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Measurement of lifetimes and tensor polarizabilities of odd-parity states of atomic samarium
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A systematic measurement of the lifetimes and tensor polarizabilities of the lowest-lying odd-parity levels of
Sm I was performed. The lifetimes were measured by detecting time-resolved fluorescence following pulsed-
laser excitation of atoms in an atomic beam; polarizabilities were measured employing the method of Stark-
induced quantum beats. An analysis of the data is undertaken to find the best even-parity candidate states for
an atomic electric dipole moment~EDM! measurement. For the most favorable candidate state (7G1), the
electron EDM enhancement factor is evaluated to be in the rangeuRu'100– 3800. Critical analysis of the
present data along with earlier results in Sm shows the necessity of a term reassignment for several odd-parity
states. This term reassignment is also used in an estimate of the parity-nonconserving7F0→7G1 amplitude.
@S1050-2947~99!10405-0#

PACS number~s!: 32.70.Cs, 32.10.Dk, 42.50.Md, 32.60.1i
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I. INTRODUCTION

In this work, we measured the lifetimes and electric p
larizabilities of the lowest-lying odd-parity levels of the s
marium atom. According to Ref.@1#, these states have
dominant configuration (Xe)4f 66s6p ~Fig. 1!, while the
lowest-energy configuration of samarium is (Xe)4f 66s2.
Lifetimes and electric polarizabilities have been previou
measured for only a small number of the energy levels
recent compilation of previous lifetime measurements in
rare-earth atoms can be found in Ref.@2#. Previous tensor
polarizability measurements in odd-parity states in samar
are presented in Refs.@3–9#. However, to our knowledge
prior to the current work, no systematic study of the low
odd-parity states has been performed.

The principal motivation for this work is the prospect
an experiment to measure the electric dipole moment~EDM!
of the electron by measuring the EDM of a metastable s
of samarium. Some of the most sensitive searches forP,T
violation have been performed in atoms@10#; the best limit
on the electron EDM is obtained from an experiment
atomic thallium@11#. It may be possible to improve this limi
with EDM searches in metastable states in the rare-earth
oms. In such atoms, there is an enhancement of the ato
EDM due to the proximity of opposite parity levels@12#. In
addition, there are potential experimental advantages
states withJ>1 due to their immunity to certain systemat
effects@13,14#. Based on the measurements in this work,
advantageous candidate state for an EDM experiment is
lected, and the EDM enhancement factor~ratio of atomic to
electron EDM! is estimated.

There are further practical uses for the measurements
tained in this work. A large quantity of accurate atomic da
particularly state lifetimes, is required for an analysis of st
lar spectra@15,16#. While rare-earth elements are not prom
nent in the solar spectrum, they are important for understa
ing the surface chemistry of upper main sequence s
~chemically peculiar stars! @17#. In addition, rare-earth ele
PRA 591050-2947/99/59~5!/3480~15!/$15.00
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ments are increasingly used in metal-halide arc lamps to
vide high-quality and efficient light sources. Spectrosco
data are needed for further development of these lamps@18#.

The atomic theory of the rare-earth elements is v
complex—thus experimental data are important as a chec
the accuracy of calculational techniques. The results of
experiment will be compared to a recent calculation of
lifetimes of several levels of samarium@19#.

II. METHOD AND APPARATUS

A block diagram of the setup is shown in Fig. 2. A
atomic beam of samarium is intersected at right angles b
linearly polarized, pulsed-laser beam tuned to a reson
transition between a particular state of the ground term
the upper state of interest. Following the excitation, the ti
evolution of fluorescence from the decay back to a particu
ground state~not necessarily the same as the initial state! is
recorded. To find the decay lifetimes, we fit the observ
signals to an exponential. To measure tensor polarizabilit

FIG. 1. Low-lying configurations of atomic samarium. The rec
angles indicate groups of closely spaced energy levels. The diag
also indicates the location of the odd-parity levels whose lifetim
and polarizabilities were measured.
3480 ©1999 The American Physical Society
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PRA 59 3481MEASUREMENT OF LIFETIMES AND TENSOR . . .
the method of Stark-induced quantum beats is employed
electric field is applied to the interaction region, and a p
ticular polarization of the decay fluorescence is monitor
The signal in this case exhibits temporal oscillations
quantum beats—superimposed on the exponential de
The frequency of the oscillation is a measure of the ten
polarizability of the state. For general reviews of tim
resolved spectroscopy and quantum beats see, e.g., Refs@20#
and @21#.

The samarium beam source and the interaction region
contained in a vacuum chamber maintained at a backgro
pressure of about 1026 Torr. The beam oven is a Mo cylin
der (2.5 cm diameter37 cm long) with a Mo nozzle at one
end and a Ta plug at the other. Tantalum and molybden
are chosen because they do not react strongly with sama
at high temperatures. The exit nozzle is rectangu
0.531.5 cm2, and is composed of multiple slits cut with
wire electric discharge machine. The slits are about 0.04
wide and 0.6 cm deep, and collimate the atomic beam in
horizontal direction, restricting angular spread to;0.2 rad.

The oven is resistively heated to;1200 K, correspond-
ing to a samarium vapor pressure of about 0.2 T
and an atomic density at the interaction region
;531011atoms/cm3 ~consistent with the signal sizes th
we measured!. Samarium atoms in the beam are therma
distributed among the seven levels of the ground term.
least 1% of the population is in each level. 10–20 grams
Sm are loaded into the oven at a time, giving 15–30-h r
ning time. The oven heaters are comprised of coiled Ta w
electrically insulated with high-purity alumina ceramic tu
ing. Five layers of tantalum foil surround the oven for he
shielding. The total power supplied to the oven is about 1
W. To monitor temperature, two sets of~type R! thermo-
couples are used—one for the body of the oven, and on
measure the temperature at the front of the oven.

The laser used is a tunable dye laser~Quanta Ray PDL-2!
pumped by a pulsed Nd-YAG~yttrium aluminum garnet!
laser ~Quanta Ray DCR-2!. The laser operates at a 10-H
repetition rate, with pulses;8 nsec long. Two dyes wer
employed: LDS 751 and DCM. Using LDS 751 the dye las
could be tuned in the range 720–763 nm, with a typi
output of ;2 mJ per pulse. With DCM, the laser could b
tuned in the range 610–673 nm, producing typical outpu
;10 mJ. The laser linewidth was;15 GHz.

The interaction region lies between two plane-para
electrodes~6.4 cm diameter, 1-cm spacing!. The polarization

FIG. 2. Block diagram of the experimental setup.
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of the laser is chosen according to a theoretical optimiza
as described below. One layer of CO-NETIC AA high pe
meability alloy surrounds the interaction region, keeping
background magnetic field below 10 mG~see Fig. 3!. Holes
are cut in the shield to allow the passage of the atomic
laser beams, insertion of the high-voltage cable, and de
tion of the fluorescence light. Inside the magnetic shie
there is a magnetic coil so that a magnetic field of up to a f
G can be applied~parallel to the electric field!, in order to
analyze possible errors due to residual magnetic fields.

High voltage of up to 40 kV is applied to the top electro
using a high-voltage feed-through design~Fig. 3!. The high-
voltage cable runs through a ceramic stand-off, inside
grounded vacuum chamber, eliminating the possibility of c
rona discharges. The few discharges that are observe
occur inside the chamber.

By measuring the plate separation at various points wit
telescoping gauge while the vacuum chamber is open to
and adjusting alignment nuts~Fig. 3! as necessary, the high
voltage electrodes can be aligned with each other to wit
,1023 rad. Absolute spacing is determined with an accura
of ;331024 cm.

Fluorescence is detected at 45° to both laser and ato
beams with a 2-in.-diameter photomultiplier tube~PMT, type
EMI 9658 with an S-20 Prismatic photocathode!. This ar-
rangement is chosen to maximize the Stark-beat signal.
gain of the PMT is;63105, and the typical quantum effi
ciency for the wavelengths used is;5%. Interference filters
are used to select the decay channel of interest, and c
glass filters are used to further reduce scattered light from
laser and the oven thermal radiation. Typically, one or t
interference filters with bandwidth 10 nm, and one or tw
color glass filters are used. The largest signals were atte
ated by putting an aperture or a color glass filter in the la

FIG. 3. Cross section of the chamber showing the high-volt
assembly.
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3482 PRA 59S. ROCHESTERet al.
beam, in order to keep the signal size well within the line
part of the PMT dynamic range. For the Stark-beat meas
ments, two light polarizations were detected: linear polari
tion at 45° to the~vertical! electric-field direction and a cir
cular polarization. Polaroid film linear and circular polarize
were used in front of the PMT to select these polarizatio
The PMT signal is displayed on a Tektronix TDS 410A dig
tizing oscilloscope, across 50V. The oscilloscope is trig-
gered by the same signal that activates theQ switch of the
Nd:YAG laser. Time jitter in the oscilloscope trigger wa
small compared to the oscilloscope’s temporal resoluti
Typically, 1000 point-long records at 13108 samples/sec are
taken. Several hundred records corresponding to differen
ser pulses are averaged. The averaged signal is read out
a general purpose interface bus~GPIB! interface to a per-
sonal computer runningLABVIEW data acquisition software

To reduce the effects of laser light scattered from
vacuum chamber widows, 38-cm-long collimating arms w
multiple knife-edge diaphragms are used for the entry
exit of the laser beam. To reduce the effects of light gen
ated by the hot oven, the area around the interaction re
was colored black with a permanent marker and an anod
tube was inserted to block oven light not colinear with t
atomic beam.

III. DATA COLLECTION AND ANALYSIS

Data collection for both the lifetime and the polarizabili
measurements is similar. We generally avoid detecting fl
rescence light at the same frequency as the excitation p
because in this case the scattered light from the laser ca
be filtered from the fluorescence.~However, detection at the
excitation frequency is unavoidable if the upper state haJ
50.) Whenever possible, multiple transition schemes
used for each upper state as a crosscheck of the results
tween one and 50 data files were taken for each upper s
For Stark beats, data files were taken at several values o
electric field to verify the quadratic dependence of the Sta

FIG. 4. Decay fluorescence at 637 nm with the fit used to ext
the lifetime. The initial ground term state is 4f 66s2 7F2 , the ex-
cited state is 4f 66s6p 7F2 , and the final ground term state
4 f 66s2 7F3 . The excitation wavelength is 610.6 nm. The initi
section of the decay is not fit because of contamination from
laser light pulse and PMT response time. The lifetime of the up
state is measured to be 1.086~16! msec.
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beat frequency on the electric field.
For each resonance at which data is taken, an

resonance file is taken, recording the background level,
scattered laser light pulse, and PMT afterpulses and elect
noise associated with the laser pulse. During analysis,
off-resonance file is subtracted from the resonance file
remove these effects from the data~see Sec. V A!.

Lifetime data are modeled by an exponential decays
5ae2t/t1b, wherea is the signal amplitude,t is time, t is
the state lifetime, andb is the unsubtracted background si
nal level. Data are fit to this model witha, b, andt as free
parameters~Fig. 4!. Fitting is started sufficiently long afte
the excitation pulse time that the effect of the finite PM
response time can be ignored~Sec. V A!.

For Stark-beat data involving an upper state with angu
momentumJe , the model predicts a signal of the form

s5ae2~ t2t0!/rS 11c(
n51

Je

cn cosF 3~2n21!w

2Je~2Je21!

3~ t2t0!1fnG D 1b, ~1!

where the relative contrasts and phasescn and fn , n
51, . . . ,Je , of the series of Je harmonic frequency
components,1 are determined by the density-matrix calcul
tion described in Sec. IV. In Eq.~1!, t0 is the beat start time
which should coincide with the laser pulse time, andc is a
beat contrast~modulation depth! parameter included to ac
count for reduction of contrast due to various effects d
cussed in Sec. V C;c51 corresponds to the contrast pr
dicted by the theory.w5a2E2/\, where a2 is the tensor

1If Je is a half-integer, there areJe2
1
2 frequency components; th

index n starts at32.

ct

e
r

FIG. 5. Stark beat data from fluorescence at 639 nm with the
used to extract the polarizability and lifetime. The initial groun
term state is 4f 66s2 7F0 , the excited state is 4f 66s6p 7G1 , and the
final ground term state is 4f 66s2 7F0 . The excitation wavelength is
651.1 nm. The applied electric field was 1.433~4! kV/cm. Circularly
polarized light is detected. The tensor polarizability of the upp
state is measured to be2561.7~11! kHz/~kV/cm!2; the lifetime is
measured to be 2.626~17! msec.
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PRA 59 3483MEASUREMENT OF LIFETIMES AND TENSOR . . .
polarizability, E is the electric field, and\ is Planck’s con-
stant. The six fitted parameters area, b, t, w, c, andt0 . This
model gives adequate fits to all the data~Fig. 5!; it was not
found necessary, for example, to introduce relative varia
in cn andfn .

The uncertainties in the fit parameters are determined
follows. The standard deviation of the background signal
fore the excitation pulse is used as an estimate of the n
due to dark current and oven light, etc. This uncertainty
combined with an estimate of the shot noise based on
signal size for each data point to estimate the total statis
uncertainty. With this procedure, best fits typically give r
ducedx2 in the range 1–10. In an attempt to account
underestimation of the statistical noise in our signals,
calculated uncertainties in the fit parameters~as determined
by the square root of diagonal matrix elements of the co
riance matrix@22#! are multiplied by the square root of th
reducedx2. This operation may also help to account f
unknown systematic effects, since the error is increased if
model fails to reproduce all features of the data.

A discussion of systematic errors and corrections for b
lifetime and polarizability measurements is given in Sec.
To obtain final values, a weighted average is performed
the results from all the data files for each state, with stati
cal and systematic uncertainties added in quadrature.
uncertainty on the average is multiplied by the square roo
the reducedx2, if the reducedx2 is greater than 1. In addi
tion, the final error is made at least as large as the sma
n
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systematic error on any data point. Thus we adopt a con
vative approach in which the uncertainty is made lar
enough to be compatible with the scattering of the d
points, the combined statistical uncertainty of the data poi
and the systematic errors on the individual data points. T
extracted lifetimes in the presence of an electric field in g
eral agree with and have comparable uncertainty to the fi
free data; thus lifetime data taken under both conditions
combined.

IV. THEORY OF STARK-INDUCED QUANTUM BEATS

An externalz-directed electric fieldE shifts and splits the
atomic levels due to the interactionHelec52Edz , wheredz
is thez component of the dipole moment operator. Seco
order perturbation theory gives the energy correction to
stategJM with energyEgJ ~whereM is thez projection of
angular momentumJ, andg represents the remaining qua
tum numbers! due to all other statesg8J8M 8:

DEgJM5E2 (
g8J8

u^gJMudzug8J8M &u2

EgJ2Eg8J8
, ~2!

since thedz operator only mixes states with the samez pro-
jection of total angular momentum. From the Wigner-Eck
theorem and explicit expressions for the appropri
Clebsch-Gordan coefficients@23#, we have
arity

nce

um
^gJMudzug8J8M 8&55
~gJzuduzg8J8!

AJ22M2

AJ~2J11!~2J21!
for J85J21, M 85M

~gJzuduzg8J8!
M

AJ~J11!~2J11!
for J85J, M 85M

~gJzuduzg8J8!
A~J11!22M2

A~J11!~2J11!~2J13!
for J85J11, M 85M

0 for uJ82Ju.1 or M 8ÞM or J5J850.

~3!

We can write this result in terms of the scalar and tensor polarizabilities (a0 anda2 , respectively!:

DEgJM52
E2

2 H a01a2

3M22J~J11!

J~2J21! J . ~4!

In this work, we measure the value ofa2 for the odd-parity atomic levels. We then use this value for a given odd-p
state to estimate the value of the reduced matrix element to the nearest even-parity ‘‘partner’’ state~with uJ82Ju<1),
assuming that this nearest partner’s contribution to the sum in Eq.~2! dominates due to the smallness of the energy-differe
denominator. In this case, the tensor polarizability becomes

a255
2

3

J~2J21!zuduz2

~EgJ2Eg8J8!

1

J~2J11!~2J21!
for J85J21

2
2

3

J~2J21!zuduz2

~EgJ2Eg8J8!

1

J~J11!~2J11!
for J85J

2

3

J~2J21!zuduz2

~EgJ2Eg8J8!

1

~J11!~2J11!~2J13!
for J85J11,

~5!

wherezuduz is shorthand for the reduced matrix element (gJzuduzg8J8) to the partner state. Equation~5! is used to obtain the
value of the reduced matrix element from the measured value ofa2 . Given this result, we are also interested in the maxim
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possible projectiondz over all M. ~This information is used to estimate the EDM enhancement factor.! From Eq.~3! this is
given by

^gJMudzug8J8M &max55
zuduz

AJ

A~2J11!~2J21!
for J85J21

zuduz
AJ

A~J11!~2J11!
for J85J

zuduz
AJ11

A~2J11!~2J13!
for J85J11.

~6!
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To calculate the form of the observed signal, we use
density-matrix formalism. The general approach is d
scribed, e.g., in Ref.@24#; details of this particular calcula
tion are given in Ref.@25#. The temporal dependence of th
intensity of a particular polarization of fluorescence light in
particular direction is given by

I} (
MM8

m

FMM8GMM8rmme2~G2 ivMM8!~ t2t0!, ~7!

wherermm is the diagonal ground-state density matrix~prior
to laser excitation! written in terms of the Zeeman subleve
m, G is the radiative decay rate of the upper state~inverse of
the lifetime!,

vMM85
3a2E2

2\ S M22M 82

Je~2Je21! D ~8!

is the Stark-induced frequency splitting of a given pair
Zeeman sublevelsM and M 8 @from Eq. ~4!#, and t0 is the
time of the laser pulse.~The imaginary parts of the terms i
the sum in Eq.~7! cancel each other, so thatI is real.! FMM8
is the ‘‘excitation matrix’’ given by

FMM85~geJezuduzggJg!2

3(
m

(
q

(
q8

~21!q1Je2Jg2M2m

3e~2q!~eq8!* S Je

2M
1
q

Jg

mD
3S Jg

2m
1
q8

Je

M 8 D ,
~9!

where ggJg is the initial ground state,geJe is the excited
state,eq are the spherical components of the laser polar
tion vector, and the matrices represent the 3-J symbols. The
formula for the ‘‘detection matrix’’GMM8 is identical, ex-
cept that the ground stateJg is replaced by the final state,Jf ,
and the laser polarizatione is replaced by the detection po
larization e8. When the experimental parameters are spe
fied, the functional form of the signal can be calculated
terms of the quantityw5a2E2/\ and the decay rate. Fo
e
-

f

-

i-

example, in our experimental geometry, with laser and
tection polarizations at 45° from vertical, and forJg52, Je
52, andJf51, we have

I}e2G~ t2t0!X11
2&

51
cosS ~ t2t0!w

4 D
1

12&

51
cosS 3~ t2t0!w

4 D C. ~10!

In Eq. ~10! the tensor polarizabilitya2 appears only as the
argument of cosine functions. Thus the sign ofa2 cannot be
experimentally determined from Stark-beat data obtain
with these experimental conditions. If circularly polarize
light is detected, however,a2 appears as the argument
sine functions, and the sign ofa2 can be determined. The
signs of the tensor polarizabilities for the levels for whi
circularly polarized light was detected are given in the resu
~Sec. VI, Table II!. Several simplifying assumptions wer
made in this treatment which could possibly change the c
trast~but not the frequency! of the Stark beats; see Sec. V C

A similar treatment gives the form of the signal in th
presence of magnetic fields, and combined electric and m
netic fields. Data taken under these conditions were use
confirm the applicability of the theory and to analyze syste
atic effects.

V. SYSTEMATIC ERRORS

We now turn to a discussion of the various effects th
could produce systematic errors in the results. First, effe
that alter the signal and could affect the measured values
lifetimes and Stark-beat frequencies are considered. In g
eral, since the Stark-beat measurements are measureme
frequency, they are more robust and are affected much
by distortions of the decay line shape than the lifetime m
surements. Next, issues related to the measurement o
applied electric field are discussed. This was a domin
source of systematic error for the polarizability measu
ments. Finally, factors that affect the modulation depth of
observed quantum beats are considered.

A. Line-shape considerations

An optically thick atomic beam increases the appar
radiative lifetime of an excited state due to absorption a
re-emission of decay fluorescence. If this effect is pres
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then the apparent state lifetimes will increase with increas
oven temperature, since samarium vapor pressure and
the beam density strongly depend on oven temperat
Therefore, measurements at different temperatures fo
given upper state were obtained for three states chosen
their strong coupling to the ground state. We see the effec
radiation trapping at the highest beam densities used, b
much less significant effect at lower densities. Using the s
nal amplitude as an estimate of the atomic beam density
estimate the absorption coefficient for each data file in or
to assess which files are most likely to be affected by ra
tion trapping. For most states, we see no correlation betw
the extracted lifetime and the absorption coefficient. Ho
ever, in some cases, an effect~at a level of up to 5%! is seen,
and a correction and associated error is assigned to the
time result.

The peak transmission wavelength of an interference fi
changes as a function of the angle of incidence. This pr
erty, coupled with the change in position of the excited
oms as they fluoresce, could alter the apparent lifetimes.
effect depends on the particular interference filter used
select a given transition, and so can be different for differ
transitions from the same upper state. A calculation sho
that for most data files, there is less than a 0.1% effect
lifetimes. For the two worst cases, however, the effect is
to 1%, and a correction and error are included for these fi
This has no significant effect on the final weighted avera
of the lifetimes.

The photomultiplier tube itself introduces certain syste
atic errors. For many of the transitions studied in our exp
ment, we were unable to entirely remove the dye laser s
tered light pulse from the signal. The scattered light pu
which can be much larger than the fluorescence signal,
produce afterpulses, which distort the data. Afterpulses
secondary pulses, caused by ionized residual gas in the P
which follow a primary anode-current pulse@26#. To remove
them from the signal, off-resonance data files are subtra
from the signal files, as described above in Sec. III. T
cancellation scheme is not perfect, however, since the l
output power can drift between the time the on- and o
resonance files are taken. Thus, some distortion due to a
pulsing may remain in the data files. To estimate the effec
an imperfect cancellation, 10% of the off-resonance file
added to simulated lifetime data~a pure exponential decay!,
and the resulting data are fit. The difference between
fitted and ‘‘true’’ lifetimes is an estimate of the error due
this effect.

At high signal levels, the response of the photomultipl
tube can deviate from linearity due to space charge effec
the near-anode region. We tested the response of the ph
multiplier by measuring scattered-light pulses of differe
amplitudes from the laser, and comparing the peak volt
with the total charge recorded~integral of the PMT signal!.
Deviation from linearity was modeled with a second-deg
polynomial. The model showed that, below 50 mV, the
fect on the measured lifetime is less than 1%. Signal lev
were much less than 50 mV in almost all cases, so P
nonlinearity effects should not significantly affect the resu

The PMT used has a response time of about 30-ns
width at half maximum, measured by examining the
sponse of the PMT to a short~;8 ns! scattered light pulse
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from the dye laser. We have modeled the effect of the fin
PMT response time on our fits both analytically and nume
cally. We find in both cases that the extracted lifetimes
insensitive~within our uncertainties! to the PMT response
time tPMT, as long astPMT is much shorter than the fluores
cence lifetime and the data are fitted beginning severaltPMT

times after the excitation pulse. Typically, we fit data wi
t.t015tPMT.

It is possible that due to an ‘‘accidental’’ energy coinc
dence in the complex Sm spectrum a two-photon transi
could be excited by the laser light pulse to a level that dec
back to the state of interest or to the ground term via so
cascade. In this case, the observed fluorescence signal w
the difference of two exponential decays@27#, possibly dis-
torting the lifetime fit. We compared the transition freque
cies to all known levels with double the transition freque
cies employed in this experiment, and found no matches
were allowed by angular momentum selection rules. Ma
levels in Sm are unknown, so this is not totally conclusiv
Therefore, each decay line shape was examined for ano
lies in the temporal evolution; no anomalies were seen. T
cascade fluorescence was probably not a factor in any of
lifetime measurements.

Magnetically induced quantum beats~Zeeman beats! can
distort the decay line shape, causing an error in the lifeti
or polarizability measurements. A residual magnetic field
;10 mG, approximately in thez direction, was measured b
a Hall probe inside the mu-metal shield at the interact
region, enough to cause a few percent error in fitting li
times. To estimate this effect for the lifetime measureme
we calculated the beats due to a 10-mGz-directed field for
each set of experimental parameters used with a calcula
similar to that described in Sec. IV. We generate simula
data with this signal, and attempt to fit it with a pure exp
nential decay. The deviation of the fitted lifetime from th
‘‘true’’ lifetime is used as the estimate of the error due to th
systematic effect. A similar procedure is used for the pol
izability measurements. Zeeman beat data taken wit
z-directed magnetic field of a few G supplied by the ma
netic coil confirmed the magnitude of the effect for a fe
transitions.

The samarium sample used has natural isotopic ab
dance (154Sm: 22.6%;152Sm: 26.6%;150Sm: 7.4%;149Sm:
13.9%; 148Sm: 11.3%;147Sm: 15.1%;144Sm: 3.1%!. Thus,
when a coherently excited state decays, the;30% of the
sample composed of odd mass-number isotopes~with
nuclear spinI 5 5

2 ) can produce beats due to the hyperfi
splitting. The hyperfine structure of some of the levels stu
ied in this work were measured in Ref.@28#. The minimum
splitting they found was;100 MHz, which is equal to the
digital oscilloscope sampling rate used in this experime
Assuming the hyperfine splitting is fairly uniform througho
the 4f 66s6p configuration, hyperfine beats will be too fast
have an effect on the results of our experiment.

In addition to hyperfine beats, the odd isotopes prod
Stark beats. These differ from those produced by the e
isotopes, due to the hyperfine structure. To calculate the
nal due to these beats, we find the tensor shift for theMF
hyperfine sublevels by writing these states in the basis of
MJ , MI sublevels. TheMF tensor shift is then the sum of th
contributions from theMJ tensor shifts. We use the density
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matrix calculation to calculate the Stark beats, using th
new tensor shifts. A sum is performed over all possible
perfine transitions that can occur during a particular exc
tion or decay scheme. This calculation showed that the S
beats for the odd isotopes have a very low contrast. In
worst case, the Stark beats would still have,1% expected
contrast—not enough to affect fitting of the even-isoto
Stark beats, according to our modeling.

When an electric field is applied, lifetimes of the od
parity excited states will change due to admixing of t
nearby metastable even-parity states. From second-order
turbation theory, for a single close partner, the weight of
partner state admixed is;(d•E/DE)2. Assuming an infi-
nitely long lifetime for the metastable partner state and sm
mixing, we have

t85tF11S d•E
DE D 2G ~11!

@for the general formula, see Eq.~16! below#. For all states
measured except for the one at 15 650.55 cm21, this estimate
predicts an effect considerably less than 1% even at the h
est fields used~;40 kV/cm!. For the 15 650.55 state, thi
effect was taken into account when including the lifetim
extracted from the Stark-beat measurements in the lifet
result.

An inhomogeneous electric field will cause atoms at d
ferent positions in the interaction region to beat at sligh
different frequencies, causing dephasing of the beats.
can affect the lifetime parameter when fitting Stark bea
since the quantum beats will damp out at a faster rate t
the exponential decay. This can mimic a shorter lifetime th
the true value. The electrodes were aligned so that this e
was insignificant.

B. Electric-field determination

The high-voltage supplied to the electrodes was meas
with a precision voltage divider and a digital voltmeter. W
calibrated this output to 0.13% using a high-voltage pro
itself calibrated to 0.1% using a precision voltage sour
The uncertainty in the applied voltage was one of the do
nant errors in the tensor polarizability measurements.

The high-voltage electrode spacing shifts slightly wh
the air in the vacuum chamber is pumped out and the ch
ber lid bends under atmospheric pressure. The top elect
is attached to the center of the chamber lid, and the bot
electrode is attached 5.1 cm from the center. The differe
in the deflection between the top and bottom electrode
calculated to be 0.012 mm. This adjustment is included
the determination of the electric field.

C. Quantum-beat contrast

We considered various mechanisms that can degrade
contrast and perturb observed beat phases. Beat contras
ied widely between various measurements, from 20%
100% of the value predicted by the density-matrix calcu
tion. The measured beat start time~overall beat phase! gen-
erally agreed with the laser pulse time to within a few p
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cent of the beat period. When the following effects are tak
into account, these measurements are in qualitative ag
ment with expectations.

The ideal polarizer and analyzer orientation in order
produce maximum Stark-beat contrast is calculated acc
ing to theory outlined in Sec. IV. However, in the expe
ment, the orientation of the detection polarizer is set rat
crudely, with a 0.1–0.2-rad uncertainty. This could lead
up to a 10% reduction in beat contrast.

Stark-beat contrast resulting from a given laser light pu
depends on the fraction of nuclear spin zero atoms exci
Due to the isotopic abundance and isotope shift, this frac
will vary depending on laser tuning. The isotope shift is me
sured for some transitions from the ground state to
4 f 66s6p term in, e.g., Ref.@28#. The spectrum of a given
transition is a few GHz wide, with the two odd isotope res
nances occurring at higher frequencies. The dye laser
operated without an intracavity e´talon; the radiation line-
width was;15 GHz, so that a distribution of the isotopes
excited. We measured the contrast of Stark beats as a f
tion of laser tuning near a resonance, showing higher c
trast at lower frequencies as expected. The contrast va
from 20–80 % over the center part of the resonance;
effect probably accounts for a large fraction of the miss
contrast.

The contrast of the Stark beats is affected by the fin
PMT and oscilloscope response times~see Sec. V A!. The
highest frequency beats are washed out, while low
frequency beats are left unaffected.

In the theoretical development~Sec. IV! we have assumed
~by neglecting stimulated emission! weak pumping by the
laser light. This is in fact not the case, and two effects due
this—saturation and light shifts due to the ac Stark effec
may affect the signal. These two effects are discussed in
context of quantum beat experiments in Ref.@29#. They
could conceivably reduce contrast of the quantum be
change the phase of the quantum beats, or change the re
contrast or phase of different quantum beat frequency c
ponents, but not change the frequency of the beats. Thus
combined effect of the above effects is in general agreem
with our observations of beat contrast.

VI. RESULTS AND DISCUSSION

The measured lifetimes are given in Table I along with
other lifetimes known to us for samarium levels in the e
ergy range that we examined~below 18 504 cm21!. Mea-
sured tensor polarizabilities are given in Table II along w
all other tensor polarizabilities of odd parity states in s
marium known to us.

An ab initio calculation of the lifetimes of the lowest
lying odd-parity levels of samarium was recently perform
using the configuration interaction method@19#. The results
are included in Table I. The calculated lifetimes are es
mated in Ref.@19# to have an uncertainty of 20–30 %. A
discrepancy of this size between the calculated and exp
mental values is observed—the theoretical values are ge
ally a factor of ;1.2 higher than those measured in th
work. The calculated value of the lifetime of one level,
15 039.59 cm21, is particularly high. However, this level wa
considered for the purposes of the calculation to be par
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TABLE I. All determinations of lifetimes of samarium levels below 18 504 cm21, including present work. The precise level energie
configurations, and terms are from tables@1#; however, the valence electron term reassignments described in Sec. VIII have been made
necessary.

Odd-parity state Lifetime~msec!

Energy
~cm21!

Leading configuration and
term assignment This work

Previous measurements
Theory

ea b c d Other

13 796.36 4f 6(7F)6s6p(3P)9G0 3.043~29! 3.2
13 999.50 4f 6(7F)6s6p(3P)9G1 2.464~34! 2.9
14 380.50 4f 6(7F)6s6p(3P)9G2 2.087~42! 2.6
14 863.85 4f 6(7F)6s6p(3P)9F1 0.954~41! 1.2
14 915.83 4f 6(7F)6s6p(3P)9G3 1.828~20! 2.4
15 039.59 4f 6(7F)6s6p(3P)J52 1.817~73! 3.4
15 507.35 4f 6(7F)6s6p(3P)9D3 2.227~21!

15 567.32 4f 6(7F)6s6p(3P)9D2 2.74~11!

15 579.12 4f 6(7F)6s6p(3P)9G4 1.716~39! 2.4
15 586.30 4f 6(7F)6s6p(3P)5D0 2.466~44!

15 650.55 4f 6(7F)6s6p(3P)7G1 2.626~17! 3.3f

16 112.33 4f 6(7F)6s6p(3P)5D1 1.955~40! 1.46~13!

16 116.42 4f 6(7F)6s6p(3P)7G2 2.71~22!

16 131.53 4f 6(7F)6s6p(3P)9D4 2.657~49!

16 211.12 4f 6(7F)6s6p(3P)9F3 4.38~12!

16 344.77 4f 6(7F)6s6p(3P)9G5 1.569~58!

16 681.74 4f 6(7F)6s6p(3P)J52 1.974~18! 1.70~10!

16 690.76 4f 6(7F)6s6p(3P)7D1 1.71~10! 1.45~20!

16 748.30 4f 6(7F)6s6p(3P)7G3 2.594~96!

16 859.31 4f 6(7F)6s6p(3P)9D5 2.86~22!

17 190.20 4f 6(7F)6s6p(3P)7F2 1.086~16! 1.02~10! 1.20~13! 1.50~10! 1.10~10!g

17 243.55 4f 6(7F)6s6p(3P)J53 1.589~10! 2.22~10!

17 462.37 4f 6(7F)6s6p(3P)5G2 0.122~9! 2.42~10! 1.80g

17 504.63 4f 6(7F)6s6p(3P)7G4 2.420~34!

17 587.46 4f 6(7F)6s6p(3P)9F5 2.66~14!

17 769.71 4f 6(7F)6s6p(3P)J51 0.157~5! 0.159~10! 0.165~10! 0.038h

17 810.85 4f 6(7F)6s6p(3P)7F0 0.342~10!

17 830.80 4f 6(7F)6s6p(3P)7F3 1.265~11! 1.10~10! 1.58~10!

18 075.67 4f 5(6H)5d6s2 7H2 0.450~50! 0.440~40! 0.158~5! 0.480~20!g

18 225.13 4f 6(7F)6s6p(3P)J51 0.146~6! 0.146~8!

18 350.40 4f 6(7F)6s6p(3P)7G5 2.558~79!

18 475.28 4f 5(6H)5d6s2 7F1 0.071~2! 0.061~5! 0.069~4!i

18 503.49 4f 6(7F)6s6p(3P)5G4 1.471~10!

aReference@30#.
bReference@31#.
cReference@3#.
dReference@32#.
eReference@19#.

fAn estimate obtained from measurements in Refs.@36–38#.
gReference@33#.
hReference@34#.
iReference@35#.
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the 9F term, although, according to Ref.@1#, it has only 41%
of this term. Thus, the calculation for this level would b
expected to be less accurate than those for the other lev

VII. DISCUSSION OF IMPLICATIONS FOR PARITY
AND TIME-REVERSAL VIOLATION EXPERIMENTS

We now describe how even-parity metastable states of
were evaluated as possible candidates for an EDM searc
addition, a term reassignment, prompted by the meas
ments in this work, of the septet terms of the 4f 66s6p con-
figuration is proposed. This term reassignment clears up
ls.

m
In
e-

v-

eral longstanding discrepancies between theory
experiment in samarium, and may lead to more accurate
dictions ofP- andT-odd effects.

Using the measured tensor polarizability, we estimate
dipole couplingd to the closest known even-parity leve
neglecting all other even-parity levels. We then determ
udzumax/DE, whereudzumax is the maximumz projection ofd,
and DE is the distance between the opposite parity lev
~Table II!. The quantity udzumax/DE serves as a figure o
merit to determine potential even parity candidates for
EDM search~see below!. In many cases—especially for th
higher-lying levels—one obtains an unreasonably high e
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TABLE II. All experimental results for tensor polarizabilities of odd-parity states of SmI, including present work. See commen
regarding state designations for Table I. The sign of the polarizability is indicated where known; results placed between vertical
absolute values—the sign was not experimentally determined in these cases. Closest even-parity neighbors lists the three clos
even-parity states withuJeven2Joddu<1 for each odd-parity state~taken from Refs.@1,39#!. The estimate ofzuduz is based on only the neares
known partner state~see Sec. IV!. If the nearest partner state is unknown~as is often the case!, the matrix element estimate will be incorrec
If the closest known state accounts for the sign of the polarizability, the estimate ofzuduz is given. If the estimate ofzuduz is physically plausible,
the corresponding values ofudzumax and udzu/DE are given.

Odd-parity state
Tensor polarizability

@kHz/~kV/cm!2# Closest even-parity neighbors
Estimate of

matrix element

Energy
~cm21!

Leading configuration
and term assignment This work Other work

Energy
~cm21!

Configuration and
term assignment

DE

~cm21!
zuduz
(ea0)

udzumax
(ea0)

udzu
DE

(1023ea0 /

cm21)

14 026.45 4f 6(7F)5d(8F)6s 9F1 26.95

13 999.50 4f 6(7F)6s6p(3P) 9G1 u38.89(13)u 13 732.53 4f 6(7F)5d(8G)6s 9G1 2266.97 0.42 0.17 6

13 687.75 4f 6(7F)5d(8G)6s 9G2 2311.75

14 365.50 4f 6(7F)5d(8F)6s 9F2 215.00

14 380.50 4f 6(7F)6s6p(3P) 9G2 u27.7(12)u 14 550.50 4f 6(7F)5d(6P)6s 7P2 170.00 0.24 0.09 6

14 612.44 4f 6(7F)5d(8P)6s 9P3 231.94

14 783.51 4f 6(7F)5d(8D)6s 7D2 280.34

14 863.85 4f 6(7F)6s6p(3P) 9F1 14.326(9) 14(1)a 14 550.50 4f 6(7F)5d(6P)6s 7P2 2313.35 0.54 0.20 2

14 365.50 4f 6(7F)5d(8F)6s 9F2 2498.35

14 920.45 4f 6(7F)5d(8F)6s 9F3 4.62
14 915.83 4 f 6(7F)6s6p(3P) 9G3 u27.94(19)u 14 783.51 4f 6(7F)5d(8D)6s 7D2 2132.32 0.14 0.05 10

14 612.44 4f 6(7F)5d(8P)6s 9P3 2303.39

14 920.45 4f 6(7F)5d(8F)6s 9F3 2119.14
15 039.59 4 f 6(7F)6s6p(3P) J52 u33.179(83)u 14 783.51 4f 6(7F)5d(8D)6s 7D2 2256.08 1.4 0.40 3

14 612.44 4f 6(7F)5d(8P)6s 9P3 2427.15

15 524.56 4f 6(7F)5d(8D)6s 7D3 17.21

15 507.35 4f 6(7F)6s6p(3P) 9D3 u77.3(26)u 15 955.24 4f 6(7F)5d(8G)6s 7G2 447.89 0.45 0.15 9

14 920.45 4f 6(7F)5d(8F)6s 9F3 2586.90

15 524.56 4f 6(7F)5d(8D)6s 7D3 242.76

15 567.32 4f 6(7F)6s6p(3P) 9D2 124.90(82) 15 639.80 4f 6(7F)5d(8G)6s 7G1 72.48 0.72 0.21 5

15 834.60 4f 6(7F)5d(6P)6s J53 267.28

15 524.56 4f 6(7F)5d(8D)6s 7D3 254.56

15 579.12 4f 6(7F)6s6p(3P) 9G4 u9.57(21)u 14 920.45 4f 6(7F)5d(8F)6s 9F3 2658.67 0.36 0.09 2

16 354.60 4f 6(7F)5d(8D)6s 7D4 775.48

2556(12)b

2548(12)c 15 639.80 4f 6(7F)5d(8G)6s 7G1 210.75

15 650.55 4f 6(7F)6s6p(3P) 7G1 2561.7(11) 2563(34)a 15 793.68 4f 6(7F)5d(8F)6s 7F0 143.13 1.0 0.41 38

2410(50)d 15 914.55 4f 66s2 5D1 264.00

15 955.24 4f 6(7F)5d(8G)6s 7G2 2157.09

16 112.33 4f 6(7F)6s6p(3P) 5D1 170.94(31) 15 914.55 4f 66s2 5D1 2197.78 3.0

15 793.68 4f 6(7F)5d(8F)6s 7F0 2318.65

2112.5(24)c 15 955.24 4f 6(7F)5d(8G)6s 7G2 2161.18

16 116.42 4f 6(7F)6s6p(3P) 7G2 2115.23(79) 2103(10)a 15 914.55 4f 66s2 5D1 2201.87 1.6 0.58 4

15 834.60 4f 6(7F)5d(6P)6s J53 2281.82

16 354.60 4f 6(7F)5d(8D)6s 7D4 223.07

16 131.53 4f 6(7F)6s6p(3P) 9D4 u76.26(12)u 15 524.56 4f 6(7F)5d(8D)6s 7D3 2606.97 1.7 0.52 2

14 920.45 4f 6(7F)5d(8F)6s 9F3 21211.08

16 354.60 4f 6(7F)5d(8D)6s 7D4 143.48

16 211.12 4f 6(7F)6s6p(3P) 9F3 13.785(49) 15 955.24 4f 6(7F)5d(8G)6s 7G2 2255.88

15 834.60 4f 6(7F)5d(6P)6s J53 2376.52
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TABLE II. (Continued).

Odd-parity state
Tensor polarizability

@kHz/~kV/cm!2# Closest even-parity neighbors
Estimate of

matrix element

Energy
~cm21!

Leading configuration
and term assignment This work Other work

Energy
~cm21!

Configuration and
term assignment

DE
~cm21!

zuduz
(ea0)

udzumax
(ea0)

udzu
DE

(1023ea0 /

cm21)

15 955.24 4f 6(7F)5d(8G)6s 7G2 2726.50

16 681.74 4f 6(7F)6s6p(3P) J52 u260.09(67)u 15 834.60 4f 6(7F)5d(6P)6s J53 2847.14 5.1

15 639.80 4f 6(7F)5d(8G)6s 7G1 21041.94

15 955.24 4 f 6(7F)5d(8G)6s 7G2 2735.52

16 690.76 4f 6(7F)6s6p(3P) 7D1 213.95(65)e 15 914.55 4f 66s2 5D1 2776.21

15 793.68 4f 6(7F)5d(8F)6s 7F0 2897.08

1119.8(26)c 16 354.60 4f 6(7F)5d(8D)6s 7D4 2393.70

16 748.30 4f 6(7F)6s6p(3P) 7G3 1124.3(26) 1127(18)a 15 955.24 4f 6(7F)5d(8G)6s 7G2 2793.06 4.8

15 834.60 4f 6(7F)5d(6P)6s J53 2913.70

16 354.60 4f 6(7F)5d(8D)6s 7D4 2504.71

16 859.31 4f 6(7F)6s6p(3P) 9D5 u129.00(42)u 15 617.45 4f 6(7F)5d(8H)6s 7H6 21241.86 4.4

15 082.94 4f 6(7F)5d(8D)6s 9D6 21776.37

220.8(15)e 17 864.29 4f 66s2 5D2 674.09

17 190.20 4f 6(7F)6s6p(3P) 7F2 225.30(15) 223(2)a 18 176.17 4f 6(7F)5d(6H)6s 7H2 985.97

15 955.24 4f 6(7F)5d(8G)6s 7G2 21234.96

17 864.29 4f 66s2 5D2 620.74

17 243.55 4f 6(7F)6s6p(3P) J53 195.18(31) 16 354.60 4f 6(7F)5d(8D)6s 7D4 2888.95

18 176.17 4f 6(7F)5d(6H)6s 7H2 932.62

17 864.29 4 f 66s2 5D2 401.92

17 462.37 4f 6(7F)6s6p(3P) 5G2 11315(120)a 18 176.17 4f 6(7F)5d(6H)6s 7H2 713.80 8.5

15 955.24 4f 6(7F)5d(8G)6s 7G2 21507.13

16 354.60 4f 6(7F)5d(8D)6s 7D4 21150.03

17 504.63 4 f 6(7F)6s6p(3P) 7G4 25.84(10) 15 834.60 4f 6(7F)5d(6P)6s J53 21670.03 1.1 0.32 0.3

15 524.56 4f 6(7F)5d(8D)6s 7D3 21980.07

16 354.60 4f 6(7F)5d(8D)6s 7D4 1232.86

17 587.46 4f 6(7F)6s6p(3P) 9F5 136.20(32) 15 617.45 4f 6(7F)5d(8H)6s 7H6 21970.01 3.7

15 082.94 4f 6(7F)5d(8D)6s 9D6 22504.52

113.13(57)e 17 864.29 4f 66s2 5D2 94.58

17 769.71 4f 6(7F)6s6p(3P) J51 113.55(6)f 18 176.17 4f 6(7F)5d(6H)6s 7H2 406.46

15 955.24 4f 6(7F)5d(8G)6s 7G2 21814.47

17 864.29 4f 66s2 5D2 33.49

17 830.80 4f 6(7F)6s6p(3P) 7F3 2202.74(94) 18 176.17 4f 6(7F)5d(6H)6s 7H2 345.37 1.1 0.33 10

16 354.60 4f 6(7F)5d(8D)6s 7D4 21476.20

19.15(35)e 18 176.17 4f 6(7F)5d(6H)6s 7H2 100.50

18 075.67 4f 5(6H0)5d6s2 7H2 110(1)a 17 864.29 4f 66s2 5D2 2211.38 0.36 0.13 1

20 195.76 4f 66s2 5D3 2120.09

18 176.17 4f 6(7F)5d(6H)6s 7H2 232.87

18 209.04 4f 6(7F)6s6p(3P) 5G3 2150(9)a 17 864.29 4f 66s2 5D2 2344.75

16 354.60 4f 6(7F)5d(8D)6s 7D4 21854.44

26.08(31)e 18 176.17 4f 6(7F)5d(6H)6s 7H2 248.96

18 225.13 4f 6(7F)6s6p(3P) J51 26(1)a 17 864.29 4f 66s2 5D2 2360.84

20 195.76 4f 66s2 5D3 1970.63
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TABLE II. (Continued).

Odd-parity state
Tensor polarizability

@kHz/~kV/cm!2# Closest even-parity neighbors
Estimate of

matrix element

Energy
(cm21)

Leading configuration
and term assignment This work Other work

Energy
~cm21!

Configuration and
term assignment

DE
~cm21!

zuduz
(ea0)

udzumax
(ea0)

udzu
DE

(1023ea0 /

cm21)

19.12(50)e 18 176.17 4f 6(7F)5d(6H)6s 7H2 2240.45

18 416.62 4f 6(7F)6s6p(3P) J52 19(4)a 17 864.29 4f 66s2 5D2 2552.33

20 195.76 4f 66s2 5D3 1779.14

20 195.76 4f 66s2 5D3 1692.27

18 503.49 4f 6(7F)6s6p(3P) 5G4 2717.2(15) 2660(46)a 16 354.60 4f 6(7F)5d(8D)6s 7D4 22148.89 17

15 834.60 4f 6(7F)5d(6P)6s J53 22668.89

27.69(54)e 18 176.17 4f 6(7F)5d(6H)6s 7H2 2611.91

18 788.08 4f 6(7F)6s6p(3P) 7F2 27.3(5)a 17 864.29 4f 66s2 5D2 2923.79 0.80 0.29 0.5

20 195.76 4f 66s2 5D3 1407.68

17 864.29 4f 66s2 5D2 21121.41

18 985.70 4f 6(7F)6s6p(3P) 5F1 1473(35)a 15 955.24 4f 6(7F)5d(8G)6s 7G2 23030.46 21

15 914.55 4f 66s2 5D1 23071.15

18 176.17 4f 6(7F)5d(6H)6s 7H2 2833.35

19 009.52 4f 5(6H0)5d6s2 J52 19(6)a 17 864.29 4f 66s2 5D2 21145.23

20 195.76 4f 66s2 5D3 1186.24

20 195.76 4f 66s2 5D3 694.49

19 501.27 4f 6(7F)6s6p(3P) 7F3 116(1)a 18 176.17 4f 6(7F)5d(6H)6s 7H2 21325.10 1.3 0.43 1

17 864.29 4f 66s2 5D2 21636.98

20 195.76 4f 66s2 5D3 205.51

19 990.25 4f 5(6H0)5d6s2 7H4 152(6)a 16 354.60 4f 6(7F)5d(8D)6s 7D4 23635.65

15 834.60 4f 6(7F)5d(6P)6s J53 24155.65

16 354.60 4f 6(7F)5d(8D)6s 7D4 23798.87

20 153.47 4f 6(7F)6s6p(3P) 7F5 1809(36)a 15 617.45 4f 6(7F)5d(8H)6s 7H6 24536.02 30

15 082.94 4f 6(7F)5d(8D)6s 9D6 25070.53

20 195.76 4f 66s2 5D3 32.76

20 163.00 4f 6(7F)6s6p(3P) 7F4 26(1)a 18 176.17 4f 6(7F)5d(6H)6s 7H2 21986.83 0.22 0.06 2

17 864.29 4f 66s2 5D2 22298.71

16 392.93 4f 6(7F)5d(8H)6s 7H7 24662.83

21 055.76 4f 6(7F)6s6p(3P) 7F6 1313(20)a 15 617.45 4f 6(7F)5d(8H)6s 7H6 25438.31 29

15.082.94 4f 6(7F)5d(8D)6s 9D6 25972.82

16 354.60 4f 6(7F)5d(8D)6s 7D4 25104.29

21 458.89 4f 6(7F)6s6p(3P) 7F5 138(6)a 15 617.45 4f 6(7F)5d(8H)6s 7H6 25841.44 7.7

15 082.94 4f 6(7F)5d(8D)6s 9D6 26375.95

18 176.17 4f 6(7F)5d(6H)6s 7H2 24737.90

22 914.07 4f 6(7F)6s6p(1P) 7G1 14(1)a 17 864.29 4f 66s2 5D2 25049.78 4.0

15 955.24 4f 6(7F)5d(8G)6s 7G2 26958.83

30 755.28 4f 6(7F)6s(8F)7s 7F3 1.63

30 753.65 4f 5(6H0)5d6s2 J53 1535(12)g 31 246.30 4f 6(7F)6s(8F)7s 5F2 492.65 0.37 0.12 74

30 191.24 4f 6(7F)6s(8F)7s 9F4 2562.41

aReference@6#.
bReference@7#.
cReference@8#.
dReference@5#.

eReference@3#.
fReference@4#.
gReference@9#.
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mate for the dipole coupling, which makes it likely that the
is an unknown close-by state with even parity. These lev
are not considered as EDM candidates for the time being
search for new even-parity levels is currently being und
taken in this laboratory@25#. Given the current experimenta
knowledge, the most promising state for an EDM search
the metastable even-parity 4f 65d6s 7G1 state at 15 639.80
cm21 ~designatedX!; its odd-parity partner 4f 66s6p 7G1
state~designatedY! is at 15 650.55 cm21. Here we analyze
these states in the context of an EDM experiment—other
states may be attractive for EDM experiments as well,
seen from Table II.

In an EDM experiment, atoms are subjected to an exte
electric fieldE for a time t, and the precession angle

wEDM5dat•Et5RdeEt ~12!

~\ has been set equal to unity! is measured.dat is the atomic
EDM induced by an electron EDMde ; the electron is ex-
posed to an effective internal fieldRE. In order to maximize
the sensitivity to the electron EDM, it is desirable to choo
a state with the highest enhancement factorR and a suffi-
ciently long lifetime t, since the latter could be a limiting
factor determiningt. The sensitivity tode is determined by
the signal-to-noise ratio which in the shot-noise limit is pr
portional to wEDMAN, whereN is the number of detecte
atoms. In a typical atomic beam experiment~such as that of
Ref. @11#!, atoms leaving the atomic beam source p
through three regions. In the first region, alignment is
duced in the atomic state under investigation. This alignm
then precesses in the second region, in which a strong e
nal electric field is applied. The precession angle is analy
in the third region. Generally, with a given number of atom
emitted by the source per unit time, the density of atoms
the detection region falls with the distance from the atom
beam sourcer as 1/r 2. ~In principle, the divergence of an
atomic beam could be reduced by transverse laser coo
However, this is exceedingly difficult for atoms such as
marium due to absence of sufficiently strong closed tra
tions.! If all the dimensions of the detection volume are!r
~as is the usual case in practice!, and the alignment region
is close to the source, then for a state with lifetimet, N
}exp@2r/(vt)#/r2, wherev is a typical velocity of atoms in
the beam. The signal-to-noise ratio is then proportional to
quantity

wEDMAN5RdeEtS exp@2r /~vt!#

r 2 D 1/2

5
RdeE

v
exp@2r /~2vt!#. ~13!

For the case of ground-state atoms~with t5`), the expo-
nential factor is unity, and the signal-to-noise ratio is ind
pendent ofr. Note that, in principle, even ift is finite, there
is no loss in signal-to-noise ratio compared to the case
infinite lifetime, as long as the dimensions of the appara
are&vt. However, there clearly exists a practical minimu
size of the apparatus determined, e.g., by the dimension
the detection volume and by such experimental consid
ations as difficulties in placing high-voltage electrodes n
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the hot atomic beam source, a necessity to have heat shi
collisional effects near the source, etc. Setting this s
~somewhat arbitrarily! to r'5 cm, and using a typical value
of thermal velocity of atoms in an atomic beam
v553104 cm/sec, we obtain a requirement for the lifetim
of the metastable state:t@100msec. Other considerations i
the choice of the state include whether there exist conven
ways to populate the state and to produce and probe its a
ment, and the sensitivity of the particular state to system
effects.

We will now discuss various parameters of the statesX
and Y relevant to an EDM experiment. Let us start with a
estimate of the natural lifetime ofX. There are seven possibl
E1 decay channels ofX; the matrix elements for all are sup
pressed by theDS50 selection rule, and the rates are su
pressed by smallv3 phase-space factors, since all dec
wavelengths are in the infrared. Assuming that the am
tudes of these transitions do not exceed;ea0/10 ~a typical
value for a spin-suppressedE1 matrix element in Sm!, where
e is the electron charge anda0 is the Bohr radius, we obtain
the lower limit on the lifetimetX'1 msec.~TheM1 andE2
transitions to the ground term levels give negligible con
butions to the decay rate.!

In the presence of an electric field, there is Stark mixi
between the states of opposite parity. When the electric fi
is sufficiently high, the lifetime of the Stark-mixed state c
be dominated by the admixture of the shorter-lived oppo
parity state. Thus the lifetime of stateY is important as
well—we have measured it to be 2.626~17! msec~Table I!.
The Stark-mixed Zeeman components~with quantization
axis chosen along the electric field! can be written as

X61→X618 5X616
d•E
DE

Y61 , ~14!

whereX61 andY61 are theMJ51,21 components ofX and
Y ~there is no Stark mixing for theMJ50 component!. From
Table II, we have, for the mixing coefficient,

d•E
DE

'~1.631023 cm/kV!E. ~15!

For a high electric field, the lifetime of the Stark-mixed su
levels withMJ561,

tX→FtX
211S d•E

DE D 2

tY
21G21

, ~16!

is dominated by the admixture of the shorter-lived stateY;
e.g., at 100 kV/cm,tX'100msec. Note that the lifetimes ar
different for sublevels with differentuMu.

Before proceeding with the estimate of the EDM enhan
ment factor of the stateX, a comment on the structure of th
statesX and Y is required. These states have been inve
gated earlier in the context of experiments onP ~not T! vio-
lation @40,36,8#. In Ref. @40#, various matrix elements in
volving X and Y were calculated, including the dipol
couplings ^XzuduzY&uRef. @33#51.7ea0 and ^YzuduzG&uRef. @33#

53.2ea0 , whereG is the ground state. These results, p
ticularly the strong coupling to the ground state, disag
with the experimental data on polarizability~see Table II!,
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radiative transition oscillator strength@35–38#, and the mea-
sured lifetime~Table I!. ~The discrepancy between theo
and experiment was first pointed out in Ref.@41#.! The con-
tradiction between the measured lifetime and theory exte
throughout the7G term—the experimental lifetimes are b
tween 2.4 and 2.7msec, whereas there is ostensibly no su
pression of theE1 decay channels, according to the desig
tion 4f 6(7F)6s6p(1P)7G in Ref. @1#. We suggest that the
source of all these inconsistencies is that this designatio
incorrect. It is clear from the isotope shift data@7,8,28,42#
that these states must have core16s6p dominant configura-
tion. Thus, it is likely that it is the term assignment for th
valence electrons that is incorrect. Throughout Ba and
rare earths the core16s6p(1P) terms lie 6000–8000 cm21

higher than the core16s6p(3P) terms. The levels of the7G
term appear to have too low an energy for it to be a c
16s6p(1P) term. These observations indicate that t
dominant term ofY must be 4f 6(7F)6s6p(3P)7G. In fact,
the need for this reassignment has been noticed inde
dently by Martin @43#, who pointed out that for all septe
terms of this configuration, singlet and triplet valence ter
should be interchanged in the tables.

The statesX andY are not pure. StateX has the dominan
term 4f 6(7F)5d(8G)6s 7G1 ~58%!, with a 22% admixture
of 4f 6(7F)5d(8F)6s 7F1 . StateY has 79% of its dominan
term, and 10% of 4f 6(7F)6s6p(3P)5F1 @1#. In addition,
state Y has a significant admixture of the configuratio
4 f 65d6p ~see below!. The contributions of each of thes
components to the EDM enhancement is evaluated be
but as the relative phases of the components are not kno
we presently do not know if the contributions add or canc

In order to estimate the EDM enhancement factor, we
the approach described in Refs.@44,10#. The electron EDM
induces an atomic EDM by mixing states of opposite pa
ties. Assuming that the main contribution comes from
mixing with the stateY, the atomic enhancement is given b

R5
dX

de
5

^Xudz /euY&
EX2EY

^Yu«uX&. ~17!

Here the first factor indicates the degree of polarization
the atom, and the second the effective electric field acting
the electron when the atom is fully polarized.« is a single-
electron scalar operator with value

^ j ,l 5 j 61/2u«u j ,l 5 j 71/2&52
16Z3a2

g~4g221!~nXnY!3/2

Ry

a0
,

~18!

whereg5A( j 1 1
2 )22Z2a2, Z562 is the nuclear charge,a

is the fine-structure constant,nX'nY'ARy/(I.P.2EX,Y)
'1.9 are the effective principal quantum numbe
I.P.545519 cm21 is the ionization potential, and Ry is th
Rydberg constant. For the dominant configurations
X(4 f 65d6s) and Y(4 f 66s6p), this is a single-electron
5d-6p mixing. The operator« only connects wave function
that are identical except for thel-value of a single electron
Writing X and Y states in terms of wave functions for th
core and each of the two valence electrons~using the 3P
reassignment of stateY as discussed above!, we can evaluate
ds

-
-

is

e

e

n-

s

w,
n,

l.
e

-
e

f
n

,

f

this matrix element, introducing the angular coefficientF
that expresses how much of the statesX andY are the same
except for the mixed electron. The matrix element vanis
for every other component of the states’ wave functio
Thus

R5216FaX1aY1

Ry

EX2EY

^XudzuY&
ea0

Z3a2

g~4g221!~nXnY!3/2,

~19!

whereaX1 andaY1 are the amplitudes of the dominant com
ponents ofX and Y ~square root of the probabilities, with
sign as yet undetermined!, j 5 3

2 is the only possible common
value of the single-electron total angular momentum forp
and ad state, the experimental value ofdz is taken from
Table II, and we have calculatedF'20.35.

In addition to the contribution of the dominant configur
tions, one can also expect a significant effect due to the
mixture of the 4f 65d6p configuration to the stateY. Even a
relatively small admixture of this configuration is importan
since the 6s-6p EDM mixing is much stronger than 5d-6p
EDM mixing; this is due to the fact that the main contrib
tion to the EDM matrix element is from the region close
the nucleus. The amplitude of the 4f n5d6p-4 f n6s6p mix-
ing is known to be;0.2 throughout the rare-earth elemen
@45#; a similar value was also estimated for Sm@46#. Explicit
calculations of 6s6p-5d6p configuration mixing have been
performed for only a few cases in the rare earths, such
EuI, TmII, Yb I, Lu I, and LuII ; these were mentioned, alon
with the appropriate references, in Ref.@1#. In all these cases
the mixing amplitudes are of similar size:;0.2–0.3 for
states identifiable as core13P terms. This systematically
constant mixing can be understood in a simple way. T
filling of the 4f subshell in the rare earths is accompanied
the collapse of the 4f orbital radius@47#. Because of this
collapse, the effective potential seen by an electron in a
lence shell~such as 6s, 6p, or 5d) varies only slightly as a
function of Z throughout the region fromZ556 ~Ba! to Z
571 ~Lu!; this is because each additional nuclear charge
effectively screened by an additional, compact 4f electron.
This effect is verified by noting that the binding energies
these valence electrons vary only slightly in this range ofZ.
Calculations in Ref.@47# also verified the expected sma
variation in the mean orbital radii of these valence she
Since configuration mixing depends only on electrostatic
tegrals and energy denominators, it is clear that
6s6p-5d6p mixing should be similar throughout the~spec-
trally complex! rare earths. The value of the mixing can th
be taken from the relatively simple cases of Ba and Y
where recent calculations were performed@48,49,50#. These
mixing amplitudes lie in the general range given above.

Performing EDM enhancement factor estimates simila
the one above for the contribution of the secondary terms
X and Y and the admixture of the 4f 65d6p configuration,
one finds that two contributions are significant in addition
the one above—the mixing of the dominant term ofX with
the secondary term ofY, and the mixing of the dominan
term ofX with the dominant term of the 4f 65d6p admixture
to Y, giving the three contributions to the enhancement fac
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R5Rdp~
7G127G1!1Rdp~

7G125F1!1Rsp'6110068006~1300– 1900!, ~20!
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i.e.,

uRu'100– 3800.

Thus, the estimated EDM enhancement factor for the staX
in samarium is potentially as high as 43103, exceeding the
enhancement factor of the ground state of thallium~;600!
several times. Note that since the relative signs of the c
tributions are not known, they can, in principle, cancel ea
other. In addition, this estimate relies both on the accurac
the state designations given in Ref.@1#, and on the curren
understanding of configuration mixing in the statesX andY,
discussed above; considering the complexity of the Sm s
trum, neither assumption may be completely justified.
more refinedab initio calculation is being performed@51#,
and its preliminary results indicate a possibility of a lar
EDM enhancement; however, in this calculation, additio
configurations in the stateX, not considered in the abov
estimate, give the primary contribution to the EDM enhan
ment. Thus, an additional theoretical analysis is required
confirm the existence of a large EDM enhancement.

As mentioned above, the statesX and Y have been con-
sidered for a measurement of atomic parity nonconserva
~PNC!, since the near-degeneracy of the two states enha
the parity violating mixing due to the weak interactio
Hweak. A proposal for a PNC experiment was formulated
Ref. @40#, and preliminary experiments aimed at evaluati
the feasibility of such an experiment were carried out in R
@36#. The PNC-inducedE1 matrix element for theG→X
transition,

E1PNC5
^XuHweakuY&

DE
^YidiG&, ~21!

was calculated in Ref.@40#; however, apparently due to th
reasons described above, the theoretical value of^YidiG&
obtained in this calculation was over an order of magnitu
too large. Using the formulas given in Ref.@52#, we can
estimate the value ofHweak and, thus, using an experiment
value for ^YidiG&, the value ofE1PNC.

Since PNC arises mainly from the contact weak inter
tion of electrons with the nucleus,Hweak mixes primarilys
and p states~see, e.g., Ref.@52#!. Thus, from Ref.@52#,
.S
,

a

n-
h
of

c-

l

-
to

n
es

f.

e

-

u^XuHweakuY&u5uF8^s1/2uHweakup1/2&u5U iF 8
gZ3Rrelq

~nXnY!3/2RyU
'3310213 Ry.

~22!

HereF8'20.10 is an angular factor similar toF, described
above,g5(Gme

2a2)/(&p) is the natural scale of atomi
P-odd effects,G is the Fermi weak interaction constant,me
is the mass of the electron,Rrel54(a0/2Zr0)222g/G2(2g
11) is the relativistic enhancement factor,r 0 is the nuclear
radius, G is the gamma function,q512A/(2Z)22 sin2 u,
A5152 is the atomic number, andu is the Weinberg angle
This value for^XuHweakuY& is similar to that found in Ref.
@40# ~accounting for a misprint in that paper!.

From the oscillator strength measurement in Ref.@38#
combined with lifetime measurements, the value for the
duced matrix element̂ YidiG&50.129(3)ea0 is found.
From the formula for the reduced PNCE1 matrix element
given above, we haveuE1PNCu'4310210ea0 , nearly a fac-
tor of 40 smaller than the value obtained in Ref.@40#. This
amplitude can be compared with that for an analogous tr
sition in Yb, estimated to be;1029ea0 @53,54#. ~Note that
E1PNC in the Cs 6s1/2→7s1/2 transition, where the most ac
curate measurements@55# and calculations@56# have been
done, isuE1PNCu'10211ea0 .)

VIII. CONCLUSION

We have performed a measurement of the lifetimes of
of the lowest-lying odd parity levels of samarium and t
tensor polarizabilities of 22 of these levels.~Three of the
remaining levels hadJ50; Stark beats were not observe
for a fourth level.! Typical relative uncertainties of thes
measurements are 1–3 % for lifetimes and,1% for polariz-
abilities. Many of these values had not been previously m
sured; agreement with those that had been measured is
isfactory. We have analyzed samarium and found a poten
case of advantage for an EDM search. However, further
oretical analysis is needed to determine whether this cas
actually viable.
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@20# W. Demtröder, Laser Spectroscopy, Basic Concepts and

strumentation, 2nd ed.~Springer-Verlag, Berlin, 1996!.
@21# S. Haroche, inHigh-Resolution Laser Spectroscopy, edited by

K. Shimoda~Springer-Verlag, Berlin, 1976!.
@22# W. H. Press, B. P. Flannery, S. A. Teukolsky, and W. T. V

terling, Numerical Recipes in C~Cambridge University Press
Cambridge, 1988!.

@23# I. I. Sobelman,Atomic Spectra and Radiative Transitions, 2nd
ed. ~Springer-Verlag, Berlin, 1992!.

@24# A. Corney,Atomic and Laser Spectroscopy~Oxford University
Press, London, 1977!.

@25# S. Rochester, Undergraduate thesis, U. C. Berkeley, 19
http://phylabs.berkeley.edu/budker/.

@26# Photomultiplier Tubes, Principles and Applications~Philips
Photonics, Slaterville, RI, 1994!; Photomultiplier Handbook
Theory, Design, Application~Burle Industries, Lancaster, PA
1980!.

@27# C. J. Bowers, D. Budker, E. D. Commins, D. DeMille, S.
Freedman, A.-T. Nguyen, S.-Q. Shang, and M. Zolotor
Phys. Rev. A53, 3103~1996!.

@28# H. Brand, B. Nottbeck, H. H. Schulz, and A. Steudel, J. Ph
B 11, L99 ~1978!.

@29# M. P. Silverman, S. Haroche, and M. Gross, Phys. Rev. A18,
1507 ~1978!.

@30# P. Hannaford and R. M. Lowe, J. Phys. B18, 2365~1985!.
@31# V. N. Gorshkov, V. A. Komarovskii, and N. P. Penkin, Op

Spektrosk.59, 447 ~1985! @Opt. Spectrosc.59, 268 ~1985!#.
.

s

,

-

-

-

8,

,

.

@32# B. B. Krynetskii and V. A. Mishin, Gen. Phys. Inst.~AN
USSR! Rep.24, 59 ~1990!.

@33# P. Hannaford and R. M. Lowe, Aust. J. Phys.39, 829 ~1986!.
@34# H. Brand, K. H. Drake, W. Lange, and J. Mlynek, Phys. Le

A 75, 345 ~1980!.
@35# K. B. Blagoev, V. A. Komarovskii, and N. P. Penkin, Op

Spektrosk.42, 424 ~1977! @Opt. Spectrosc.42, 238 ~1977!#.
@36# I. O. G. Davies, P. E. G. Baird, P. G. H. Sandars, and T.

Wolfenden, J. Phys. B22, 741 ~1989!.
@37# N. P. Penkin and V. A. Komarovskii, J. Quant. Spectro

Radiat. Transf.16, 217 ~1976!.
@38# D. M. Lucas, D. N. Stacey, C. D. Thompson, and R. B. Wa

rington, Phys. Scr.T70, 145 ~1997!.
@39# L. M. Barkov, M. S. Zolotorev, and D. A. Melik-Pashaev, Op

Spektrosk.66, 495 ~1989! @Opt. Spectrosc.66, 288 ~1989!#.
@40# A. Gongora and P. G. H. Sandars, J. Phys. B19, 291 ~1986!.
@41# R. Peterkop, Phys. Lett.90A, 182 ~1982!.
@42# P. Brix, Z Phys.126, 431~1949!; A. R. Striganov, V. A. Katu-

lin, and V. V. Eliseev, Opt. Spektrosk.12, 171 ~1961! @Opt.
Spectrosc.12, 91 ~1962!#; J. E. Hansen, A. Steudel, and H
Walther, Z Phys.203, 296~1967!; J. Bauche, R.-J. Champeau
and C. Sallot, J. Phys. B10, 2049 ~1977!; W. J. Childs, O.
Poulsen, and L. S. Goodban, Phys. Rev. A19, 160 ~1979!; M.
Wakasugi, T. Horiguchi, W. G. Jin, H. Sakata, and
Yoshizawa, J. Phys. Soc. Jpn.59, 2700~1990!.

@43# W. C. Martin ~private communication!.
@44# V. V. Flambaum, Yad. Fiz.24, 383~1976! @Sov. J. Nucl. Phys.

24, 199 ~1976!#.
@45# J.-F. Wyart and P. Camus, Phys. Scr.20, 43 ~1979!.
@46# S. G. Porsev, Phys. Rev. A56, 3535~1997!.
@47# S. A. Kotochigova and I. I. Tupizin, J. Phys. B20, 4759

~1987!.
@48# J. Migdalek and W. E. Baylis, J. Phys. B24, L99 ~1991!; Phys.

Rev. A 33, 1417~1986!.
@49# S. G. Porsev, Yu. G. Rakhlina, and M. G. Kozlov, Pis’ma Z

Eksp. Teor. Fiz.61, 449 ~1995! @JETP Lett.61, 459 ~1995!#.
@50# B. P. Das, Phys. Rev. A56, 1635~1997!.
@51# M. Kozlov ~private communication!.
@52# I. B. Khriplovich, Parity Nonconservation in Atomic Phenom

ena ~Gordon and Breach, New York, 1991!.
@53# D. DeMille, Phys. Rev. Lett.74, 4165~1995!.
@54# S. Porsev, Yu. Rakhlina, and M. Kozlov, Pis’ma Zh. Eks

Teor. Fiz.61, 449 ~1995! @JETP Lett.61, 459 ~1995!#; B. P.
Das, Phys. Rev. A56, 1635~1997!.

@55# C. S. Wood, S. C. Bennett, D. Cho, B. P. Masterson, J.
Roberts, C. E. Tanner, and C. E. Wieman, Science275, 1759
~1997!.

@56# V. A. Dzuba, V. V. Flambaum, and O. P. Sushkov, Phys. Le
141A, 147 ~1989!; S. A. Blundell, W. R. Johnson, and J
Saperstein, Phys. Rev. Lett.65, 1411~1990!; Phys. Rev. D45,
1602 ~1992!.


