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A two-step excitation experiment has been employed to measure the collisional rate coefficients and to study
the velocity distribution of Cs�6P1/2� atoms that have undergone a single hyperfine state-changing collision
with Ar. In addition, argon pressure broadening rates and shifts of the cesium 6P1/2�F��→8S1/2�F�� transitions
have been determined. In the experiment, a single mode, cw Ti:sapphire laser is tuned to line center of the
6S1/2�F=4�→6P1/2�F�=3 or 4� transition. Then, the frequency of a single mode cw dye laser is scanned over
the 6P1/2→8S1/2 manifold to probe the populations of the 6P1/2 hyperfine levels. Absorption of probe laser
photons is monitored by detecting 8S1/2→6P3/2 fluorescence. The experiment is conducted at room tempera-
ture, where the Cs density is low �n�3.4�1010 atoms cm−3�, and thus the probability of a Cs-Cs collision is
negligible during the Cs�6P1/2� radiative lifetime. The Ar pressure is varied from 0 to 1.52 Torr, and Cs-Ar
collisions cause population to be transferred from the directly excited 6P1/2�F�� level to the other 6P1/2
hyperfine level. The data are analyzed using a density matrix formalism to yield the rate coefficients for
Cs�6P1/2�-Ar hyperfine state-changing collisions. In addition, the one-dimensional velocity changing collision
kernel for Cs�6P1/2� atoms prepared with vz=0 that undergo F�=3↔F�=4 hyperfine state-changing collisions
with argon is reported.
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I. INTRODUCTION

Velocity changing �VC� collision studies have proven to
be a rich field �1–22� and are essential to the understanding
of such phenomena as collision-broadened line shapes
�4,9,10�, diffusion of atoms in a vapor �15�, and light-
induced drift �5,6,8,18,23�. For ground state atoms, VC col-
lisions are studied via atomic diffusion �15� and velocity-
selective optical pumping �VSOP� �7,13,20� techniques. In
contrast, the short lifetimes associated with excited states
often preclude these types of studies. Instead, VC collision
studies involving excited states are primarily investigated
through the use of two-step–two-photon excitation �4,7,10�,
light-induced drift �5,6,8�, and stimulated photon echo �22�
experiments. Using the last of these techniques, Keller and
Le Gouët have been able to extract van der Waals coeffi-
cients from measured VC collision cross sections �22�.

Most previous research on VC collisions involving alkali-
metal active atoms and noble gas perturbers has concentrated
on elastic collisions and fine structure state-changing colli-
sions �3,4,7,9,10,19,24–26� with far less focus on hyperfine
state-changing collisions �27,28�. In particular, earlier two-
step–two-photon excitation experiments �4,7,10� to study VC
collisions have focused on excitation spectra for the 3S1/2
→3P1/2→4D3/2 transitions of sodium atoms undergoing col-
lisions with noble gas perturbers. Early measurements were
used to determine thermalization rates and allowed for a
comparison between observed line shapes and those calcu-
lated using simple collision models �4,7�.

In the present work, a two-step–two-photon excitation ex-
periment is employed to study cesium hyperfine state-
changing collisions with argon buffer gas atoms. Our experi-
mental setup and excitation scheme are discussed in Sec. II.
The resulting data are presented in Sec. III along with the
6P1/2�F��→8S1/2�F�� argon pressure broadening rates and
shifts. Section IV discusses the one-dimensional VC colli-
sion kernel for Cs�6P1/2� atoms prepared with vz=0 that un-
dergo F�=3↔F�=4 hyperfine state-changing collisions,
while Sec. V provides a detailed discussion of the density
matrix formulation used to obtain the rate coefficients for
Cs�6P1/2�-Ar hyperfine state-changing collisions. Finally,
concluding remarks can be found in Sec. VI.

II. EXPERIMENT

The experimental setup is shown in Fig. 1, and a simpli-
fied energy-level diagram for cesium is shown in Fig. 2.
Room temperature cesium atoms are contained in a cylindri-
cal glass cell with a diameter of 3.56 cm and length of
13.97 cm that is initially evacuated to P�2�10−6 Torr. At
this temperature, the Cs density is low �29� �n�3.4
�1010 atoms cm−3�, and therefore, the probability of Cs-Cs
collisions or radiation trapping is negligible. Argon can be
added to the cell using the gas handling system shown in Fig.
1, and the argon pressure in the cell was varied from
0–1.52 Torr during the experiment. The presence of Ar per-
turbers can lead to Cs-Ar collisions that transfer population
from the directly excited 6P1/2�F�� level to the other 6P1/2
hyperfine level.

A Coherent model 899-29 single mode, continuous wave
�cw� titanium sapphire laser �the pump laser�, pumped by a
10 W argon ion laser, was tuned to the cesium 6S1/2�F=4�
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→6P1/2�F�=3 or 4� transition. The vertically polarized pump
laser beam was directed through a series of neutral density
filters such that the power at the cell was �6 mW. Line
center of the desired 6S1/2�F=4�→6P1/2�F�� transition was
found using saturation spectroscopy; a small portion of the
pump laser beam was sent through a cesium reference cell
and reflected back onto itself using a removable mirror
mounted at the far end of the cell. The 6P1/2�F��
→6S1/2�F� fluorescence signals, which exhibit Lamb dips,

were detected by a photodiode equipped with RG 715 and
RG 850 longpass filters.

A Coherent model 699-29 single mode cw dye laser
�the probe laser�, pumped by a 4 W krypton ion laser,
was then used to further excite the cesium atoms in
the main cell from the 6P1/2�F�� level populated by the pump
laser to 8S1/2�F�� levels where F�=3 or 4. Using neutral
density filters, the power of the vertically polarized probe
beam was attenuated to �420 �W prior to entering the cell.
The pump and probe laser beams counterpropagated through
the cell, and their Gaussian beam diameters at the cell were
determined to be 2.04�0.10 mm and 2.30�0.10 mm �full
widths at half maximum�, respectively. The criteria used to
set the pump power were that the pump beam should be
sufficiently intense to saturate the 6S1/2�F=4�→6P1/2�F��
transition, thereby populating all the mF� levels approxi-
mately equally, while still being sufficiently weak so that
power broadening remained negligible. The probe beam
power was chosen to be as weak as possible while still main-
taining a reasonable signal to noise ratio for the 6S1/2�F

=4�→6P1/2�F�=3� ——→
collision

6P1/2�F�=4�→8S1/2�F�=3� or

6S1/2�F=4�→6P1/2�F�=4� ——→
collision

6P1/2�F�=3�→8S1/2�F�
=4� collision-induced line shapes when 1 Torr of argon was
added to the cell.

Absorption of probe laser photons was monitored by de-
tecting 8S1/2→6P3/2 fluorescence perpendicular to the laser
propagation direction. Fluorescence from a 3.7 cm strip ori-
ented along the laser propagation direction in the central re-
gion of the cell was imaged onto a free-standing Hamamatsu
R636 photomultiplier tube equipped with two bandpass fil-
ters �both with �0=790�5 nm� and one RG 780 longpass
filter. The pump beam was chopped and lock-in detection
was employed. Since the narrow linewidth pump laser only
excited atoms belonging to one velocity class �vz=0 for this
experiment� from the ground state 6S1/2�F=4� level to the
6P1/2�F�� level of interest, the velocity distribution observed
with the probe laser directly reflects the effects of VC colli-
sions.

Removal of the indexer-mounted mirror from the refer-
ence cell path also enables the two-step 6S1/2�F=4�
→6P1/2�F��→8S1/2�F�� excitation of cesium atoms in the
reference cell. Since the reference cell contains no argon
perturbers, simultaneous detection of the 8S1/2→6P3/2 fluo-
rescence signals from both the main and reference cells al-
lows for the determination of 6P1/2�F��→8S1/2�F�� argon
pressure shifts.

III. EXPERIMENTAL RESULTS

Figure 3 shows typical excitation spectra observed as the
probe laser was scanned over the 6P1/2→8S1/2 manifold
while exciting the cesium 6S1/2�F=4�→6P1/2�F�=3� transi-
tion with the pump laser �i.e., the excitation spectra associ-
ated with the pump-probe scheme illustrated in Fig. 2�. As
shown in Fig. 3�a�, when no argon perturbers are present in
the main cell, the two-step excitation process described
above gives rise to a spectrum consisting of two transitions:
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FIG. 1. Experimental setup. ND, LP, BP, and BS represent neu-
tral density filter, longpass filter, bandpass filter, and beam splitter,
respectively, while L, M, and PMT denote lens, mirror, and photo-
multiplier tube, respectively.
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FIG. 2. Schematic energy-level diagram for cesium, which also
indicates one possible pump-probe sequence. The pump transition is
indicated by a thick solid arrow. Thin solid arrows denote those
probe transitions that are possible from the directly populated
6P1/2�F�=3� level, whereas dashed arrows indicate additional probe
transitions that occur if Cs-Ar collisions transfer population to the
6P1/2�F�=4� level. Transition wavelengths are given in nanometers
and hyperfine splittings, which have been greatly exaggerated for
clarity and are not drawn to scale, are given in MHz.
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6S1/2�F=4�→6P1/2�F�=3�→8S1/2�F�=3� and 6S1/2�F=4�
→6P1/2�F�=3�→8S1/2�F�=4�. The observed lines are quite
narrow due to the excitation of only one velocity class and
because it is highly improbable for a VC collision to occur
between a Cs atom and another Cs atom or any impurity
atom present in the cell within one radiative lifetime. When
argon buffer gas is introduced into the cell, the situation is
quite different as shown in Fig. 3�b� for P=0.402 Torr. Now
the F�=3→F�=3 and F�=3→F�=4 transitions exhibit
some pressure broadening and the effects of VC collisions.
In addition, a weak third peak corresponding to the F�=4
→F�=3 transition is visible to the left of the two direct
peaks. This third peak is quite broad since an inelastic colli-
sion with an Ar perturber, which can alter the Cs atom’s
velocity, is necessary to populate the 6P1/2�F�=4� level.
Hence the 6P1/2�F�=4�→8S1/2�F�=3� transition line shape
provides a direct measure of the distribution of the compo-

nent of velocity along the laser propagation direction follow-
ing a hyperfine state-changing collision. There is another
weak collisional peak, which is associated with the F�=4
→F�=4 transition, but it is buried in the red wing of the
intense F�=3→F�=3 direct peak and cannot be resolved
�see Fig. 3�c��.

In addition to pumping the 6S1/2�F=4�→6P1/2�F�=3�
transition as shown in Fig. 2, data were also obtained by
exciting the 6S1/2�F=4�→6P1/2�F�=4� pump transition. In
this latter case, F�=4→F�=3 and F�=4→F�=4 are the two
direct probe transitions whereas F�=3→F�=3 and F�=3
→F�=4 are the two probe transitions that result when Cs
atoms in the directly pumped 6P1/2�F�=4� level are colli-
sionally transferred to the 6P1/2�F�=3� level.

The probe laser excitation peaks associated with levels
directly populated by the pump laser �i.e., 6S1/2�F=4�
→6P1/2�F�=3�→8S1/2�F�� or 6S1/2�F=4�→6P1/2�F�=4�
→8S1/2�F�� with F�=3 or 4� were fit to Lorentzian profiles
�since these line shapes are dominated by pressure broaden-
ing� in which the areas, line center peak locations, and
FWHM were free parameters. The Lorentzian tail of the F
=4→F�=3→F�=3 �F=4→F�=4→F�=4� transition
was then subtracted from the baseline of the

6S1/2�F=4�→6P1/2�F�=3� ——→
collision

6P1/2�F�=4�→8S1/2�F�

=3� �6S1/2�F=4�→6P1/2�F�=4� ——→
collision

6P1/2�F�=3�
→8S1/2�F�=4�� line shape, and the remaining peak was in-
tegrated to obtain the collisional peak area. Figure 4 shows a
comparison of the resulting Lorentzian fit to the experimen-
tal data when the cell contains 0.153 Torr of Ar and the
pump laser is tuned to the 6S1/2�F=4�→6P1/2�F�=3� transi-
tion. In addition, the last frame of the figure shows the col-

lisional peak �6S1/2�F=4�→6P1/2�F�=3� ——→
collision

6P1/2�F�
=4�→8S1/2�F�=3� in this case� that remains following sub-
traction of the Lorentzian tail corresponding to the nearby
F=4→F�=3→F�=3 line shape.

From the FWHM of the direct peak experimental line
shapes, it is straightforward to determine the 6P1/2�F��
→8S1/2�F�� argon pressure broadening rates. Furthermore, a
comparison of the direct peak line center frequencies for ex-
citation spectra acquired from the main cell to those simul-
taneously recorded using the reference cell, which contains
no argon gas, allows the argon pressure shift to be deter-
mined. Figure 5�a� shows how the addition of argon to the
main cell affects the width and center frequency of the F
=4→F�=3→F�=4 transition line shape, while Fig. 5�b�
shows a plot of the 6P1/2�F��→8S1/2�F�� linewidth � and
line center shift �shift as a function of the argon density nAr in
the cell for each direct 6P1/2�F��→8S1/2�F�� probe transition
where F� and F�=3 or 4. The linewidth � is given by

� = �� + �Br, �1�

where �� is the natural linewidth �we note that �� should
also include the effects of power broadening and instrumen-
tal resolution, but these were found to be negligible in the
present case� and �Br is the Cs�6P1/2�F��→8S1/2�F��� argon
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FIG. 3. Probe laser 6P1/2→8S1/2 excitation spectra obtained
with the pump laser fixed to line center of the 6S1/2�F=4�
→6P1/2�F�=3� transition. �a� For P=0 Torr, two probe transitions
are possible: F�=3→F�=3 and F�=3→F�=4. �b� For P
=0.402 Torr, Cs-Ar collisions populate the 6P1/2�F�=4� level and,
hence, four probe transitions are possible: F�=3→F�=3, F�=3
→F�=4, F�=4→F�=3, and F�=4→F�=4. Vertical lines indicate
the line center positions of the F�=3→F�=3 and F�=4→F�=4
transitions. �c� Scan recorded at P=0.630 Torr showing the diffi-
culty of resolving the weak F�=4→F�=4 collisional peak, which
is buried in the red wing of the strong F�=3→F�=3 line. The zero
of detuning marks the line center position of the F�=3→F�=3
transition.
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pressure broadening rate, which is related to the argon pres-
sure broadening rate coefficient kBr via

�Br = kBrnAr. �2�

Figure 5�b� also shows the line center shift �shift for each
Cs�6P1/2�F��→8S1/2�F��� transition, which is related to the
argon pressure shift coefficient kshift via

�shift = kshiftnAr. �3�

Although the uncertainties in the widths of the fitted
Lorentzians were taken into consideration, the uncertainty in
each individual � value was dominated by the uncertainty in
the argon pressure �and hence nAr�. The manufacturer’s
stated accuracy of the Baratron M626A Capacitance Manom-
eter used in this experiment is 0.15% of the reading; how-
ever, we believe that a more realistic uncertainty in the pres-
sure reading �given that the capacitance manometer is
located close to, but not directly inside, the main cell� is
�0.03 Torr. Based on this, the contribution to the total error
assigned to each individual � value due to the uncertainty in
the argon pressure ranged from �2% �for the highest pres-
sure data� to �56% �for the lowest pressure data�. The un-

certainty of the fitted Lorentzian width contributed an addi-
tional 0.1–2 % to the overall error. In the case of �shift, error
bars reflect the uncertainty of the line center frequency of the
Lorentzian profile fit and the uncertainty in the argon pres-
sure. Once again, the uncertainty in the pressure is the domi-
nant contribution to the overall error bars.

The Cs�6P1/2�F��→8S1/2�F��� argon pressure broadening
rate coefficients and shift coefficient as determined from Fig.
5�b� are listed in Table I. Since the differences between the
kBr values for the various Cs�6P1/2�F��→8S1/2�F��� transi-
tions are greater than the uncertainties in the values, our
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FIG. 4. Comparison of the experimental data to the fit when P=0.153 Torr and the pump laser is tuned to the Cs 6S1/2�F=4�
→6P1/2�F�=3� transition. Relative units for intensities are the same for all four panels. �a� The F�=3→F�=3 and F�=3→F�=4 transitions
were each fit with a three parameter Lorentzian profile �dashed lines� and then compared to the experimental excitation spectra �solid lines�.
�b� The F�=4→F�=3 collisional line shape �solid line� plotted with the Lorentzian tail of the F�=3→F�=3 transition line shape �dashed
line�. �c� Residual showing the quality of the fit in frame �a�. �d� Subtraction of the F�=3→F�=3 Lorentzian tail from the collisional line
shape in frame �b� gives the corrected collisional line shape shown here, which is numerically integrated to yield the collisional peak area.

TABLE I. Cs�6P1/2�F��→8S1/2�F��� argon pressure broadening
rate coefficients and pressure shift coefficient determined from Fig.
5�b�.

Transition kBr �cm3 sec−1� kshift �cm3 sec−1�

F�=3→F�=3 �2.24�0.05��10−8

�−4.83�0.04��10−9F�=3→F�=4 �2.38�0.04��10−8

F�=4→F�=3 �2.69�0.04��10−8

F�=4→F�=4 �2.48�0.04��10−8
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results suggest that we have been able to isolate the effects of
pressure broadening due to Ar for each individual hyperfine
component. Conversely, the shift rates of the four transitions
were found to be equal within error bars, and thus only the
average value is reported. The reported 6P1/2�F��
→8S1/2�F�� argon pressure broadening rate coefficients
should serve as a sensitive test of the quality of theoretical
models for long range Cs�6P1/2�F���-Ar and
Cs�8S1/2�F���-Ar interatomic potentials.

IV. ONE-DIMENSIONAL VELOCITY CHANGING
COLLISION KERNEL

By keeping the Ar pressure sufficiently low such that only
a small fraction of the atoms in the 6P1/2�F�� level populated
by the pump laser is transferred to the other hyperfine level,
it can be assumed that the data are taken in the single colli-
sion regime �i.e., it is unlikely for a Cs atom to experience
more than one Cs-Ar collision during the Cs 6P1/2�F�� radia-
tive lifetime�. As a result, it follows that when the probe laser
frequency is scanned across the transition from the collision-
ally populated 6P1/2�F�� level to the 8S1/2�F��F�� level, we
observe the velocity distribution of the Cs 6P1/2�F�� atoms
that have each undergone a single hyperfine state-changing
collision. Therefore, our data enables us to measure the one-
dimensional VC collision kernel of 6P1/2 atoms that are pre-
pared with vz=0 and undergo an F�=3↔F�=4 hyperfine
state-changing collision. The one-dimensional VC collision
kernel W�vz→vz�� is the probability that a cesium atom’s
initial velocity vz is changed to vz� as a result of a collision
with an argon atom belonging to a thermal distribution. The
collisional line shape is a direct measure of W�vz→vz��.
Nominally, either 6P1/2�F��→8S1/2�F�=3 or 4� transition
from the collisionally populated 6P1/2�F�� level should ex-
hibit the effects of VC collisions; however, as mentioned in
Sec. III, the excitation spectrum associated with F�=F� is

not resolvable from one of the transitions involving the di-
rectly populated 6P1/2 hyperfine level.

Figure 6 shows the measured, normalized 6S1/2�F=4�
→6P1/2�F�=3�→8S1/2�F�=4� excitation line shape �domi-
nated by the homogeneous line shape associated with the
initially prepared vz=0 component in the 6P1/2�F�=3� level�,

the measured 6S1/2�F=4�→6P1/2�F�=3� ——→
collision

6P1/2�F�
=4�→8S1/2�F�=3� line shape �reflecting the velocity distri-
bution in the 6P1/2�F�=4� level following one hyperfine
state-changing collision�, and a theoretical Doppler line
shape corresponding to a 6P1/2 thermal velocity distribution
at the cell temperature. For this VC collision line shape mea-
surement, the pump and probe laser powers were increased
to �3.6 mW and �2.5 mW, respectively, leading to a better
signal to noise ratio. From the figure it is evident that, in
general, an F�=3↔F�=4 hyperfine state-changing collision
does in fact change the component of a Cs atom’s velocity
along the laser propagation direction. However, it is also
clear that a single collision is not sufficient to thermalize the
6P1/2 �F�=4� velocity distribution completely. Although Fig.

6 shows the results of 6P1/2�F�=3� ——→
collision

6P1/2 �F�=4�
collisional transfer, the measured Cs atom velocity distribu-
tion along the laser propagation direction following

6P1/2�F�=4� ——→
collision

6P1/2�F�=3� collisional transfer is iden-
tical, within experimental uncertainties. Velocity distribu-
tions recorded with lower pump and probe laser powers
�such as those used to measure the hyperfine state-changing
collision rate coefficients� are consistent but noisier.
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� �FWHM in angular frequency units� and line center shift �shift as
functions of argon density nAr for each direct 6P1/2�F��
→8S1/2�F�� probe transition.
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FIG. 6. One-dimensional VC collision kernel for Cs�6P1/2�F�
=3��+Ar→Cs�6P1/2�F�=4��+Ar collisions �as traced out by the
Doppler-broadened probe transition line shapes�. The normalized
velocity distribution �along the laser propagation direction� is
shown for the directly excited 6S1/2�F=4�→6P1/2�F�=3�
→8S1/2�F�=4� transition �dashed line�, the collisionally populated

6S1/2�F = 4�→6P1/2�F� = 3� ——→
collision

6P1/2�F� = 4�→8S1/2�F� = 3�
transition �solid line�, and a thermal distribution �dashed-dotted
line�. It can be seen that significant redistribution of velocity occurs
in a single hyperfine state-changing collision, but complete thermal-
ization does not result. For these measurements, the pump and
probe laser powers were �3.6 mW and �2.5 mW, respectively.
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Previous two-step excitation studies of sodium in the
presence of low pressure noble gas perturbers were carried
out by O’Callaghan and Gallagher to study Na�3P3/2�
→Na�3P1/2� fine structure state-changing collisions in the
single collision limit �10�. Their results show a relatively
narrow velocity distribution in the 3P1/2 state following ex-
citation of 3P3/2, even though these two levels are separated
by 17.2 cm−1, which implies that velocity changes in fine
structure state-changing collisions are generally small. In
contrast, the data presented here demonstrate that the veloc-
ity changes occurring in Cs 6P1/2 hyperfine state-changing
collisions are much larger than those measured by
O’Callaghan and Gallagher. This seems to indicate that a
hyperfine state-changing collision process requires a strong
collision at small impact parameter, thereby leading to large
velocity changes.

V. HYPERFINE STATE-CHANGING COLLISION RATE
COEFFICIENT

This section discusses the analysis of our data using a
density matrix formalism to determine Cs 6P1/2�F��–Ar hy-
perfine state-changing collision rate coefficients. The density
matrix approach allows coherence effects �which are ne-
glected in a simpler rate equation model� to be taken into
account. Although all 80 magnetic sublevels of the cesium
6S1/2, 6P1/2, 8S1/2, and 6P3/2 states were incorporated into
our density matrix analysis, for discussion purposes Fig. 7
shows a simplified six level system and one possible pump-
probe scheme. The various collisional and radiative rates to
be considered are also shown in the figure.

Levels 1 and 2 represent the two hyperfine levels of the
Cs ground state. In our experiment, we always excite atoms
out of the 6S1/2�F=4� hyperfine level �i.e., level 1� and thus
the 6S1/2�F=3� hyperfine level �level 2� serves as a trap level
that is coupled radiatively to the excited levels 3, 4, and 6 but
not to level 1. In the absence of collisions, atoms in any of
the ground or excited state energy levels pass through the
laser beams as a result of thermal motion and are effectively
replaced by atoms belonging to any of the magnetic sublev-
els of the 6S1/2�F=3� and 6S1/2�F=4� ground state hyperfine
levels. An effective transit relaxation rate coefficient �t was
derived by Sagle et al. and is given by �30�

�t = 1.13
vrms

D
� 1.07 � 105 s−1, �4�

where vrms is the two-dimensional root-mean-square atomic
velocity for Cs at the cell temperature �T�23 °C in the
present case� and D is the Gaussian beam diameter �FWHM�
of the pump laser. We assume that each level is depleted by
transit relaxation at a rate �t, and each magnetic sublevel of
the ground state is populated statistically; therefore the tran-
sit relaxation rate from level 1 to level 2 is �7 /16��t while
the corresponding rate from level 2 to level 1 is �9 /16��t.

In the experiment, the 6S1/2�F=4� hyperfine level is
coupled to either the 6P1/2�F�=3� or the 6P1/2�F�=4� state
via a monochromatic, linearly polarized pump laser. Hyper-
fine state-changing collisions �represented by R34 and R43 in

Fig. 7� transfer population between the 6P1/2�F�=3� and
6P1/2�F�=4� states �again distributing population statistically
over the final state magnetic sublevels�. For the pressures
used in this experiment, Cs-Ar collisions transfer less than
1% of the population of the directly excited 6P1/2�F�� level
�i.e., level 3 in the figure� to the other 6P1/2 hyperfine com-
ponent �level 4�. Back transfer from the collisionally popu-
lated level back to the directly populated level is also taken
into consideration in the model even though contributions to
level populations from this type of collision are extremely
small �i.e., �0.01%�.

The linearly polarized probe laser is used to couple the
6P1/2�F�=3� or 6P1/2�F�=4� state to one of the hyperfine
levels of the 8S1/2 state. Thus, level 5 in Fig. 7 can be as-
signed to either the 8S1/2�F�=3� or the 8S1/2�F�=4� state
depending on the probe transition selected. If the pump-
probe scheme is 6S1/2�F=4�→6P1/2�F��→8S1/2�F��, the re-
sulting 8S1/2�F�� level population provides information about
the population in the directly pumped 6P1/2�F�� level. Alter-
natively, when the pump-probe scheme is 6S1/2�F=4�
→6P1/2�F�=3� /6P1/2�F�=4�→8S1/2�F�� �as illustrated in
Fig. 7� or 6S1/2�F=4�→6P1/2�F�=4� /6P1/2�F�=3�
→8S1/2�F��, then information about the collisionally popu-
lated 6P1/2�F�� level is obtained. Hence, for a given pump
laser transition, four different probe schemes are considered:
6P1/2�F�=3�→8S1/2�F�=3�, 6P1/2�F�=3�→8S1/2�F�=4�,
6P1/2�F�=4�→8S1/2�F�=3�, and 6P1/2�F�=4�→8S1/2�F�
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(Level 1) 6S1/2(F = 3)

(Level 2)

FIG. 7. Simplified six-level energy level diagram used to illus-
trate the basic features of the complete 80 level system analyzed via
a density matrix formalism. For this simplified scheme, the mag-
netic sublevels that comprise the 6S1/2�F=3�, 6S1/2�F=4�,
6P1/2�F�=3�, 6P1/2�F�=4�, 8S1/2, and 6P3/2 states of cesium are
indistinguishable, whereas in the 80 level scheme the 2F+1 mag-
netic sublevels that comprise a particular hyperfine level are con-
sidered to be distinct but degenerate in energy. One possible pump-
probe scheme is shown �i.e., pump: F=4→F�=3; probe: F�=4
→F� where F�=3 or 4�. �ij represents a radiative rate and Rij a
collisional rate for transfer of population from level i to level j.
Transit relaxation between the ground state hyperfine levels �at rates
�7 /16��t and �9 /16��t� is also indicated. Transit relaxation from
each of the excited states to the 6S1/2�F=3� and 6S1/2�F=4� levels
�at rates �7 /16��t and �9 /16��t, respectively� is also considered in
the model but not shown in the figure.
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=4�, two of which correspond to strong direct peaks and two
corresponding to weak collisional peaks �see Fig. 3�b��.

In the analysis, we assume that the pump laser frequency
is fixed to the center of the transition so that only one veloc-
ity component �vz=0� is excited. In general, the density ma-
trix equations of motion are given by �31�

�̇ij = −
i

�
�

k

�Hik�kj − �ikHkj� + relaxation terms, �5�

where the relaxation terms include collisional and radiative
transfer of population, transit relaxation, and collisional de-
coherence. The density matrix equations applicable to the
pump-probe scheme depicted in Fig. 7 are the following
�32�:

�̇11 = −
7

16
�t�11 +

9

16
�t�22 + ��31 +

9

16
�t	�33

+ ��41 +
9

16
�t	�44 +

9

16
�t�55 + ��61 +

9

16
�t	�66

+
i

�
�V31�13 − �31V13� = 0, �6�

�̇22 =
7

16
�t�11 −

9

16
�t�22 + ��32 +

7

16
�t	�33

+ ��42 +
7

16
�t	�44 +

7

16
�t�55 + ��62 +

7

16
�t	�66

= 0, �7�

�̇33 = − ��3 + R34 + �t��33 + R43�44 + �53�55

−
i

�
�V31�13 − �31V13� = 0, �8�

�̇44 = R34�33 − ��4 + R43 + �t��44 + �54�55

+
i

�
�V54�45 − �54V45� = 0, �9�

�̇55 = − ��5 + �t��55 −
i

�
�V54�45 − �54V45� = 0, �10�

�̇66 = �56�55 − ��6 + �t��66 = 0, �11�

�̇31 = − �i�31 + 	31 + �t��31 +
i

�
V31��33 − �11� , �12�

and

�̇54 = − �i�54 + 	54 + �t��54 +
i

�
V54��55 − �44� . �13�

Here, the diagonal elements of the density matrix �ii
ni
represent the level populations �normalized such that

�
i

�ii = 1

whereas the off-diagonal elements �ij represent the coher-
ences between levels i and j; the latter will be nonzero only
if the two levels are coupled by the coherent field of a laser.
�ij is the rate for radiative transitions from level i to level j
and the total radiative rate out of a level i is denoted by

�i 
 �
j

�ij .

	ij is the coherence decay rate �i.e., the homogeneous line-
width �HWHM��, �ij = �Ei−Ej� /� is the transition frequency
�in angular frequency units�, Ei=Hii is the energy of level i,
and Vij =Hij �for i� j� is the average interaction energy be-
tween an atom and a laser photon tuned near the j→ i tran-
sition. We note that �32,33�

�Vij�2 =
��ij�

3

16
2

I�r�
c

, �14�

where I�r� is the laser intensity at a radial distance r from the
beam axis. For our calculations, we ignore the radial inten-
sity variations and instead model the beam intensities as if
they were uniform and given by the average laser intensities
obtained from the measured laser powers and beam radii
reported in Sec. II. Also, by definition, �ij =� ji

* and Vij =Vji
*.

In steady state, all of the populations are time independent,
and therefore we require that �̇11= �̇22= �̇33= �̇44= �̇55= �̇66
=0.

By invoking the rotating wave approximation �32�, the
off-diagonal density matrix component �ij can be written as

�ij = �ije
−i�t, �15�

where � is the laser frequency and �ij varies slowly �i.e., we
can neglect �̇ij�. Substitution of this result into either Eq.
�12� or �13� yields an equation of the form

�̇ij = − i��ij = − �i�ij + 	ij + �t��ij +
i

�
Vij��ii − � j j� �16�

or

�i�ij − �	ij + �t���ij +
iVij

�
��ii − � j j� = 0, �17�

where �ij =�−�ij is the detuning of the laser from line cen-
ter, which is taken to be zero in our analysis. Finally, solving
for the off diagonal density matrix element, we obtain

�ij =
i

�
Vij

��ii − � j j�
�− i�ij + �	ij + �t��

=
Vij

�

�− �ij + i�	ij + �t��
���ij�2 + �	ij + �t�2�

��ii − � j j� . �18�

Substitution of Eq. �18� into Eqs. �7�–�11� yields five coupled
equations with six unknowns. Equation �6� is not indepen-
dent of Eqs. �7�–�11�, but the normalization constraint �i�ii
=1 provides one additional equation.

For the case where we probe the directly excited
6P1/2�F�� level �i.e., level 3 in Fig. 7�, the density matrix
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equations become more complicated since there is a third
coherence term �51 �in addition to �31 and �53�. The density
matrix equations for the diagonal elements in this case are
the following:

�̇11 = −
7

16
�t�11 +

9

16
�t�22 + ��31 +

9

16
�t	�33

+ ��41 +
9

16
�t	�44 +

9

16
�t�55 + ��61 +

9

16
�t	�66

+
i

�
�V31�13 − �31V13� = 0, �19�

�̇22 =
7

16
�t�11 −

9

16
�t�22 + ��32 +

7

16
�t	�33

+ ��42 +
7

16
�t	�44 +

7

16
�t�55 + ��62 +

7

16
�t	�66

= 0, �20�

�̇33 = − ��3 + R34 + �t��33 + R43�44 + �53�55

−
i

�
�V31�13 − �31V13� +

i

�
�V53�35 − �53V35� = 0,

�21�

�̇44 = R34�33 − ��4 + R43 + �t��44 + �54�55 = 0, �22�

�̇55 = − ��5 + �t��55 −
i

�
�V53�35 − �53V35� = 0, �23�

and

�̇66 = �56�55 − ��6 + �t��66 = 0. �24�

Using the rotating wave approximation, the equations for the
time derivatives of the off diagonal elements �̇31, �̇53, and �̇51
yield

�i�31 − �	31 + �t���31 +
i

�
V31��33 − �11� −

i

�
V35�51 = 0,

�25�

�i�53 − �	53 + �t���53 +
i

�
V53��55 − �33� +

i

�
V13�51 = 0,

�26�

and

�i��53 + �31� − �	51 + �t���51 +
i

�
V31�53 −

i

�
V53�31 = 0,

�27�

respectively. Although the mathematics is slightly more com-
plicated in this case, the coupled coherence equations
�25�–�27� can still be solved to yield expressions for
�V31�13−�31V13� and �V53�35−�53V35�. With these expres-
sions substituted into Eqs. �20�–�24�, and using the constraint

�i�ii=1, we again obtain six equations in six unknowns.
As mentioned above, in our full analysis, all 80 magnetic

sublevels of the 6S1/2�F=3�, 6S1/2�F=4�, 6P1/2�F�=3�,
6P1/2�F�=4�, 8S1/2, and 6P3/2 states of cesium are considered
in the density matrix formalism, thus leading to an 80�80
matrix. Within each hyperfine level, the 2F+1 magnetic sub-
levels are considered to be distinct but degenerate in energy.
This assumption is reasonable since a measurement of the
magnetic field at the location of the cell indicates that it is
�0.53 G �i.e., dominated by the earth’s magnetic field�, and
consequently, the Zeeman splittings are less than 1 MHz.
Therefore, the pump laser couples the magnetic sublevels of
the 6S1/2�F=4� hyperfine level either to the seven magnetic
sublevels of the 6P1/2�F�=3� state or to the nine magnetic
sublevels of the 6P1/2�F�=4� state in accordance with the
selection rule �mF=0 for linearly polarized light and the
restriction that the 6S1/2�F=4,mF=0�→6P1/2�F�=4,mF�
=0� transition is forbidden. Similarly, the linearly polarized
probe laser couples magnetic sublevels of the 6P1/2 and 8S1/2
states, again adhering to the �mF=0 selection rule and the
fact that in this case the 6P1/2�F� ,mF�=0�→8S1/2�F�
=F� ,mF�=0� transitions are forbidden.

When considering the density matrix equations for the
individual magnetic sublevels, we must also consider how
hyperfine state-changing collisions, 6P1/2�F�=3�
+Ar↔6P1/2�F�=4�+Ar, redistribute population among the
mF� sublevels. We will see that collisional excitation transfer
from one hyperfine level to another requires strong collisions
at small impact parameters. Thus our model assumes that the
hyperfine state-changing collisions effectively scramble mF�
�i.e., that collisional transitions from a particular mF� sub-
level of the initial state are equally likely to populate any mF�
level of the final state�. In this case, the principle of detailed
balance �34� indicates that

k6P1/2�F�=4→F�=3�
hfs

k6P1/2�F�=3→F�=4�
hfs =

g3

g4
e+�E/kBT =

7

9
= 0.78, �28�

where g3 and g4 are the statistical weights �2F�+1� of the
F�=3 and F�=4 levels, respectively, and k

6P1/2�F�=i→F�=j�
hfs is

the collisional rate coefficient. We note that the energy gap
EF�=4−EF�=3�kBT in the above expression, so the exponen-
tial factor is �1. The appropriate hyperfine state-changing
collision rates are given by R34=k

6P1/2�F�=3→F�=4�
hfs

nAr and

R43=k
6P1/2�F�=4→F�=3�
hfs

nAr.

Atoms in all levels leave the excitation region due to ther-
mal motion and are effectively replaced by ground state at-
oms occupying any of the 16 ground state hyperfine mag-
netic sublevels. Consequently, the transit relaxation rate
corresponding to effective transitions from a particular mag-
netic sublevel of any ground or excited level to each of the
16 magnetic sublevels of the 6S1/2�F=3� and 6S1/2�F=4�
states is �1 /16��t �with �t given by Eq. �4��.

In the density matrix formalism, we consider
6P1/2�F� ,mF��→6S1/2�F=3 or 4, mF�, 6P3/2�F� ,mF��
→6S1/2�F=3 or 4, mF�, 8S1/2�F� ,mF��→6P1/2�F� ,mF��, and
8S1/2�F� ,mF��→6P3/2�F� ,mF�� fluorescence and absorption
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of laser photons on the pump �6S1/2�F=4�→6P1/2�F��� and
probe �6P1/2�F��→8S1/2�F��� transitions. The terms �Vij�2,
which represent absorption and stimulated emission, are pro-
portional to the fluorescence rates �ij according to Eq. �14�.
Thus, we need to determine the branching ratios for fluores-
cence decay rates between individual magnetic sublevels of
the two hyperfine levels under consideration. These, in turn,
are proportional to the square of the dipole matrix elements;
for example,

�6P1/2�F�,mF��→6S1/2�F,mF�  ��6P1/2�F�,mF���r��6S1/2�F,mF��2.

�29�

Using standard angular momentum coupling theory �35�, the
right-hand side of Eq. �29� can be written in terms of reduced
matrix elements �6P1/2 �r �6S1/2 and angular momentum cou-
pling constants CF�mF�,FmF

and CF�,F:

�6P1/2�F�,mF��→6S1/2�F,mF�  �CF�mF�,FmF
�2

���6P1/2�F���r�6S1/2�F��2

 �CF�mF�,FmF
�2�CF�,F�2

���6P1/2�r�6S1/2�2

= �CF�mF�,FmF
�2�CF�,F�2�6P1/2→6S1/2

,

�30�

where the factors �CF�mF�,FmF
�2 and �CF�,F�2 can be determined

from, for example, the tables on pp. 63 and 69 of Condon
and Shortley �35�, and the coefficients are normalized such
that

�
F,mF

�CF�mF�,FmF
�2�CF�,F�2 = 1.

For our calculations, we use the 6P1/2 and 6P3/2 radiative
rates ��6P1/2→6S1/2

=2.851�107 s−1 and �6P3/2→6S1/2
=3.271

�107 s−1� from the accurate lifetime measurements of Rafac
et al. �36� and the 8S1/2→6P1/2 and 8S1/2→6P3/2 rates
��8S1/2→6P1/2

=1.969�106 s−1 and �8S1/2→6P3/2
=3.618

�106 s−1� from calculations of gf values by Warner �37�.
In general, the coherence relaxation terms are given by

�32�

	ij = 1
2 ��i + � j� + 	ij

col, �31�

where �i and � j represent the total decay rates for levels i
and j, respectively, and 	ij

col is the dipole dephasing rate due
to processes that are not associated with the transfer of popu-
lation �e.g., elastic collisions�. For our calculations, 	31

col was
calculated from the room temperature Cs-Ar collisional
broadening rate for the Cs�6S1/2�F=4�� hyperfine component
of the D1 line reported by Bernabeu and Alvarez �27�. For a
given 6P1/2�F��→8S1/2�F�� transition, the 	53 coherence re-
laxation term was determined from radiative rates above �in-
cluding also the 8S1/2→7PJ transitions� and 	53

col was ob-
tained from the appropriate linear fit to the 6P1/2�F��
→8S1/2�F�� Cs-Ar pressure broadening data reported in Sec.
III of this paper. Finally, since 	51

col was not known, we ap-

proximated its value with 	53
col and determined the 	51 coher-

ence relaxation term from the total radiative decay rate of
population out of the 8S1/2 state and the collisional broaden-
ing rate for the appropriate 6P1/2�F��→8S1/2�F�� transition.

The quantity of interest that is measured in the experiment
is the total 8S1/2�F��→6P3/2 fluorescence, which is detected
at right angles to the laser propagation axis by a free-
standing photomultiplier tube equipped with appropriate fil-
ters. The system is equally sensitive to fluorescence polar-
ized parallel to and perpendicular to the laser propagation
axis. Under these conditions, the detection system is
twice as sensitive to �mF=0 fluorescence transitions �I
 ��8S1/2�F� ,mF�� �z �6P3/2�F� ,mF�=mF���

2� as it is to
�mF= �1 transitions �I ��8S1/2�F� ,mF�� �x� iy �6P3/2�F� ,
mF�=mF��1��2�. It is therefore straightforward to show that
if the final hyperfine state F� is not resolved, then the de-
tected fluorescence signal associated with each upper state
magnetic sublevel I8S1/2�F�,mF��→6P3/2

is proportional to the

population n8S1/2�F�,mF��
in that 8S1/2�F� ,mF�� sublevel, with

the same proportionality factor for each sublevel. Thus we
assume that the total 8S1/2�F�� population �n8S1/2

�F��
=�mF�

n8S1/2�F�,mF��
� is simply proportional to the total

8S1/2�F��→6P3/2 fluorescence measured for the appropriate
pump-probe scheme.

For 6S1/2�F=4�→6P1/2�F�=3� pumping and a given col-
lisional transfer rate k

6P1/2�F�=3→F�=4�
hfs

nAr �noting that the very

small back transfer can be taken into account approximately
by using the value k

6P1/2�F�=4→F�=3�
hfs

nAr=0.78

k
6P1/2�F�=3→F�=4�
hfs

nAr from the principle of detailed balance as

discussed above�, we solve the density matrix equations to
determine the ratio n

8S1/2�F�=3�
collisional / �n

8S1/2�F�=3�
direct +n

8S1/2�F�=4�
direct �. In

these expressions, the superscript “direct” �“collisional”� in-
dicates that the probe laser is coupled to the directly excited
�collisionally populated� 6P1/2�F�� level �i.e., n

8S1/2�F�=3�
collisional for

6P1/2�F�=3� pumping is the total population in the
8S1/2�F�=3� level when the pump-probe scheme is 6S1/2�F

=4�→6P1/2�F�=3� ——→
collision

6P1/2 �F�=4�→8S1/2�F�=3� and
n

8S1/2�F�=3�
direct is the population in the 8S1/2�F�=3� level when

the pump-probe scheme is 6S1/2�F=4�→6P1/2�F�=3�
→8S1/2�F�=3��. Absorption of probe laser photons is de-
tected by monitoring 8S1/2�F��→6P3/2 fluorescence intensi-
ties, and the integrated intensity of each transition is propor-
tional to the population in the 8S1/2�F�� state. Hence the
calculated population ratios are compared to
I

8S1/2�F�=3�→6P3/2

collisional / �I
8S1/2�F�=3�→6P3/2

direct + I
8S1/2�F�=4�→6P3/2

direct � values,

which are determined from the integrated areas under the
excitation lines �see Fig. 8�. The value of k

6P1/2�F�=3→F�=4�
hfs

nAr

is adjusted until the experimental and calculated population
ratios agree. The method converges quickly since the popu-
lation ratio is approximately proportional to
k

6P1/2�F�=3→F�=4�
hfs

nAr. For 6S1/2�F=4�→6P1/2�F�=4� pump-

ing, the same procedure is followed with k
6P1/2�F�=4→F�=3�
hfs

nAr

being adjusted and, in this case, the ratios of

HYPERFINE STATE-CHANGING COLLISIONS OF… PHYSICAL REVIEW A 77, 032704 �2008�

032704-9



interest are n
8S1/2�F�=4�
collisional / �n

8S1/2�F�=3�
direct +n

8S1/2�F�=4�
direct � and

I
8S1/2�F�=4�→6P3/2

collisional / �I
8S1/2�F�=3�→6P3/2

direct + I
8S1/2�F�=4�→6P3/2

direct �.
The hyperfine state-changing collision rates �R34

=k
6P1/2�F�=3→F�=4�
hfs

nAr and R43=k
6P1/2�F�=4→F�=3�
hfs

nAr� were de-

termined in this manner at each argon density and then plot-
ted as a function of argon density �see Fig. 9�. Since the
measured intensity ratios, I

8S1/2�F�=3�→6P3/2

collisional / �I
8S1/2�F�=3�→6P3/2

direct

+ I
8S1/2�F�=4�→6P3/2

direct � and I
8S1/2�F�=4�→6P3/2

collisional / �I
8S1/2�F�=3�→6P3/2

direct

+ I
8S1/2�F�=4�→6P3/2

direct �, are approximately proportional to the col-

lision rates, k
6P1/2�F�=3→F�=4�
hfs

nAr and k
6P1/2�F�=4→F�=3�
hfs

nAr, the

uncertainties in the fitted collisional rates arise from uncer-
tainties in the intensity ratios and in the argon pressure, with
the latter being more significant at low pressures and the
former dominating at high pressures. From weighted linear
least squares fits, the hyperfine state-changing collision rate
coefficients were determined:

k6P1/2�F�=3→F�=4�
hfs = �2.39 � 0.15� � 10−11 cm3 sec−1

�32�

and

k6P1/2�F�=4→F�=3�
hfs = �1.77 � 0.17� � 10−11 cm3 sec−1.

�33�

Since EF�=4−EF�=3�kBT, the principle of detailed balance
states that the ratio of the hyperfine state-changing collision

rate coefficients k
6P1/2�F�=4→F�=3�
hfs /k

6P1/2�F�=3→F�=4�
hfs should

equal 0.78. Experimentally, from Eqs. �32� and �33� we ob-
tain a ratio of 0.74�0.11. We believe that these results indi-
cate that the mF� value is essentially scrambled during the
hyperfine state-changing collision as we assume. This is not
surprising given the small magnitudes of the rate coeffi-
cients, which again indicate that excitation transfer from one
hyperfine state to another requires strong collisions at small
impact parameter.

Although the assumption that the mF� levels are com-
pletely scrambled in the hyperfine state-changing collisions
may not be strictly valid, especially given that the measured
6P1/2 state depolarization rate is small �26�, we have also
carried out an analysis of our data using a model based on
the opposite limiting case—namely that the mF� value is con-
served during the Cs�6P1/2�F�=3��+Ar↔Cs�6P1/2�F�=4��
+Ar process. Those results agree with the reported results to
within 25%. Therefore, we believe that the magnitudes of the
hyperfine state-changing collision rate coefficients are not
strongly dependent on the validity of this assumption con-
cerning the mixing of the mF� levels.

VI. CONCLUSIONS

We have carried out a two-step excitation experiment to
study Cs-Ar collisions that transfer population between the
two hyperfine levels of the Cs�6P1/2� state. Via a density
matrix analysis, we have determined the Cs�6P1/2�-Ar hyper-
fine state-changing collision rate coefficients assuming that
mF� levels are populated statistically by the collisional trans-
fer process. A comparison of the ratio of the collisional rate
coefficients obtained experimentally �0.74� to that expected
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FIG. 8. Excitation spectra associated with the two possible
Cs�6S1/2�F=4�→6P1/2�F��� pump laser transitions: �a� F�=3; �b�
F�=4. In each case the area under the “direct” peak �F=4→F�
=3→F�=4 or F=4→F�=4→F�=3� is represented by positively
sloped hash marks while the area under the “collisional” peak �F

=4→F�=3 ——→
collision

F�=4→F�=3 or F=4→F�=4 ——→
collision

F�=3
→F�=4� is represented by negatively sloped hash marks. The ratios
of interest are I8S1/2�F�=3�→6P3/2

collisional / �I8S1/2�F�=3�→6P3/2

direct + I8S1/2�F�=4�→6P3/2

direct �

in �a� and I8S1/2�F�=4�→6P3/2

collisional / �I8S1/2�F�=3�→6P3/2

direct + I8S1/2�F�=4�→6P3/2

direct � in

�b�. The middle peak is a superposition of a strong direct peak with
a weak collisional peak and is not shaded in the figure. However, in
each case, the collisional contribution to this peak is very small, and
the area associated with the directly pumped excitation line shape
�i.e., the Lorenzian portion of the middle peak� is used in the deter-
mination of the ratio of interest.
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FIG. 9. Plot of the hyperfine state-changing collision rates
�R34=k6P1/2�F�=3→F�=4�

hfs
nAr and R43=k6P1/2�F�=4→F�=3�

hfs
nAr� as func-

tions of argon density obtained from a model in which it is assumed
that the final state mF� level is independent of the initial state mF�
value, and hence, all final state mF� values are equally probable.
From the linear fits to the results, the hyperfine state-changing col-
lision rate coefficients, k6P1/2�F�=3→F�=4�

hfs and k6P1/2�F�=4→F�=3�
hfs , were

determined. Error bars represent the uncertainty in the ratio of the
collisional to direct peak areas and uncertainty in the argon pres-
sure, with the latter being more significant at low pressures and the
former being dominant at high pressures.
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from the principle of detailed balance �0.78� indicates that
this assumption is reasonable, but it should be noted that the
results are not particularly sensitive to this assumption.

We can define velocity averaged hyperfine state-changing
collision cross sections by the expression �6P1/2�F1→F2�

hfs


k6P1/2�F1→F2�
hfs / v̄ where v̄ is the average collision speed. Us-

ing v̄ �4.5�104 cm /s at our cell temperature, we obtain

�6P1/2�F�=3→F�=4�
hfs = �5.3 � 0.3� � 10−16 cm2 �34�

and

�6P1/2�F�=4→F�=3�
hfs = �3.9 � 0.4� � 10−16 cm2. �35�

We are not aware of any theoretical calculations of these
cross sections, but we note that the measured values are fac-
tors of only 2–3 times greater than the small cross sections
for depolarization of Cs�6P1/2� atoms in collisions with ar-
gon measured by Gallagher �26�. The mechanisms for depo-
larization and hyperfine state-changing collisions are likely
to be related since both processes require MJ=1 /2↔MJ
=−1 /2 for J=1 /2 �assuming that �MI=0�. Gallagher
showed that P1/2 state depolarization cross sections should
decrease rapidly as the fine-structure interval �EJ increases
beyond � /�c, where �c is the collision duration. In the limit
�EJ�� /�c, he showed that MJ↔−MJ is forbidden for a
model that assumes an odd total number of electrons �active
atom plus perturber�, a time-reversal invariant Hamiltonian,
and neglect of nonadiabatic terms �26,38�. In the present
case, � /�c�8 cm−1 is indeed small compared to the 6P level
fine structure splitting ��EJ�554 cm−1�, so this model
should be valid. An accurate calculation of either the
Cs�6P1/2� depolarization or hyperfine state-changing colli-
sion cross section would therefore depend only on smaller
nonadiabatic interaction terms and would be sensitive to de-
tails of the interatomic Cs-Ar potentials �39,40�, specifically
on the repulsive short range region. However, the cross sec-
tion is expected to depend sharply on the spin-orbit separa-
tion �without making assumptions about trajectory or the in-
teraction except that it is purely electrostatic, Gallagher’s Eq.
�7� leads to the prediction that the depolarization cross sec-
tion should scale as �EJ

−2—see also Fig. 3 of Ref. �38��. The
hyperfine state-changing collision cross section, as well as
the depolarization cross section, are expected to be signifi-

cantly larger in the Cs�6P3/2� state where MJ↔−MJ is not
required.

Besides determining the collisional rate coefficients, our
data also provide information concerning the velocity along
the laser propagation direction for Cs�6P1/2�F��� atoms,
which initially all have vz=0, that have undergone a single
Cs�6P1/2�F�=3��+Ar↔Cs�6P1/2�F�=4��+Ar hyperfine
state-changing collision. Our results, which indicate that sig-
nificant velocity changes do occur in single hyperfine state-
changing collisions, are also consistent with the fact that
Cs�6P1/2�F�=3��+Ar↔Cs�6P1/2�F�=4��+Ar hyperfine
mixing requires MJ=1 /2↔MJ=−1 /2 depolarizing colli-
sions. In contrast to previous Na�3P3/2�→Na�3P1/2� fine
structure state-changing collisions where relatively small ve-
locity changes were observed �10�, our results support an
idea introduced by Gallagher �26� and Gibbs et al. �38� that
J=1 /2 state depolarization only occurs through strong colli-
sions at small impact parameter. Consequently, collisions
that transfer population between hyperfine levels of the
Cs�6P1/2� state are associated with larger velocity changes
than those previously observed for Na fine structure state-
changing collisions.

We have also analyzed the experimental line shapes re-
sulting from direct pump-probe excitation to yield the
6P1/2�F��→8S1/2�F�� argon pressure broadening rates and
shifts. The uncertainties in our reported values are smaller
than the differences between the pressure broadening rate
coefficients for the four hyperfine components, implying that
these differences are real. Therefore, our reported values
should provide stringent checks for the quality of current
ab initio and model potential calculations for long range
Cs�6P1/2�F���-Ar and Cs�8S1/2�F���-Ar interatomic poten-
tials.
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