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We report an experimental investigation of the Cs D line-shape changes due to laser-induced
optical pumping and collisions in a buffer gas. A model dealing with the population of the ground-
state hyperfine levels, the pressure broadening in the presence of Ne, and the diffusion of the atoms
outside the laser beam describes well the complex line shapes.
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I. INTRODUCTION

Three-level atomic systems present a rich variety of
phenomena when excited by resonant or near-resonant
radiation. Among the stationary phenomena, optical
pumping, i.e., preparation of atoms in a well defined
state, has been the subject of a large number of inves-
tigations. Thus it may be supposed that all the the-
oretical and experimental aspects of three-level spec-
troscopy would be well known. On the contrary, perform-
ing some very simple experiments of laser spectroscopy
in the Doppler-broadened regime with a laser diode on
a cell containing an alkali vapor, cesium, and buffer gas
at low pressure, we observed a striking change in the
behavior of the fluorescence signal as a function of the
laser frequency. The maximum in the fluorescence signal
did not appear when the laser was tuned to resonance
with either of the two absorption lines associated to the
hyperfine splitting in the ground state, but rather when
the laser frequency was tuned to the center between the
two hyperfine components, well outside the Doppler pro-
file of each hyperfine component. This experimental ob-
servation finds its explanation in the hyperfine optical
pumping into either of the two hyperfine ground-state
levels: the maximum absorption, hence the maximum
fluorescence, occurs when the hyperfine optical pump-
ing into the two levels is equal. This competing effect
of the hyperfine pumpings occurs for a pump laser tuned
halfway between the two hyperfine components of the op-
tical transition. As an alternative explanation, for a laser
tuned into resonance with either of the two hyperfine
transitions, hyperfine optical pumping into a state non-
coupled with radiation takes place, and the absorption-
fluorescence signal decreases. Such optical pumping will
here be denoted as “dark state” optical pumping, while
“bright state” optical pumping will be referred to a state
always coupled with the radiation, producing maximum
absorption and fluorescence. For an alkali atom with hy-
perfine splitting in the ground state, this bright optical
pumping is achieved when the laser radiation produces
equal excitation rates for the two ground hyperfine states.
Its overall behavior depends on the efficiency of the hy-
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perfine optical pumping, hence it may be observed very
clearly in cells where the presence of buffer gas enhances
the pumping.

An important result of our experimental observations
on cesium vapor is that the maximum of the cesium op-
tical pumping into the bright state is observed when the
laser is detuned by 4 GHz off each hyperfine transition.
Thus the fluorescence signal observed in a cesium cell
containing buffer gas is originated by atoms absorbing
very far in the wings of the absorption line shape. Com-
paring the Gaussian and Lorentzian line shapes, associ-
ated, respectively, with the Maxwell-Boltzmann velocity
distribution and with the buffer gas collisional broad-
ening, we derive that in the experimental conditions
the Lorentzian collisional broadening is the main con-
tribution for the absorbing atoms far in the line-shape
wings. Thus the cesium atoms which contribute to fluo-
rescence absorb laser radiation because, from the interac-
tion with the buffer gas, they experience a modification
in the energy separation of the atomic levels. This energy
modification is ten times larger than the inhomogeneous
broadening of the optical transition. The modification of
atomic line shape by interaction with buffer gas, with a
large energy shift of the atomic transition resulting from
the interaction with buffer gas, has been well investigated
in laser experiments using strong laser sources [1]. It is
an interesting result of this experiment that using a laser
source in the milliwatt range, it is possible to monitor
these modifications.

Among the optical pumping experiments dealing with
preparations of atoms into states either dark or bright,
i.e., noncoupled or coupled with radiation, it may be no-
ticed that the term “bright line” has been already intro-
duced in the case of a three-level system in A configura-
tion interacting with two laser fields exciting atoms from
the ground state to the excited one [2], within the context
of coherent population trapping [3]. It should be stressed
that the two concepts, of “bright state” introduced here
and that of “bright line” introduced previously, are quite
different [4], even if in our opinion the bright line of co-
herent population trapping has not yet received a com-
plete physical interpretation. That bright line is related
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to the preparation of atoms in a coherent superposition
of atomic wave functions, while the bright state of the
present investigation is not necessarily associated with a
coherent superposition, and in fact we present an inter-
pretation of the phenomenon based on a rate-equation
model.

The process of optical pumping into a bright state has
already been studied in sodium atoms [5], for which large
laser intensities have been available for a long time using
dye lasers and optical pumping has been examined ex-
tensively. For other alkali atoms, experimental investiga-
tions of bright optical pumping have not been reported.
However, the numerical simulations performed for the
analysis of light-induced drift of sodium and rubidium
in noble gases have clearly reproduced this phenomenon
of optical pumping in a bright state [6]. Finally we are
aware of modification in the saturation spectroscopy of
sodium atoms reported in [7], that could be explained
on the basis of the optical pumping mechanism here an-
alyzed. The modification in the fluorescence spectrum
associated with bright state optical pumping is less ev-
ident in the case of sodium atoms, where the distance
between the two hyperfine components is comparable to
the Doppler linewidth. Thus for sodium the bright state
pumping does not appear on the fluorescence spectrum
at laser frequencies completely different from those of the
expected absorption lines.

The influence of buffer gas, and neon specifically, on
the absorption and optical pumping processes of cesium
atoms, has been well studied, although, to our knowl-
edge, no investigation of optical pumping into the bright
state has been reported so far. For what concerns the
absorption profile, very broad emission bands have been
observed from microwave discharge excited mixtures of
cesium vapor and low-density noble gas [8], even at the
low pressures of the present investigation. The presence
of these absorption bands has no particular influence on
the fluorescence spectra we report, except that it con-
tributes to enhance the absorption probability for the off
resonant excitation. For what concerns optical pump-
ing, the addition of buffer gas is important for confining
the alkali atoms within the region of interaction with the
laser radiation and obtaining long interaction times with
the radiation, before a depolarization process by colli-
sions with the wall or with the buffer gas itself takes place
[9]. Use will be made in our analysis of results derived
in the optical pumping studies. In optical pumping with
laser sources, small amounts of inert buffer gas produce
velocity-changing collisions that allow a redistribution of
the atomic velocities without reequilibrating the popula-
tions of the atomic levels. In this way velocity-changing
collisions permit optical pumping of the entire Doppler
distribution [10]. Velocity-changing collisions certainly
play an important role in our experiment on the laser
diode excitation of cesium atoms in the presence of low
pressure buffer gas. The kernel for velocity-changing col-
lisions in cesium has not been explicitly determined, but
it may be supposed not very different from that recently
determined on rubidium atoms in [11]. The velocity-
changing collisions have not been precisely modeled in
our theoretical analysis, but we have performed some

modeling supposing that collisions with the buffer gas
produce a complete reequilibration within the velocity
distribution. One final point requiring a more precise
modeling in our experiment is the occurrence of radia-
tion trapping, that is not very severe in the experimental
conditions, but still it could affect the rates of pump-
ing into the atomic states, as shown in the rate-equation
model involving the radiation trapping effect formulated
in [12].

The present paper is organized with a presentation of
the experimental apparatus in Sec. I, a detailed discus-
sion of the experimental results in Sec. III. Section IV
discusses the theoretical modeling. In the conclusions we
analyze the validity and the deficiency of our model in
interpreting the experimental results and compare our
theoretical analysis to that of Ref. [5].

II. EXPERIMENT

Our experimental arrangement is shown in Fig. 1. A
laser diode, model STC LT-50A, with output in the sev-
eral tens of milliwatts, has been used to excite the D,
resonance line of cesium. The diode laser was powered
by a battery through a current regulation circuit, and
its temperature stabilized to a 2 mK accuracy through
a standard circuit [13]. The linewidth of the laser diode
in this free-running regime is 10 MHz. Frequency tuning
of the laser has been realized by scanning the injection
current. For some fluorescence observations, narrowing
of the laser diode linewidth down to better than 1 MHz
has been realized through optical feedback from a grat-
ing [13]. A magneto-optical isolator, model IO-5-NIR by
Optical Research, avoids optical feedback on the laser
diode from the fluorescence cell and all the measuring
equipment. A spectrum analyzer, model 240 by Coher-
ent, with 1500 MHz free spectral range, has provided
a continuous monitor of the laser frequency during the
laser scanning. A wavemeter was employed to measure
the laser frequency at the beginning and end of each laser
scan. An auxiliary cesium cell was occasionally used to
observe absorption Lamb dips which served as an abso-
lute frequency reference.

The parallel laser beam, with transverse radius 1 mm,
propagated through a cylindrical glass cell, 30 mm in
diameter and 110 mm in length, containing pure cesium
or cesium plus neon buffer gas at different pressures. The
fluorescent light from a total length of 20 mm starting
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from the entrance window of the cell was focused, at right
angles to the laser beam, on the horizontal entrance slit
of a 1/3 m monochromator equipped with an extended S-
20 photomultiplier. For some experimental observations
a horizontal slit was located near the cell in order to
limit the fluorescence collected from the cell to the region
directly illuminated by the laser. In the spectra reported
here the monochromator was not scanned but was tuned
with slits wide open to the center of the Dy cesium line,
in order to collect all the fluorescence light emitted by the
atoms. We checked that in our experimental conditions
the fluorescence emission on the D; line, or from high
lying levels, was negligible.

The light transmitted through the cesium cell was de-
tected by a silicon photodiode that monitored the absorp-
tion of light by cesium atoms in the cell. The main aim of
the cesium absorption detection at very low laser power,
a few microwatts, was to test that within the experi-
mental accuracy, five parts in a thousand, the cells filled
with different buffer gas pressure contained the same ce-
sium vapor pressure. The vapor density from standard
tables is 1x10'° atoms/cm?® at room temperature. From
the measured small signal regime absorption, we have de-
duced that the 20 mm long detection region corresponded
to a 0.4 absorption length. Thus the experiment was op-
erated in conditions close to those where the radiation
trapping phenomena could become important.

III. EXPERIMENTAL RESULTS

The cesium fluorescence emission was monitored at a
given laser power, as a function of the laser diode fre-
quency, for cesium cells containing no buffer gas and Ne
buffer gas at 1, 5, and 50 Torr, respectively.

In the first part of the investigation the fluorescence
light emitted by the cesium atoms near the entrance win-
dow of the glass cell was collected without spatial reso-
lution in the direction transverse to the propagation one.
The typical fluorescence observed in these conditions on
the cell with pure cesium is reported in Fig. 2(a). Scan-
ning the laser frequency, the excitation spectrum presents
the two Doppler-broadened transitions starting from the
Fy=3 and 4 hyperfine levels of the ground state to the
hyperfine levels of the excited 2Ps/, state. The hyper-
fine structure of the excited state cannot be resolved in
this Doppler-broadened spectrum, nor in those reported
in the following. However, owing to the presence of the
hyperfine structure and the optical pumping process be-
tween the ground-state levels, modifications in the shape
of the Doppler-broadened fluorescence lines have been
observed as a function of the laser power. For instance,
the relative intensity of the total atomic fluorescence pro-
duced by the laser in resonance with the Fy=3 and 4 ab-
sorption lines depends on the laser power, and also on
the laser frequency sweep rate, unless the sweep is very
slow. We are not interested here in those line-shape mod-
ifications that we consider of minor scientific significance
as compared to other ones.

When fluorescence detection without spatial resolu-
tion was performed on the cesium cell containing neon
buffer gas, a strong modification of the fluorescence line
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shape was obtained. At low laser power the fluorescence
spectrum contains the two ground-state hyperfine struc-
ture lines, but increasing the laser power the spectrum
presents drastic deformations, with a large background.
Finally at large laser power, around 100 mW /cm? for the
5 Torr cell, that background becomes a Lorentzian line
shape centered between the two hyperfine components,
as appears in the spectrum of Fig. 3.

The fluorescence signal in Fig. 3, detected without any
spatial resolution, originates from an extended region of
the cell around the laser beam core. As a consequence,
the line shape is distorted because weak light in the spa-
tial wings of the laser beam causes as much fluorescence
as the strong light in the beam core. Thus we have modi-
fied the experimental detection geometry by inserting the
slit near the cell, as described in the experimental setup,
to restrict the detection region to the part illuminated
directly by the laser beam core, at least in the vertical
dimension. The insertion of this slit has also been effec-
tive in reducing the influence of radiation trapped light
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FIG. 2. Fluorescence signals vs laser frequency, observed

in different cesium cells at laser intensity 400 mW /cm? with
fluorescence detection spatially limited, through a horizontal
slit, to 2 mm in the direction orthogonal to the laser propa-
gation direction. (a) fluorescence observed on a cell at room
temperature containing pure cesium vapor, (b) similar detec-
tion from cells containing Ne buffer gas at pressures 1, 5, and
50 Torr, respectively. In (a) and (b), the fluorescence inten-
sity has been measured with the same arbitrary units for an
easy quantitative comparison of the fluorescence signal as a
function of the buffer gas pressure.
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FIG. 3. Excitation spectra vs laser frequency for the 5

Torr neon cell at laser intensity 400 mW /cm?, without spa-
tial resolution in the detection collection. The two atomic hy-
perfine transitions are observed on top of a broad Lorentzian
profile centered between the atomic lines. The dotted line rep-
resents a fit with a Lorentzian line shape centered at 371 726.8
GHz with full width at half maximum (FWHM) 9.5 GHz,
about 0.4 GHz larger than the FWHM calculated from the
density matrix approach.

on the detected fluorescence spectrum. Moreover, in the
final experimental setup we have used a laser propagation
very close to the side walls since the self-absorption of flu-
orescence light in the horizontal propagation towards the
monochromator entrance slit is reduced by a laser beam
at grazing incidence near the side walls. In this config-
uration the hyperfine optical pumping could be affected
by the cesium wall collisions, but we have not observed
any modification on the excitation spectra for small dis-
placements of the laser beam. Thus the fluorescence de-
tection was limited to a region with nearly uniform laser
intensity, without modification introduced by radiation
trapping.

With this experimental arrangement, we have obtained
the fluorescence spectra reported in Fig. 2(b), both for
the cell without buffer gas and for the cells containing
different pressures of buffer gas, at a fixed laser inten-
sity, I = 400 mW /cm2. The structures appearing in
the spectra of Fig. 3, and corresponding to the Doppler-
broadened hyperfine absorption lines, are eliminated in
the spectra of Fig. 2(b), demonstrating that they are
associated with phenomena taking place outside the re-
gion illuminated by the laser beam core. The spectra of
Fig. 2(b) provide a clear evidence of the atomic prepa-
ration in an optically pumped bright state, with an effi-
ciency depending on the buffer gas pressure, and passing
through a maximum in the 5 Torr range. The experi-
mental results for the broad structure are well fitted by
a Lorentzian line shape centered between the two hyper-
fine absorption lines, having a width close to the hyper-
fine splitting in the ground state, as for the dotted line
of Fig. 3.

Figure 4 reports experimental results for the fluores-
cence intensity versus laser frequency, at a fixed neon
pressure, 5 Torr, and different laser intensities. The
arrangement for spatial filtering is not as good as in
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FIG. 4. Excitation spectra vs laser frequency for the
5 Torr neon cell at different laser powers, in the ratios
1:6.3:10:16 from (a) to (d). The laser intensity, estimated
supposing the laser radiation is uniformly distributed over an
area with 1 mm radius, is 120 mW /cm? in the case of curve
(d), with a 20% uncertainty due to the radius measurement.
On the horizontal axis the laser frequency detuning from the
F, = 3 atomic transition is reported in units of the spon-
taneous emission linewidth, §; = A;/(A/2), for convenience
of comparison with the theoretical curves. The dotted lines
represent results of the numerical analysis based on the rate-
equation model.

Fig. 2(b), and the atomic transitions at the hyperfine fre-
quencies have an intensity that, compared to that of the
central resonance, is slightly larger than in the records of
Fig. 2(b). The experimental results of Fig. 4 have been
fitted through the model presented in the next section.
In Fig. 5 we show, as a function of the exciting laser in-
tensity, the fluorescence intensity measured with the ex-
citing laser frequency at the central position between the
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FIG. 5. Fluorescence intensity measured at the laser fre-
quency centered between the Fyg=3 and 4 hyperfine compo-
nents (A) and at the laser frequency resonant with the Fy=3
optical transition (*), versus the laser intensity. The straight
line through the experimental points for the fluorescence in-
tensity at the center, is in agreement with the predictions of
the theoretical analysis. For the data concerning the Fy=3
atomic resonance, the best fit through the data was obtained
by using two different straight lines at low and large laser in-
tensities. The theoretical model cannot explain this behavior,
but in the high intensity region the assumption of Maxwellian
distribution of the atomic velocities may be questioned.
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two hyperfine components and that measured at the max-
imum of the optical transition starting from the Fg=3 hy-
perfine ground state. The fit through the experimental
data of the central fluorescence shows the linear depen-
dence of this quantity on the laser intensity. We have
verified that for intermediate values of the laser inten-
sity, the ratio between the central fluorescence and the
F,=3 atomic fluorescence saturates towards a value that
depends on the spatial filtering.

IV. THEORETICAL MODEL

The density matrix of the present system involves too
many magnetic sublevels associated with 6.5; ), and 6 P55
hyperfine components to allow its full evaluation. In or-
der to understand the main features of the experimen-
tal results through the density matrix approach, we are
forced to introduce some simplifications in the model.
However, this simplified density matrix model predicts
the main features of the experiment. The laser excita-
tion to different hyperfine levels in the cesium excited
state leads to different processes. Excitation to the recy-
cling transitions Fg=3 +— F.=2 and Fy=4 +— F.=5
contributes to Zeeman optical pumping, but not to the
hyperfine one. The first transition has a small proba-
bility, so that it is not relevant to the atomic evolution.
For the linear polarization used in the present investiga-
tion, the Zeeman optical pumping on Fy=4 +— F.=5is
not an efficient process. The two remaining excited hy-
perfine levels F,=3 and 4 are coupled through the laser
excitation to both hyperfine levels. For the experimen-
tal observations reported in this work, the coupling of
the excited state to both ground hyperfine levels plays
the key role. Thus in our simplified three-level model of
cesium atoms analyzed by the density matrix approach,
we will neglect the presence of the recycling transitions
and will describe the excited hyperfine states as a single
one, labeled as |3), see Fig. 6. Furthermore the pump
field interacts on both the transitions |1) «— |3) and
|2) +— |3) from the ground hyperfine states |1) and |2).
The effects of collisions with the buffer gas are included

=
T %
Ab, | Ab,
Rz3 |Ris
2 L =Y,
1 Y v,

FIG. 6. Schematic representation of the three levels
used in the theoretical model. The level |1) represents
the 625,,,F,=3 ground state; the level |2) represents the
62S,/2F;=4 one. The level |3) represents the 6°P;;; hy-
perfine levels coupled by optical transitions to both ground
states. Spontaneous emission rates Ab,, Abz, excitation rates
R;_3,i = (1,2), and transit rate vy, are indicated.
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in the model through the decay parameters I';3 and T'p3
for the off-diagonal elements p;3 and py3 of the density
matrix. These decay rates are proportional to the pres-
sure p of the buffer gas.

The complete density matrix equations for the three-
level model system can be written as [14]

h

2 (931 - P13)

paa(t) = —Apas — i3 (p32 — pas) — i
—YtP33,

. Q
p22(t) = Abzpss + 172 (P32 — p23) — Yt(p22 — P22)5

. Q
p11(t) = Abypss + 1?1(1031 —p13) — Tt (Pu - P(1)1) )
(1)

. A .
psi(t) = — <F31 + 5 + 7+ lAl)Psl

Q Q
+171 (P11 — p33) + 172/)21,

. A .
p32(t) = — (Fsz + 5 + v + zAz) P32

.Q Q
+172 (p22 — p33) + Z?lpm

p21(t) = —[i (A1 — A2) + ve]p21 + i%ﬂ:ﬂ — i%ﬂzs-
Here A~! is the excited-state spontaneous emission
lifetime, b; and by are the branching ratios, assumed pro-
portional to the statistical weights of the lower levels, y;
is the transit time, A; = w3; —w; and Ay = w3y — w; are
the frequency detunings of the laser frequency w; from
the atomic transitions, and 2; and Q5 are the Rabi fre-
quencies of the field on the two atomic transitions. p?;
and p3, denote the equilibrium populations of the levels
in the absence of the field. Thus we have neglected the
equilibrium population in the excited state. The equilib-
rium values of the populations in the ground states are
supposed to be proportional to their statistical weights,
i.e., p91/p%5 = b1/ba, even if the three-level description
introduced by Egs. (1) represents a rough approxima-
tion, so that the exact magnetic degeneracies, with levels
not interacting with the laser radiation, cannot be prop-
erly described. The motion of atoms is accounted for by
replacing w; by w; — kv to derive the v-dependent den-
sity matrix p(v). The quantity of interest for comparison
with the experimental observations is

I'= lim (ps3(v)), (2)

where the angular bracket denotes the averaging with
respect to the velocity distribution. We will deal with
collisions rapidly thermalizing the velocity distribution
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against the modifications due to the absorption/emission
cycles. Thus, even in the presence of laser absorption, we
assume that the Doppler velocity distribution is main-

tained:
P(v) = 2’]3‘/\/1? [ —4In 2(’;’) ] 3)

with D the half-width frequency at half maximum.

A complete understanding of the solution of Egs. (1)
can be obtained only from the numerical work. However,
there are special cases when the analytical solution can be
obtained in closed form and it helps us in understanding
what goes on in the experiment. For long transit times
'yt_l — 0,Q; =Qy = Q, by = by the steady-state solution
of (1) leads to the following expression for the excited-

. state population:
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~ ~ Qz
D= AI‘32 [(A% + I‘gl)wgl + QZ (*I - Alel):l

_ _ Q2
+I's51 [(Ag +I3)ws; + QF (T + A2w21>]

310320203
43231 3; ‘4"21’ (5)

where we have introduced the energy separation wy; be-
tween the two hyperfine components in the ground state
and F31 = F31 +A/2 F32 = F32 +A/2 In Eq (4) and in
the following expressions for p33, the v dependence was
dropped since all the elements of the density matrix are
proportional to P(v). When desired, the v dependence
is restored replacing w; by w; — kv and multiplying the
density matrix elements by P(v).

Let us now examine the features of the fluorescence as
obtained on the basis of Eq. (4). For simplicity we set
=03 =T3="+ A/2; then Eq. (4) can be written
in simplified form as

f‘31f‘3292w§1
— 927947 21 4
P33 D ) (4)
J
~ 2
rA%w?
pes = 4 £ \%, 1( a)\?(sf
E-9"riei() () +a(E) ()
where
Ay
r=—. 7
a1 (7)
Thus the fluorescence will have a resonance at

¢ = 1/2 with half width [L + 1 (Q/w21)* + (T/w21)?

1 (2/wa1)? (3T'/A — 1)]*/2. This width does depend on
the intensity of the pump I, (cx QZ) , and on the pressure
p through the dependence of the rate I'. However, for the
case of Cs D, transition and for pressures and Rabi fre-
quencies used in the experiment Q/wy; K 1, I' < woy,
and hence (4) reduces to a rather simple form

Thus the peak intensity depends on the laser intensity
and on pressure in a simple way though we are dealing
with a system where the optical transitions are saturated:

P33 =

P33 X ILa (9)

2T
P33 X (1 + ;p) ) (10)

where we have introduced I' = I'gp. The result (8) can-
not be obtained from second-order perturbation theory
although p33 appears to be proportional to the inten-
sity of the pump, as reported in the experimental results
of Fig. 5. It may also be noted that although at low
pressures p the detected signal (4) increases monotoni-
cally with pressure, there is the possibility that for large
collisional widths, comparable to wy;, the signal would
decrease. This follows from Eq. (6) for the peak height,

; (6)

[

that for large pressure varies as Fop/(l + ap + ,sz) , with
a and B appropriate parameters. From this expression
we derive that the peak height exhibits a maximum when
p = 1/+/B. This behavior is in agreement with the exper-
imental results presented in Fig. 2(b) for the dependence
of the fluorescence on the buffer gas pressure. However,
the theory predicts that the maximum is reached when
the collisional width is comparable to wy; while in the
experiment the maximum occurs at smaller collisional
widths.

Thus we conclude that the fluorescence will exhibit res-
onance whenever the pump laser is tuned halfway be-
tween the two ground hyperfine levels. The width of
this resonance is large and in fact is of the order of
w21/2. Note that the separation wyq /27 (9192.63 MHz)
is much larger than the Doppler width 2D /27 (375 MHz)
and thus this resonance will be practically unaffected by
Doppler averaging. In principle this resonance should be
seen even in the absence of collisions. However, in prac-
tice the transit time is not infinite and this results in the
appearance of the peaks in fluorescence at A; = 0 and
A1 = wy; which are such that the peak at A; = wy1/2 is
not resolved. The collisions enhance [Eq. (10)] the peak
at wpy /2. Figure 7 shows this behavior. For no collisions
and ¢ = 0 (bottom curve), one has the broad resonance
at A; = wpy1/2 which is lost, however, when we include
the effects of finite transit time, v, = 3.6 x 10734/2
for the cesium atoms through the laser beam for neon
pressure p = 0. For buffer gas pressures greater than
approximately p =0.5 Torr (the exact value depending
on the intensity of the pump), the resonance at wa;/2
starts becoming resolved and becomes rather prominent
at much larger pressures. It is to be noticed that the peak
at A; = w1/2 is relatively broad and thus is expected
to be rather unaffected by Doppler broadening. In each
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case corresponding to Fig. 7 we have checked that the
Doppler averaging essentially does not affect the result
or the excited-state population.

For the numerical calculations, all spectroscopic and
collisional cesium parameters required for that compar-
ison have been taken from standard references. For the
transit relaxation rate ; we have used the standard re-
sults:

2.4052D, 1
= 11
7= 249 (1 L /p) , (11)

where 2.405 is the lowest zero of the zeroth-order Bessel
function, R is the radius of the laser beam, D, = 98.6/p
cm?sec™ Torr~! is the diffusion coefficient of ground-
state cesium atoms in the neon buffer gas, inversely pro-
portional to the neon pressure, and K is the Knudsen
coefficient defined as

K=c (12)

:d.l'u“’
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P33
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FIG. 7. Dependence of the excited-state occupation pss
on the laser frequency as obtained from the numerical anal-
ysis of Eq. (4). The laser frequency relative detuning &; =
A1/(A/2) has been reported on the horizontal axis. The Rabi
frequencies 2; = 2 are fixed to 504, while different condi-
tions of transit time and buffer gas pressure are explored. In
the bottom curve for p = ; = 0 the broad line at A; = w12/2
is obtained. The results for the excited-state occupation in
the presence of transit time damping rate are represented
by the solid line, corresponding to v = 3.6 x 1072A4/2 and
p = 0. It may be noticed that the atomic transitions are re-
covered in the spectrum. Increasing the buffer gas pressure,
the broad structure is reobtained in the excited-state occu-
pation; the dashed curves correspond to different values of
buffer gas pressure: from bottom to top p = 0.5 Torr, p = 2.0
Torr, p = 5.0 Torr, respectively, with corresponding ~: de-
rived from Eq. (11). All the results are not modified by the
Doppler averaging.
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Here I, = 5.531073/p cm/Torr is the mean free path and
¢ is a numerical constant equal to 6.8 for a hard-sphere
interaction [9]. For low neon gas pressure the transit
rate reduces to the reciprocal time of flight of a cesium
atom through the laser beam. For large neon gas pres-
sure the transit rate is determined by the diffusion rate
through the laser beam dimension. The decay param-
eters I'3; and I'zp are determined by the cesium-neon
pressure broadening coefficients of Ref. [15]: T's; = I's2
= 8.0 x 107p sec™ ! Torr. The velocity-changing collisions
also lead to rapid decay of the optical coherences, that
could be included in Egs. (1) through proper values of
I's; and I's;. However, we are not aware of any specific
study of velocity-changing collisions in cesium vapors.

Figure 8 shows the effect of both changing the intensity
of the pump and the pressure. It is seen that at mod-
erate pressures the structure at wy;/2 is not resolved if
the pump intensity is low. Now in Fig. 8 we have incor-
porated the fact that the branching ratios b; and b, are
unequal. Taking into account that the two-level satura-
tion intensity of the cesium resonance for homogeneous
broadening is 2.20 mW /cm?, it turns out that the Rabi
frequencies introduced in Figs. 7 and 8 are of the same
order of magnitude as those applied in the experimental
investigations.

While the above analysis yields broadly the experimen-
tal feature, it cannot predict correct quantitative results,
as one has to account for the magnetic degeneracies of
the levels including the actual number of hyperfine com-
ponents taking part in optical transitions. In principle
the analysis could be generalized but then it becomes ex-
tremely complex as one has to deal with the density ma-
trix of a system with a large number of levels. Thus we
have looked into the predictions of a simple rate-equation
model where we can incorporate the effects of degenera-
cies and statistical weights easily. As before, this model
will be based on the hypothesis of very efficient velocity-
changing processes, so that the Maxwellian distribution
of velocities, given by Eq. (3), is preserved even in pres-
ence of laser absorption. Thus the rate equations for the
populations n; in states 7 = 1,3, integrated over the ve-
locity distribution, can be written in the form

ny = Ry_3 (g—lns — nl) +b1Ans + v, (9—1 - nl) ,
g3 g1+ g2

ng = Ry_3 (‘!2713 - nz) + b2 Ang + 4 (g—z - nz) )
g3 g1+ g2

(13)
—R;_3 (&ns - 711) — Ry 3 (22_”3 - nz)
g3 gs

—Ang — yns,

n3

where g; gives the degeneracy factor for state i, and
where, as for the density matrix Egs. (1), we have sup-
posed that the +; damping mechanism produces a popu-
lation distribution with statistical ratio in the lower state
and no atoms in the upper state. R; 3, the field depen-
dent absorption rate from state ¢ to state 3, is given by
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Ris=R-av,L. (14)

These various parameters are
_ hw?f D
* o 2me? 24/In2l
V= /de(m)L(m + A7),

fn_ 2v/In2l
=5

A7 =228

(15)
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FIG. 8.

having introduced the same rate I" for both optical transi-
tions. Here Aw}T'/(2mc?) is the saturation intensity for a
two-level system in the presence of spontaneous emission
decay rate for the populations and decay rate I for the
optical coherences. Saturation of the entire Doppler pro-
file increases the saturation intensity to the value I, by
the factor D/T". V; is the convolution of the normalized
Gaussian G(z) and Lorentzian L(z) line shapes.

The steady-state solution for the excited-state popula-
tion is

1 1
= —-——0F, 16
™M STy T (16)
where
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Dependence of the excited-state occupation p3s on the laser frequency relative detuning 61, as obtained from the

numerical analysis of Eq. (4) introducing the cesium transition branching ratios. In (a) Q; = Q2 = 54, in (b) 2, = Q2 = 104,
in (c) Q1 = Q2 = 204, and in (d) Q1 = Q2 = 50A. In each set of curves the bottom continuous line corresponds to p = 0.2
Torr, and other curves to 0.5,1.0, and 5.0 Torr, respectively. The proper value of the ~, transit rate for each curve is obtained
using Eq. (11). Doppler averaging does not significantly modify the results.
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f=
2b1b2%% 1+a)W2+ (2‘/’711 + %2;) aW
[
and
a:’yt/A)
(18)
I
i AcE)

Introducing a saturation intensity I, = 250 mW /cm?,
Eq. (16) reproduces the observed fluorescence intensity
line shapes for the laser intensities applied in the exper-
iment. The numerical results obtained from Eq. (16) for
the frequency dependence of the fluorescence are reported
in Fig. 4 (dotted lines) for comparison with the experi-
mental results. The hyperfine splitting in the excited
state has not been explicitly included in the calculation,
but it has been taken into account by introducing an ef-
fective Doppler broadening 2D /27 = 520 MHz.

V. CONCLUSIONS

In this work we have observed collisional enhanced
fluorescence on cesium vapor and we have worked out
two models: a density matrix approach that explains the
general behavior of the fluorescence, and a simple rate-
equation model, that, despite its shortcomings, provides
a good quantitative agreement with the observed line
shapes, as shown in Fig. 4. The experiment has shown
that the interplay of collisional line broadening and sat-
uration leads to dramatic modifications in the fluores-
cence excitation spectrum. Our model, an improvement
with respect to that of Ref. [5], includes the laser sat-
uration and takes into account the relaxation between
the ground-state hyperfine levels due to the process of
transit through the laser beam. As in the model and ex-
periments on sodium atoms [5], collisions are assumed
to be fast, i.e., completely Maxwellizing the atomic
velocity distribution. The assumption of a Maxwell-
Boltzmann velocity distribution for the atoms in spite
of the velocity-selective excitation by the laser, is justi-
fied in the regime where the velocity-changing collisions
thermalize the velocity distribution rapidly compared to
the absorption-emission cycle. The rate of ground-state
velocity-changing collisions is proportional to the pres-
sure p of the buffer gas; the absorption rate is propor-
tional to the laser intensity Ip. If, as for sodium atoms,
we suppose a cross section of 30 A2, the rate for velocity-
changing collisions is (2 x 10® sec™!)x[p (Torr)]. Using
the absorption rate (1 x 107 sec™!)x[Ir (mW/cm?)] for
cesium atoms in the laser selected class, we deduce that
the Maxwell-Boltzmann velocity distribution will not be
modified at all for buffer gas pressure to laser intensity
ratios p/Iy, larger than 0.2 Torr mW~! cm?. The sodium
experiment of Ref. [5] was performed in conditions of

(17)

very low laser intensity such that this relation was sat-
isfied. On the contrary the present cesium experiment
is performed at laser intensities where this relation is
not satisfied. However, in an optical pumping experi-
ment, the final velocity distribution is determined not by
a single collision, but by the cumulative effect of a very
large number of velocity-changing collisions taking place
during the atomic transit time. It has been verified in
optical pumping experiments on alkali atoms and other
atomic systems, that apart from a small deformation for
the velocity class in resonance with the laser, the final dis-
tribution is well approximated by a Maxwell-Boltzmann
distribution [10]. For instance, for sodium atoms in the
presence of low pressure argon buffer gas, with p between
0.2 and 2 Torr, it was shown that at pIy, larger than 50
Torr mW /cm?, the optical pumping in a dark state was
nearly complete for all the velocity classes, with a ther-
malized velocity distribution. Because the present ce-
sium experiment operates in a range of pressure-intensity
values satisfying this last relation, we have used the
Mazwell-Boltzmann distribution to describe the atomic
velocity occupation. It should also be noticed that the
optical pumping in a bright state takes place for the
laser frequency not in resonance with an atomic tran-
sition, where the deformation of the velocity distribution
is smaller. We have performed another test for the veloc-
ity distribution by solving a rate-equation model where
a slow velocity-changing collision process takes place and
we have shown that for the broad structure in the fluo-
rescence spectrum at the center between the two atomic
transitions, the two extreme models with total thermal-
ization and very weak velocity-changing process lead to
nearly equivalent results. Still, for laser frequencies in
resonance with the cesium transitions, differences are ex-
pected between the model with total thermalization and
the experimental results. If the buffer gas pressure p is
low, the hyperfine structure of the excited state may also
play an important role and modifies the appearance of
the fluorescence spectrum. Indeed the experimental re-
sults reported in Fig. 2(b) show that for the curve at
the lowest buffer gas pressure, a large deformation of the
fluorescence curve is observed around the atomic line,
that cannot be described through the total thermaliza-
tion model.

As a final point, we comment on the laser and atomic
parameters required to produce the appearance of the
broad central structure in the atomic fluorescence spec-
trum. From the theoretical analysis and the experimental
results, it turns out that the key parameter leading to the
broad fluorescence is the ratio between Rabi frequencies
Q,, and Q, and the relaxation rate of the ground-state
populations and coherence, i.e., the transit rate ;. That
ratio represents the number of optical pumping cycles
taking place while an atom interacts with the laser ra-
diation. If the ratio is large compared to 1, the atomic
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line shape is heavily distorted and the large central fluo-
rescence is obtained. The Rabi frequencies increase with
the laser intensity I, while the transit relaxation rate
depends on the laser beam diameter and the buffer gas
pressure as given by Eq. (11). For a fixed laser diame-
ter, the ground-state relaxation rate is basically inversely
proportional to the buffer gas pressure. Thus the atomic
line-shape distortion becomes more important when, all
other parameters being constant, the buffer gas pressure
or the laser intensity is increased (unless the pressure is
high enough that collisions directly relax the population
of the ground level).
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