PHYSICAL REVIEW A

VOLUME 50, NUMBER 3

SEPTEMBER 1994

Atomic barium and cesium alignment-to-orientation conversion
in external electric and magnetic fields

Robert C. Hilborn, Larry R. Hunter, Kent Johnson,* Stephen K. Peck, Alison Spencer,T and John Watson?
Department of Physics, Amherst College, Amherst, Massachusetts 01002
(Received 7 March 1994)

We present an alternative method for changing atomic alignment to orientation through interactions
with orthogonal static electric and magnetic fields. Experimental results demonstrating this effect in the
5d6p 'P state of atomic barium and the F =4 hyperfine level of the ground state of atomic cesium are
presented. The theory of this effect for a j =0 to j =1 electric dipole transition is discussed in detail.
The tensor polarizability of the 5d6p ! P state of Ba is determined to be 1.31(15) MHz/(kV/cm)?, in good
agreement with the results of van Leeuwen and Hogervorst [Z. Phys. A 310, 37 (1983)].

PACS number(s): 32.80.Bx, 32.60.+1, 35.10.Di

I. INTRODUCTION
A. Context

There is considerable interest in methods of producing
controlled atomic and molecular alignment and orienta-
tion and understanding various mechanisms that produce
or destroy alignment and orientation. Most interatomic
and intermolecular interactions depend strongly on the
relative orientation of the interacting partners. In addi-
tion, many atomic physics experiments use the appear-
ance of atomic orientation or changes in the direction of
atomic orientation as a signal for parity-violating or
time-reversal-invariance-violating interactions [1-3].

An atomic or molecular system is said to be oriented if
states labeled by the magnetic quantum numbers m and
—m have different populations. On the other hand, if a
state’s population depends on the different absolute
values |m|, the system is said to be aligned. In more for-
mal terms we may define the orientation and alignment of
a system in terms of expectation values of its angular
momentum operators. Specifically, for a state of definite
angular momentum j, the degree of orientation along the
z axis is given [4] by

A )
O G+
(Throughout this paper we shall use dimensionless angu-
lar momentum operators.) The degree of alignment is de-
scribed by three parameters:
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As is well known, and as we shall discuss explicitly
below, the electronic orientation of a j =1 atomic state
may be monitored directly by detecting the difference in
intensities of left- and right-circularly polarized light
emitted from that state. The connection between the ob-
served light polarization and the system’s orientation and
alignment has been discussed in detail for atoms [4] and
molecules [5]. For states with higher j values, we need to
measure all of the Stokes parameters of the emitted light
to determine the orientation. The relationship between
the measured Stokes parameters and the degree of orien-
tation and alignment is readily available [6]. Conversely,
the observation of a net circular polarization in the light
emission from some atomic source, say in a stellar atmo-
sphere [7], implies a net orientation of the emitting
atoms.

Alignment is produced by almost any anisotropic in-
teraction. Any collisional or radiative excitation, for ex-
ample, whether polarized or unpolarized, will produce an
aligned system if the excitation is anisotropic [8]. We are
interested in mechanisms that can cause an initially
aligned atomic or molecular system to evolve into an
oriented system. We call this process alignment-to-
orientation conversion (AOC).

B. Symmetry considerations

Since the orientation of a system relative to some z axis
is proportional to the average (expectation) value of the z
component of the angular momentum (J, ), the orienta-
tion has the symmetry character of an axial vector and is
even under P (spatial inversion) but odd under T (time re-
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versal). On the other hand, alignment is described by a
tensor which is even under both P and 7. If an isolated
system is initially aligned with no net orientation, the sys-
tem cannot evolve to an oriented state unless we have a
T-violating interaction. Alternatively, the presence of an
external magnetic field (or some other 7T-odd axial vector
interaction) is a necessary —but not sufficient—condition
for an initially aligned state to evolve into one with orien-
tation if there are no significant internal T-violating in-
teractions.

C. Mechanisms for alignment-to-orientation conversion

Several mechanisms for converting alignment to orien-
iation for atomic systems have been proposed and
demonstrated. Most of these mechanisms involve an
external magnetic field to provide the required preferred
direction to allow for a net orientation. The external
magnetic field alone cannot produce orientation from
alignment. An initially aligned system, in the absence of
other interactions, will simply precess about the magnetic
field direction via the well-known Hanle effect [9,10]; no
net orientation will occur. The equally populated +m
states precess in such a way as to cause the overall align-
ment of the system to precess. However, if the electron is
subject to a spin-orbit interaction or to hyperfine interac-
tion with the nucleus, the precession of the electron’s or-
bital angular momentum due to the combination of the
Zeeman interaction with the external magnetic field and
the interaction with the internal fields can lead to a sub-
stantial (30% or more) orientation of the atomic state
[11-13].

Directional collision processes can also produce orient-
ed atomic states that can be investigated using suitable
selective detection. For example, atomic collisions, stud-
ied with angle-resolved coincident detection of one of the
scattering products and the photon emitted from the oth-
er product, select states with an orientation of the excited
product [14]. However, this method does not produce a
net orientation of the atomic sample.

Collisional processes in the presence of an applied mag-
netic field may produce alignment-to-orientation conver-
sion. Recently, this process has been investigated using
velocity-selective excitation with a narrow band laser
[15]. The method has been found to produce orientations
of a few percent.

In recent years a technique involving orthogonal time-
dependent electric and magnetic fields has been used to
produce ‘“circular states” (that is, states with complete
orientation) in Rydberg atoms [16,17]. This method re-
lies on the mixing of states by the linear Stark effect and
is physically distinct from the method introduced in this
paper.

Here we describe how interactions with orthogonal
static electric and magnetic fields can produce a net
atomic orientation from an initially aligned state. In
physical terms, it is the combined precessions due to the
magnetic interaction and an anisotropic induced electric
dipole that allows a net orientation to develop. As we
shall see, under appropriate conditions, this arrangement
can lead to large atomic orientations.
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In the following sections we first describe two experi-
ments: one in the 5d6p 'P state of atomic barium, the
other in the F =4 hyperfine level of the electronic ground
state of atomic cesium. Together, these experiments
display this new AOC effect over a range of six orders of
magnitude in magnetic field values. We then discuss the
theory of the effect in the simple case of a 'S to P atomic
dipole transition and its extension to include states with
hyperfine structure. We also give a qualitative discussion
of the effects of collisions on the observed orientation.
From the experimental data and theory, we extract the
tensor polarizability of the 5d6p 'P state in barium. We
conclude with some general remarks about the extension
of this technique to other systems.

II. EXPERIMENTS

We have carried out two experiments that demonstrate
AOC in atoms subject to orthogonal static electric and
magnetic fields. In both cases, the apparatus has been de-
scribed in detail elsewhere [18,19]; we give just a brief
description here.

A. Atomic barium

In the atomic barium experiment, barium vapor is pro-
duced in an evacuated stainless steel cross oven illustrat-
ed in Fig. 1. The arms of the cross have a diameter of
about 3.5 cm. Externally mounted heaters bring the tem-
perature in the central part of the oven to abut 840 K to
produce sufficient vapor density (about 10'? atoms cm )
for the experiment [20]. Helium buffer gas, at approxi-
mately 0.05 Torr, prevents migration of the barium vapor
to the cooled windows at the end of each arm.

The ground-state barium atoms are excited to the
5d6p 'P state by 3-nsec pulses of 350-nm radiation pro-
duced by frequency doubling the output of a tunable dye

PMT Magnetic Field Coils
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FIG. 1. A schematic diagram of the atomic barium experi-
ment. The static magnetic field is in the z direction. The static
electric field is in the x direction. The laser beam propagates
along y with its electric field linearly polarized along x. The
laser beam and the resulting atomic fluorescence pass between
the two electrodes, only one of which is seen in this top view.
Two photomultiplier tubes (PMT) view the fluorescence
through quarter-wave plates, linear polarizers, and 350-nm
bandpass filters.
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laser. The dye laser (Continuum TDL-60) is pumped at a
repetition rate of 20 Hz by the 532-nm output of a
frequency-doubled Continuum 660B YAG (yttrium
aluminum garnet) laser. The laser linewidth is about 1.8
GHz (full width at half maximum), which is about the
same as the Doppler width of the atomic absorption line.
This linewidth is large compared to both the excited state
hyperfine splittings and the isotopic shifts of the absorp-
tion line [21]. The polarization of the 350-nm radiation is
rotated by a half-wave plate to be vertical (i.e., along the
x axis), and parallel to the static electric field inside the
oven. Brewster angle windows and a series of baffles
reduce the stray scattered laser light to negligible levels.

A static magnetic field is produced along the z axis by
rectangular field coils. Another pair of coils cancels the
vertical component of the Earth’s magnetic field. Since
the z axis is chosen to be along the local magnetic north-
south direction, we can compensate for the horizontal
component of the Earth’s field by offsetting the current in
the z-axis coils.

The static electric field along the x axis is produced by
applying a high voltage between two flat, stainless steel
electrodes mounted inside the oven. The voltage is
turned on approximately 1 usec prior to the laser pulse
and is turned off approximately 1 usec after the pulse to
minimize the potential for electrical discharge through
the barium vapor.

The 350-nm fluorescence emitted from the 5d6p 'P
state along the z direction is monitored by two identical
photodetector systems consisting of quarter-wave plates,
linear polarizers, 350-nm bandpass filters, and photomul-
tiplier tubes. The output current of the photomultiplier
tubes is detected by a pair of Standard Research Systems
Model 250 gated integrators, the signals from which are
sent to a computer for data analysis. The signals are in-
tegrated over the complete fluorescence emission follow-
ing each laser pulse. The photomultiplier tubes are mag-
netically shielded, and we verified through independent
measurements that the magnetic field has a negligible
effect on their gain.

Since we are interested in the net orientation of the
atomic excited state, the polarizer combinations are set to
monitor the difference between left- and right-circularly
polarized light intensity (I;cp and Izcp) emitted along
the z axis. The signal we analyze is the circular polariza-
tion asymmetry A cp defined to be the ratio

_ Ivcp —Igcp

Acp (3)

ILCP +IRCP '

However, since one detector is monitoring light propaga-
ting along the +:z direction, while the other monitors
light propagating along —z, both detectors use identical
polarizer settings. We determined the efficiency for
circular-polarization analysis by two methods: (a) using
one linear polarizer and quarter-wave plate combination
as a polarizer and the other as an analyzer, and (b) using
one combination with a mirror to retroreflect the light
beam through the combination. Both methods yielded an
efficiency for discriminating left- from right-circularly po-
larized light of (90+3)%.
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The static magnetic field in the z direction is under
computer control. The computer steps the magnetic field
from about —25 to +25 G while averaging the pho-
tomultiplier signals from 100 laser pulses for each value
of the magnetic field. To focus on the AOC produced by
the combination of static electric and magnetic fields, we
determine the net Ap as the difference between the
circular-polarization asymmetry observed with the elec-
tric field on and that observed with the electric field off.
(We will discuss the static-electric-field-independent
effects in Sec. V.) Some care must be exercised to keep
the atomic Ba density sufficiently low to avoid the effects
of radiation trapping [22] and amplified spontaneous
emission [23,24]. Similarly, the helium buffer gas density
must be kept below roughly 0.05 Torr to avoid significant
collisional depolarization of the excited state.

B. Cs experiment

Most of the apparatus required for the cesium mea-
surements was originally used in an experiment to set an
upper limit on the electric dipole moment (edm) of the
electron (Ref. [19]). This apparatus has been adapted to
provide a careful assessment of atomic cesium
alignment-to-orientation conversion, which may cause a
so-called E’B systematic error in the edm experiment.
The atomic cesium vapor is contained in two glass cells,
approximately 40X40X10 mm® in size (Fig. 2). Al-
though two cells are not necessary for the AOC measure-
ment, their presence allowed checks for several possible
systematic errors. Heat exchangers attached to the cells
raise their temperature to about 50 °C, thereby increasing
the vapor density by about a factor of 5 over that at room
temperature. A static electric field is produced by apply-
ing a high voltage potential difference between the top
and bottom surfaces of the vapor cells. These surfaces
are coated with aluminum. A voltage of up to 2 kV is
supplied to the common center electrode of the cells,
while the outer electrodes are at ground potential. This
arrangement produces electric fields up to 2 kV/cm in
the cells.

Approximately 250 Torr of nitrogen has been added to
the cells to increase the relaxation time of the cesium
atoms’ orientation to about 16 ms while inhibiting elec-
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FIG. 2. A schematic of the atomic cesium experimental set-
up. The circularly polarized pump beams propagates along y.
The static electric field is along *+x, and the magnetic field and
probe laser beams are along z.
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tric discharge.

The cesium cells are kept in a near-zero magnetic field
region produced by four layers of high-permeability (u-
metal) shielding and six pairs of coils mounted within the
shields. After the shields are degaussed, the residual field
within the shields is a few uG and is further reduced in
the region of the cells by passing appropriate currents
through the coils. The magnetic field is controlled by
computer algorithms using the atomic cesium as the
probe.

The electronic ground state of cesium is optically
pumped by circularly polarized continuous wave radia-
tion tuned to the 894-nm transition connecting the 6S, ,
F =3 hyperfine level of the ground state to the 6P, ,, ex-
cited state. (As usual, F is the quantum number for the
total angular momentum of the atom.) Spin exchange
and coherence transfer through the excited state result in
orientation of the 6S,,, F =4 hyperfine level along the
pump beam direction. (The atomic coherence created
here corresponds to an atomic alignment, with no net
orientation along the detection direction.) The excited
state hyperfine structure is not resolved due to buffer gas
collisional broadening. The 894-nm radiation is pro-
duced by a Coherent Ti:sapphire ring laser pumped by a
Coherent argon-ion laser. The sense of the circular po-
larization of the pump laser beam is determined by the
voltage applied to the crystal of a Pockels cell through
which the pump beam passes.

Circularly polarized probe laser beams tuned to the
6S,, F=4 to 6P, transition are directed along the
magnetic-field direction, orthogonal to the pump laser
beams and to the static electric field, intersecting the
pump beams near the center of the cells. The probe laser
beams are produced by a Mitsubishi ML2701 semicon-
ductor laser. If the cesium atoms have a net orientation
along the probe beam (magnetic field) direction, the ab-
sorption coefficient for the probe beam will be different
for left-circularly polarized (o *) as compared to right-
circularly polarized (o ) light. The probe beam’s circu-
lar polarization is modulated between ot and o~ at 33
kHz using a photoelastic modulator. The differential
transmission of the two polarizations results in an intensi-
ty modulation proportional to the orientation of the
atoms along the probe beam direction. The differential
transmission is monitored using photodiodes and lock-in
amplifiers.

During data collection, the computer steps the magnet-
ic field through a sequence of field values from O to about
60 uG. For each value of the magnetic field, the
differential probe signal is averaged for 25 readings from
the lock-in amplifiers. This procedure is then repeated
with the pump helicity reversed in order to separate the
desired AOC signal from any signal associated with the
initially prepared orientation. There is a half second wait
between the switching of the pump polarization and the
data acquisition to allow the atoms to come to equilibri-
um. To select the signal that is quadratic in the electric
field, the above procedure is repeated with the electric
field reduced to zero and the difference is taken between
the “field on” and “field off” signals. There is a 12-sec
wait between switching the electric field and data acquisi-
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tion to allow charging currents to subside to negligible
levels.

III. THEORY

A. j=0to j =1 transition

Here we present the theory of AOC in orthogonal stat-
ic electric and magnetic fields for the case of an atomic
electric-dipole transition between a j =0 lower state and
a j =1 excited state with no spin-orbit or hyperfine in-
teractions. Later we discuss the extension of this calcula-
tion to include hyperfine structure and the effects of col-
lisions.

We begin with the appropriate perturbation Hamil-
tonians for static magnetic and electric fields. As usual,
the external magnetic-field interactions are given by the
Zeeman Hamiltonian

A,=g,usB,J,=hpJ, , (@)

where 4 is Planck’s constant, pup is the Bohr magneton,
g, is the gyromagnetic ratio, and B, is the static magnetic
field assumed to be in the z direction. The last equality
defines the parameter f3.

For a static electric field E, in the x direction, the per-
turbation can be represented (to order E?) with the
effective Hamiltonian [25,26] acting within the single ex-
cited state j manifold

R 37272
ﬁE:—%aoEgl—%—azEfm . (5)

a, is the scalar polarizability of the state, and «, is the
tensor polarizability. (We shall henceforth ignore the
scalar polarizability term since it results only in a com-
mon shift of the excited state m levels.) We are interested
in the differential shift caused by the tensor polarizability.

The resulting Hamiltonian matrix for a j=1 state
takes the form

Btp 3p 0
H;/h=|3p —B+p 0 |, 6)
0 0 —2p
where we have written the matrix elements in the non-
standard order m = +1, —1, and 0 in order to emphasize

the block-diagonal structure of the matrix. The symbol p
is defined as

1 azEf
4 h

Since this matrix is 2 X2 block diagonal, the eigenval-
ues and eigenvectors can be found exactly. The energy
eigenvalues are

E./h=p+V9p’+p*,
E_/h =p‘\/9p2+32 , (8)
Eo/h=—2p .

(7

The energy eigenvectors can be written as linear com-
binations of the eigenvectors of J,:
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|[E,)=A|lm=4+1)—Clm=-1),
|E_)=Clm=+1)+A4lm=—-1), (9)
|Eq)=|m=0) .

The state coefficients 4 and C are given by
172

4= |YTB

2y ’
Cc= Yy —B

2y ’

where y =V 9p2+ 2.

The state vector for the excited state can be written ei-
ther as a superposition of energy eigenstates or as a su-
perposition of angular momentum eigenstates:

W)= b (DE )= c,()m) , (11)
k m

where the summation index k runs over +, —, and O,
while m is +1, —1, and 0. Since the net orientation of
the j =1 state is proportional to |c ;. {(¢)|*—|c_,(¢)|? and
since the m =0 sublevel does not radiate in the z direc-
tion, we may safely ignore the m =0 state in what fol-
lows. As we shall see, it is crucial that the excited state
prepared by the laser pulse is not an energy eigenstate in
order to observe AOC.

In the following development we let t =0 be the instant
of excitation of the system. With the laser beam electric
field linearly polarized in the x direction, it is easy to
show that

C+1(t=0)=_c_1(t=0)EM Py (12)

where M is proportional to the product of the laser
electric-field amplitude and the transition dipole moment
matrix element. The state coefficients (E, _|m) from
Eq. (9) yield the energy eigenstate coefficients

b, (t=0)=+M(4+C),
b_(t=0)=—M(4—C).

(13)

To find the c,,(¢) needed to compute the circular-
polarization asymmetry, we use

—(i/RE, _t

by _(0=b, _(0e (14)

Straightforward algebra then gives

r:
|c11|2=82 [14£2A4C(A4*—C*)(1—cosAwt)],  (15)

where iAw=E_, —E_. We have added a phenomeno-
logical exponential damping factor to account for the ra-
diative decay to the excited state. I is the reciprocal of
the excited state lifetime (approximately 12 nsec for bari-
um) [27]. The state coefficients have been normalized so
that |c (£ =0)|>+|c_,(t =0)]?>=1.

From Eq. (15) we find the circular-polarization asym-
metry (which for the j =1 case is just twice the orienta-
tion):
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S)I(t)=|c+1 l2_|c-—1|2
=2A4C(A*—C?)(1—cosAwt)e 1" . (16)

In our experiment, we integrate the resulting signal
over time. After a bit of algebra we find that the time-
integrated circular-polarization asymmetry A cp is given
by

- 3pB
Acp= 7 - (17

9p*+p*+

16

Note that the sign of the circular-polarization asymmetry
depends both on the sign of the magnetic field (via B) and
on the sign of the tensor polarizability (via p). For small
values of the electric and magnetic fields (so that
9p2+B? <<T'?/16m?), A cp is proportional to E2B. This
low-field-dependent signal was noted and discussed as a
possible source of systematic error in Ref. [19].

As an aside, we point out that the result stated in Eq.
(17) could be calculated directly using the Breit equation
[10,28-30]. For example, the time-integrated intensity of
right-circularly polarized light is given by

Fix Gy

RCP ],zk T

—i wkj

with the appropriate excitation (F ) and detection (Gy;)
matrices. However, the crucial physics of the state mix-
ing induced by the orthogonal electric and magnetic
fields is not so transparent in that derivation.

B. Hyperfine structure effects

Both '*°Ba (6.6% natural abundance) and *'Ba (11.3%
natural abundance) have nuclear spin 7 =2 and possess
hyperfine structure. Since the hyperfine structure of the
(5d6p) ' P state is known (Ref. [21)), it is straightforward,
but tedious, to evaluate the required matrix elements of
the static electric- and magnetic-field perturbations and
the consequent state mixings. These results are used to
compute the excitation and detection matrices in the
Breit equation, Eq. (18), and finally to determine A op due
to ’Ba and »"Ba. The hyperfine structure itself will
lead to AOC in the presence of an external magnetic field
(Refs. [7] and [11-13]). Thus we compute A cp both with
and without a static electric field.

We then subtract the zero static-electric-field part from
the total A cp to compare with the results of our experi-
ment. For the conditions of our experiment, the electric-
field-dependent A p associated with the odd isotopes
(weighted by their natural abundance) is only a few per-
cent, but has a magnetic-field dependence somewhat
different from that of the even isotopes, which have no
hyperfine structure. The difference is due to the incipient
hyperfine uncoupling of the states as the magnetic field
increases.

IV. CLASSICAL MODEL

Although the quantum mechanical calculation present-
ed in Sec. III is straightforward, we believe that it is
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helpful to have a more intuitive picture of how a net
orientation arises from an initially aligned system. The
crucial physical ingredients in this picture are the preces-
sion of the electron’s orbital angular momentum due to
the interaction of the atom’s magnetic moment with the
external magnetic field combined with a precession
caused by the induced electric dipole moment (propor-
tional to the tensor polarizability).

Let us begin with the tensor polarizability effect. We
model the atom as an anisotropic polarizable object with
different polarizabilities along and orthogonal to the or-
bital angular momentum. If the electric field and the an-
gular momentum vectors are neither aligned nor orthogo-
nal, then the induced dipole moment p =0E (where @ is
the polarizability tensor) will not be parallel to E. Hence,
the induced electric dipole will experience a torque p X E.

For the magnetic interaction, we take the atom’s mag-
netic moment [ to be antiparallel to the orbital angular
momentum. Thus, the orbital angular momentum will
experience a torque [ X B.

The quantum state produced in the barium experiment
by the pulsed laser under the conditions described in Sec.
III gives a zero expectation value for each of the Carte-
sian components of the a2§ular momentum vector. In
addition, the state has (J))=(J?)=#* and (J})=0.
Thus the appropriate classical analog of this state is an
ensemble of angular momentum vectors distributed uni-
formly in direction in the yz plane.

Since the angular momentum vectors are initially or-
thogonal to the electric field, there is at first no torque
due to the induced electric dipole. However, as the mag-
netic torque causes the angular momentum vectors to
precess out of the yz plane, the induced electric dipole is
no longer parallel to the electric field and a p X E torque
results. This torque causes the angular momentum vec-
tors to precess about the x axis. Each angular momen-
tum vector in the ensemble and its partner, pointing in
the opposite direction, experience an electric torque of
the same sign, and tend to become oriented in the same
direction along the z axis. The sense of that rotation de-
pends on both the sign of the tensor polarizability and on
the sense of the magnetic field, which determines the
original rotation out of the yz plane. An analogous argu-
ment for the atomic cesium case, in which the atoms are
initially oriented along y, is straightforward. The details
of this classical model will be presented in a subsequent

paper [31].

V. EXPERIMENTAL RESULTS

A. Barium

Figure 3 shows the results of measuring the circular
polarization asymmetry as a function of magnetic field
for the atomic barium 5d6p !P state with two different
values of the static electric field. In comparing the results
of the measurements with the prediction of Egs. (17) (for
the even isotopes) and (18) (for the odd isotopes), we must
take into account two effects. First, we multiply the cal-
culated A -p by 0.90 in order to correct for the efficiency
of our circular polarization analyzers.
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FIG. 3. The circular-polarization asymmetry A cp for the
atomic barium 5d6p !P state plotted as a function of magnetic
field for two different values of the static electric field. The cir-
cles (triangles) represent the experimental data with an electric
field of 2.32 kV/cm (0.955 kV/cm). As expected, Acp has a
smaller peak value for the smaller electric field and peaks at a
smaller value of B. The solid curves are the results of a least-
squares fit of the theoretical calculation. The tensor polarizabil-
ity is the only adjustable parameter.

Second, collisions between the excited barium atoms
and the helium buffer gas can lead to a depolarization of
the excited state. Calculations using the density matrix
formalism [32] indicate that collisions lower the overall
observed asymmetry (as expected) and change slightly the
observed signal shape (as a function of magnetic field).
Using the standard Hanle effect (linearly polarized detec-
tion in a static magnetic field alone), we determined that
the depolarization rate (strictly speaking the alignment-
relaxation rate) is approximately 25 MHz/Torr for the
conditions of our experiment. In practice, we kept the
buffer gas pressure below 0.05 Torr when taking data. By
extrapolating runs carried out at higher helium pressures,
we are confident that collisional depolarization should be
insignificant at these lower pressures, but to be conserva-
tive we have included a 2% experimental uncertainty to
account for possible residual collisional depolarization.

The results of fitting our theoretical calculations to the
data are shown in Fig. 3 as solid curves. The only adjust-
able parameter is the tensor polarizability a,. The fit is
excellent and yields a value for the tensor polarizability of
the 5d6p 'P state:

a,=+1.31%0.15 MHz/(kV /cm)? , (19)

where we have combined in quadrature the uncertainties
in the tensor polarizability due to the fit (+0.5%), the
calibration of the polarizer efficiency (+3%), the residual
collisional depolarization (+2%), the electrode spacing
(£10%), and the applied voltage (+2%) to find the
overall experimental uncertainty.

The tensor polarizability for the 5d6p !P state of *®Ba
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was measured previously [33] to be +1.37
MHz/(kV/cm)* with an uncertainty of about 2% by an
atomic beam, cw laser experiment. Our result, though
less precise, is in good agreement with this value. The
precision of our results is limited by the relatively crude
electrodes (originally designed for another experiment)
that we used.

B. Electric-field-independent AOC

As mentioned above, the Ba atoms with hyperfine
structure are expected to show a circular polarization
asymmetry even in the absence of a static electric field.
However, for the range of magnetic-field values used in
our experiment, the net effect of the hyperfine-induced
AOQOC is less than 1%. [Our calculations show that the
three different excited state hyperfine levels give individu-
al AOC effects with phase differences that tend to reduce
the overall effect. An analogous cancellation was ob-
served in AOC experiments in atomic sodium (Ref. [13]).]
Nevertheless, we have observed an electric-field-
independent A -p that is strongly dependent on the inten-
sity the exciting laser beam. We attribute this effect to
AOC by the combined action of the static magnetic field
and the electric field of the laser beam. (Our AOC effect
is proportional to E2. It is well known [34] that a time-
dependent field can polarize an atom with a resulting ten-
sor polarizability much like the static field case.) We plan
to explore this effect in subsequent experiments.

C. Results in Cs

The cesium results are summarized in Fig. 4. The
difference between the electric “field on” and “field off”
signals is plotted as a function of the applied magnetic
field. As discussed previously, this signal is proportional
to the orientation of the cesium vapor along the
magnetic-field direction. The solid line shows the results
of fitting the simple theoretical model Eq. (17) to the
data, using a previous measurement of the tensor polari-
zability of the Cs ground state [35]. A numerical calcula-
tion [36] of the evolution of the state amplitudes for all
nine magnetic sublevels of the F =4 state confirms that
Eq. (17) should correctly describe the shape of the
alignment-to-orientation conversion data, provided that a
single spin relaxation rate is adequate to describe the sys-
tem. The model, while matching the gross features of the
data and correctly predicting the quadratic field depen-
dence, is obviously inadequate for describing the precise
shape of the cesium data. The discrepancy is due to the
more complex structure of the cesium F =4 level and the
high buffer gas pressure, which results in substantial col-
lisional depolarization rates which differ for the different
atomic coherences. Unfortunately, to account for col-
lisions in the F =4 case quantitatively, a full density ma-
trix calculation would have to be undertaken with a
knowledge of all of the relaxation rates of all orders of
the possible multipoles of the F =4 state. A density ma-
trix calculation [32] for the j =0 to 1 case suggests that
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FIG. 4. Atomic cesium experimental results. The probe
beam differential transmission (proportional to the net orienta-
tion of the atoms along the magnetic field) is plotted as a func-
tion of the magnetic field. The triangles (circles) represent the
experimental results taken with an electric-field strength of 1.44
kV/cm (2.0 kV/cm). The solid curves are the result of fitting
Eq. (17) to the data with a single spin relaxation rate and an
overall amplitude as the adjustable parameters.

the inclusion of relaxation due to collisions can (for
reasonable values of the relaxation rates for the align-
ment and orientation), result in modifications of the line
shape similar to those observed in the cesium data.
Though the tensor polarizability of the cesium ground
state is known (Ref. [35]), a quantitative comparison with
our data is not possible due to the lack of a complete
model and insufficient information about the relaxation
rates of the higher-order multipoles of the cesium density
matrix.

V1. CONCLUDING REMARKS

We have shown that orthogonal electric and magnetic
fields can produce substantial alignment-to-orientation
conversion in atomic systems. These effects have been
observed in an excited state of barium and in the ground
state of cesium. The results span six orders of magnitude
in relaxation time and magnetic field. The large asym-
metries observed in atomic barium with rather modest
applied electric fields indicate that, with an improved
electrode structure, the method introduced here could be
used for precise measurements of atomic tensor polariza-
bilities. These polarizabilities are useful tests of calcula-
tions of atomic radial matrix elements.

In addition, this effect needs to be taken into account
as a possible source of systematic errors in experiments
that use atomic or molecular orientation as a test for
parity-violating or time-reversal-invariance-violating in-
teractions.
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