intensity from the linear regime to the non-
linear regime in this particular atomic system is to in-
crease the amplitude of the component of the Autler-
Townes doublet at the two-photon resonance in the
upper-level fluorescence.

IV. THEORETICAL DESCRIPTION

The theoretical description of the nonlinear interaction
between the system of laser radiation fields and atomic
energy levels shown in Fig. 1 is considerably more in-
volved in the strong-probe case than in the weak-probe
case.® In the weak-probe case it was reasonable to assume
that the detectors predominantly recorded the steady-state
response of the atoms. It was also possible to restrict the
theoretical model to a system of three levels
(6s21S7—6s6p P, —6p?3Py) with a generalized relaxa-
tion path out of the 3LS from the upper (6p%3P,) level.®
Thus it was not necessary to include in the theoretical
model all external levels to which the upper level relaxes.
Both these assumptions were justified by noting that in
the weak-probe case the population of the ground state is
not significantly disturbed by the lasers. Therefore, dur-
ing the transit time (600 ns) of the atoms across the laser
beams, the proportion of the total population pumped into
levels external to the 3LS will be negligible and any atom
relaxing back to the ground state is unlikely to make any
further contribution to the observed signals.

In the strong-probe case, neither of the above assump-
tions is valid, since it is possible for a significant propor-
tion of the ground-state population to be pumped into the
long-lived 65 6p *P, and 6s5d 'D, levels, which do not in-
teract with the laser radiation. Thus the fluorescence ob-
served by the detectors is likely to be a transient response
of the atoms before they are pumped into the long-lived
levels external to the 3LS. It was therefore necessary to
include all the atomic levels shown in Fig. 1 in the
theoretical model.

The contribution of '**Ba to the results of the present
experiment was therefore modeled by treating the atomic
beam passing through the two collinear, counterpropagat-
ing laser beams as an ensemble of stationary atoms sub-
jected to two simultaneous pulses of laser light (one of
553.5 nm, the other of 608.3 nm), with Gaussian intensity
profiles in the time domain. The widths of these pulses
were equal to the average transit time of the atoms across
the corresponding laser beams. The probe-laser pulse was
shorter than the strong-laser pulse because the probe laser
was focused more tightly than the strong laser at the in-
teraction region, where the laser beams crossed the atomic
beam. For each combination of laser intensities and de-
tunings used in the experimental profiles, the optical
Bloch equations!® were solved numerically'* to obtain the
time development of the populations of the five atomic
levels shown in Fig. 1, as the atoms in the atomic beam
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passed through the laser beams. The observed signals are
proportional to the time-integrated populations of the
6s6p 'P, and 6p23P, levels, and the theoretical profiles
were obtained by repeating this calculation for a continu-
ous range of probe-laser detunings.

Although agproximately 11% (Ref. 15) of the popula-
tion of the 6p*°P, level relaxes to the 5d 6p *D, level (not
shown on Fig. 1), it was found that the effects of this re-
laxation path on the profiles generated by the theoretical
model were negligible compared with the effects of relaxa-
tion from the 6p?3P, level to the 6s6p P, level. There-
fore, in order to simplify the theoretical model, it was as-
sumed that the population of the 6p23P, level relaxes
only to the 65 6p 'P; and 65 6p 3P, levels.

Figure 5 shows an example of the time dependence of
the diagonal density-matrix elements (populations) of the
three levels of the 3LS (X, X1, X2) and the total popula-
tion of the levels (6s6p *P, and 6s5d 'D,) external to the
3LS (X33), for parameters corresponding to the peak of
the upper-level profile obtained with a probe-laser Rabi
frequency of 95 MHz shown in Fig. 2. This figure con-
firms that in the strong-probe regime, the observed signals
are due to a transient response, since the ground-state
population is almost entirely depleted before the atoms
reach the center of the laser beams. Thus for this com-
bination of laser intensities and detunings, the effective
Rabi frequencies of the strong and probe lasers are some-
what smaller than would be calculated from their peak in-
tensities. It is therefore clear that for this atomic system,
to neglect the effect of long-lived levels external to the
3LS in the strong-probe regime would lead to profiles
which would not be in agreement with the experimental
results.

In order to compare the experimental and theoretical
profiles in detail, it is necessary to take full account of the
Gaussian intensity profiles of the laser beams, and the iso-
tope structure of barium. The above technique automati-
cally takes into account the Gaussian intensity profiles of
the laser beams as measured along the axis of the atomic
beam, and the populations plotted in Fig. 7 correspond to
atoms in the atomic beam whose paths take them through
the center of the laser beams. However, the diameter of
the atomic beam was not small compared with the diame-
ters of the laser beams,’ so that there is a significant con-
tribution from atoms which pass through the edges of the
circularly symmetric laser intensity profiles, and thus see
shorter, less intense light pulses. To account for this, the
atomic beam was divided into 20 slices parallel to its axis.
The contributions to the total signal from the atoms in
each slice, which see laser pulses of different intensities
and”durations, were calculated separately and then add-
ed.

The isotopic composition of natural barium is (in atom-
ic percent) 71.9% *®Ba, 11.2% "“"Ba, 7.8% '**Ba, 6.5%
35Ba, and 2.4% !**Ba. All of these isotopes contribute
significantly to the observed profiles. The contribution
due to the isotopes of barium other than !3*Ba were in-
cluded in the theoretical model using the same method as
was used in the modeling of the weak-probe experiment.
This method, which is described in detail elsewhere,® in-
volved evaluating the time-integrated level populations of
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FIG. 5. Calculated time evolution of the diagonal density-matrix elements (populations) X for the system of atomic levels shown in
Fig. 1. The strong- and probe-laser pulses were assumed to be Gaussian with full width at half maximums (FWHM) of 423 and 347
ns, respectively, corresponding to the average time of flight of the atoms across the laser beams. The laser parameters were strong
laser; Rabi frequency 200 MHz, detuning 0 MHz. Probe laser; Rabi frequency 95 MHz, detuning 100 MHz. The symbols X9, X1,
and X, represent the diagonal density-matrix elements for the 6s%'Sy, 6s6p 'P;, and 6p23P, levels, respectively, and X;; represents
the sum of the diagonal density-matrix elements for the 6s 6p *P, and 6s 5d 'D, levels.

the five main isotopes of barium separately, weighting
them according to their abundance and the geometry of
the experiment, and then adding them to give the final
profiles. The isotopes **Ba and '**Ba have, as does '**Ba,
nuclear spin I =0, resulting in the absence of hyperfine
structure in the 65 6p P, level. Since the isotope shifts of
the 6s6p 'P, and 6p?3P, levels of all the isotopes have
been measured,'®!” evaluating the contribution of these
isotopes was straightforward.

Unfortunately, the isotopes '*’Ba and '**Ba have nu-
clear spin I =73, resulting in the 6s6p 'P, level having
three hyperfine components, with total angular momen-
tum quantum numbers F=7, 3, and % Due to the
large number of Zeeman sublevels present in these iso-
topes (Fig. 6), the model was simplified by including only
coherences between Zeeman sublevels with the same mag-
netic quantum number My, and neglecting spontaneous
relaxation between Zeeman sublevels of different magnetic
quantum number. Thus for the purposes of solving the
Bloch equations, the 20 Zeeman sublevels comprisinF the
6s2'S,—6s6p 'P,—6p*3P, 3LS’s in “'Ba and **Ba
were separated into two types of Zeeman subsystems (Fig.
6), denoted by the magnetic quantum number of the sub-
levels involved. The contribution from each type of sub-
system was evaluated by solving the Bloch equations in
the same way as for the even isotopes, however, in the
case of the Mp=3 and Mp=+ Zeeman subsystems the
Bloch equations describe a system of six and seven levels,
respectively.

In the weak-probe case, neglecting cross relaxation be-
tween the Zeeman subsystems was justified for the case of
the upper-level — middle-level transition by noting that
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FIG. 6. Hyperfine and Zeeman structure in *’Ba and '**Ba.
The dashed arrowed lines denote the Mp=% Zeeman subsys-
tems and the solid arrowed lines represent the Mp= % Zeeman
subsystems.
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only 2.6% (Ref. 5) of the upper-level population relaxes to
the middle level, so that only 2.6% of the atoms can be
affected by such cross relaxation. For the case of the
middle-level — ground-state transition, cross relaxation
between the Zeeman subsystems was neglected because
any atom which relaxes to the ground state via any path is
unlikely to interact with the probe laser again, due to its
low intensity. However, in the strong-probe case, the
second of these two justifications is not valid, since as is
evident from Fig. 5, the ground state is almost entirely
depleted by the interaction with the laser light. Due to
computer time restrictions, it was not possible to model
these isotopes without the simplifications resulting from
treating the Zeeman subsystems independently, due to the
complexity of the Bloch equations which would otherwise
have to be solved. Consequently, some disagreement be-
tween the features of the theoretical and experimental pro-
files due to these isotopes (which together comprise 17.7%
of natural barium) is to be expected.

V. COMPARISON WITH EXPERIMENT

The experimental profiles shown in Figs. 2 and 3 are
compared in Figs. 7 and 8 with theoretical profiles calcu-
lated as described in Sec. IV. The agreement between
theoretical and experimental profiles is generally reason-
able, with the exception of the peaks in the middle-level
profiles indicated by arrows. These peaks, corresponding
to the F =+ hyperfine components of the middle levels of
137Ba and !**Ba, gradually disappear in the experimental
profiles as the probe-laser Rabi frequency is increased,
whereas in the theoretical profiles they do not. This
behavior is still evident with the strong laser blocked, as
shown in Fig. 9.

6s6p1q

3
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The above discrepancy is one consequence of the ap-
proximation, mentioned in Sec. IV, of treating the
Mp=+ and Mp=3 Zeeman subsystems in '*’Ba and
135Ba separately. This effect is not easily understood by
considering the case.corresponding to Fig. 9, where the
strong laser is blocked. If the probe laser is tuned to reso-
nance with the transition connecting the ground state with
the F=+, Mg=++ hyperfine Zeeman sublevel of the
middle level (Fig. 6), the resulting population in this sub-
level will relax to the My=++ and Mp=+3 Zeeman
sublevels of the ground state. However, the fraction of
the population which relaxes to the M=+ sublevels of
the ground state cannot interact further with the laser
light, so that given a sufficiently long interaction time, the
entire population will be pumped into these Zeeman sub-
levels. This optical pumping does not occur for the F=+
and F = % components of the M=+ Zeeman subsystem
or for any components of the My =3 Zeeman subsystem,
so that the fluorescence peak due to the Mp= —;— hyperfine
component of the middle level will be suppressed with
respect to that due to the other two components.

Since cross relaxation between the My= 3 and My=3
Zeeman subsystems is excluded by the assumption that
the two subsystems are independent, the optical pumpin
causing the suppression of the peak due to the Mp=+
sublevel is not predicted by the theoretical model.

This particular discrepancy could have been eliminated
by a suitable adjustment of the rate of relaxation from the
F =3, M=+ sublevel to the ground state, thus account-
ing for the loss of population from the My=+ Zeeman
subsystem due to the relaxation of this hyperfine level.
However, this technique will not account for cross relaxa-
tion occurring when the probe laser is tuned close to reso-
nance with the F-—-—} or F=73 hyperfine components,

Probe laser
Rabi frequency
(MH2)

’ Probe laser detuning (MHz)

0 1000

FIG. 7. Comparison of experimental profiles (dots) shown in Fig. 2 with theoretical profiles (solid lines). The strong laser was
tuned to line center, and the strong-laser Rabi frequency was 200 MHz. The five most abundant isotopes of barium were included in
the theoretical model. The arrows indicate the peaks due to the F =+ hyperfine component of the 6s6p P, levels of *’Ba and '*Ba.
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FIG. 8. Comparison of experimental profiles (dots) shown in Fig. 3 with theoretical profiles (solid lines). The strong laser was de-
tuned —400 MHz from line center, and the strong-laser Rabi frequency was 200 MHz. The five most abundant isotopes of barium
were included in the theoretical model. The arrows indicate the peaks due to the F =% hyperfine component of the 6s6p 'P, levels

of ¥’Ba and '3*Ba.

since in this case the loss from the My =5 subsystem will
be partially compensated by cross relaxation from the
Mp=73 subsystem, and vice versa. The degree of this
compensation will be a complicated function of the inten-
sities and detunings of the two lasers, so the above correc-
tion to the F =+ hyperfine component was not applied in

order to illustrate the possible magnitude of the errors

Probe laser

Rabi frequency
(MHz)

3 Prabe laserdetuning (MHz)

1000 —

A

-1000 0

FIG. 9. Comparison of experimental profiles (dots) of the
6s6p 'P| level, obtained with the strong laser blocked, with
theoretical profiles (solid lines). The five most abundant iso-
topes of barium were included in the theoretical model.

which may be introduced by treating the two Zeeman sub-
systems separately. However, for reasons which will be
explained later, the resolution of the present experiment
was not sufficient to associate unambiguously any other
deviations of the experimental profiles from the theoreti-
cal profiles with this approximation.

A series of experimental profiles obtained over a wide
range of strong-laser detunings is compared with theoreti-
cal profile in Fig. 10. Due to computer time restrictions,
the theoretical profiles for this comparison were calculat-
ed for ’¥Ba only, resulting in discrepancies in regions
where the fluorescence due to the less abundant isotopes is
dominant. Nevertheless, these comparisons demonstrate
that the development of the experimental profiles as the
strong laser is detuned is at least in general agreement
with theoretical predictions.

Due to the lack of a well-defined Autler-Townes doub-
let at zero strong-laser detuning for large probe-laser Rabi
frequencies, the method® for superimposing the two laser
waists at the interaction region was not usable. It was not
possible to use neutral density filters to reduce the probe-
laser Rabi frequency temporarily for this alignment, since
the filters themselves produced a shift in the probe-laser
waist position. As a result the estimated uncertainty in
the superposition of the two beams was approximately
+50 pm. This uncertainty was probably primarily re-
sponsible for the generally reduced agreement between the
theoretical and experimental profiles for large probe-laser
Rabi frequencies, compared with that for the case of the
weak probe laser.’ This conclusion was supported by the
fact that it was possible to improve the agreement for the
strong-probe case by introducing offsets, which varied
from one experimental run to the next, between the axes
of the two laser beams in the theoretical model.
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FIG. 10. Comparison between theoretical (solid lines) and experimental (dots) profiles obtained with strong- and probe-laser Rabi
frequencies of 200 and 95 MHz, respectively. Only '3*Ba was included in the theoretical model.

VI. CONCLUSION

In conclusion, despite the inherent limitations on the
precision of the experimental alignment, the comparison
between theory and experiment presented in this paper has
convincingly demonstrated that a theoretical model based
on the Bloch equations can predict the results of this ex-
periment throughout the range of laser intensities and de-
tunings investigated.

In the strong-probe case it was found that when the
608.3-nm laser was detuned from exact resonance by an
amount greater than the Rabi frequency of the interaction
between the light from either laser and the 3LS, the popu-
lation of the uppermost (6p23P,) level of the 3LS in **Ba

was always maximized by detuning the 553.5 nm from ex-
act resonance by the same amount in the opposite direc-
tion (i.e., to the two-photon resonance defined in Sec. III).
This is in direct contrast to the corresponding situation in
the weak-probe case in !**Ba,’ where the population of the
uppermost level of the 3LS was maximized by tuning the
553.5-nm laser close to exact resonance.

The generality of the above result for the strong-probe
case (i.e., two saturating laser radiation fields) was tested
by varying the natural widths of the middle and upper
levels of the 3LS in the theoretical model, and it was
found that the same behavior is predicted even when the
lifetime of the uppermost level was assumed to be longer
than that of the middle level.
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