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Dynamic Stark shift and alignment-to-orientation conversion

Matthew C. Kuntz,* Robert C. Hilborn,† and Alison M. Spencer
Department of Physics, Amherst College, Amherst, Massachusetts 01002-5000

~Received 6 September 2001; published 15 January 2002!

We have observed alignment-to-orientation conversion in the (5d6p) 1P state of atomic barium due to the
combined effects of a static Zeeman shift and a dynamic Stark shift associated with the electric field of a pulsed
laser beam. The measurements yield a value for the frequency-dependent tensor polarizability of the state in
reasonable agreement with a simple perturbation theory calculation. With a tunable laser producing the dy-
namic Stark shift, we can both enhance the magnitude of the effect by tuning close to a resonance and reverse
the sign of the orientation by tuning above or below the resonance. This method of producing an oriented
atomic state is quite general, and with easily available field strengths can produce large orientations.
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I. INTRODUCTION

The dynamic~or ac or optical! Stark shift@1,2# has played
an important role in many recent advances in atomic phy
including precision measurements of atomic polarizabilit
@3#. The dynamic Stark shift also contributes to the lig
force on atoms, which can be used both for the determina
of atomic polarizabilities@4# and for laser cooling of atom
and molecules@5#. Furthermore, the dynamic polarizability
important in understanding atom diffraction by standing lig
waves and the resulting possibilities for sensitive interfero
etry @6,7#. Under appropriate conditions the dynamic Sta
shift can have a major effect on the stability of atoms
intense laser fields@8#. At a more fundamental level, th
dynamic Stark shift can be used for quantum nondemolit
measurements of photon number states@9,10#.

Most of the work cited in the preceding paragraph h
concentrated on the energy-level shifts caused by the
namic Stark effect. Since most atomic states have an an
tropic polarizability~different polarizabilities for the electric
field parallel or perpendicular to the atomic angular mom
tum!, different magnetic quantum number states will ha
different Stark shifts. These differential~or ‘‘tensor’’! dy-
namic Stark shifts can have a significant effect on the evo
tion of coherences among the atomic sublevels, thereby
fecting the polarization of the light emitted~or absorbed! by
those states. Such tensor ‘‘light shifts’’ were first observ
within the context of optical pumping@11#. More recently
several authors@12,13# have proposed using the anisotrop
light shift to align and possibly to trap molecules.

The coherence properties of atomic states can be
scribed in several ways. One simple method makes use o
notions of ‘‘orientation’’ and ‘‘alignment’’ of the states. A
quantum state is said to be oriented along some axis if
magnetic sublevels associated withm and2m have different
populations. In a similar fashion, we say that the state
aligned~with respect to that axis! if the sublevels with dif-
ferent values ofumu have different populations@14#. We note
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that some authors~for example, Ref.@15#, p. 106! define a
state to be oriented if some odd multipole moment of
state is not equal to zero and to be aligned if some e
multipole is not equal to zero. In this paper, we will use t
definitions involvingm sublevel populations.

More formally, we can relate the degree of orientation
a state of definite angular momentum to the expectation
ues of various angular momentum operators. For orienta
we have@15–17#

O125
^Ĵz&

\J^J11!
, ~1!

where J is the total angular momentum quantum numb
The degree of alignment is specified by the following thr
quantities:

A05
^3Ĵz

22 Ĵ2&
\2J~J11!

,

A115
^ĴxĴz1 ĴzĴx&
\2J~J11!

,

A215
^ Ĵx

22 Ĵy
2&

\2J~J11!
. ~2!

For a state of definite angular momentum, this descriptio
equivalent to an alternative~and more general! description of
the coefficients used to expand the atomic density matrix
terms of irreducible tensor operators@15#, the so-called state
multipoles or polarization moments.

Since most interatomic interactions depend on the ori
tation and alignment of the atomic angular momenta@18# and
since many experiments, such as searches for time-rev
symmetry violations@19# in atoms, use oriented atomic an
molecular states, there is considerable interest in produ
oriented or aligned atoms and molecules.

Any anisotropic interaction, such as excitation with li
early polarized light, can produce an aligned atomic sta
We are interested in mechanisms that can convert an alig
state into an oriented state. For example, Lombardi@20#
©2002 The American Physical Society11-1
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KUNTZ, HILBORN, AND SPENCER PHYSICAL REVIEW A65 023411
demonstrated circular polarization emission from a radio
quency discharge in helium in a static magnetic field. T
electric field of the discharge in combination with the sta
magnetic field produced the alignment-to-orientation conv
sion ~AOC!. Cohen-Tannoudji and Dupont-Roc@21# ob-
served alignment-to-orientation conversion in an opti
pumping experiment when the direction of linear polariz
tion of the pumping beam is neither orthogonal nor para
to the direction of propagation of an unpolarized~nonreso-
nant! dynamic Stark shift beam. The influence of the d
namic Stark shift on the appearance of orientation in ato
ground states has been considered both experimentally
theoretically@22,23# in the context of optical pumping. More
recently, static orthogonal electric and magnetic fields w
used to produce AOC in atomic barium and atomic cesi
@24#.

Budker et al. @25# showed that alignment-to-orientatio
conversion due to the dynamic Stark effect plays a sign
cant role in the nonlinear magneto-optical effect, a techni
proposed to provide ultrasensitive magnetometry. In fact,
the optical frequencies and light intensities at which non
ear magneto-optical rotation shows the highest sensitivit
magnetic fields, AOC due to the combination of the sta
magnetic field and the optical electric field is the prima
physical mechanism for optical rotation.

In this paper, we shall demonstrate that an optical elec
field can produce an anisotropic dynamic Stark shift a
strong alignment-to-orientation conversion in atomic exci
states, producing sizable orientations with modest-inten
far-off-resonance light. Since the dynamic Stark shift is f
quency dependent, we can enhance the size of the effec
many orders of magnitude by tuning the optical frequen
close to an atomic resonance. The results presented her
a demonstration of the off-resonance effect in the evolut
of an excited atomic energy level. Other mechanisms
alignment-to-orientation conversion have been discusse
Refs.@24,26,27#.

Finally, we mention in passing that the dynamics
atomic states in the presence of orthogonal electric and m
netic fields has been of interest in the study of quant
chaos@28#. A corresponding classical system@29# also exhib-
its interesting nonlinear dynamics. A recent paper@30# has
demonstrated that the dynamic~optical! Stark shift in com-
bination with a static magnetic field can be used to mani
late electron spin orientation on a femtosecond time scal
semiconductors.

II. THEORY

Figure 1 depicts the experimental situation we wish
describe. A static magnetic field in thez direction is applied
to the atomic vapor. The atoms are excited by a laser p
whose frequency is tuned to be in resonance with the gro
state to excited state transition. The excitation light at 3
nm propagates in they direction and is linearly polarized
along thex direction. The Stark shift light at 532 nm is als
linearly polarized alongx. The detector polarizers are set
transmit circularly polarized light emitted along thez direc-
02341
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tion. A simplified energy-level diagram for atomic barium
shown in Fig. 2.

The theory of the dynamic Stark shift is well know
@2,31,32#. The effect on atomic energy levels can be e
pressed in terms of an effective Hamiltonian@33,34# acting
within a particularJ state manifold. For an electric field in
the x direction, the case of interest in our experiments,
have

Ĥeff52
1

2
a0~v!Ex

2~ t ! Î 2
1

2
a2~v!Ex

2~ t !
3Ĵx

22 Ĵ2

J~2J21!\2 ,

~3!

wherea0 is the so-called scalar polarizability anda2 is the
tensor polarizability. Ex(t) is the slowly varying envelope
of the electric-field amplitude. Since the scalar polarizabil
term shifts all of the magnetic sublevels equally and sin
the shifts are small compared to the excitation laser ba
width, we will ignore that part of the Stark shift in the re
mainder of our discussion.

Using second-order perturbation theory, we can expr
the tensor polarizability of theJ state with energyE as

FIG. 1. A schematic diagram of the apparatus. Ba vapo
produced in an evacuated oven. A static magnetic field is app
along thez direction. Both laser beams are linearly polarized alo
thex direction. Each detector system consists of a bandpass filt
350 nm, circular polarizers, and a photomultiplier tube.

FIG. 2. A simplified energy-level diagram for atomic barium
The atoms are excited with 350 nm light. The circular polarizat
of the fluorescence at 350 nm is detected.
1-2
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DYNAMIC STARK SHIFT AND ALIGNMENT-TO- . . . PHYSICAL REVIEW A 65 023411
a2~v!5F 10J~2J21!

3~2J13!~J11!~2J11!G
1/2

3 (
E8ÞE

z~C8i d̂iC!z2F 1

E2E81\v
1

1

E2E82\vG
3~21!J1J811H J J8 1

1 2 JJ , ~4!

whered̂ is the operator for the transition electric dipole m
ment along the external electric-field direction, and the qu
tity in curly brackets is the standard 6j symbol. The vertical
double bars indicate the reduced matrix element for the
pole operator. The sum is over all bound and continu
states. Equation~4! reduces to the expression@33# for the
static field tensor polarizability in the limitv→0. Equation
~4! is valid as long as the Stark beam detuning is large co
pared to the atomic linewidth.@In our experiment the detun
ing was always larger than the Doppler width~about 1.5
GHz!, which is turn is much larger than the natural linewid
~about 83 MHz@35#!.#

If the external electric-field amplitude were constant
time, the atomic state evolution would be the same as
observed in the static field case, with the static electric-fi
magnitude replaced by the rms value of the oscillating fi
@29#, weighted by the appropriately changed energy deno
nators as indicated in Eq.~4!. In our experiment, however
the Stark shift field is pulsed. Hence, we must resort t
numerical integration of the Schro¨dinger equation or, equiva
lently, to integration of the time-evolution equations for t
multipole moments of the density matrix for the excit
atom. The general time-evolution equations for the polari
tion moments are given in Refs.@36# and @37#.

The analysis is considerably simplified for aJ51 excited
state decaying to aJ50 lower state, the case for our expe
ment. In that case we need to find the evolution of only
m511 and21 sublevels of the excited state since we a
detecting circularly polarized light. We write the state fun
tion for the excited state as a~time-dependent! linear super-
position of them511 and21 states:

uC&5c1~ t !um511&1c2um521&. ~5!

Using the Stark shift Hamiltonian given in Eq.~3! and the
usual2mW •BW Hamiltonian for the interaction with the stati
magnetic field, we find that the time-evolution equations
the state coefficients can be written as

i\ ċ15@p~ t !1b#c123p~ t !c22 ic1g/21 f ~ t !,

i\ ċ25@p~ t !2b#c223p~ t !c12 ic2g/22 f ~ t !, ~6!

where b5gJmBBz /h and p(t)5a2(v)Ex
2(t)/(4h). As

usual,gJ is the gyromagnetic ratio for the state, andmB is the
Bohr magneton. g is the decay rate of the excited-sta
population, andf (t) models the laser excitation of the e
cited state. The relative sign difference in thef (t) terms
comes from the appropriate Clebsch-Gordan coefficients
light linearly polarized in thex direction. Given a model for
02341
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the time dependence of the Stark pulse and the excita
pulse, we can solve Eqs.~6! numerically for the state coef
ficients starting withc1(0)5c2(0)50.

The asymmetry in the circular polarization of the detec
fluorescence,ACP(t), is defined in terms of the intensities o
left-circularly-polarized light (I LCP) and right-circularly-
polarized light (I RCP) emitted along the positivez direction:

ACP~ t !5
I LCP2I RCP

I LCP1I RCP
. ~7!

For aJ51 to 0 transition~the case at hand!, the difference in
intensities for left- and right-circularly-polarized emission
directly proportional to the orientation of the excited sta
@15,29#. ~For more general states, one would need to meas
the full set of Stokes parameters of the emitted light to
termine the orientation@15#.! The circular polarization asym
metry of the excited-state fluorescence in a transition toJ
50 lower state is then found from

ACP~ t !5
uc1~ t !u22uc2~ t !u2

uc1~ t !u21uc2~ t !u2
. ~8!

To explore some of the features of these calculations,
have plotted in Fig. 3ACP(t) for two different Stark pulse
energies under conditions similar to the experiment
scribed below. The static magnetic field is fixed at 18 G. A
shown are the excitation pulse and the Stark pulse for c
ditions similar to those used in the experiment. Time is
units of the excited-state mean lifetime. We note several f
tures. First, the orientation~proportional toACP! is zero until
the Stark pulse turns on since for our experimental con
tions both the Stark field and the magnetic field must
present to achieve alignment-to-orientation conversion. S
ond, the orientation stops evolving once the Stark shift pu
is over. The third point to note is that for higher Stark pul
energies the orientation can change sign during its evolut

Figure 4 shows a sequence of plots indicating the ti
evolution of the angular momentum distribution described
our calculations. This distribution is calculated as follow
@38–41#: To find the probability that the atom’s angular m
mentum vector points in a direction specified by the us
spherical coordinate system anglesf and u, we use the ro-
tation operators@14# R(f,u,0) to rotate the quantization axi
for the density matrix to lie along the direction specified
f and u. We then take the (J,m5J) matrix element of the
rotated density operatorr̂. More formally, we write the an-
gular momentum distributionr~u,f! as

r~u,f!5^J,m5JuR21~f,u,0!r̂R~f,u,0!uJ,m5J&.
~9!

This formalism is closely related to the so-called coher
representation@42,43# of atomic angular momentum states

Let us explore how the plotted distribution represents
quantum-mechanical expectation values. For example, f
J51 state, with the state coefficients given by
1-3
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KUNTZ, HILBORN, AND SPENCER PHYSICAL REVIEW A65 023411
c115
1

&
,

c2152
1

&
, ~10!

c050

~which corresponds to the initial state excited by light li
early polarized alongx!, the angular momentum expectatio
values are

^Jx&5^Jy&5^Jz&50,

^Jy
2&5^Jz

2&5\2, ~11!

^Jx
2&50.

Equation~9! applied to this situation gives a doughnutlik
distribution as shown in the upper left part of Fig. 4. If w

FIG. 3. The top frame shows the excitation pulse and the S
pulse as functions of time.~The relative heights of the pulses a
not significant.! Time is in units of the excited-state mean lifetim
The lower frame indicates the circular polarization asymme
(ACP) for two different Stark pulse intensities. The static magne
field B is 18 G. pmax is proportional to the maximum intensity o
the Stark pulse multiplied by the tensor polarizability.
02341
are at the origin and look along thex axis, we see zero
distribution in that direction consistent with the first and la
lines of Eq.~11!. Along they andz axes, we see a distribu
tion symmetric about the origin consistent with the first li
of Eq. ~11!, and with equal spread alongy andz, consistent
with the second line. Since the density matrix for theJ51
state can be expressed in terms of expectation values fo
angular momentum operators@15#, including terms such as
^JxJy&, the density matrix can be reconstructed directly fro
a plot such as that shown in Fig. 4.

Figure 4 shows that the distribution starts out as p
alignment with equal weights along1z and2z. Under the
action of the magnetic field alone, the distribution rotates
is well known, about thez axis. When the Stark pulse turn
on significantly~at aboutt50.5 in Fig. 4!, the torque due to
the Stark field interacting with the anisotropic induced ele
tric dipole moment causes the angular momentum to evo
toward either1z or 2z depending on the sign of the tens
polarizability. By t50.8, the distribution shows a clear pre
erence for the2z direction, indicating a net orientation
along the2z direction. If the magnetic field is not presen
the initial angular momenta remain perpendicular to
Stark field ~along x! and there is no electric-field-induce
torque since in that case the induced electric dipole mom
and the electric field are parallel. The maximum orientat
achieved for the conditions illustrated in Fig. 4 is abo
20.4.

The theory outlined above indicates that the observed
cular polarization asymmetry depends sensitively on the t
ing between the excitation pulse and the Stark pulse. To
plore that feature, we have calculatedACP(t) with a delay of

rk

y

FIG. 4. Three-dimensional plot of the angular momentum d
tribution function Eq.~9! for B518 G, pmax520.15. The excitation
pulse and Stark pulse timing is illustrated in the upper part of Fig
Time is in units of the excited-state lifetime. The excitation pu
and the Stark pulse are linearly polarized alongx. The magnetic
field is alongz. At t50.2, the initially aligned distribution has ro
tated slightly under the action of the static magnetic field. The St
pulse begins at aboutt50.4. By t50.8, the distribution shows ori-
entation along2z.
1-4
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DYNAMIC STARK SHIFT AND ALIGNMENT-TO- . . . PHYSICAL REVIEW A 65 023411
about 12 ns between the excitation pulse and the Stark p
as illustrated in the upper part of Fig. 5. The lower part
Fig. 5 showsACP as a function of time. Note again tha
ACP50 until the Stark pulse begins. In Sec. IV, we w
discuss the corresponding experimental results.

In our analysis, we have ignored the hyperfine structure
the odd-atomic-number barium isotopes135Ba with 6.6%
natural abundance and137Ba with 11.3% natural abundanc
Detailed calculations for the static electric-field alignme
to-orientation conversion@24# have shown that the odd iso
topes contribute only a few percent to the observ
alignment-to-orientation conversion due to cancellation
effects from the various hyperfine levels. An analogous c
cellation was observed in an AOC experiment in atomic
dium @44#. In the experiment described below, we integra
the circular polarization intensities over time; so the cal
lated signal is also integrated over time to compare with
experimental results.

III. EXPERIMENT

The experimental apparatus is essentially identical to
used in the static field experiments on atomic barium@24#,
but we include here a brief description for the sake of co

FIG. 5. The circular polarization asymmetry plotted as a fu
tion of time with a delay of about 12 ns between the excitat
pulse and the Stark pulse. Time is in units of the excited-state m
lifetime.
02341
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pleteness.~See Figs. 1 and 2.! Barium atoms are vaporized i
an evacuated oven whose central portion is heated to a
600 °C. A helium buffer gas at a pressure of about 0.1 T
prevents the barium atoms from migrating to the cooled w
dows of the oven. The barium atoms are excited to
(5d6p) 1P state by pulses of 350 nm light produced b
frequency-doubling the output of a Continuum TDL-60 tu
able dye laser. The dye laser is pumped by the 532 nm ou
of a frequency-doubled Continuum 660B neodymium-dop
yttrium aluminum garnet~Nd: YAG! laser. The laser system
operates at a pulse repetition rate of 20 Hz. The 350
pulses are about 3 ns long, short compared to the 12
radiative lifetime of the excited state. The 350 nm light
linearly polarized along thex axis, thereby producing align
ment in the excited1P state relative to thez axis. The helium
buffer gas pressure is sufficiently low to avoid significa
collisional relaxation of the excited-state coherences. T
atomic barium density is kept low to avoid radiation trappi
of the 350 nm fluorescence.

The excited atoms are exposed to a uniform, static m
netic field in the positivez direction. The magnetic field wa
calibrated in a previous experiment@24# to an accuracy of
1%. In the first part of the experiment, a portion of the 5
nm pump beam is directed through the oven to produce
dynamic Stark shift. The 532 nm light is also linearly pola
ized in thex direction. In the second part, the 532 nm bea
is replaced by the output of a second dye laser.

To monitor the orientation of the excited atoms, we det
the intensity of circularly polarized 350 nm fluorescen
emitted along thez axis ~parallel to the static magnetic field!.
Two photomultiplier tube detectors with appropriate polar
ers and 350 nm filters are used, one to monitor le
circularly-polarized light, the other for right-circular pola
ization. Gated integrators average the signal over a time l
compared to the fluorescence lifetime of the excited state
computer controls the applied magnetic field, averages
signal from 100 successive pulses, and calculates the circ
polarization asymmetry. By taking the difference in the c
cular polarization asymmetry with the 532 nm beam pres
and with it absent, we can isolate the 532 nm dynamic St
shift alignment-to-orientation conversion from oth
orientation-producing effects. The relative timing of the 3
nm excitation pulse and the 532 nm Stark shift pulse is ca
fully monitored with a fastp-i-n photodiode detector and
high-speed oscilloscope.

The photomultiplier tubes are surrounded by magne
shields to reduce the effect of the applied magnetic field
the gain of the tubes. The circular polarizers were measu
to have a 90% efficiency in discriminating left-circular p
larization from right-circular polarization.

The Stark shift beam is expanded to a diameter of abo
cm, and the central portion of the beam is selected b
0.26-cm-diameter pinhole to overlap the 350 nm excitat
beam in the center of the oven. By this means we achiev
rough approximation to a uniform intensity of the Stark sh
beam over the excited-atom region in the oven since
excitation beam diameter is about 0.1 cm. The aver
power of the Stark shift beam is measured with a calibra
power meter. Combining the measured average power w

-

an
1-5



ep
o

th
tia

G
t

lse
e
u
l i
t
ti
n
rv

s
a
ia

iz
o
es
w

io

n
or
m

tic
r
nm

an
c
ld

lse.
rea,
-

are

ar
the
e-
u-

-
lity

m-

y

lses

b-

ugh
dent
m

ity
hift
-
the

he
of

se
s

s.
sults

J/m

KUNTZ, HILBORN, AND SPENCER PHYSICAL REVIEW A65 023411
knowledge of the pulse temporal profile and the pulse r
etition rate, we can model the overall temporal envelope
the Stark shift electric field.

The time dependence of the electric-field amplitude in
Stark shift beam is relatively complicated with substan
pulse-to-pulse variation due to mode beating in the Nd:YA
laser. The energy per pulse fluctuates by about 3%, but
temporal profile shows much larger variations. Figure
shows the 532 nm laser intensity averaged over 100 pu
The full width at half maximum is about 6 ns. We hav
modeled the pulse shape in a variety of ways and have fo
that the integrated circular polarization asymmetry signa
not very sensitive to the details of the pulse shape. Mos
the data analysis was carried out with an envelope consis
of the sum of two Gaussian pulses with pulse widths a
relative delay chosen to reproduce the pulse shape obse
in Fig. 6. The 350 nm excitation pulse was modeled a
half-period sine wave with a half period of 3 ns. Other re
sonably realistic excitation pulse shapes gave essent
identical results.

The 532 nm photons are sufficiently energetic to ion
Ba atoms in the (5d6p) 1P state. However, there was n
observable change in the intensity of the 350 nm fluor
cence signal with the 532 nm laser beam present at the po
levels used in this experiment. We conclude that ionizat
was not significant under our experimental conditions.

IV. EXPERIMENTAL RESULTS

Figure 7 shows the results of two experimental runs alo
with the results of a nonlinear least-squares fit of the the
to the data. The time-integrated circular polarization asy
metry (ACP) is plotted as a function of the static magne
field strength. The relative timing of the excitation and Sta
pulse is shown in the upper part of Fig. 3. Since the 350
excitation pulse itself also produces a smallACP, the plotted
signal is obtained from the difference inACP with the 532
nm Stark pulse present compared to theACP observed with-
out that pulse.~For the conditions of our experiment, theACP
produced by the 350 nm pulse is typically less than 1%
depends sensitively on the detuning from exact resonan!
As expected,ACP changes sign when the magnetic fie

FIG. 6. The temporal profile of the 532 nm Stark shift pul
averaged over 100 consecutive pulses. The time scale is 5 n
division.
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changes sign and the magnitude of the maximumACP in-
creases with increasing energy irradiance of the Stark pu
~The energy irradiance, that is, the pulse energy per unit a
is also called the fluence.! Since the only adjustable param
eter is the tensor polarizability of the excited state, we
able to extract a value fora2(v).

The solid curves in Fig. 7 are the results of a nonline
least-squares fit of the calculated signal, corrected for
90% efficiency of the circular polarizers. Averaging the r
sults from five different runs at a variety of Stark pulse fl
ences, we find that the tensor polarizability of the (5d6p)
1P state is a2(v52p 5.6231014 Hz)528.8(7)
31023 MHz/(kV/cm)2, which is opposite in sign and con
siderably smaller than the static field tensor polarizabi
a2(v50)511.31(15) MHz/(kV/cm)2 for the same state
@24,45#. The experimental uncertainty is determined by co
bining in quadrature the uncertainties ina2 due to the least-
squares fit~61%!, the calibration of the polarizer efficienc
~63%!, the residual collisional depolarization~63%!, and
the pulse-to-pulse variations in the energy of the Stark pu
~67%! to obtain the overall experimental uncertainty.

We have used the few known values of transition pro
abilities for transitions to the (5d6p) 1P state@46# to calcu-
late the reduced matrix elements required in Eq.~4! and ex-
trapolated to other states using the standard 1/n3 scaling for
the square of the reduced matrix elements to provide a ro
estimate of the expected value of the frequency-depen
tensor polarizability. We have not included any continuu
contribution. The resulting value for the tensor polarizabil
at the frequency corresponding to the 532 nm Stark s
beam is23.331023 MHz/(kV/cm)2, in reasonable agree
ment with our experimental result, given the crudeness of
estimate.

The calculations described in Sec. II indicate that t
atomic orientation should depend sensitively on the timing

per

FIG. 7. The circular polarization asymmetry (ACP) plotted as a
function of magnetic field for two different Stark pulse fluence
The dots are the experimental data. The solid curves are the re
of a nonlinear least-squares fit to the data. The parameterpmax is the
only adjustable parameter. The Stark pulse fluences were 522

~corresponding topmax520.075! for the thicker curve and 20 J/m2

(pmax520.028) for the thinner curve.
1-6
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the excitation pulse and the Stark shift pulse. The data sh
in Fig. 7 were taken with approximately 2.4 ns overlap b
tween the end of the excitation pulse and the beginning
the Stark shift pulse as illustrated in Fig. 3. Qualitatively, t
shape of the integrated signal as a function of magnetic fi
is quite similar to the signals observed for static fields@24#.
Figure 8 shows the experimental results obtained with
additional delay of 10 ns between the two pulses as show
the upper part of Fig. 5. With the longer time delay, ad
tional oscillatory structure appears in the signal. In fact,
circular polarization asymmetry can change sign as the m
nitude ofB increases—an effect that does not occur for sta
fields.

This behavior can be understood in terms of a class
model @29# of precessing angular momentum vectors, i
tially developed to explain the static field alignment-t
orientation conversion. According to this model, an atom
angular momentum precesses under the combined influ
of a magnetic torquemW 3BW and an electric torquepW 3EW ,
wherepW is the induced electric dipole moment. In this mod
the initial quantum state is represented by an ensembl
angular momentum vectors distributed uniformly in theyz
plane for the conditions of this experiment. If there is a s
nificant delay between the excitation pulse and the Stark s
pulse, the static magnetic field can rotate the ensemble o
theyzplane before the electric field begins its contribution
the precession. For small magnetic-field strengths, ther
little rotation and the angular momentum vectors precess
der the action of the electric field toward, say,2z. For larger
values of the magnetic field, the alignment rotates su
ciently that the electric field torque drives the precession
ward1z. Depending on the precession induced by the m
netic field, which depends on both the strength of
magnetic field and the time delay between excitation and
Stark pulse, the electric-field precession can lead to a
time-integrated orientation along either1z or 2z.

FIG. 8. Circular polarization asymmetry (ACP) as a function of
magnetic field with an additional time delay of 10 ns between
excitation pulse and the Stark pulse as illustrated in the upper
of Fig. 5. The dots are the experimental data. The solid curve is
result of a nonlinear least-squares fit to the experimental data.
Stark pulse fluence is 44 J/m2.
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To provide a further test of the frequency dependence
the tensor polarizability, we replaced the 532 nm Stark s
beam with the output from a tunable dye laser operating n
583 nm, almost in resonance with th
(5d6p) 1P1– (6s5d) 51D2 transition. As Eq.~4! indicates,
the tensor polarizability should increase significantly in ma
nitude as the frequency of the Stark shift beam approac
the resonant frequency and, in fact, should change sign
pending on the sign of the detuning from resonance. Figu
shows data taken with the dye laser tuned just above and
below the resonant frequency with a time delay of about 3
between the end of the excitation pulse and the beginnin
the Stark pulse. The dye laser fluence was approximate
J/m2, substantially smaller than the intensities of the 532
Stark pulses used in the first part of the experiment. Nev
theless, the circular polarization asymmetry is about
same magnitude due to the enhanced dynamic polarizab
with Stark pulse frequencies close to the transiti
frequency.

The dye laser data are in qualitative agreement with
previous statement, but the quantitative agreement is less
isfactory. The circular polarization asymmetry changes s
for detuning above and below the resonance. As expe
from Eq. ~4!, blue detuning@\v.E(1P)2E(1D)# yields a
negative dynamic polarizability while red detuning gives
positive value. The lack of quantitative agreement is d
primarily to the spectral bandwidth of the dye laser used.
full-width at half-maximum was about 10 GHz, but it had
rather wide bandwidth of low-level emission due to amp
fied spontaneous emission. As Eq.~4! indicates, even a rela
tively low intensity close to the resonant frequency w
cause a substantial change in the effective value of the te
polarizability. In addition, light at the resonance waveleng
will cause stimulated emission on the (5d6p) 1P to
(6s5d) 1D transition. The stimulated emission will quickl

e
rt
e

he

FIG. 9. The time-integrated circular polarization asymme
(ACP) plotted as a function of magnetic field. The Stark pulse
provided by a dye laser tuned near 583 nm. The open squares
respond to tuning the dye laser frequency just above the reson
frequency with a nominal detuning of 475 GHz~corresponding to a
wavelength detuning of about 0.54 nm!. The solid circles corre-
spond to tuning just below the resonance frequency by about
GHz.
1-7
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depopulate the1P state and hence dramatically reduce a
circular polarization asymmetry on the1P21S transition at
350 nm. Given these complications, we did not attempt
provide a quantitative fit of the theory to the data.

V. SUMMARY AND CONCLUSIONS

We have shown that the dynamic Stark shift can hav
dramatic effect on the coherence properties of atomic exc
states. In the presence of a magnetic field orthogonal to
oscillating electric field, the atom can obtain a large deg
s

J.

ye

v.

N

N

-

02341
y

o

a
d

he
e

of orientation from an initially aligned state. The large o
entation leads to reasonably sensitive measurements o
frequency-dependent polarizability of the atomic excit
state. For a Stark shift optical field nearly in resonance w
an atomic transition, the induced orientation changes s
with the detuning from resonance, as expected. We also d
onstrated the effects of a time delay between the excita
pulse and the Stark shift light pulse. Although these effe
are most easily seen and interpreted in the simpleJ50 to 1
atomic transition used here, they should appear in almost
atomic transition with an excited stateJ>1.
.
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