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ABSTRACT

We have measured the cross section for the disorientation of excited 6p?P; 2 133Cs atoms
by collisions with ground state Ar atoms by optical-optical double resonance circular
polarization spectroscopy. Circular polarization spectra were measured for the 6s°S;;, —
6p2P1,2—> 105251,2 transition. Orientation was optically induced in the 2P1/2 state by
circularly polarized light. A polarization degree was measured when two pulsed lasers
were circularly polarized with the same helicities and opposite helicities, respectively. The
intensity of the cascade fluorescence signal, monitored from the 9p2P; 2= 652S; 2
transition at 361.73 nm, was analyzed in the presence of Ar pressures ranging from
7 mbar to 133 mbar. This is a direct measure of the importance of the orientation to
inelastic process in alkali rare-gas collisions. A disorientation cross section value of 9.25
(1.4) A% was extracted from the measurements. Our result is in good agreement with the
theoretical and experimental predictions within the error limits.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Investigation of atomic collisions with neutral atoms,
molecules, and ions is a key to understand energy and
energy transfer processes, and depolarization due to colli-
sional disorientation of electronic moments [1-3]. Disor-
ientation and associated disorientation cross sections offer
valuable information to understand the anisotropic interac-
tion between atoms in collision [4-8]. In particular, dyna-
mical information about the state multipoles, a description
of the intermediate levels of the collision complex, aniso-
tropic molecular potentials, energy and charge transfer
processes, can all be deduced from investigation of colli-
sional studies [9-11,2]. Experimental investigations of dis-
orientation cross section in the 6p?P; 2 State cesium atoms,
up to now, were carried out using incoherent light sources
as optical excitation [12,13]. Gallagher [14] studied colli-
sional depolarization in the cesium resonance states using
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the Hanle-effect at zero field while Bulos and Happer [15],
using the same technique, incorporated the effect of nuclear
spin on the Hanle-effect signal. Guiry and Krause [16], using
a Zeeman-scanning technique at high magnetic field, showed
discrepancy between the Hanle-effect and their Zeeman-
scanning results. The depolarization cross sections measured
by Refs. [14,16] differ by a factor of 10, and Refs. [15,16] differ
by a factor of 2. This work is motivated by the insufficient
data available to compare with the Zeeman-scanning and
Hanle-effect techniques. Thus, we have experimentally stu-
died the orientation-dependent collisional cross section of
the Cs 6p®P;;; atoms based on optical-optical double-reso-
nance circular polarization spectroscopy using a pump-
probe laser technique.

In this paper, a circular polarization degree was mea-
sured at Ar gas pressures ranging from 7 mbar to 133 mbar.
The measured circular polarization degree is strongly
dependent on orientation since only the J = | state can be
purely oriented. The disorientation cross section is extracted
from the circular polarization measurements. Our measure-
ments differ from the Hanle-effect and Zeeman-scanning
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techniques and are sensitive to the relative polarization
directions of the pump and probe pulsed lasers.

In the following sections, we provide a basic description
of the excited state multipoles and the polarization as a
function of orientation induced in the excited state, and our
experimental apparatus and techniques. In Section 4, we
present the results and rate equation analysis of how to
derive disorientation cross section from the measurements.

2. Excited state multipoles and circular polarization

The excitation of an ensemble of atoms is done
through the 6s%S;;;— 6p*Pjz— 10s%S;), transition. The
excited 2P, state can be purely oriented by optically
pumping with circularly polarized light and can be
characterized by describing the distribution of atoms over
the Zeeman sublevels.

2.1. Excited state multipoles in the | = 1 level

We consider an ensemble of atoms that is initially in a
ground state, and then is excited to a state with J=1
using circularly polarized light. Assuming a quantization
axis (z-axis) defined by the propagation direction of the
circularly polarized light, the transition between ground
and excited magnetic sublevels occurs with Am= +1 or
Am = -1 depending on the helicity of the circularly
polarized light, positive or negative, respectively. Then, a
population imbalance in the + m sublevels can be created
by an absorption of circularly polarized light under the
selection rule Am= + 1. The 2P1/2 state can be character-
ized by describing the distribution of atoms over the
Zeeman sublevels. To describe the anisotropic angular
momentum distribution in the excited state by means of
absorption or emission of polarized light a spherical
tensor formalism has been developed [17,18]. From the
spherical tensor formalism, atomic polarization has been
expressed in terms of the irreducible tensor components
of the density matrix elements [19,20]. Although there are
four tensor components (2]+1)?, symmetry relations can
be used to reduce the number of nonzero components.
Since our system is cylindrically symmetric about the
quantization axis, only zeroth-components of the multi-
poles survive. There is one axially symmetric multipole
with the highest rank up to k=2/=1 in the excited j = 1
state, which can be specified by the zeroth-components of
monopole moment of rank k=0 (population), and dipole
moment of rank k=1 (orientation). Thus, the ensemble of
J =1 atoms can be characterized in terms of population
and orientation over the Zeeman sublevels. It is important
to note that spontaneous emission can generate coher-
ences but these coherences are averaged out over the
ensemble of atoms, and thus coherences are not gener-
ated among the Zeeman sublevels. Thus, coherences need
not be considered for any theoretical and experimental
argument described in this work.

The orientation can be defined in terms of the angular
momentum quantum numbers [19,20] as

<]z> 2 m
Opy = 22 _ _m_ 1
O =~ 2™ @

where | is the total angular momentum of the excited
state and g(m) is a Clebsch-Gordan coefficient. The spatial
distribution of angular momenta in the 2P1/2 state can be
purely oriented by circularly polarized light. Thus, using
Eq. (1), orientation can be calculated as 1/+/3 for the J = 1
state. The intensity of the fluorescence radiation can be
written in terms of orientation [20] as,

1(¢,0,) = Igo{l—%hm(]j’) x {0, cos 6 sin Zﬁ} )

where (¢,0,y) are Euler angles relating the collision frame
to the detector frame, I, is the total intensity, f = + /4
for circularly polarized light, and hV(JJ) is a function that
depends only on the angular momentum of the excited
6p°Pyj, state and the final 10sS), state. Thus, for the
652S1,, — 6p*P;;; — 10s2S;,, transition, hV(J) has a
value of 2/+/3 [20]. Since our system has cylindrical
symmetry the azimuthal angle ¢ is irrelevant and 0 is
the angle between the quantization axis and the propaga-
tion direction of the second laser. Thus, cos 6 =1. In our
experiment, the helicity of laser 1 was kept positive while
the helicity of laser 2, responsible for the 6p?P;—
10s3S, J2 transition, was alternately changed from positive
to negative with respect to the helicity of laser 1. Thus, a
general definition for the circular polarization can be
written as

_ IB=n/A-If=-7/4)
(B=n/H+1B=—m/4)

Substituting Eq. (2) into Eq. (3), one can express the
circular polarization in terms of orientation {0, ) as

Pc=+/3(0,> “)

P 3)

One can calculate the circular polarization degree for the
652S1,2 > 6p?P1/, > 10525, transition as Pc=1 (100%) in
the absence of depolarization effects by substituting Eq.
(1) into Eq. (4). Also, orientation in terms of measured P,
can be defined by inverting Eq. (4) as

Pc
(00> = 73
It is important to note that the orientation is expected to
be altered by the hyperfine interaction which in return
decreases the polarization degree. The consideration of
the amount of hyperfine reduction will be discussed in a
later section of the paper.

®)

3. Experimental technique

A schematic overview of the experimental apparatus is
shown in Fig. 1. A pulsed neodymium-doped yttrium
aluminum garnet (Nd:YAG) laser, operating at 532 nm
with an average power of 1 W and a pulse repetition rate
of 20 Hz, is used to pump two home-built tunable dye
lasers and one dye laser amplifier. The pulse width was
measured to be approximately 6.5 ns using a 0.2-ns rise-
time ultrafast photodetector. Dye laser oscillators are
constructed using a grazing incidence type in a Littman-
Metcalf cavity design. Dye laser 1 uses a dye circulating
system to maintain the power at 0.03 mW and excites the
6p?P, ), state at 894.35 nm. Dye laser 2 uses a single stage
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Fig. 1. A schematic diagram of the experimental apparatus. GT, Glan-
Thompson prism polarizer; LCR, liquid-crystal variable retarder; PMT,
photo-multiplier tube.

dye laser amplification system which increases the output
power of the dye by about a factor of 5 and so generates
an average power of 0.2 mW. Dye laser 2 excites the final
10s2S,, state at 583.88 nm.

Both lasers are strongly linearly polarized using Glan-
Thompson prism polarizers with extinction ratios of
better than 10>, Then, a high quality quarter-wave plate
in the pump laser beam path is used to produce circular
polarization with negative helicity ¢~. A temperature-
and remote-controlled liquid crystal variable retarder
with an extinction ratio of 103 was used in the probe
beam path in order to alternately produce circular polar-
ization with ¢~ and ¢+ helicities. The oven has a sealed
Pyrex cell containing Cs with background pressure of
about 10~ mbar. A resistively heated, nonmagnetic alu-
minum oven was used to heat the cell. The oven was
wrapped with an aluminum oxide blanket to maintain the
temperature at about 70 °C with the uncertainty under
1 °C by a temperature controller.

The intensity of the cascade fluorescence from the
9p?P,, state to the ground 6s°S;, state was recorded at
361.73 nm by using a UV sensitive photomultiplier tube
(PMT), which uses a combination of interference and color
glass filters in order to eliminate background due to
scattered and atomic resonance fluorescence. A partial
energy level diagram of the excitation scheme is illustrated
in Fig. 2. The signals were detected when the helicities of
the lasers are the same (6-¢~) and opposite (6= ") to
each other. The output of the PMT signal was amplified
using a two stage amplifier and processed in a boxcar
integrator/averager with a 166-ns gate-width, opened after
a 1 ns delay following the laser pulses, operating in a 100-
sampling mode, where the average single-shot level within
the detection gate is digitized. Our typical signal size is
about 10° photons for each laser pulse. The digitized signals
ere stored on a computer using a LabVIEW program while

10s’S,,,

65°S,

Fig. 2. Some of the important transitions for the double resonance and
their corresponding wavelengths are shown in solid line, the cascade
fluorescence channel observed in the experiment is shown in dotted line.

monitoring the signal within the gate-width in real time
using a 500 MHz, 2 GSa/s digital oscilloscope. In the experi-
ment, disorientation induced by atomic collisions between
the 6p?P; > Cs atoms and ground state Ar atoms at pressures
ranging from 7 mbar to 133 mbar was measured by optical-
optical double-resonance circular polarization spectroscopy.
Then, a disorientation cross section was extracted from the
measurement.

4. Results and discussion

The possible systematic effects that tend to reduce the
measured circular polarization degree are radiation trap-
ping, nonlinear processes due to higher laser power, and
unobserved hyperfine structure in the excited state of Cs.
Thus, we have measured the lifetime of the excited state
and found that the radiation trapping at the experimental
cell temperature (70 °C) has a negligible effect on the
excited state. For '3Cs atoms with nuclear spin =72, the
nuclear spin couples with the electronic angular momen-
tum, ] = 1 in this case, and initiates precession between I
and J about a new total angular momentum F. This
precession perturbs and depolarizes the excited state by
a factor of gV, the so-called hyperfine depolarization
coefficient [21,22]. However, if the temporal overlap time
of the pulses can be made much less than the smallest
hyperfine precession time, one can possibly freeze out the
electronic orientation in the excited state. That is, the
atoms are promoted to the final state by the two-step
excitation before the hyperfine precessional motion in the
intermediate state can take place. Thus, for atoms with
nonzero nuclear spin, it is important to know the pulse
width and the temporal overlap time of the pulses in
order to determine the temporal resolution. The measure-
ment of the exact time delay between the dye laser
pulses, measured with two photodiodes triggered by the
YAG laser, gives the overlap time. We have also confirmed
this measurement with direct beam path measurements.
The temporal overlap time of the dye lasers is measured to
be 2.53 ns which is bigger than the inverse of the highest
hyperfine frequency component in the excited state
(0.86 ns). In this case, electronic orientation is expected to
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be perturbed by the hyperfine interaction which in return
decreases the circular polarization degree. The g coeffi-
cient for '*3Cs 6p?P; , state is given in [23] as 0.344. Thus,
Eq. (4) can be re-written as P, = /3¢ 0, >g™. In this case,
we expect the circular polarization to be P.=-0.34
(—34%).

We have also considered systematic effects due to
magnetic fields. Some of the important magnetic fields
may be the Earth’s magnetic field and magnetic field
produced by current carrying the power cables around
the experimental apparatus. The precession frequency
due to Earth magnetic field in the 6p2P1/2 state is
0.496 MHz and the frequency due to the overlap time of
the pulsed lasers is about 395.2 MHz. Thus, the phase
change between them is as small as 7.88 x 107> rad. We
have also estimated the maximum precession frequency
for the possible systematic effects due to magnetic fields
created by other sources such as power cables and
heating elements and found this frequency to be about
0.2 MHz. The highest hyperfine precession frequency in
the 6p2P1/2 state is 1.167 GHz. Comparing the total back-
ground frequency with the highest hyperfine precession
frequency, systematic effects are negligible and have no
effect on the polarization measurements.

We have also checked for the existence of external
perturbations such as the influence of laser power and
temperature dependence on the measured polarization
degree. Measurements for the 6s2S;,— 6p?Py;z— 10s%S1p
transition confirm that systematic effects do not alter the
orientation produced in the 6p2P1 12 state. We measured the
circular polarization degree as P.=-32+3% with a
cesium cell containing no buffer gas. We summarized in
Table 1 calculated and measured values of orientation in
the 6p?P;;; and circular polarization degree. Our results
show good agreement with the theoretical calculations.

4.1. Rate equation analysis to extract collisional cross
section

Optical pumping to the m = — 1 Zeeman sublevel of the
6p2P1,2 state can be achieved by a circularly polarized
laser according to the selection rule Am = —1. The popu-
lation in the 6p2P1/2 Zeeman sublevels is collisionally
modified in collisions with ground state argon atoms.
Collisional mixing among the m= + 1 sublevels reduces
the amount of orientation produced in the excited state.
The population (Nj, J = + 1) variations among the Zeeman
sublevels can be conveniently expressed by a theoretical
model using the rate equations analysis [24,19] as

Nijp=—@+T1)Nijp+T2N 1) (6)
N_i2=—@+T2)N_1+T1N1)p+T (7)
Table 1

Calculated and measured values of orientation in the 2P1,2 state and
circular polarization degree for the 6s°S;; — 6p?Pip— 10s%S)
transition.

{0 D cal. 00> meas. (PC)cal. (PC)meas

-0.57 —0.54(5) —34% —32+3%

where I', is the pump pulse rate and y is the radiative
decay rate. The net rate of change of the total density N and
orientation <O, ) in the excited state can be defined as

N(@t)=—yN+T, ®)
and
(00 =—7,<06>—Tp/v3 )

where y,=7y+2I1 is the orientation decay rate. Here,
I'n,=2 I'y is responsible for the collisional mixing and
contains information about the gas-kinetic cross section.
The principle of detailed balance allows one to write
I'y =I'5. The time-dependent solutions of the total popula-
tion and orientation can be derived as

N(t) = %(1—e—ﬂ) (10
and

Iy Yot
(01> = 7y (1—e77f) (1)

Note that the steady-state value of the total population
density N at t=o00 is I'p/y. We can define population in
each magnetic sublevel in terms of the total population and
orientation for the J = 1 atoms as

N1j2(t) = L N(t)+L<0o(t) > (12)
N1j2(t) = A N(t)—2 < 0o(8) > (13)

Thus, circular polarization in terms of the measured signals,
integrated over the temporal overlap time of the pulses, can
be written as

N Jo N_12(0)— fo Nija(0)

PCZSJ* ot T T
+ Jo No1p(®+ [y Nija(t)

14

where S° and S°" refer to the signals when the helicities of
the lasers are 6705 and o705, respectively. In this expres-
sion, labels 1 and 2 refer to laser 1 and laser 2. Eq. (14)
allows one to express the circular polarization with the
presence of hyperfine depolarization coefficient g, multi-
plied by the orientation, in terms of disorientation cross
section and argon gas pressure as

Pe=l—To g0 (15)

The disorientation cross section can be defined using gas-
kinetic cross section relations as

Fo = pAraostAr (16)

where p,, is the ratio of the argon gas pressure to the
thermal energy constant kT, and o, is the disorientation
cross section. In Eq. (16), we denoted <{v) as Ucs_ar Which
is the average velocity of the colliding cesium and argon
atoms over the Maxwell-Boltzmann distribution of relative
velocities at the operating cell temperature. Eq. (15) pro-
vides connection between the experimentally measured
circular polarization degree P, in relation to the argon gas
pressure and the disorientation cross section. Fig. 3 shows
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Fig. 3. Nonlinear least square fit of the circular polarization degree as a function of Ar gas pressure for the two-step double-resonance 6sS;;,— 6p?P;,—

10s%S,, transition.

the circular polarization degree as a function of argon gas
pressures ranging from 7 mbar to 133 mbar.

Thus, the disorientation cross section value, extracted
from the nonlinear-least square fit of the experimental
results, is in excellent agreement with the theoretical [26]
and experimental [16] values. These are summarized in
Table 2. For the rate equation analysis of the 6pP; |2 State
population, the laser pulse temporal profile was modeled as
rectangular pulses. Other pulse shapes may be used and
lead to negligibly different polarization results [9,25,10].

First, we now discuss the various results shown in
Table 2. Hanle-effect linewidths studied by [14] were altered
by the nuclear spin effect which was not taken into con-
sideration when reporting the collisional cross section. This
omission led to a considerable underestimate of the disor-
ientation cross section value. Bulos and Happer [15] have
showed the evidence of the nuclear spin effect on pressure-
broadened Hanle signal and treated their results accordingly.
A disorientation cross section was determined by [16] using
a Zeeman scanning technique and the results showed that at
low magnetic field nuclear spin coupled with electronic
angular momentum while at sufficiently high magnetic field
(~ 10 kG) nuclear spin and angular momentum decoupled.
The decoupling due to high magnetic field resulted in higher
cross section value. Thus, depolarization cross section mea-
surement done by [16] is larger by a factor of 10 than
depolarization cross section value reported by [14]. Also, the
cross section value reported by [16] is higher than the same
value reported by [15]. Although there is a possibility of
collisional mixing of the ?P;;; and ?Ps;, states in a high
magnetic field, the influence of the mixing on the polariza-
tion measurement reported by [16] was negligible. It has
been pointed out that the disorientation cross section may

Table 2

Disorientation cross section ¢; due to inelastic collisions between 6p2P1,2
Cs and ground state Ar atoms are listed. TPS: Two-step polarization
spectroscopy using Nd:YAG pulsed laser, ZeS: Zeeman scanning techni-
que at high magnetic field, HaE: Hanle Effect at zero magnetic field.

<2

o1 (A2 Method Reference
9.25(1.4) TPS This work
10.7(0.6) ZeS [16]

9.3 Theory [26]

1.7 HaE [14]
5.0(1.0) HaE [15]

exhibit variations of up to 50%, depending on the model
chosen to represent the collisional mixing process [12]. The
experimental cross sections reported by [16] and this work
are in good agreement with the theoretical cross section,
calculated by [26] without assuming the presence of a high
magnetic field.

5. Conclusions

We present in this paper results of measurements of the
collisional cross section in 6p2P1,2 cesium atoms using a
pump-probe, optical-optical double resonance circular
polarization spectroscopy technique. We measured the orien-
tation-dependent polarization as a function of Ar gas pressure
ranging from 7 mbar to 133 mbar. The circular polarization of
the 6s°S;, — 6p®Py— 10s%S;), transition is found to be
independent of the laser power, temperature, and variation in
the intensity of the fluorescence signal. Depolarization for
the '*3Cs 6p®P;;, atoms in collision with ground state Ar
atoms is evident on the orientation-dependent circular
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polarization data. From the measyrements, a disorientation
cross section value of 9.25(1.4) A" is obtained. Our result is
in good agreement with the theory [26] and with Ref. [16]
within the error limits.
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