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We have experimentally investigated alignment depolarization cross section of the excited J ¼ 3=2 133Cs
atoms, by collisions with ground level krypton atoms, from a two-photon two-color linear polarization
spectra. To measure the linear polarization degree of the 6s2S1=2 ! 6p2P3=2 ! 10s2S1=2 double-resonance
transition, a nanosecond pulse pump-probe laser technique was employed. Alignment was optically
induced by linear polarization of the pump laser. By analyzing the intensity of the cascade fluorescence
signal, monitored from the 9p2P1=2 ! 6s2S1=2 transition at 361.73 nm, in the presence of Kr pressures
ranging from 7 mbar to 133 mbar a depolarization cross section value of 294 ð45Þ Å2 is obtained.

Published by Elsevier B.V.
1. Introduction

Measurements of collisional depolarization cross sections play
important role to gain valuable information about the interaction
between neutral atoms and rare gases [1–5]. In particular,
dynamical information about the state multipoles, accurate
description of the intermediate levels of the collision complex,
accuracy of anisotropic molecular potentials, energy and charge
transfer processes can be deduced from the investigation of
atom–atom collisions [6–9]. Although the study of collision
dynamics is not new, significant advances in techniques for laser
cooling and trapping of atoms, molecules and ions has enor-
mously increased the interest in this area of research [10,11].
For example, collisions involving cold Rydberg atoms has been a
great interest in many fields of research due to the interesting
properties of these atoms in astrophysical and laboratory plasmas
[12–14]. Also, collisional depolarization cross section measured
for colliders as rare gas or molecules is very important to the
applications of laser induced fluorescence, atmospheric and com-
bustion monitoring [15].

Optically induced anisotropic medium in atomic, molecular and
optical systems has always been an interesting phenomena to
B.V.

: +1 513 529 5629.
Bayram).
study. Study of anisotropy offers a large variety of applications
such as polarization control of inhomogenous media [16] including
recent exciting applications to the study of radiative transport in
ultracold atomic medium [17] and invisibility cloaking metamate-
rials [18]. Also, creating and probing anisotropic angular momen-
tum distribution, i.e. orientation and alignment, in physical and
chemical systems is important for the determination of correlation
between relevant vector quantities. In particular, the importance of
angular momentum polarization and vector correlations such as
laser polarization, molecule transition moment, and angular distri-
bution are shown to be essential for testing classical and quantum
mechanical concepts concerning the dynamics of matter on a
microscopic level [19]. To describe the anisotropic angular
momentum distribution in the excited level by means of absorp-
tion or emission of polarized light a spherical tensor formalism
has been developed [20,21]. From the spherical tensor formalism,
atomic polarizations has been expressed in terms of the irreducible
tensor components of the atomic density matrix, or the compo-
nents of state multipoles. In this work, optically induced alignment
in the 6p2P3=2 level cesium atoms was created from linearly polar-
ized light and a two-photon two-color linear polarization spectrum
was measured. From the spectroscopic measurements, collisional
depolarization cross section (disalignment) in the 2P3=2 level ce-
sium atoms in collision with the ground level krypton atoms at
various pressures was extracted. We used a double-resonance
pump-probe laser technique for the 6s2S1=2 ! 6p2P3=2 ! 10s2S1=2
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transition. In the technique, the first photon optically induces an
alignment in the excited level while the second photon senses
the alignment during the excitation to the final level. This tech-
nique permits selective excitation to the Zeeman sublevels and di-
rect measurement of the time evolution of the alignment in the
excited level, both of which are difficult to study by other means.
It is very powerful to use density matrix formalism in order to de-
fine analysis of depolarization cross section in the excited level al-
kali colliding with a rare-gas perturber. Thus, in this report, density
matrix formalism with expansion in irreducible tensor operators
are briefly introduced for the description of linear polarization
spectrum. Experimental investigations of disalignment cross sec-
tion in the 6p2P3=2 level cesium atoms, up to now, were carried
out using incoherent light sources as optical excitation [22,23].
Guiry and Krause [22] has experimentally studied the disalignment
cross section in the 6p2P3=2 Cs atoms in collisions with He, Ne, Ar
and Xe atoms using Zeeman scanning technique. Although the
study of the collisional depolarization of an excited level alkali in
the gas phase has been reported, no experimental investigation
of the disalignment cross section for the Cs J ¼ 3=2 atoms in colli-
sion with Kr atoms has been conducted using nanosecond pump-
probe laser technique. In the experiment, a nanosecond pulse
pump-probe laser technique was employed to obtain a linear
polarization degree as a function of the Kr gas pressures ranging
from 7 mbar to 133 mbar. This method is a direct measure of the
importance of the polarization to the alignment-dependent inelas-
tic process in alkali rare-gas collisions. Since the determination of
the collisional cross sections from the experimental data requires
a detailed theory of collision relaxation in the excited state, Okune-
vich and Perel [24] developed a theory of collisional relaxation and
obtained an explicit form of the relaxation density matrix of ex-
cited alkali atoms during collision with noble gas atoms describing
the mixing in the 6p2P3=2 level. Our results agree, within stated er-
rors, with the theoretical results of Ref. [24].

In the following sections, we briefly describe the definition of
the linear polarization in terms of alignment (state multipole) in-
duced in the excited level by optical pumping, and discuss the sys-
tematic effects, and show rate equation analysis used to extract
disalignment cross section value from the polarization spectra.
a b

Fig. 1. Aligned axially symmetric system for the J ¼ 3=2 atoms diagrammatically
representing (a) population distribution over the Zeeman sublevels ðMJÞ and (b)
angular momentum vector distribution pointing into directions of space which are
allowed. Note that the net angular momentum of an aligned system is zero.
2. Basic description of polarization spectroscopy

In this section a basic concept of angular momentum polariza-
tion for the J ¼ 3=2 atoms and detection of atomic polarization in
terms of density matrix with expansions in irreducible tensor oper-
ators in an axially symmetric systems are described. The excitation
of an ensemble of atoms is achieved by an absorption of a linearly
polarized light whose electric field is parallel to the z axis. The
direction of light electric field defines a quantization axis for the
atomic angular momentum in this case.

2.1. Alignment created in the J = 3/2 level

Here we use brief description and physical interpretation of
state multipole, namely alignment. The detailed descriptions of
the collisional depolarization of atomic states by thermal atom–
atom collisions has been theoretically investigated in several for-
malisms and can be found elsewhere [25,26,5]. We consider Cs
atoms in a 2P3=2 level undergo collisions with Kr atoms. The ex-
cited-state ensemble of J ¼ 3=2 atoms can be represented by a
ð2J þ 1Þ2 density matrix qMM0 elements which can be conveniently
expanded in terms of irreducible tensor components Tk

q in order to
obtain explicit expressions for the angular momentum polariza-
tion. Such expansion offers an equivalent description of the distri-
bution of M in a prepared J level. The relation between the
spherical tensor moments and the density matrix elements can
be written by [20,27]

Tk
qðJÞ ¼

X
MM0

qMM0 ð�1Þk�J�MCðJJ0k; MM0qÞ; ð1Þ

where Cð. . .Þ is a Clebsch–Gordon coefficient. Since tensors trans-
form under rotations as spherical harmonics, the expressionP

MM0qMM0 in Eq. (1) can be avoided by manipulating the tensors
using angular momentum algebra. That is the shape of each tensor
moment Tk

q is the same as spherical harmonic Yq
kðh;/Þ [28,25].

There are in principle four axially symmetric multipole tensors
Tk

qðq ¼ �k . . .þ kÞ in the J ¼ 3=2 level with the angular momentum
distribution up to rank 3 ðk ¼ 2JÞ. These four axially symmetric
multipoles are defined as monopole (population) for k = 0, mag-
netic dipole moment (orientation) for k ¼ 1, electric quadrupole
moment (alignment) for k ¼ 2, and octupole moment for k = 3.
The off-diagonal elements of qMM0 (represent coherences) contain
phase information between the magnetic sublevels while the diag-
onal elements represent populations in the magnetic sublevels.
Although there are 16 tensor components, symmetry relations
can be used to reduce the number of non-zero components. Since
our system is cylindrically symmetric about the quantization axis
which is defined by the electric field direction of the pump laser,
only q ¼ 0 components of multipoles (diagonal elements of qMM0 )
survive. All other components of q– 0 (off-diagonal elements of
qMM0 ) are zero. Thus, coherences are not generated between Zee-
man sublevels in the excited level with the choice of quantization
axis along the electric field direction of a linearly polarized light.
Although a particular collision can generate coherences between
Zeeman sublevels, these do not survive averaging over isotropic
collisions with Kr atoms [29]. It is also important to note that spon-
taneous emission to lower levels can generate coherences, but
these coherences are averaged out over the ensemble of atoms.
As a result, coherences need not be considered for any theoretical
and experimental modeling described in this report. Also, we con-
sider the fact that (a) the 6s–6p dipole transition can only probe the
highest multipole of rank 2, and (b) linearly polarized light can
only create alignment not orientation in the 2P3=2 level. Therefore,
in this report, we define the intensity of the emitted light in terms
of the zeroth component of alignment tensor hA0i only. A further
discussion of the cylindrically symmetric system is made in the fol-
lowing section.

The alignment can be defined in terms of the angular momen-
tum quantum numbers [26,25] as

hA0i ¼
X

M

jrðMÞj2 ½3M2 � JðJ þ 1Þ�
JðJ þ 1Þ ; ð2Þ

where J is the total angular momentum of the excited level and
rðMÞ is the cross section for excitation of the magnetic sublevels
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with quantum number M. Using the analogy of Greene and Zare
[25], the population distribution among the magnetic sublevels
for an aligned J ¼ 3=2 atom is illustrated in Fig. 1a and related angu-
lar momentum vector distributions in an aligned axially symmetric
system, invariant under the reversal of z axis, in Fig. 1b. An axially
symmetric system possess no net angular momentum due to the
balance in the populations of the Zeeman sublevels with magnetic
quantum number �M. Alignment provides information on the nat-
ure of the spatial distribution of angular momentum vectors and the
relation to the shape of the excited level charge distribution. Using a
linearly polarized light with its electric field direction along z axis
transition occurs between the magnetic sublevels of the ground
and excited levels with DM ¼ 0. Thus, from Eq. (2), calculated value
of the alignment in the J ¼ 3=2 excited level with the absence of
external perturbations is �4/5.

2.2. Detection of atomic polarization

Here we describe cylindrically symmetric experimental situa-
tion and the dependence of intensity of emitted light on polariza-
tion. In describing the system of geometry we utilized two space-
fixed frames of reference. These are the collision (lab) frame with
coordinates ðx; y; zÞ and detector frame with coordinates ðx0; y0; z0Þ.
Although the collision process can be generally described in the
collision frame of coordinates (x; y; zÞ, the detection of the fluores-
cence is better described in a detector frame of coordinates
(x0; y0; z0Þ. We designated the axis of cylindrical symmetry to be
the collision frame z axis. For excitation with linearly polarized
light where the polarization direction of the laser E1 is parallel
to the collision z axis we have cylindrical symmetry. If one
chooses the detector to view along the z0 direction, the polariza-
tion vector lies in the ðx0; y0Þ frame and is defined as
�̂0 ¼ x̂0 cos bþ iŷ0 sin b where b is the polarization state of light.
The intensity of emitted radiation I during a transition between
a final level jf i and an initial level jii is proportional to
I ¼ C

P
f jhf j�̂� �~rjiij

2. Here, the levels jii and jji describe the emis-
sion or absorption process in the collision frame, while �̂� de-
scribes the radiation in the detector frame, and ~r is the
coordinate of the electron. Thus, one can see that it is the trans-
formation of �̂� �~r between the detector frame and collision frame
that gives the polarization and angular distribution of radiation
[21]. Note that �̂� ¼ �̂ and also �̂ �~r ¼ x cos bþ iy sin b. It is more
convenient to define the intensity of emitted radiation in term
of state multipoles [25,21] as
a b

Fig. 2. Light-matter interaction geometry representing (a) one-photon absorption: the de
polaroid mounted in front of a polarization insensitive detector, (b) two-photon absorpti
proportional to probe population only.
Ið/; h;vÞ ¼ 1
3

I0 1� 1
2

hð2ÞðJJ0ÞhA0iP2ðcos hÞ
�

þ3
4

hð2ÞðJJ0ÞhA0i sin2 h cos 2v cos 2b

�
; ð3Þ

where I0 is the total intensity, b is the polarization state of light,
(/; h;v) are Euler angles relating the collision frame to the detector
frame using rotation matrices [25], hð2ÞðJJ0Þ is a geometrical quantity
that depend only on the angular momentum quantum numbers of
initial and final levels, hA0i is the average electronic alignment in
the excited level, and P2ðcoshÞ ¼ 3

2 cos2 h� 1
2 is the second rank

Legendre polynomial. Fig. 2 shows light-matter interaction geome-
tries. Fig. 2a describes one-photon absorption case and detecting
the only linearly polarized light of the emitted radiation as obtained
by a linear polaroid mounted in front of a polarization insensitive
detector. It is usually more convenient to detect light at a right an-
gle to the collision z axis so that h=p=2. It is important to notice that
Eq. (3) has no dependence on the angle / due to cylindrical symme-
try and can be re-written as

IðvÞ ¼ 1
3

I0 1þ 1
4

hð2ÞðJJ0ÞhA0ið1þ 3 cos 2v cos 2bÞ
� �

; ð4Þ

where v is the relative angle between the z axis and the linear
polarization axis of the polaroid in front of the detector. The detec-
tor in this case is in the xy plane. Since the system has cylindrical
symmetry the most convenient way is to choose / at p/2 as shown
in Fig. 2b which illustrates that the excited level population can be
probed by using a second linearly polarized light resonantly tuned
to a final level. This alternative approach yields a two-photon
absorption and observation of cascade fluorescence. The observed
cascade fluorescence in this case is proportional to the final level
population only. Detailed description of the relation between one-
photon and two-photon absorption geometries is given by Refs.
[30,31]. The methods of measuring Ið/; h;vÞ in Eq. (3) and IðvÞ in
Eq. (4) do not depend on the factors related to absorption or emis-
sion, but on geometrical angles and on the initial and final angular
momenta through hð2ÞðJJ0Þ. Therefore, in order to measure the quan-
tities such as I0 and hA0i we must measure the cascade fluorescence
intensities IðvÞ at two settings of the polaroid in front of detector or
at two settings of the probe polarization angle v (as in the case of
this work). We designated the probe polarization at two settings
as Ik when v ¼ 0 and I? when v ¼ p

2, as seen in Fig. 2b. From these
settings we obtain two intensity measurements Ik when the polar-
ization direction of the probe laser is along z axis and I? when the
tector in this case detects only linearly polarized light as may be obtained by a linear
on: the detector in this case detects cascade fluorescence from a final level which is
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polarization direction of probe laser is perpendicular to z axis. Thus,
the measured intensities of cascade fluorescence Ik and I? can be de-
fined as

Ik ¼
I0

3
1þ hð2ÞðJJ0ÞhA0i
n o

and

I? ¼
I0

3
1� 1

2
hð2ÞðJJ0ÞhA0i

� �
:

From the measured Ik and I? quantities we obtain the degree of lin-
ear polarization defined by

PL ¼
Ik � I?
Ik þ I?

: ð5Þ

Our experimental geometry is designed in such a way that the prop-
agation directions of the pump and probe lasers are perpendicular
to the axis of symmetry. For the 6p2P3=2 ! 10s2S1=2 transition by lin-
early polarized light, hð2Þð32 1

2Þ has a value of �5/4 [25]. Substituting
Ik, I?, and hð2Þ value into Eq. (5), we can define PL in terms of align-
ment hA0i as

PL ¼
�15hA0i

16� 5hA0i
; ð6Þ

which may be inverted to define alignment in terms of measured PL

as

hA0i ¼
16PL

5PL � 15
: ð7Þ

The polarization degree PL, determined without and with the pres-
ence of buffer gas at various pressures, is the main quantity mea-
sured in the experiment. It is important to point out that an
absolute intensity ratio of the signals is sensitive only to the relative
polarization directions of the lasers. Although the measured linear
polarization degree generally depends on systematic factors such
as stray magnetic or electric fields, collisions, hyperfine depolariza-
tion in the excited level, such effects are mitigated in the present
experiment by using a broadband nanosecond pulse dye lasers
and by adjusting the temporal overlap of the pulses to about 1 ns.
Further discussion of these factors is made in a later section of this
report. Therefore, any variations of the laser intensities with exper-
imental factors such as absorbing medium density, fluorescence
background, sensitivity of the gated boxcar integrator, collectively
do not affect the intensity ratio.
Fig. 3. A schematic diagram of the experimental apparatus. GT, Glan–Thompson
prism polarizer; LCR, liquid-crystal variable retarder; PMT, photo-multiplier tube.
3. Experimental procedure and measurements

The schematic diagram of the experimental apparatus is shown
in Fig. 3. In general, a two-photon two-color transition is induced
between the atomic ground level and a selected higher-lying ex-
cited level. We used two tunable pulse dye lasers for that purpose.
The wavelength of the first laser is at 852.1 nm resonance of the
J ¼ 3=2 excited level and the wavelength of the second laser is at
603.4 nm. We used the second harmonic generator of a pulsed neo-
dymium–doped yttrium aluminum garnet (Nd:YAG) solid state la-
ser operating at 20 Hz with an average power of 2 W in order to
pump two dye lasers. The beam of these home-built pulse dye la-
sers are directed collinearly but in opposite directions into the
interaction region of the cell. Dye laser oscillators are of the grazing
incidence Littman–Metcalf cavity design and the outputs of both
are highly linearly polarized. Dye laser 1 (pump laser), equipped
with a dye circulating system to maintain the power stability
around 0.03 mW, operates at the fixed wavelength of the Cs D2 line
at 852 nm and has a bandwidth of approximately 0:9 cm�1. The
output power of dye laser 2 (probe) from the oscillator is increased
by about a factor of 10 using a dye amplification system which
generates an average power of about 2 mW. The probe laser has
a bandwidth of approximately 0:2 cm�1 and its oscillator produces
light for the 6s2P3=2 ! 10s2S1=2 transition at 603.4 nm. The wave-
lengths of the lasers are measured using a Coherent wavemeter
with a precision of 0.001 nm. Glan–Thompson prism polarizers
with extinction ratios of better than 10�5 is used in lasers paths.
A temperature-controlled liquid crystal variable retarder (LCR)
with an extinction ratio of 10�4 was used in the probe beam path
in order to electronically vary the linear polarization direction of
the light to be parallel or perpendicular to that of pump laser.
Polarization switch of the LCR was achieved by applying the neces-
sary voltage to the retarder via a computer-controlled liquid crys-
tal digital interface. The Pyrex cell containing cesium has an
adjustable valve and the cell system is connected to the buffer-
gas cylinder for slow introduction of the gas into the cell. A resis-
tively heated non-magnetic cylindrical aluminum oven was used
to heat the cell. The oven was wrapped with an aluminum oxide
blanket to maintain the temperature better than �0:01 �C via a
temperature controller.

The intensities of the cascade fluorescence from the 9p2P1=2 le-
vel to the ground 6s2S1=2 level were recorded at 361.73 nm by using
a UV sensitive photomultiplier tube (PMT). A combination of inter-
Fig. 4. Some of the important transitions and their corresponding wavelengths are
shown in solid line, the cascade fluorescence channel observed in the experiment is
shown in dotted line.



Table 1
Table shows the calculated and the measured values of alignment in the 2P3=2 level
and a linear polarization for the 6s2S1=2 ! 6p2P3=2 ! 10s2S1=2 transition.

hA0ical: hA0imeas: ðPLÞcal: ðPLÞmeas:

�0.8 �0.81 (0.04) 60% 60.5 (2.5)%
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ference and color glass filters were used in front of the PMT in or-
der to remove background due to scattered and atomic resonance
fluorescence. Illustration of the excitation scheme with corre-
sponding wavelengths [32,33] is shown in Fig. 4. The PMT was lo-
cated at right angles to the propagation directions of the lasers. All
the cables used in the experiment were electrically shielded and
the optical table was grounded in order to eliminate electronic
pickup and noise on the observed signal. The output of the PMT
signal was amplified using a two stage amplifier and processed
in a boxcar integrator/averager with a 60-ns gate-width, opened
after a 1 ns delay following the laser pulses, operating in a sam-
ple-and-hold mode, where the average single-shot level within
the detection gate is digitized. Our typical signal size is about 103

photons for each laser pulse. The digitized signals were stored on
a computer using a LabVIEW program while monitoring the size
of the signal within the gate in real time using a digital oscilloscope
operating at 500 MHz.

3.1. Discussion of systematic effects

For atoms with non-zero nuclear spin, the total angular
momentum J

!
of the ensemble couples to the nuclear spin mo-

ment J
!

to produce a space-fixed F
!

, where F
!

is a total angular
momentum. J

!
will then precess about F

!
so that the initially pre-

pared space-fixed frame is altered. The precession affects all state
multipoles. This effect has been explained in the study of angular
momentum alignment resulting from optical pumping and photo-
dissociation [34,26]. In the case of 133Cs, the coupling of nuclear
spin I ¼ 7=2 with J ¼ 3=2 introduces an oscillating time depen-
dence in the alignment tensor moment and changes the amount
of alignment optically induced in the excited level. The time scale
of the coupling between the nuclear spin I

!
and angular momen-

tum J
!

is important to determine the amount of effect on the align-
ment. Time evolution of the alignment under the influence of the
hyperfine structure can be described as hA0ðtÞi ¼ hA0igð2ÞðtÞ, where
gð2Þ is the alignment hyperfine depolarization coefficient [35,36]
which decrease from its maximum value of 1 at t = 0 and begin
to oscillate between the values of 1 and �1 as t > 0. However, if
the temporal overlap time of the two pulses can be adjusted in
such a way that the overlap time is smaller than the inverse of
the highest hyperfine frequency component, one can possibly
freeze out the electronic alignment in the excited level. That is,
the excited J ¼ 3=2 atoms promoted to the final 10s2S1=2 level by
the two-photon double-resonance excitation before the hyperfine
precessional motion can be taken place. We have made a special
effort on constructing an optical delay to control the arrival time
of the pump laser to the interaction region of the cell. The overlap
time of our pump-probe lasers is made to about �1 ns which is
smaller than the hyperfine precession time of 3.5 ns in the excited
level. Therefore, we do not expect significant nuclear hyperfine
depolarization during the overlap time of the pulse lasers.

We have also checked for the existence of external perturba-
tions such as radiation trapping, the influence of laser power and
temperature dependence on the measured polarization spectrum.
Due to the short temporal overlap time of the pulses compared
to the radiative lifetime of the excited level ðs ¼ 33 nsÞ, approxi-
mately 3% of the excited atoms will have radiatively decayed dur-
ing the pulse. Therefore, we expected radiation trapping has a
negligible effect on the excited level. Also, the Earth’s magnetic
field was cancelled by using mu–metal surrounding the cell-oven
system. In order to be assure that the laser powers and Cs cell tem-
perature were not modifying the measured polarization degree
during the two-photon double-resonance excitation, measure-
ments of laser power and temperature dependence to the polariza-
tion spectra were performed. Both results were found to be
independent of laser power and Cs density. In the absence of any
depolarizing effects, linear polarization PL is 0.6 (60%). Measure-
ments of the linear polarization spectra obtained for the
6s2S1=2 ! 6p2P3=2 ! 10s2S1=2 transition confirm that J = 3/2 level
has no external perturbations that measurably alter the alignment
in the 6p2P3=2 level. The measured linear polarization degree is
found to be 60.5 (2.5)%. We summarized in Table 1 calculated val-
ues, uses Eqs. (2) and (6), and measured values of alignment and
linear polarization for the J ¼ 3=2 level alkali.

3.2. Disalignment cross section from the rate equation analysis

Although selective excitation to the Zeeman sublevels
MJ ¼ �1=2 of the 6p2P3=2 level can be achieved by a linearly polar-
ized pump laser according to the selection rule DM ¼ 0, the excited
Cs atoms and the ground level Kr atoms collisionally mix the pop-
ulation in the magnetic sublevels. As a result, population can be
transferred to all magnetic sublevels (N�1=2; N�3=2Þ. The mixing
among the MJ ¼ �1=2; �3=2 magnetic sublevels reduces the
amount of average electronic alignment produced in the excited le-
vel. The population variations among the Zeeman sublevels can be
conveniently expressed by a simple theoretical model using the
rate equations analysis [37,26] as

_N1=2 ¼ �ðcþ C1 þ C2ÞN1=2 þ ðC1 þ C2ÞN3=2 þ Cp;

_N3=2 ¼ �ðcþ C1 þ C2ÞN3=2 þ ðC1 þ C2ÞN1=2;

where Cp is the pump pulse rate. Here we have used N1=2 ¼ N�1=2

and N3=2 ¼ N�3=2, applicable to an electronically aligned level. The
laser intensity profile was modeled using a square pulse shape.
Other pulse shapes may be used and lead to the same polarization
results [6,38,7]. The time dependent total population density and
the alignment in the excited level can be defined by

NðtÞ ¼ 2CpPb ð8Þ

and

hA0ðtÞi ¼ �
8
5

CpPa; ð9Þ

where Pb ¼ 1
c ð1� e�ctÞ and Pa ¼ 1

ca
ð1� e�cT tÞ. We define ca ¼ cþ

ð2C1 þ 2C2Þ as the rate at which the alignment is altered due to
the collision between the Cs and Kr atoms, c is the radiative decay
rate, and ð2C1 þ 2C2Þ is the total collisional decay rate which is de-
fined to be C. Since Cp in Eqs. (8) and (9) cancels out when the
intensity ratio is taken using the linear polarization expression, it
is not shown in the following derivations. The population densities
in the M ¼ �1=2;�3=2 sublevels in terms of total population and
alignment are defined as

N1=2ðtÞ ¼
NðtÞ

4
� 10

32
hA0ðtÞi ð10Þ

and

N3=2ðtÞ ¼
NðtÞ

4
þ 10

32
hA0ðtÞi: ð11Þ

These population densities can be re-written in terms of Pa and Pb

as

N1=2ðtÞ ¼ ðPb þ PaÞ=2; ð12Þ
N3=2ðtÞ ¼ ðPb � PaÞ=2: ð13Þ



Table 2
Disalignment cross section ðr2Þ of the 6p2P3=2 Cs atom in collision with Kr buffer gas
is listed.

r2 (Å2) Reference

294 (45) This work
311 [24]
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Thus, the measured signals, integrated over the temporal overlap
time of the pulses, can be written in terms of Pa and Pb as

Ik ¼
1
6

Z T

0
Pb dt þ 1

6

Z T

0
Pa dt; ð14Þ

I? ¼
1
6

Z T

0
Pb dt � 1

12

Z T

0
Pa dt: ð15Þ

Substituting Eqs. (14) and (15) into Eq. (5), a linear polarization can
be expressed in terms of the depolarization cross section and the
pressure of the buffer gas as

PL ¼
3Z

4þ Z
; ð16Þ

where

Z ¼ c
ca

1� 1
caT ð1� e�caTÞ

h i

1� 1
cT ð1� e�cTÞ

h i : ð17Þ

In Eq. (17), ca is defined to be cþ C, and

C ¼ qKrk2

¼ qKrr2 �vCsKr

¼ p
kT
� k2; ð18Þ

where k2 is the disalignment rate coefficient, p is the buffer gas
pressure, kT is the thermal energy constant, and r2 is the disalign-
ment cross section. We assumed that k2 ¼ hr2vi, and hr2vi may be
factored so that k2 ¼ r2hvi. In Eq. (18), we denoted hvi as �vCsKr

which is the average velocities of the colliding Cs–Kr atoms over
the Maxwell–Boltzmann distribution of relative velocities at the
operating cell temperature.

Eq. (16) provides the connection between the experimentally
measured linear polarization degree PL in relation to the krypton
gas pressure p and the disalignment cross section r2. Thus, the dis-
alignment cross section from the measured linear polarization
spectra at Kr gas pressures ranging from 7 mbar to 133 mbar was
extracted. Rate equation analysis of the 6p2P3=2 level population
was made by modeling the laser pulse temporal profiles as square
pulses. The pulse width for both lasers was measured to be approx-
imately 6.5 ns using an ultrafast photodetector with 0.2 ns rise-
time. The result of the weighted non-linear least-squares fit to
the data from the Statistical Analysis Software (SAS) is illustrated
Fig. 5. Non-linear least square fit of the linear polarization spectrum for the two-
photon double-resonance 6s2S1=2 ! 6p2P3=2 ! 10s2S1=2 transition.
in Fig. 5. The error bars indicate one standard deviation. The dis-
alignment cross section, a fitting parameter that is resulted from
the weighted non-linear least-squares fitting of the experimental
results using Eq. (16), is summarized in Table 2 together with the
theoretical value by Okunevich and Perel [24].
4. Conclusions

We present in this paper results of a two-photon two-color
polarization spectroscopy approach to measurement of excited-
state alignment depolarization cross section. In the experiment,
alignment is optically induced from a linearly polarized pump
laser. Then, the linear polarization of the 6s2S1=2 ! 6p2P3=2 !
10s2S1=2 transitions was measured. The measured linear polariza-
tion degree is found to be independent of the laser powers, temper-
ature, and variation in the intensity of the fluorescence signal.
Depolarization in the cesium excited level in collision with ground
level Kr atoms is evident on the measurement of polarization spec-
trum. From the measurements, the disalignment cross section for
collisionally induced mixing within the 133Cs 6p2P3=2 level is ob-
tained. Our result is in good agreement with the theory [24] within
the error limits.
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