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PHYSICAL REVIEW A 73, 043416 (2006)

Dynamic Stark effect and forbidden-transition spectral line shapes

J. E. Stalnall(f:r,1’>‘< D. Budker,l’z’+ S. J. Freedman,l’2 J. S. Guzman,1 S. M. Rochester,l and V. V. Yashchuk®

1Department of Physics, University of California, Berkeley, California 94720-7300, USA
Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
Advanced Light Source Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
(Received 15 December 2005; published 27 April 2006)

We report on an experimental and theoretical study of the dynamic (ac) Stark effect on a forbidden transi-
tion. A general framework for parametrizing and describing off-resonant ac-Stark shifts is presented. A model
is developed to calculate spectral line shapes resulting from resonant excitation of atoms in an intense standing
light wave in the presence of off-resonant ac-Stark shifts. The model is used in the analysis and interpretation
of a measurement of the ac-Stark shifts of the static-electric-field-induced 65> 'So—r5d6s3D] transition at
408 nm in atomic Yb. The results are in agreement with estimates of the ac-Stark shift of the transition under
the assumption that the shift is dominated by that of the 6s? 1S0 ground state. A detailed description of the
experiment and analysis is presented. A biproduct of this work is an independent determination (from the
saturation behavior of the 408-nm transition) of the Stark transition polarizability, which is found to be in
agreement with our earlier measurement. This work is part of the ongoing effort aimed at a precision mea-

surement of atomic parity-violation effects in Yb.

DOI: 10.1103/PhysRevA.73.043416

I. INTRODUCTION

Resonant excitation of an atomic transition in an intense
standing-wave light field can lead to surprisingly complex
and nontrivial spectroscopy. Here we give a detailed experi-
mental and theoretical analysis of the spectral line shapes
resulting from off-resonant ac-Stark shifts when atoms in an
atomic beam are resonantly excited in such a field.

Spatial variation of the intense standing-wave light field
leads to position- and velocity-dependent ac-Stark shifts.
This results in asymmetric line shapes exhibiting sub-
Doppler features. The attention to this problem was first
drawn by Wieman et al. [1] who studied the forbidden
65— 7S magnetic-dipole (M1) and Stark-induced transition
in cesium (Cs) in the context of their parity-violation experi-
ment (see Ref. [2] and references therein).

In this work, we describe our investigation of this effect
on the 6s'S,—5d6s’D, transition in atomic ytterbium
(Yb). While conceptually similar to the experiment done in
Cs, the atomic systems and experimental arrangements are
sufficiently different so we are able to study the effects in a
different regime. One of the main differences in the two
works is that the magnitude of the ac-Stark shifts are signifi-
cantly larger in Yb than they are in the Cs transition studied
by Wieman et al., while the natural linewidth of the forbid-
den 'S,—3D, transition is an order of magnitude smaller. As
a result, we work in the regime where the ac-Stark shifts
often significantly exceed the natural linewidth of the transi-
tion [29]. Another key feature of this work is that the Yb
transition studied here is between a J=0 ground state and a
J'=1 excited state while the Cs transition is J=1/2—J'
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=1/2. Thus, in general, different tensor components of the
ac-Stark polarizability play a role in these two cases. Finally,
we are able to study the effect of the ac-Stark shifts in a
regime where saturation effects become important.

Our interest in this problem is related to the ongoing work
in our laboratory on measuring parity nonconservation
(PNC) in atomic Yb [3-6]. Detailed understanding of the
line shapes with intense standing-wave excitation, as well as
the magnitude of the ac-Stark shifts of the transition, are of
crucial importance for an accurate measurement of parity
violation.

In this paper, we develop a theoretical treatment of the
line shape that generalizes and extends the approach of Wi-
eman et al. [1], and is appropriate for the interpretation of
our experiments with ytterbium. We also present a measure-
ment of the ac-Stark shifts for the 65> 'S, — 5d6s°D, transi-
tion and discuss our theoretical modeling of the line shape.

II. THEORY
A. Tensor structure of the ac-Stark polarizabilities

The general tensor structure of ac-Stark polarizabilities
has been discussed by various authors (e.g., [7-12]). In these
works the ac-Stark shifts are discussed in terms of effective
static electric and magnetic fields. In this section, we present
a parametrization of the ac-Stark shifts in terms of irreduc-
ible spherical components in a manner analogous to what is
commonly done for dc-Stark shifts.

Ignoring possible time-reversal-invariance-violation ef-
fects, there is no permanent atomic electric-dipole moment
and, consequently, there is no first-order Stark shift. Using
time-dependent second-order perturbation theory and averag-
ing the energy shift over the period of the light oscillation
gives an energy shift for state |y,J,M) due to nonresonant
light of [13]

©2006 The American Physical Society
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where the oscillating field (with angular frequency w) is
given by &(r)=gycos(wr), d is the dipole operator, and
E(y,J,M) is the unperturbed energy of state |y,J,M). The
sum is taken over all of the opposite-parity atomic energy
eigenstates, including the continuum.

Without referring to specific intermediate energy levels,
we may say that the energy shift of a given atomic state,
being a scalar quantity, must result from a contraction of
irreducible tensors of the same rank describing the light and
the atom. The light tensors are bilinear in the components of
the light electric-field amplitude vector € and its complex
conjugate £°. The three irreducible tensor components built
from € and £" are

8i8; 9, scalar, (2)
1 s %
E(Sisj —g;e;) vector, (3)
E(Si&‘j +g;g;) — gs,‘sj d;; second-rank tensor.  (4)

These three tensor components correspond to the intensity,
orientation, and alignment of the light field, respectively. The
vector part of the light tensor, Eq. (3), can be also written in
terms of the dual “circular-intensity” vector

s s 1
5(8i8j -gjg;)= Eeijka’ (5)
where
1 -
V,= 2 w,(e P -gg;), (6)

and € is the totally antisymmetric tensor. Note that for the
circular intensity vector to be nonzero, the light polarization
vector components cannot all be of the same phase. Conse-
quently, the circular-intensity vector vanishes in the limit of a
linearly polarized field. As an example of a nonvanishing
circular-intensity vector, for left-circularly polarized light
propagating along Z

SN Ll 1
o)== 18, (7)
V(o*) =~ ilaPs. (®)

To obtain a shift of an atomic state, three atomic tensor
operators T of ranks k=0,1, and 2, respectively, must be
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contracted with the light tensor components given in Egs.
(2)—(4), so the ac-Stark shift operator can be written as

A * *® # * l
Hyo= (6] (Sij)ﬁ?) +(g8; - Sjsi)Tﬁ'}) + (sisj &€ 15, >T<2).
9)

Generally, the eigenstates of the Hamiltonian (9) are super-
positions of the magnetic sublevels. However, if mixing of
the different magnetic sublevels is negligible, for example, if
the magnetic sublevels are split by a sufficiently strong dc
magnetic field, we can find the shifts of the magnetic sublev-
els by simply evaluating the diagonal elements of the above
Hamiltonian. In this case, only the tensor operators with the
tensor index ¢=0 contribute to the matrix elements. These
contract with the g=0 components of the electric-field ten-
sors. By the Wigner-Eckart theorem, the atomic matrix ele-
ments are proportional to the matrix elements of operators of
the corresponding rank and index g built from the compo-

nents of the total angular momentum J. This results in an
ac-Stark shift for the |y,J,M) state of

- 1
Ag’y,.],M = C0|8|2 + CIMVZ+ C2(M2 - gJ(J+ l))

d

where the constants C,, are determined by the specifics of the
atomic energy levels. Here we used the explicit form of the
tensors of rank up to 2 with g=0 (see, for example, Ref. [14],
Sec. 3.2.2) expressed in Cartesian components, for example,
that the g=0 component of T is Tg)

We choose to define the constants C,, so that the scalar
and the second-rank tensor parts are consistent with the usual
definitions for static electric polarizabilities

1
2—§|§|2), (10)

&,

. 3MP-J(J+1)\3E2 - E
agsie__ Q0 ﬂ( ( )> =2

27 2\ J@2i-1) 2

Here E is the static electric field. The second-rank tensor
polarizability is defined so that the tensor shift averaged over
M is zero and so that, if the electric field is applied along Z,
then —a,E?/2 is the tensor shift of the stretched states M
==+J. We adopt a similar convention for the vector term in
the ac-Stark case: —a,|&]*/2 is the vector shift of the M=J
state for left circularly polarized light propagating along Z.
Finally, we have a general expression

a >0 .alM
A& y=——le*—i——V.
JM 5 8| 12 s
_%(3M2—J(J+1))3|sz|2—|§|2 12)
2 JQ2J-1) 2 '

This analysis allows one to define the scalar, vector, and
tensor ac-Stark polarizabilities, but, we again point out that
Eq. (12) is only applicable if the mixing of the magnetic
sublevels due to the ac-Stark perturbation is negligible. If
linearly polarized light is applied in the absence of other
fields, the magnetic sublevels will split along an axis of
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FIG. 1. Relevant low-lying energy levels and transitions in
atomic Yb. The forbidden transition at 408 nm is driven by a
standing-wave light field in a power-build-up cavity.

quantization defined by the polarization of the light with en-
ergy shifts given by Eq. (12).

Equations (9) and (12) dictate the selection rules for the
scalar, vector, and second-rank tensor polarizabilities: «;
vanishes for J=0 states; «, vanishes for /=0, and J=1/2
states.

B. ac-Stark shifts on a Stark-induced transition

The transition studied in this work is the highly forbidden
6s% 'S,— 5d6s°D, transition in atomic Yb (Fig. 1). In the
absence of external fields this transition occurs through a
highly suppressed magnetic-dipole (M1) amplitude with a
value of [5]

|CDy, M| u]'S )| = 1.33(8) X 107, (13)

where p is the bohr magneton. The above error is reduced
from that quoted in Ref. [5] due to a reevaluation of the
branching ratios for the decay of the 5d6s3Dlstate based on
the work of Ref. [15].

The ongoing PNC experiment relies upon interference of
a parity-violating transition amplitude with a parity-
conserving E1 amplitude arising from the application of a dc
electric field. Since the transition of interest is from a J=0
state to a J=1 state, the Stark-induced amplitude connecting
the ground state and a M sublevel of the 5d6s3Dlstate can be
written as

AELs)y =iB(E X &)_y, (14)

where (E X &)_,, is the =M spherical component and 3 is the
vector transition polarizability. The magnitude of 8 was mea-
sured to be [4]

|8l =2.18(10) X 10 %eay/(V/em), (15)

where e is the charge of the electron and a, is the Bohr
radius. Again, the error here is reduced from that of Ref. [4]
in light of Ref. [15].
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FIG. 2. A schematic of the arrangement and orientation of fields
used in the experiment.

For the work discussed here, the Stark-induced E1 ampli-
tude is of primary interest. The nature of the Stark-induced
transition leads to a variety of interesting conclusions con-
cerning the experimental configurations required to access
the different ac-Stark-shift parameters «,. We begin by con-
sidering the concrete geometry employed in this experiment
with the /J=0—J=1 transition under study. In this configu-
ration, the light is linearly polarized at some angle 6 relative
the dc electric field as shown in Fig. 2. We define our coor-
dinate system so that the axis of quantization is along the
electric field and the polarization is nominally in the x-z
plane (effects of misalignments are discussed in Sec. V).

From Eq. (14) we see that with this geometry, the light
excites the state

1
I’D\,M,=0)= ’—E(|3D1,Mz =+1)+’D, M, =-1)),
\r

(16)

which is a state aligned along the y axis, regardless of the
polarization angle 6.

This state is an eigenstate of both the dc- and ac-Stark
perturbations, as can be seen by considering their Hamilto-
nians, which are of the form of Eq. (9). Because the electric
field vector E does not have a y component, the Hamiltonian
(9) is a linear combination of the operator products that
transform as J;J; with i, j=x,z. Taking the quantization axis
along y, the matrix elements of these products can be written
in terms of the matrix elements of products of pairs of the
raising and lowering operators. Such products will only mix
states with AMy=0,2, so the My=0 state is not mixed with
M,=1,-1. The M,=0 state remains an energy eigenstate of
both interactions acting simultaneously and its energy does
not depend on the angle of the polarization of the light rela-
tive to the dc electric field. Based on Egs. (16), (11), and
(12), the energy shift of this state is

1 1 1 1
A5(3D1,My =0)=- (Eagc + 5a§°>82 - (Eagc + Eagc)Ez.
(17)

Here we have used the superscripts ac and dc to distinguish
between the static and dynamic polarizabilities (we omit the
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superscripts where the meaning of a symbol is clear from the
context). We conclude that with the current configuration of
fields, the experiment is only sensitive to the combination of
ac-Stark parameters defined in Eq. (17). However, it is pos-
sible to observe different components of the ac-Stark shifts
using different configurations of fields. While not directly
relevant for the measurement described here, we briefly dis-
cuss the modifications which would be necessary to isolate
the scalar, vector, and tensor polarizabilities.

Perhaps the simplest modification one can envision in or-
der to separate the scalar and tensor shifts is to apply a strong
magnetic field along the z axis. This provides the strong lead-
ing field needed to make Eq. (12) valid. In this case, the
M ,=-1 and M =+1 magnetic sublevels are excited indepen-
dently. As can be seen from Eq. (12), the ac-Stark shift of the
two states will depend on the angle of the polarization of the
light with respect to the dc-electric field. Measuring the shift
at different polarization angles then allows one to separate
the scalar and tensor components.

In order to measure the vector ac-Stark shift parameter,
one must use circularly polarized light since the shift de-
pends on Im(sisy) [see Egs. (6) and (12)]. Furthermore, the
light must propagate nonorthogonally to the axis of quanti-
zation in order to have a nonzero component of the
polarization-intensity vector along the quantization axis.
These conditions can be achieved by using circularly polar-
ized light and applying the electric field along the axis of
light propagation. With such an arrangement, only one mag-
netic sublevel, either M,=+1 or M,=-1, is excited and the
shift of the level would be a combination of the scalar, vec-
tor, and tensor shifts.

C. Estimate of ground-state shift

The shift of the transition frequency is due to shifts in
both the 65> lSO ground state and 5d6s3Dlexcited state. Since
the ground state has angular momentum J=0, it can only
have a scalar shift. In contrast, the excited state can have all
scalar, vector, and tensor components.

The ac-Stark shift is resonantly enhanced for eigenstates
with energy separations near the frequency of the light. In
addition, the effect depends quadratically on the dipole cou-
pling of the states involved. Therefore, one can expect, for
light resonant with the 65° 1S()—>5d6s3D1 transition, the shift
of the 652 'Systate to be dominated by the 6s6p'P, state,
since it is the nearest opposite-parity state to the
5d6s3Dlstate and has a strong dipole coupling to the ground
state.

The shift of the ground state can be estimated using
Eq. (1) and reducing the sum to include only the |5d6s'P,)
state. Using the energy separation of the lP1 and 3D1
states, 579 cm™', and the matrix element [(6s6p'P,, M.
=0]|d.|65> 'Sy} =2.4(1)eay, as determined from the lifetime
of the 6s6p'P, state [16], we find

Hz
408 nm,'S)) ~ 0.28-———. 18
(408 nm, 'S, (V/em)? (18)
The shift of the 5d6s3Dlstate is significantly harder to
estimate. It is possible that there is an odd-parity eigenstate
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with energy close to twice the energy of a 408-nm photon,
which can lead to resonantly enhanced shifts of the
5d6s3Dlstate. The energy spectrum in this region (which is
below the Yb ionization limit) is very dense due to the exci-
tation of 4f orbitals [17]. While the ac-Stark shifts of the
5d6s3Dlstate due to the known energy eigenstates are esti-
mated to lead to shifts which are significantly smaller than
that of the ground state, the knowledge of the energy spec-
trum is far from complete in this region. This provides one of
the motivations for determining the ac-Stark polarizabilities
experimentally.

III. EXPERIMENTAL APPARATUS AND PROCEDURES

A schematic of the experimental arrangement in presented
in Fig. 2. The '"Yb atoms (the most abundant and spectrally
resolved isotopic component [4]) were resonantly excited on
the 652 'S,— 5d6s°D, Stark-induced transition inside an op-
tical power-build-up cavity. Fluorescence at 556 nm from the
subsequent 656p° P, — 657 'S transition (see Fig. 1) was re-
corded as the laser frequency was scanned over the reso-
nance. The power and polarization of the excitation light
were varied. A numerical calculation based on the density-
matrix formalism was used to generate spectral line shapes
for different values of the ac-Stark polarizabilities. The data
were fit to these line shapes in order to extract a combination
of the ac-Stark polarizabilities for the transition.

A. Vacuum and atomic source

A stainless-steel oven with a multichannel nozzle was
used to create an effusive beam of Yb atoms inside of a
vacuum chamber with a residual background pressure of
~5X 107 Torr. The oven was heated with coiled tantalum-
wire heaters placed inside ceramic tubes (alumina AD-998;
Coors Ceramic). The oven was operated with the front
=100 °C hotter than the rear to avoid clogging of the
nozzle. The typical operating temperature was 500 °C in the
rear of the oven, corresponding to a atomic beam density of
2.5X 10" atoms/cm® inside the oven. A downstream
external-vane collimator was used to reduce the Doppler
width to I'jy= 12 MHz. The transparency of the collimator is
estimated to be =90% in the forward direction. The collima-
tor was mounted on a movable platform, allowing precise
alignment of the angle of the collimator relative to the
atomic beam during the experiment. The collimator was
heated using tantalum wire heaters to =350 °C to prevent

clogging.

B. Electric field

The dc electric field was produced by applying voltage to
a pair of plates which were the same as those used in Refs.
[4,5]. The plates were made of stainless steel and were
0.79 cm thick, 8.9 cm along the direction of the laser beam,
and 3.2 cm in the direction of the atomic beam. The plates
were oriented so as to provide a vertical electric field and
were separated with two Delrin spacers. The separation of
the plates was 1.016 cm. A depression was cut into the top
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electrode and an array of holes was drilled into the plate in
order to collect the fluorescence (see Refs. [4,5] for further
details).

For the work described in Ref. [4], the effect of the holes
on the magnitude of the electric field was calculated. It was
found that the holes reduced the electric field by less than
1%. The exact correction was not determined due to uncer-
tainties in the surface charges of the dielectric light guide
that was placed into the depression to measure the fluores-
cence. We therefore, conservatively estimate a 1% error in
our knowledge of the magnitude of the electric field. The
value of the applied field was monitored with a precision
high-voltage divider.

C. Residual magnetic field

The magnetic field from the earth was partially compen-
sated using three sets of magnetic coils wrapped around the
vacuum chamber. We estimate that the residual magnetic
field was trimmed down to a level of =50 mG.

D. Power-build-up cavity

The cavity was a symmetric two-mirror resonator with
mirror radii of curvature of 25 cm. The cavity-mirror sepa-
ration was 26.01(6) cm and the light was coupled in the
TEM,, mode. Precision kinematic mirror mounts were at-
tached to a Super-Invar rod supported by lead blocks de-
signed to damp vibrations.

The transmission of the mirrors was measured directly
using a Newport 841-PE power meter with an 818-SL head.
The incident power was measured with a calibrated attenua-
tor (833-SL); the attenuator was removed for the measure-
ment of the power transmitted. The power meter is calibrated
to +2% both with and without the attenuator. The transmis-
sion of the mirrors was measured to be

T=5.08(7) g (14) carip, X 1074, (19)

where the first error is from the variation of the transmission
measurements and the second is the error from the calibra-
tion. The transmission was measured for both mirrors and
found to be the same.

The finesse of the cavity was measured using the cavity-
ring-down method [18]. Using the experimentally measured
ring-down time 7=1.17(2) us, we have a cavity finesse of

2rc
F = ——71=4240(70), 20
o7 (70) (20)

where ¢ is the speed of light and L=26.01(6) cm is the
length of the cavity.

Using the measured finesse, we calculate a value for the
reflectivity of the mirrors of

1-R=7.41(12) X 1074, (21)

The total mirror loss, due to absorption and scattering, per
bounce is estimated to be

I=1-R-T=24(2) X 107*. (22)
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The amount of loss limits the fraction of power which can
be transmitted through the cavity. The fraction of the power
coupled into the cavity that is transmitted is given by [19]

Pr_ (f)L
=T - _(l+T)2—O.46(13). (23)

In order to determine the amount of power coupled into
the cavity we monitored the light coming off of the input
coupler of the cavity. This light consists of light that is not
mode matched to the cavity as well as light due to an imper-
fect cancellation of the cavity leakage field with the light
rejected from the cavity mirror. If we couple a fraction of
light € into the cavity P.-=€P;,, then the power coming back
from the input coupler is [19]

F 2
Pr= erﬂ(—) +(1-eP,,. (24)
v

The first term in this equation is due to the imperfect cancel-
lation of the leakage field with the light directly reflected off
of the mirror and represents the fundamental limitation on
the amount of light that can be coupled into the cavity. The
second term is the light that is rejected due to imperfect
mode matching.

The amount of rejected light when the cavity was on reso-
nance was ~60% of that off resonance. Using this value and
the above determinations of / and F we find €=0.44. We
believe this coupling efficiency was limited by our inability
to completely compensate the astigmatism of the laser beam.

Combining the above results we find that the fraction of
incident power that is transmitted through the cavity is
Pr ~0.18. (25)

mn
This is in reasonable agreement with the experimentally
measured 0.16.

During the experiment, the power transmitted through the
power-build-up cavity was recorded with a photodiode and
the photodiode voltage was calibrated with the same cali-
brated power meter used to measure the transmission of the
mirror.

E. Laser-frequency locking and stabilization

Figure 3 shows a block diagram of the laser locking sys-
tem. A Coherent 899 Ti:Saphire laser was pumped by
~12 W from a Spectra Physics 2080 argon-ion laser operat-
ing on all lines. The Ti:Sapphire laser produced =~1.2 W of
light at 816 nm. This light was frequency doubled using a
commercial bow-tie resonator with a lithium-triborate crystal
(Laser Analytical Systems Wavetrain c¢w) to produce the
408-nm light needed to excite the transition. The output of
the frequency doubler was =80 mW.

In order to increase the bandwidth of the frequency lock
and narrow the linewidth of the laser to match that of the
power-build-up cavity, an (EOM) was placed inside the laser
cavity. The EOM used was a double-crystal assembly from
LINOS Optics (PM 25 IR). The EOM was driven by a home-
made electronics circuit.
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The laser was locked to the power-build-up cavity using
the (fm)-sideband technique [20]. The laser beam passed
through an EOM (ConOptics 370) to which rf power of 4 W
at 28 MHz was coupled via a resonant (LC) circuit. The laser
beam was coupled on axis to the power-build-up cavity. The
beam passed through a glass plate which picked off a small
fraction of the light rejected from the input coupler of the
cavity. This light was sent to an amplified fast photodiode
(New Focus 1801, bandwidth 125 MHz). The signal from
the photodiode was amplified and mixed down with the local
oscillator to produce the error signal used to control the laser
frequency.

In order to improve absolute frequency stability, the reso-
nant frequency of the cavity was locked to a hermetically
sealed, temperature-stabilized confocal Fabry-Perot interfer-
ometer at 816 nm (Burleigh CFT-500) with a free-spectral
range of 150 MHz using a similar fm-sideband lock as that
described above. The error signal from this locking system
was sent to a high-voltage amplifier which controlled the
piezoceramic-mounted mirror of the power-build-up cavity.
Thus, the stable cavity provided the master frequency, with
the power-build-up cavity serving as the secondary master
for the laser. The frequency of the laser system was scanned
over the profile of the atomic resonance by scanning the
primary master Fabry-Pérot cavity. Feed forward was sent to
both the power-build-up cavity and the laser to help them
track the frequency scans.

F. Fluorescence detection

The number of atoms excited to the 5d6s3Dlstate was
monitored by observing the fluorescence of the 6s6p3P1
— 652 1S0 transition at 556 nm. A lucite light guide was used

to send the fluorescent light to a photomultiplier tube (PMT,
Burle 8850) outside of the vacuum chamber. A narrow-band
interference filter, centered around 560 nm, with a pass band
of 10 nm was placed on the front of the photomultiplier tube
to reduce the scattered light reaching the PMT. The overall
detection efficiency was such that ~0.05% of the atoms un-
dergoing the 408-nm transition produced photoelectrons at
the PMT photocathode. The photocathode was operated at
—1750 V. The gain of the tube was measured to be =2
X 10° at this voltage. The PMT current was fed into a Stan-
ford Research Systems current preamplifier (SRS 570). The
voltage output was recorded with a digital oscilloscope and
saved to a computer.

G. Frequency reference

Since the experiment relies on a detailed understanding of
the spectral line shape of the transition over a region of
~100 MHz, a frequency reference with closely spaced fre-
quency markers is needed. To this end, we have constructed
a Fabry-Pérot interferometer operating at 408 nm. The mir-
ror spacing was chosen so that the transverse cavity modes
overlap at frequency intervals of

c

—, 26
2NL 26)

A Vres =

with N=7 [21]. The interferometer mirrors each have a ra-
dius of curvature of R=50 cm, and are separated by 38.9 cm.
This results in a spacing between the cavity resonances of
55.12 MHz.
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IV. CALCULATION OF LINE SHAPE

A. Numerical Modeling

For a J=0—J'=1 transition, there are generally four
magnetic sublevels which must be included in a calculation.
However, as discussed in Sec. II B, the orientations of fields
used in this experiment lead to excitation of a single energy
eigenstate which is a superposition of the M,==+1 sublevels.
Thus, we can neglect the structure of the upper state and treat
the excitation of the atoms as a two-level problem.

The calculation was done using the density-matrix for-
malism. The Hamiltonian consists of the usual dipole cou-
pling between the two states with an additional term along
the diagonal which describes the energy shifts due to the
ac-Stark effect

de(x,1) ) @)

( 0

= de(x,1) W) — %asz(x)
Here, d is the dipole matrix element coupling the states, « is
the ac-Stark parameter, and e(x,7)=&(x)cos(w?) is the oscil-
lating electric field of the standing wave. We neglect the
small residual running wave component of the field inside
the cavity as it is =1000 times smaller than the standing
wave component. The function e(x) is the amplitude of the
oscillating electric field as a function of position. Since we
are considering a two-level system, the tensor structure of the
ac-Stark interaction is not included. In keeping with the dis-
cussion of Sec. II B, the a which appears here is given by

a = ap(408 nm,’D,) + (408 nm,>D,) — a(408 nm, 'S,).
(28)
The spatial variation of the electric field translates into a
temporal variation as an atom passes through the laser beam.

The electric-field amplitude inside the cavity is a standing
wave with a fundamental-Gaussian profile

e(x) = eoe'<"2+zz)/ ’3cos<2ﬂ'i> , (29)

where r is the electric-field radius of the Gaussian (follow-
ing the convention of Ref. [22]), and \ is the wavelength of
the light. The nominal direction of the atomic velocity is
along X. An atom with velocity

v=ul+yy+vz, (30)

is subjected to an electric-field amplitude of

2
e(t)= soe‘[("x’)2+(zo + v COS|: Tﬂ-(y ot ny)}

2
~ goe L0 g cos[ T(yo + Uyl)] . (31)

where we have chosen r=0 to be when the atom is in the
middle of the laser beam. We have neglected vt since the
change in z as an atom crosses the laser beam is small. The
largest angle an atom can have in the vertical direction and
still intersect the laser beam is
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6= - ~ 0014 (32)
Voor T

where 4=0.64 cm is the vertical dimension of the nozzle and
L=23 cm is the distance between the nozzle and the interac-
tion region. This means that the vertical position of the atom
changes by only =3% of the laser beam diameter as the
atom crosses the beam.

A computer code was written in the programming lan-
guage C to numerically solve the Louiville density-matrix
equations (see for example Ref. [23], Chap. 15). The
rotating-wave approximation was applied, and the equations
were solved for the upper-state population using the semi-
implicit Euler method [24]. The program calculated the spec-
tral line shape by integrating the density-matrix equations in
time for atoms with a given transverse atomic-beam velocity
v,, longitudinal atomic-beam velocity v,, initial z, position,
and initial y, position. The program then integrated over
each of these parameters with the proper distribution func-
tions to arrive at the complete spectral line shape.

The upper-state population was integrated from a time ¢,
=-3\2ry/v, to t;=+32ry/v,, where r, is the e electric-
field radius. The time integral was extended after 7; to in-
clude an exponential decay with a decay time given by the
lifetime of the 5d6s°D \state. The integration over the z, po-
sition, or vertical position of the atom relative to the laser
beam, was performed from z;=0 to z;=3v2r,. Calculations
using these integration ranges were found to give consistent
results with calculations with larger integration ranges.

The integration over the position y, was done by replac-
ing the 2y /N factor in the standing wave by a phase. Since
the intensity of the standing wave repeats every /2, the
integration in this phase was from O to 77/2. Atoms traveling
at large velocity v, see many periods of the standing wave as
they traverse the laser beam. For this reason, the phase has
little effect on the resulting signal. Thus for atoms with a
magnitude of |vy| larger than a certain maximum value, the
phase was set to 0 and the signal was not integrated over the
phase proportional to y,. The magnitude of the maximum
velocity was empirically chosen to be 1.5XT'yXN\/(2m),
where I’ is the natural linewidth of the transition.

The integration over the longitudinal velocity assumed a
distribution given for atoms escaping from a hole [25]

2¢°
N(v) = e, (33)
Up

where vp=12kT/m=~2.7X10* cm/s is the most probable
velocity.

The transverse velocity distribution along y used in the
calculation was determined experimentally. The spectral line
shape of the 65> 'S, — 5d6s°D, transition was recorded with-
out the power-build-up cavity. This empirically determined
line shape was then used as the input for the calculation.

A significant amount of effort was put into optimizing the
program so that it was realistic to perform numerous calcu-
lations with different ac-Stark shift parameters and electric-
field amplitudes. The time it took to perform a calculation
varied depending on the values of @ and e. For most of the
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FIG. 4. (Color online) Calculated line shapes for different laser
fields for E=5 kV/cm. The ac-Stark shift used in the calculation
corresponds to the estimated ground-state shift. The calculated sig-
nals have been divided by the square of the maximum light electric
field. The curves are vertically offset for clarity.

calculations done in this work the time was 20—60 min for a
single line shape consisting of 500 frequency points, running
on a 3.6 GHz Pentium 4 processor.

B. Calculated line shapes

Experimental data were taken at a variety of different
light powers and dc-electric fields. The maximum electric
field of the standing wave was varied between 1.5 and
7.5 kV/cm, and the dc electric field was varied between 5
and 15 kV/cm. Over this range of field values the line shape
changes quite significantly.

Figure 4 shows the calculated line shapes for four differ-
ent light powers (corresponding to the amplitudes of the light
electric field &, shown in the figure), with a dc electric field
of 5 kV/cm. The ac-Stark parameter assumed for these cal-
culations is that estimated for the ground-state shift «
=0.28 Hz/(V/cm)?. Figure 5 shows the line-shape variation
with power for the same ac-Stark-shift parameter, but a dc
electric field of 15 kV/cm. In both figures, the calculated
signals have been divided by the square of the maximum
electric field of the light.

While the details of the line shapes are quite complicated,
the basic shape can be understood qualitatively by consider-
ing several different effects. The first effect we discuss is the
saturation of the transition. Despite the smallness of the tran-
sition amplitude (=3 X 107%eq, at 15 kV/cm), the intense
standing wave present at the highest light powers used in the
experiment is sufficient to saturate the transition. This is
clearly observed in the decrease of the power-normalized
signal size as the power is increased. The effect is more
pronounced for the calculations at a dc electric field of
15 kV/cm than for those at 5 kV/cm due to the increased
Stark-induced amplitude at the higher electric field.

In addition to the overall decrease in the signal size, satu-
ration also leads to hole burning in the velocity distribution.
The width of the dip is comparable to the homogeneous line
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FIG. 5. (Color online) Calculated line shapes for different laser
fields for E=15 kV/cm. The ac-Stark shift used in the calculation
corresponds to the estimated ground-state shift. The calculated sig-
nals have been divided by the square of the maximum light electric
field. The curves are vertically offset for clarity.

width, which, in this case, is the power-broadened width.

While hole burning changes the spectral line shape, it
does not make the line shape asymmetric around zero detun-
ing. To understand the asymmetry of the line shape we must
include the effects of the ac-Stark shift. As can be seen from
Figs. 4 and 5, the effect of the ac-Stark shift is not uniform
over the profile of the line, suggesting a dependence on the
atoms’ transverse velocity.

The source of the asymmetry can be understood in terms
of an apparent frequency modulation resulting from the ac-
Stark shifts. As the atoms travel through the laser beam the
resonance frequency of the transition shifts depending on the
intensity of the local light field. From an atom’s perspective
this is equivalent to a frequency modulation of the laser light.

The depth of the frequency modulation (i.e., the maxi-
mum frequency shift) is determined by the magnitude of the
ac-Stark shift and is given by

&= %as(z). (34)

With the estimated ground-state shift and light powers used
in the experiment, the depth of the modulation ranges be-
tween 0.28 and 7.4 MHz. The frequency of the modulation
(as the atom moves between peaks and valleys of the stand-
ing light wave) is determined by the transverse velocity

Q 2v
— == =2Avy,, 35
27 A\ VD (35)

where Avp is the Doppler shift for an atom moving with
transverse velocity v,. The factor of two in the above equa-
tion arises from the fact that the ac-Stark shift is quadratic so
that the period of the shift is half that of the wave length of
the light.

Since the apparent frequency of the modulation is deter-
mined by the transverse velocity [Eq. (35)], the effect is quite
different for atoms with different v,. The transverse veloci-

043416-8



DYNAMIC STARK EFFECT AND FORBIDDEN-...

0.8 0.8
Lhd Nq_)
g g 087 g 06
e £  0.44 2 04
-~— o = :
1 E 0.2 | g_
w00 I < 02
02 L o0 il
-0 5 0 5 10 10 -5 0 5 10
IR A o
[=] g 3
T 00 L | UL £ 0.8
<024 £ 004 |
— T T T 0.004IHEL T,
10 5 0 5 10 10 5 0 5 10
3
1 30x10
G @ 0104 30x
= ] 8 20
2 £ 0.00+ 3
1 E - s
wr < 0,10 g
] <C
L L R —
-100 0 100 100 0 100

Frequency Shift (in Units of Q)

FIG. 6. Amplitude and intensity spectra for frequency modu-
lated light with different depths of modulation. The amplitudes are
given by the values of the appropriate Bessel functions (see, for
example, Ref. [26]).

ties where the character of the frequency modulation
changes, depend on the size of the ac-Stark shift, and, as
discussed below, on the homogeneous line width of the tran-
sition.

The character of frequency modulation is determined by
the relative size of the depth of the modulation and the fre-
quency of the modulation. In the case where &/2<<(), fre-
quency modulation is characterized by the appearance in the
spectrum of the light-frequency detuning as perceived by the
moving atom of principal sidebands located at +() of the
fundamental frequency. The sign of the amplitude of the
sidebands is opposite for the high- and low-frequency side-
bands. As the depth of the modulation is increased, the side-
bands increase and higher-order sidebands develop. Eventu-
ally, the bulk of the amplitude shifts away from the
fundamental frequency to the extreme frequencies. This evo-
lution is shown in Fig. 6 for the electric-field amplitude and
intensity of the light (proportional to the square of the am-
plitude).

An atom with a transverse velocity v,=Avp\ sees two
“carrier” frequencies y

v = VO_AVD’ (36)

V=1 + AVD, (37)

corresponding to the Doppler shifts of the two counter-
propagating waves which make up the standing wave. Since
the resonant frequency of the transition is modulated, the
detuning of the atomic resonance relative to the light fre-
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quency acquires sidebands. From the atom’s perspective, this
appears as sidebands spaced a distance 2A vy, around v, and
v,. Thus, the high-frequency sideband of v, overlaps with v,
and the low-frequency sideband of v, overlaps with v;. How-
ever, since the high-frequency sideband for v is positive,
while the low-frequency sideband of v, is negative, there is a
reduction of the amplitude at v, and an enhancement at v,.
This leads to asymmetries in the resonant peaks at +Awvy,.

Atoms with small transverse velocity pass through the
laser beam without traversing multiple nodes and antinodes
of the standing wave. The nature of the modulation is there-
fore not sinusoidal for these atoms, and cannot be param-
etrized in terms of (). The atoms experiencing this regime
have transverse velocities corresponding to Doppler shifts
less than the transit linewidth which is =200 kHz. Further-
more, if €) is less than the homogeneous linewidth (deter-
mined in this case by the power-broadened width), then the
effects of the frequency modulation are smeared out. For
these reasons, the regime of harmonic modulation where ()
is much smaller than &/2 is never realized in the system
under consideration.

Even if the atoms move exactly perpendicular to the light,
there is spectral asymmetry due to the spatial dependence of
the ac-Stark shift—the shift is different depending on the
phase of the light wave the atoms see (determined by the y
coordinate), and on the position of the atoms in the x-z plane.

The resulting spectrum is the sum of all velocity classes,
this sum leads to asymmetries near the center of the spectra
shown in Figs. 4 and 5.

V. ANALYSIS AND RESULTS

Line shapes of the type shown in Figs. 4 and 5 were
generated over the appropriate range of transition amplitudes
and a range of ac-Stark-shift parameters. The calculated line
shapes were used to create an interpolating function in fre-
quency, the ac-Stark-shift-parameter, and transition ampli-
tude.

The calculations were related to the experimental spectral
line shapes using the following parametrization of the calcu-
lations:

L(v)=afleg,a,B,E, 0,s(v—v,)], (38)

where a is the amplitude of the signal, and the function
fleg, @, B,E,0,s(v—v,)] is the calculated line shape for a
maximum electric field of the optical standing wave of g,
ac-Stark shift polarizability «, Stark-transition polarizability
B, dc electric field E, polarization angle 6, and frequency
s(v—v,), centered around v,. The central frequency of the
transition is affected by the dc Stark shift of
7.3(3)E? kHz/(kV/cm)? [4] but there is no need to explicitly
include this in the analysis as v, is determined from fitting
the line shape to experimental data. The frequency term in-
cludes a multiplicative scaling factor s. This s parameter was
introduced in order to account for any variation in the overall
width of the data relative to the calculation. Such a variation
might arise due to a misalignment of the atomic beam rela-
tive to the axis of the power-build-up cavity or a deviation of
the velocity distribution from that measured without the cav-
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FIG. 7. (Color online) Experimental power-normalized line
shapes and fits to the model described in the text for three different
combinations of dc and light electric field values. Typical time for
each scan was 200 ms. For the £y=6.8 kV/cm (2 mW of transmit-
ted light power), E=15 kV/cm data, the peak detected PMT-anode
current was =~1.2 uA.

ity. We note that the parameters in Eq. (38) are not indepen-
dent. Aside from scale and offset parameters, the calculated
line shape depends only on the Rabi frequency of the transi-
tion (Qg=BEsgsin 6) and the ac-Stark shift (AE=-1/2as}).

Approximately 20 experimental scans were performed
with a given dc-electric field, polarization angle, and light
power. These =20 scans were grouped together to form a set
of data which was analyzed as described below. The dc-
electric field was varied from 5 to 15 kV/cm between sets.
Polarization angles of 90° and +45° relative to the dc-electric
field were used. The light power was varied from 180 uW to
2.4 mW transmitted (corresponding to a maximum light
electric field inside the cavity of 2 to 7.4 kV/cm). Data were
taken at a total of 45 different field parameters.

The maximum light electric field inside the cavity g, was
determined using the measured power transmitted through
the cavity and the experimentally determined transmission
coefficient of the cavity mirrors [Eq. (19)]. The dc-electric
field was measured using the voltage divider mentioned in
Sec. III B.

The power-normalized scans were individually fit to Eq.
(38) assuming a value for the Stark transition polarizability
of B=2.18X107%a,/(V/cm) [see Eq. (15)]. Typical scans

PHYSICAL REVIEW A 73, 043416 (2006)
0.330
o 0325+ }
0.320
0.3154 {
0.310 {

0.305 {

0.300
T T T T T T T T

0 2 4 6 8 10 12 14
de-Electric Field (kV/cm)

ac-Stark Shift [Hz/(V/cm)

FIG. 8. The magnitude of the ac-Stark shift parameter as a func-
tion of dc electric field. The value of the Stark transition polariz-
ability assumed in this analysis is 8=2.18¢eaq/(V/cm). The error
bars in this plot are based on the spread of the extracted ac-Stark
parameters for a given value of the dc electric field.

and fits for three different combinations of dc electric field
and laser light power are shown in Fig. 7. For a given power
and dc electric field the mean fit values of a set of scans were
determined, and the distribution of the values was used to
estimate the statistical error. The analysis revealed inconsis-
tency (at a level of a few percent in the value of the ac-Stark
parameter) in the data taken at a dc electric field of
15 kV/cm with the data taken at lower fields. Figure 8 shows
the dc-field dependence of the ac-Stark shift parameter.

The discrepancy is also apparent in the s parameter de-
scribed above. The s parameter has a dependence on the
dc-electric field, going from 5=0.984(3) at 5 kV/cm to s
=0.9535(6) at 15 kV/cm. A value of the s parameter less
than unity corresponds to an experimental line shape which
is broader than the line shape calculated assuming s=1.

This broadening of the line shape might suggest that the
inconsistency in the data is a result of not properly account-
ing for saturation effects. However, there is no clear depen-
dence of the extracted ac-Stark shift value on the light power,
which one would expect if the saturation effects were the
source of the discrepancy.

We analyzed the data in a number of different ways in
order to understand this discrepancy as well as estimate sys-
tematic errors from calculational assumptions. The results of
these investigations are discussed below.

The ac-Stark shift and the value of the Stark transition
polarizability B are highly correlated in the parametrization
of the spectral line shape. The effects of the uncertainty in
the value of 8 were investigated by reanalyzing the data with
the procedure described above assuming different values of
B. This analysis has shown that taking 8 and its uncertainty
from Eq. (15), we arrive at an uncertainty in the ac-Stark
shift of 5%. Ultimately, as described below, we have used a
global fit of the data to determine both the ac-Stark shift and
the Stark-transition polarizability.

Another possible source of experimental error arises from
uncertainties in the atomic velocity distribution along the
axis of the power build-up cavity. This uncertainty is the
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motivation for introducing the s parameter described above
and is highly correlated with it. The fact that the s parameter
is less than unity suggests that the center velocity of the
atomic beam is not exactly perpendicular to the cavity axis.
To analyze the effects of such a misalignment, the calcula-
tion described above was modified to include a Doppler dis-
tribution which was misaligned from the axis of the power-
build-up cavity by 0.14°. This misalignment corresponds to a
Doppler shift of the two counter-propagating light waves
constituting the standing wave by +2 MHz, respectively, as
seen from the point of view of the atoms in the atomic beam
moving with the most probable velocity. Misalignments
larger than this lead to noticeable effects in the velocity dis-
tribution which were not present in the experimental data.
We believe this to be an upper limit on the possible misalign-
ment. The data were analyzed as before and we determine
that the uncertainty in the ac-Stark shift parameter due to the
uncertainties in the alignment of the atomic beam with the
cavity axis is 2%. The values of the s parameter resulting
from this analysis ranged from 1.05 for E=5 kV/cm to 1.01
for E=15kV/cm.

We also investigated the effect of including the s param-
eter in the fit. We analyzed a fraction of the data (27 sets)
fixing the s parameter to unity. The fits using this procedure
were not as good as the fits where s was allowed to vary. In
this case, the values of the ac-Stark shift parameter are
largely determined by the wings of the Doppler distribution,
since that is the only parameter available to broaden the line
shape.

The longitudinal velocity distribution used in the calcula-
tion is also a possible source of uncertainty. We assume a
standard longitudinal velocity distribution of effusive atoms
escaping from a hole of [Eq. (33)], with the temperature
fixed by the measured temperature at the rear (i.e., the cold-
est part) of the oven. However, atomic beams frequently de-
viate from this textbook distribution due to preferential scat-
tering of the slow atoms (the so-called Esterman effect, see,
for example, a discussion in Ref. [27]). In addition, the oven
is not at a uniform temperature; the temperature varies by
over 100 °C from front to back of the oven. This variation in
temperature can modify the observed velocity distribution of
the atomic beam. In order to investigate the effects of uncer-
tainty in the longitudinal velocity distribution, data were ana-
lyzed using calculations assuming velocity distributions cor-
responding to different temperatures. Assuming a maximal
deviation in the central temperature of 100 °C, we arrive at
an uncertainty in the ac-Stark shift parameter of about 5%.

In the bulk of the analysis, we neglected correlations be-
tween longitudinal and transverse velocity distributions in
the atomic beam. To evaluate possible errors associated with
this and to see if this simplification could be the cause of the
discrepancy for the data taken at different electric fields, we
did a partial analysis, taking into account the correlation be-
tween velocity components. We found that it did not resolve
the ac-Stark polarizability dependence on the electric field.
We also established that the details of the assumed velocity
correlations affect the overall results, so that the overall un-
certainty due to the uncertainties in the velocity distribution
(included in the calculational approximations in Table I) in
the ac-Stark shift parameter is estimated to be 8% [28].
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TABLE 1. Systematic errors and the resulting uncertainty in the
values of the ac-Stark shift parameter and Stark-transition polariz-
ability. The contributions from uncertainties in transit velocity, cal-
culational approximations, and residual magnetic field were esti-
mated indirectly from their effects on the ac-Stark parameter and
the correlation between « and B determined by modeling.

Effect on
Parameter Uncertainty @ B
(%) (%)
Calculational approximations n/a 10 10
dc electric field 1% 1 1
Polarization alignment ~)° 2 1.2
Residual magnetic field <50 mG 3 3
Mirror transmission 3% 3 1.5
Power 4% 4 2
Total uncertainty - 12 11

Another key assumption in the calculation is that the
problem can be reduced to that involving just two atomic
levels. If the dc electric field and light field are the only fields
present and are aligned appropriately, this is a correct as-
sumption (see Sec. IV). However, if there are additional
fields present, such as a magnetic field, this assumption may
break down. With the experimental geometry used here (Fig.
2) the strong dc electric applied along Z splits the M, ==+1
’D, states from the M_=0 state. A residual field along the x
or y axes, would lead to mixing between the M ==+1 and
M .=0 states. However, since the Zeeman shifts (Av=guB
~ 35 kHz) corresponding to the residual magnetic fields are
small relative to the dc-Stark shifts, (Av=1/2a,E?
~100-800 kHz [4]), this mixing is suppressed due to the
strong dc electric field along the z axis and the two-level
approximation still holds [30]. However, a residual magnetic
field along the z axis would serve to split the degenerate M
==+ states and the two-level treatment would be incorrect.
To investigate this possibility, we utilized the magnetic-field
coil normally used to compensate the ambient field in the z
direction to apply a magnetic field parallel to the dc electric
field. Data were then taken at different values of magnetic
fields, which were analyzed as described above. At large val-
ues of the magnetic field (=1 G), there is a dependence in
the extracted value of the ac-Stark shift parameter as ex-
pected. However, no dependence was observed for data
taken at magnetic field values that might realistically be
present in the experiment. Thus, using the errors for the data
taken with varying magnetic field we estimate the uncer-
tainty in the ac-Stark shift parameter due to residual
magnetic-field effects to be <3%.

Misalignment of the optical field relative to the dc-electric
field can also lead to a splitting of the energy eigenstates that
are excited. With the geometry used in this experiment (Fig.
2), there are two possible kinds of such misalignment. One is
an error in the angle between light field and dc electric field.
Since the ac-Stark shift does not depend on the angle of the
light field relative to the dc field in this geometry (see Sec.
I B), a misalignment of this kind does not lead to a break-
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down of the two-level approximation, but changes the tran-
sition matrix element [Eq. (14)]. In the other kind of mis-
alignment, the cavity axis has a component along the dc
electric field. In this case, the assumption of a two-level sys-
tem generally breaks down. However, for the case where the
light field is polarized along the x axis, the dc electric field
and the light field remain perpendicular. Thus, the above ar-
gument that was used to reduce the problem to that involving
just two atomic levels is valid in this case, and the misalign-
ment does not affect the extracted value of the ac-Stark-shift
parameter. For a general polarization, a misalignment could
influence the ac-Stark-shift measurement. We can place a
limit on the uncertainties arising from such possible mis-
alignment by comparing the extracted ac-Stark-shift param-
eters for data taken with the angle of the light polarization
relative to the dc electric field of +£45° with data taken at an
angle of 0°. Using these results we are able to place a limit
on the uncertainty in the ac-Stark-shift parameter due to mis-
alignment of the light-polarization of 2%.

Additional errors in the data arise from uncertainties in
the dc-electric-field and light-field values. These errors,
along with those discussed above are listed in Table 1. The
uncertainty in polarization alignment was estimated based on
the relative signal sizes at the different polarization angles.
The uncertainty of =~2° is comparable to the measured de-
gree of ellipticity in the transmitted light due to a birefrin-
gence of the cavity mirrors.

Including all of the systematic errors listed in Table I we
arrive at a systematic error of 12% in the ac-Stark-shift pa-
rameter, while the spread of the data is =6%.

To obtain the final value of the ac-Stark transition polar-
izability and to determine the value of | 8| from the data, we
also analyzed the results using a global fit of all data. In
addition, the values of the Stark transition polarizability [Eq.
(15)] and the frequency scaling parameter s directly affect
the extracted value of the ac-Stark polarizabilities. In order to
properly account for this correlation, the variance of the data
with the calculation was simultaneously minimized with re-
spect to all three of these parameters. The data were analyzed
by varying «, 3, and s and fitting the individual data scans to
the amplitude a and the center position v,. For a given set of
@, B, and s the x? of the individual fits were summed. This
gave a global “y*> map,” using which a minimum was found
with respect to «, (3, and s.

The value of the minimum of the global y*> was normal-
ized to unity. The errors were assigned by determining the
deviations in a, B, and s required to give a x*>=1+1/N,
where N is the total number of data points used in all of the
fits, and taking the appropriate projections along «, 3, and s.
The results for the data grouped by field configurations as
well as the result of a global fit to all of the data are shown in
Table II.

There is good agreement between the results determined
from the > map and the result determined from the fits to the
individual data sets.

The final value of the ac-Stark transition polarizability
obtained from the analysis is

aX(CD)) + a5CD,) - o ('S,) = - 0.312(34) Hz/(V/cm)?.
(39)
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TABLE 1II. Extracted values of ac-Stark shift, Stark transition
polarizability, and “s” parameter as determined by x* fits to the
indicated data sets. The units of the ac-Stark shift are Hz/(V/cm)?
and the units of B are 10 8eay/(V/cm).

dc Electric field  ac-Stark shift |8l s N
5 kV/cm —-0.3261(38)  2.301(18) 0.9931(26)

8 kV/cm -0.3196(11) 2.166(5) 0.9724(8) 8
10 kV/cm

Pol.=0° —-0.3289(11) 2.235(3)  0.9788(21) 1
Pol.=+45° -0.3327(9) 2.283(8) 0.9790(6) 15
12 kV/cm —0.3248(13) 2.233(4) 0.9654(9) 2
15 kV/cm —-0.3094(13) 2.203(5) 0.9622(5) 15
All data ~0.3284(5)  2237(2)  09730(3) 45

Similar to the situation with «, the extracted value of the
Stark transition polarizability B is inconsistent (at a level of a
few percent) among the different electric field sets. An analy-
sis of the errors for B similar to what was described above
for a gives a total fractional error of 11%. Various contribu-
tions to the error are listed in Table I. The present result for
the Stark transition polarizability is

|8| = 2.24(25) X 107%eay/V/cm, (40)

which is in good agreement with but of higher uncertainty
than the previous measurement [Eq. (15)].

VI. CONCLUSION

The results of the measurement of the ac-Stark shift of the
65> 'S, — 5d6s°D, transition at 408 nm [Eq. (39)] are in
good agreement with estimates of the ac-Stark shift of the
65> 'S, ground state [Eq. (18)]. The value of the ac-Stark
shifts of this transition should not limit our ability to study
parity nonconserving effects: the broadening due to ac-Stark
shifts will not preclude resolving Zeeman components of the
transition as necessitated by the current PNC-experiment
scheme, and the present research has shown that line shapes
can be understood and modeled (see Fig. 7). This is impor-
tant because the PNC signature is a change in relative tran-
sition rates for different Zeeman components, i.e., a change
in line shape with specific behavior under field reversals (odd
in E and even in B). In the future high-precision PNC ex-
periments it will be necessary to work with a higher-finesse
cavity. In that case, it may be possible to reduce the ac-Stark
shifts by operating the cavity in the confocal regime, and
expanding the laser beam to simultaneously excite a large
number of the degenerate transverse modes.

An additional result of the present work is an independent
determination of the Stark transition polarizability 8. The
result [Eq. (40)] is consistent with the earlier result [Eq. (15)]
of Ref. [4] and has comparable uncertainty, but it does not
rely on the knowledge of the decay branching ratios of the
5d6s°D state.
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