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Measurement of the scalar Stark shift of the 61S0\6 3P1 transition in Hg

D. M. Harber and M. V. Romalis
Department of Physics, University of Washington, Seattle, Washington 98195

~Received 22 February 2000; published 28 November 2000!

The scalar Stark shift of the 254-nm intercombination 61S0→6 3P1 line in Hg was measured using a
Doppler-shift frequency calibration technique. It is equal to23.3260.06 kHz/(kV/cm)2. This measurement
can be used to test more accurate calculations of Hg atomic wave functions.
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I. INTRODUCTION

Precision measurements of the Stark shifts in alkali-m
atoms @1,2# have been used to refine the calculations
alkali-metal atomic wave functions, motivated, in part,
precision parity nonconservation measurements in Cs.
atoms are used to set one of the most significant limits o
permanent electric dipole moment~EDM! @3#. The search for
an EDM does not require very precise atomic calculatio
since any nonzero EDM would implyT and CP violation
beyond the Standard Model. Nevertheless, recent calc
tions of CP-violating effects in199Hg @4# indicate that cur-
rent atomic theory is one of the leading uncertainties in
interpretation of the199Hg EDM limit. The EDM of 199Hg is
due to the Schiff moment of the199Hg nucleus, which is
produced by CP-violating nucleon-nucleon interactions a
has been calculated using a nuclear shell model with an
timated accuracy of 50%@5#. Possible enhancements of th
Schiff moment due to collective nuclear excitations ha
been considered recently@7#, although no definite estimate
exist. Atomic calculations, relating the Schiff moment to t
EDM of 199Hg atom, have been done using many-body p
turbation theory with an estimated accuracy of 50%@6#. Fi-
nally, the size of the CP-violating nucleon-nucleon intera
tions has been calculated in terms of the chromo-EDMs
the quarks with an uncertainty of only 20%@4#. Based on the
existing calculations, the limits on fundamental CP-violati
effects set by the Hg EDM experiment are comparable to
better than the limits set by the experiments searching f
permanent EDM of an electron@8# or a neutron@9#. Thus,
improvements in the atomic and nuclear theory of199Hg will
better define the range of CP-violating parameters allow
by present and future experimental limits.
s

r

1050-2947/2000/63~1!/013402~5!/$15.00 63 0134
al
f

g
a

s,

la-

e

d
s-

e

r-

-
f

r
a

d

While the atomic theory of the Hg atom is more comp
cated than that of alkali-metal atoms because of the pres
of two relatively loosely bound 6s electrons, it can be im-
proved by including the correlation effects, which were n
calculated in@6#. Our measurement of the Stark shift, com
bined with existing results for the oscillator strengths and
hyperfine structure of Hg, can be used for verification of t
atomic calculations. The second motivation for our measu
ment is to provide a convenient diagnostic of the elec
field in the on-going effort to improve the experimental lim
on the EDM of 199Hg.

Most previous experiments with Hg atoms, includin
measurements of the hyperfine structure@10# and the tensor
Stark polarizability of the 63P1 state@11,12#, have been done
using resonance lamps as a light source. A narro
bandwidth laser at 254 nm was recently built in our labo
tory, allowing much more accurate measurements of
atomic properties. We believe that this is the first precis
measurement of the Stark shift of a UV transition frequen

Most Stark shift experiments have used an acousto-o
modulator~AOM! to calibrate the frequency shift. We chos
to use a simpler method relying on the Doppler shift of t
light reflected from a moving mirror. The frequency calibr
tion was performed using a mechanical system to mov
retroreflector with a known velocity. Additional checks we
done by analyzing in detail Hg absorption profiles and us
known hyperfine structure and the Doppler width of the re
nance lines.

The Stark shift of an atomic state can, in general, be se
rated into scalar and tensor components@11#. For a state with
a hyperfine structure (FW 5JW1 IW) the Stark shift is given by
@13#
W~F,mF!52
1

2
a0E22a2

@3mF
22F~F11!#@3X~X21!24F~F11!J~J11!#~3Ez

22E2!

~2F13!~2F12!2F~2F21!2J~2J21!
, ~1!
e
t
on
whereX5F(F11)1J(J11)2I (I 11) andEz is the pro-

jection of the electric fieldEW onto the spin quantization axi
defined by the magnetic field. Herea0 anda2 are the scalar
and the tensor polarizabilities, respectively. In199Hg the
ground 61S0 state hasJ50 andI 51/2. Therefore, the tenso
polarizability vanishes. The excited 63P1 state of Hg has
J51 and a finite tensor polarizabilitya2, which has been
measured in@12# with an accuracy of 1%. However, th
F51/2 hyperfine component of the 63P1 state does not shif
due to the tensor polarizability. Therefore, for the transiti
©2000 The American Physical Society02-1
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6 1S0→6 3P1(F51/2) the Stark shift is given by

W~63P1!2W~61S0!52 1
2 @a0~63P1!2a0~61S0!#E2.

~2!

The shift is independent of the direction of the electric fie
and the spin polarization of the atoms, which is conveni
for in situ measurements of the electric field in the ED
experiment.

II. MEASUREMENT TECHNIQUE

The measurements were done using Hg cells contain
room-temperature vapor pressure of isotopically enric
199Hg. In the absence of a buffer gas the absorption lines
optically thick, as shown in Fig. 1. High frequency sensit
ity can be obtained by tuning the laser to the side of199Hg
resonances and monitoring the transmitted intensity.

The cells are fabricated from Suprasil quartz tubing a
disks. To apply a well-defined electric field we chemica
coat the inner surfaces of the disks with a thin conduct
and transparent film of SnO before assembly. The disks
glued to the body of the cell using TorrSeal epoxy. For
cell used in most measurements the distance between
inner surfaces of the disks is (11.3360.07) mm. The cells
are evacuated and baked out at 120 °C.199Hg vapor is ad-
mitted into the cells until a visible film condenses insid
High voltage up to 10 kV can be applied between the di
without breakdown. The high voltage was measured w
0.2% accuracy.

The laser light at 254 nm is produced by frequency q
drupling the output of a single-frequency semiconductor
ser to achieve low amplitude noise and long term stability
schematic of the laser is shown in Fig. 2. The MOPA~master
oscillator-power amplifier! system was manufactured b
SDL. Enhancement cavities are built around each of the n
linear crystals to increase the efficiency of second-harmo

FIG. 1. Transmission through the cell containing roo
temperature vapor pressure of isotopically enriched199Hg. A fit to
the data gives the following abundances of Hg isotopes:199Hg
92%, 200Hg 4.0%, 202Hg 1.8%, 198Hg 1.1%, and201Hg 1.1%. Hy-
perfine components of the lines are shown in parentheses.
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generation. The second cavity uses superpolished mir
with a dielectric coating made using ion-assisted deposit
The cavities are locked to resonance using the Ha¨nsch-
Couillaud scheme@14#. The output power of the laser is
mW. By using acoustical isolation the intensity noise is
duced to 1024/AHz. A more detailed description of a simila
laser operating at 243 nm can be found in@15#.

The amplitude noise is further reduced by a feedback s
tem adjusting the current of the power amplifier to keep
intensity constant. Furthermore, the outputs of the signal
the frequency lock photodiodes are divided by the outpu
the normalization photodiode using analog dividers bef
being recorded by the computer. The frequency of the la
is locked to the side of the199Hg resonance by adjusting th
current in the master oscillator to keep the transmiss
through a Hg reference cell constant.

Most of the measurements were done with the laser be
going through the electric plates as indicated in Fig.
The changes in the transmitted intensity as the elec
field is turned on and off are shown in Fig. 3. By averagi
several such scans the statistical uncertainty is reduce
1%.

To determine the absolute size of the Stark shift it is a
necessary to measure the slope of the transmission curv
units of frequency. This was done by applying a known Do
pler frequency modulation created by an oscillating retro
flector and measuring the resulting change in transmiss
The Doppler frequency shift is given by

Dn5n0

2v
c

5
2n0va

c
, ~3!

wheren051.18231015 Hz is the resonance frequency of th
Hg transition,v is the angular rotation frequency of the ste
per motor, anda5(0.25060.002)9 is the amplitude of the
motion. In making this measurement it was important to

FIG. 2. A simplified schematic of the UV laser and the setup
Stark shift measurements. A calibrated freqeuncy shift is create
a moving retroreflector.
2-2
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duce a spurious signal due to the motion of the laser be
This background can be measured by detuning the lase
resonance. By careful laser alignment the background co
be reduced to less than 10% of the Doppler signal. It w
further reduced by using the fact that it depends on the
sition, not the velocity of the retroreflector. Oscillations
the transmitted intensity in phase with the velocity of t
retroreflector were recorded by a lock-in amplifier. Furth
more, the measurements were done at several rotation
quenciesv, from 2p32 Hz to 2p38 Hz. The lock-in sig-
nal as a function of the rotation frequency is shown in Fig
A linear fit to these data was used to calculate the slope
the transmission curve at a given laser wavelength. We e
mate that the systematic error was less than 0.9% by ch
ing for a nonlinearity of the lock-in signal.

Independent measurements of the slope were perfor
by analyzing a wide frequency scan shown in Fig. 1. T

FIG. 3. Change in the transmission of the laser~top panel! tuned
to the side of the199Hg resonance as the high voltage~bottom
panel! is turned on and off. The fit of the data~solid line! includes
a term proportional toV2, as well as a linear and quadratic drift.

FIG. 4. Frequency calibration using the Doppler shift from
oscillating mirror. The lock-in signal measures the amplitude of
intensity oscillations in-phase with the velocity of the mirror.
linear fit to the data~solid line! is used to calculate the slope of th
transmission curve.
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frequency axis of the scan was determined by fitting the d
to a series of Gaussians with the hyperfine structure and
Gaussian width held fixed. The fit was used to calculate
slope of the transmission curve as a function of the rela
transmitted intensity with an error of about 1%. The tw
methods of determining the slope agreed within 1%. We a
compared the two techniques on the sides of the200Hg reso-
nance, which has much smaller optical thickness.

III. RESULTS AND ESTIMATES OF SYSTEMATIC
EFFECTS

The results of the Stark shift measurements as a func
of the electric field are shown in Fig. 5. All results for hig
voltage of 10 kV are shown in Fig. 6. For these measu
ments the magnetic field was perpendicular to the elec
field and the laser was linearly polarized parallel to the m
netic field. The measurements were performed at differ

e

FIG. 5. The Stark shift as a function ofE2. From the linear fit to
the data ~solid line! the Stark shift is (23.33160.016)
kHz/(kV/cm)2. Errors are statistical andx2/nd f51.0. The inset
shows a calculation of the electric equipotential lines inside the
for a nonuniform voltage drop on the walls and assuming cylind
cal symmetry.

FIG. 6. All measurements performed atE58.875 kV/cm under
a variety of conditions. The average shift is (2261.660.6) kHz.
The errors are statistical,x2/nd f51.3.
2-3
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frequencies on both sides of theF51/2 resonance, with
transmission ranging from 10% to 80%. Approximate
equal numbers of measurements were taken on each
The high voltage dwell time was varied from 5 to 30 se
The intensity of the laser was varied from 7 to 20mW/mm2,
while the saturation intensity is 330mW/mm2. No system-
atic effects were observed. Thex2/nd f is equal to 1.3 for all
measurements at 10 kV.

Electric-field nonuniformity inside glass cells is a possib
source of large systematic effects. As was found by Hun
and co-workers@13#, the voltage drop across an uncoat
glass surface is not uniform. This problem was large
avoided by directing the laser beam through the electro
so that the integral ofE along the path of the beam is fixe
by the applied voltage. However, a higher-order effect
mains, since the Stark shift is proportional to the integral
E2 along the path of the beam. The electric field inside
cell was studied in more detail by sending the laser be
parallel to the electrodes, through additional windows sho
in Fig. 2. It was found that when the laser beam was clos
one of the electrodes, the Stark shift depended on the pol
of the applied high voltage and was always stronger near
negative electrode, in agreement with@13#. In the worst case
the Stark shift was different by a factor of 3 between the t
polarities. To estimate the size of the correction for the la
beam directed perpendicular to the electrodes we used
electrostatic simulation program@16#. We calculated the
electric field inside the cell for a nonlinear voltage dro
along the glass wall, assuming cylindrical symmetry. A ty
cal result is shown in the inset of Fig. 5. As expected,
electric field is substantially more uniform near the center
the cell. The integral ofE2 was calculated along variou
lines through the cell and compared with measurement
validate the model. For the laser beam directed along the
of the cell the average value ofE2 is increased by
0.760.4% due to field nonuniformity. If the laser beam
displaced by 5 mm from the axis, the Stark shift increases
an additional 1%.

The tensor Stark shift, which does not contribute direc
to the shift of theF51/2 resonance in199Hg, introduces two
small systematic effects. The first is due to isotopic impu
ties in our 199Hg sample. The199Hg F51/2 resonance line
overlaps204Hg and 201Hg (F55/2) lines, which have a ten
sor Stark shift. The201Hg (F55/2) line, in particular, pro-
duces an apparent tensor shift on the high-frequency sid
the 199Hg F51/2 line. Using isotopic abundances dete
mined from data shown in Fig. 1 and the tensor polarizabi
of the 3P1 state@12#, we calculate that the systematic err
due to the presence of201Hg is less than 0.4%.

The other effect of the tensor shift is to produce a sm
mixing of F51/2 andF53/2 levels in199Hg @13#. This mix-
ing causes a change in the relative strength of the two hy
01340
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fine lines. Since we are relying on a change in the transm
ted intensity to measure the frequency shift, it will cause
systematic effect. However, the effect has opposite signs
the two sides of the resonance and is eliminated by mak
measurements on both sides. We calculated that it sho
produce a 0.8% difference between the Stark shifts measu
on the two sides of theF51/2 resonance, which is less tha
the error of our measurements.

We also checked the size of the tensor shifts by mak
measurements with the magnetic field parallel to the elec
field. The spin quantization axis used in Eq.~1! is defined by
the magnetic field, since the Zeeman interaction in the 63P1
state for our field of 30 G is much larger than the Stark sh
The tensor shifts are proportional to the term (3Ez

22E2)
which changes from2E2 to 2E2 when the angle between
the magnetic and electric fields is changed fromp/2 to 0.
The measured Stark shift changed by about 1%, in agr
ment with the estimates above.

Including the 0.7% correction for the nonuniformity o
the electric field, our final result for the scalar Stark shift
the 61S0→6 3P1 transition frequency is23.3260.06
kHz/(kV/cm)2. The error is dominated by systematic unce
tainties, mainly electric plate spacing (1.2%), the slope m
surements (1.2%), and the contribution of the tensor St
shift (0.5%). From this result the difference between t
scalar polarizabilities of the 61S0 and 63P1 states is
a0(3P1)2a0(1S0)5(3.9560.07)310224cm3.

We also performed a study of the electric field in the ce
used for the EDM experiment. The cells contain 500 Torr
N2 and 50 Torr of CO gas. Pressure broadening of the
sorption lines reduces the slope of the transmission cur
making the measurements noisier. The cells have a para
@CH3(CH2)30CH3# coating on the inside walls, which dra
matically improves the uniformity of the electric field. With
the laser beam near one of the electrodes, the Stark s
changed with polarity of high voltage by less than 3%
By averaging several hundred scans we measured
Stark shift in an EDM cell to be23.3460.04 ~stat. only!
kHz/(kV/cm)2, in very good agreement with our other resu

In conclusion, we have made the first measurement of
scalar Stark shift of the 61S0→6 3P1 transition in 199Hg.
The measurement can be used as a check for an impro
calculation of the Hg atomic wave functions. Such calcu
tion would reduce the uncertainty in the interpretation of t
limit on the EDM of 199Hg. We also established that th
electric field in the cells used in the new EDM search
uniform and reversible.
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