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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
Sm1 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 momefEDM) measurement. For the most favorable candidate stag)( the
electron EDM enhancement factor is evaluated to be in the réRlge100—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-noncondEgingG, amplitude.
[S1050-294{@9)10405-0

PACS numbes): 32.70.Cs, 32.10.Dk, 42.50.Md, 32.64.

[. INTRODUCTION ments are increasingly used in metal-halide arc lamps to pro-
vide high-quality and efficient light sources. Spectroscopic

In this work, we measured the lifetimes and electric po-data are needed for further development of these Idifis
larizabilities of the lowest-lying odd-parity levels of the sa- The atomic theory of the rare-earth elements is very
marium atom. According to Refl], these states have a complex—thus experimental data are important as a check of
dominant configuration (Xe)#6s6p (Fig. 1), while the the accuracy of calculational techniques. The results of this
lowest-energy configuration of samarium is (Xé§@s2. experiment will be compared to a recent calculation of the
Lifetimes and electric polarizabilities have been previouslylifetimes of several levels of samariufh9].
measured for only a small nhumber of the energy levels. A
recent compilation of previous lifetime measurements in the
rare-earth atoms can be found in REL]. Previous tensor
polarizability measurements in odd-parity states in samarium A block diagram of the setup is shown in Fig. 2. An
are presented in Ref§3—9]. However, to our knowledge, atomic beam of samarium is intersected at right angles by a
prior to the current work, no systematic study of the lowestiinearly polarized, pulsed-laser beam tuned to a resonant
odd-parity states has been performed. transition between a particular state of the ground term and

The principal motivation for this work is the prospect of the upper state of interest. Following the excitation, the time
an experiment to measure the electric dipole monigmM) evolution of fluorescence from the decay back to a particular
of the electron by measuring the EDM of a metastable statground statgnot necessarily the same as the initial Stage
of samarium. Some of the most sensitive searchedfdr recorded. To find the decay lifetimes, we fit the observed
violation have been performed in atoffi0]; the best limit  signals to an exponential. To measure tensor polarizabilities,
on the electron EDM is obtained from an experiment in
atomic thallium[11]. It may be possible to improve this limit Energy 3 ——
with EDM searches in metastable states in the rare-earth at- (10* em™)
oms. In such atoms, there is an enhancement of the atomic -
EDM due to the proximity of opposite parity level$2]. In
addition, there are potential experimental advantages of

Il. METHOD AND APPARATUS

states withJ=1 due to their immunity to certain systematic — Ap'sdés’ )
effects[13,14. Baseq on the measurements in thi§ work_, an #767D, 46s6p ;‘)ﬁ;‘ij:bﬁ‘i‘ty
advantageous candidate state for an EDM experiment is se- 4ffsdes | T measurements

lected, and the EDM enhancement fact@tio of atomic to
electron EDM is estimated.

There are further practical uses for the measurements ob-
tained in this work. A large quantity of accurate atomic data,
particularly state lifetimes, is required for an analysis of stel-
lar spectrg 15,16. While rare-earth elements are not promi-  F|G. 1. Low-lying configurations of atomic samarium. The rect-
nent in the solar spectrum, they are important for understandingles indicate groups of closely spaced energy levels. The diagram
ing the surface chemistry of upper main Sequence starsiso indicates the location of the odd-parity levels whose lifetimes
(chemically peculiar stayd17]. In addition, rare-earth ele- and polarizabilities were measured.
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FIG. 2. Block diagram of the experimental setup. / 4 il / U NG

the method of Stark-induced quantum beats is employed. An
electric field is applied to the interaction region, and a par- || o
ticular polarization of the decay fluorescence is monitored. 4]mgneu-c ‘ = magnetic 7 3
The signal in this case exhibits temporal oscillations— 2 shicld coil g N/
guantum beats—superimposed on the exponential decay. 7
The frequency of the oscillation is a measure of the tensor g
polarizability of the state. For general reviews of time- // 777
resolved spectroscopy and quantum beats see, e.g.[R@fs. R T ——
and[21].
The samarium beam source and the interaction region are FIG. 3. Cross section of the chamber showing the high-voltage
contained in a vacuum chamber maintained at a backgrour@ksembly.
pressure of about I8 Torr. The beam oven is a Mo cylin-
der (2.5cmdiametet7 cmlong) with a Mo nozzle at one of the laser is chosen according to a theoretical optimization
end and a Ta plug at the other. Tantalum and molybdenuras described below. One layer of CO-NETIC AA high per-
are chosen because they do not react strongly with samariumeability alloy surrounds the interaction region, keeping the
at high temperatures. The exit nozzle is rectangularbackground magnetic field below 10 m&ee Fig. 3. Holes
0.5x1.5cnf, and is composed of multiple slits cut with a are cut in the shield to allow the passage of the atomic and
wire electric discharge machine. The slits are about 0.04 criaser beams, insertion of the high-voltage cable, and detec-
wide and 0.6 cm deep, and collimate the atomic beam in thgion of the fluorescence light. Inside the magnetic shield,
horizontal direction, restricting angular spread-0.2 rad.  there is a magnetic coil so that a magnetic field of up to a few
The oven is resistively heated t61200 K, correspond- G can be appliedparallel to the electric field in order to
ing to a samarium vapor pressure of about 0.2 Torranalyze possible errors due to residual magnetic fields.
and an atomic density at the interaction region of High voltage of up to 40 kV is applied to the top electrode
~5x 10" atoms/cm (consistent with the signal sizes that using a high-voltage feed-through desidfig. 3). The high-
we measured Samarium atoms in the beam are thermallyvoltage cable runs through a ceramic stand-off, inside the
distributed among the seven levels of the ground term. Agrounded vacuum chamber, eliminating the possibility of co-
least 1% of the population is in each level. 10-20 grams ofona discharges. The few discharges that are observed all
Sm are loaded into the oven at a time, giving 15—30-h runoccur inside the chamber.
ning time. The oven heaters are comprised of coiled Ta wires By measuring the plate separation at various points with a
electrically insulated with high-purity alumina ceramic tub- telescoping gauge while the vacuum chamber is open to air
ing. Five layers of tantalum foil surround the oven for heatand adjusting alignment nutgig. 3) as necessary, the high-
shielding. The total power supplied to the oven is about 10(/oltage electrodes can be aligned with each other to within
W. To monitor temperature, two sets @fpe R) thermo- <10 3rad. Absolute spacing is determined with an accuracy
couples are used—one for the body of the oven, and one tof ~3X 10 “cm.
measure the temperature at the front of the oven. Fluorescence is detected at 45° to both laser and atomic
The laser used is a tunable dye la@@uanta Ray PDL-P  beams with a 2-in.-diameter photomultiplier tuf®MT, type
pumped by a pulsed Nd-YAGyttrium aluminum garnet EMI 9658 with an S-20 Prismatic photocathod&his ar-
laser (Quanta Ray DCR-2 The laser operates at a 10-Hz rangement is chosen to maximize the Stark-beat signal. The
repetition rate, with pulses-8 nsec long. Two dyes were gain of the PMT is~6x10°, and the typical quantum effi-
employed: LDS 751 and DCM. Using LDS 751 the dye laserciency for the wavelengths used-$5%. Interference filters
could be tuned in the range 720-763 nm, with a typicalare used to select the decay channel of interest, and color
output of ~2 mJ per pulse. With DCM, the laser could be glass filters are used to further reduce scattered light from the
tuned in the range 610—-673 nm, producing typical output ofaser and the oven thermal radiation. Typically, one or two
~10 mJ. The laser linewidth was15 GHz. interference filters with bandwidth 10 nm, and one or two
The interaction region lies between two plane-parallelcolor glass filters are used. The largest signals were attenu-
electrodeg6.4 cm diameter, 1-cm spacing he polarization ated by putting an aperture or a color glass filter in the laser
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FIG. 5. Stark beat data from fluorescence at 639 nm with the fit
used to extract the polarizability and lifetime. The initial ground
term state is #°6s® 'F,, the excited state isf46s6p 'G,, and the

Time (usec)

FIG. 4. Decay fluorescence at 637 nm with the fit used to extract
the lifetime. The initial ground term state i%s? 'F,, the ex-

cited state is #%6s6p 'F,, and the final ground term state is

6pa2 7 ot ; it
4f°6s” 'F5. The excitation wavelength is 610.6 nm. The initial g, ground term state isf46s? 'F,. The excitation wavelength is
section of the decay is not fit because of contamination from th%51 1 nm. The applied electric field was 1.48%V/cm. Circularly
Ia:scter !'ght pulse ?jntd ZMI reBseponse time. The lifetime of the LjppeYoolarized light is detected. The tensor polarizability of the upper
state is measured to be 1.086) usec. state is measured to be561.711) kHz/(KVicm)?% the lifetime is

. ) . . . measured to be 2.6267) usec.
beam, in order to keep the signal size well within the linear

part of the PMT dynamic range. For the Stark-beat measurgq frequency on the electric field.
ments, two light polarizations were detected: linear polariza-
tion at 45° to the(vertical) electric-field direction and a cir-
cular polarization. Polaroid film linear and circular polarizers
were used in front of the PMT to select these polarizations
The PMT signal is displayed on a Tektronix TDS 410A digi-
tizing oscilloscope, across 5Q. The oscilloscope is trig-
gered by the same signal that activates §hewitch of the
Nd:YAG laser. Time jitter in the oscilloscope trigger was _
small compared to the oscilloscope’s temporal resolutionth

Typically, 1000 point-long records a410° samples/sec are nal level. Data are fit to this model with b, and r as free

taken. Several hundred records corresponding to different IaﬁarameteriFig. 4). Fitting is started sufficiently long after

ser pulses are averaged. The averaged signal is read Out Y& eycitation pulse time that the effect of the finite PMT
a general purpose interface b(GPIB) interface to a per- response time can be ignoré8ec. V A).

sonal computer runningABVIEW data acquisition software. For Stark-beat data involving an upper state with angular

To reduce the effects of laser light scattered from themomentum] the model predicts a signal of the form
vacuum chamber widows, 38-cm-long collimating arms with . 5
S % 3(2n—1)w

multiple knife-edge diaphragms are used for the entry and
1+C, ChCOS o r
A=1 2J(23.—1)

For each resonance at which data is taken, an off-
resonance file is taken, recording the background level, the
scattered laser light pulse, and PMT afterpulses and electrical
noise associated with the laser pulse. During analysis, the
off-resonance file is subtracted from the resonance file to
remove these effects from the ddsee Sec. VA

Lifetime data are modeled by an exponential decay,
ae Y7+b, wherea is the signal amplitudg, is time, 7 is

e state lifetime, and is the unsubtracted background sig-

exit of the laser beam. To reduce the effects of light gener- s=ae ("
ated by the hot oven, the area around the interaction region

was colored black with a permanent marker and an anodized

tube was inserted to block oven light not colinear with the X (t—to) + ¢y
atomic beam.

+b, 1

where the relative contrasts and phasgsand ¢,, n
lll. DATA COLLECTION AND ANALYSIS =1,...J., of the series ofJ, harmonic frequency

Data collection for both the lifetime and the polarizability 9°mp°”er_'t§'ar_e determined by the _density-matrix ca}lcula-
tion described in Sec. IV. In Eql), t, is the beat start time,

measurements is similar. We generally avoid detecting fluo="~", = i . .
rescence light at the same frequency as the excitation pul hich should c0|nC|d(_e with the laser pulsg time, ant$ a
because in this case the scattered light from the laser cann pat contrastquulaﬂon depth parameter mcluded to ac-
be filtered from the fluorescencédowever, detection at the count fo.r reduction of contrast due to various effects dis-
excitation frequency is unavoidable if the upper state has cussed in Sec. VCg=1 corgesponds to the contrast pre-
~0.) Whenever possible, multiple transition schemes ardicted by the theoryw=a,&%%, where a; is the tensor
used for each upper state as a crosscheck of the results. Be-

tween one and 50 data files were taken for each upper state.

For Stark beats, data files were taken at several values of théif J, is a half-integer, there ak— 3 frequency components; the
electric field to verify the quadratic dependence of the Starkindexn starts at.
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polarizability, £ is the electric field, and is Planck’s con- systematic error on any data point. Thus we adopt a conser-
stant. The six fitted parameters aeb, 7, w, ¢, andty. This  vative approach in which the uncertainty is made large
model gives adequate fits to all the défdg. 5); it was not enough to be compatible with the scattering of the data
found necessary, for example, to introduce relative variatiopoints, the combined statistical uncertainty of the data points,
inc, and ¢,,. and the systematic errors on the individual data points. The
The uncertainties in the fit parameters are determined asxtracted lifetimes in the presence of an electric field in gen-
follows. The standard deviation of the background signal beeral agree with and have comparable uncertainty to the field-
fore the excitation pulse is used as an estimate of the noidieee data; thus lifetime data taken under both conditions are
due to dark current and oven light, etc. This uncertainty iscombined.
combined with an estimate of the shot noise based on the
signal size for each data point to estimate the total statistical
uncertainty. With this procedure, best fits typically give re-
duced x? in the range 1-10. In an attempt to account for ~An externalz-directed electric field shifts and splits the
underestimation of the statistical noise in our signals, theatomic levels due to the interactiGty .= — £d,, whered,
calculated uncertainties in the fit parametés determined is the z component of the dipole moment operator. Second-
by the square root of diagonal matrix elements of the covaerder perturbation theory gives the energy correction to a
riance matr|x[22]) are multiplied by the square root of the stateyJM with energyE.; (whereM is thez projection of
reducedy?. This operation may also help to account for angular momentund, and y represents the remaining quan-
unknown systematic effects, since the error is increased if theum numbersdue to all other stateg’J'M’:
model fails to reproduce all features of the data.

IV. THEORY OF STARK-INDUCED QUANTUM BEATS

A discussion of systematic errors and corrections for both [(yIM|d,|y' 3" M)|?
lifetime and polarizability measurements is given in Sec. V. AEYJM=822 E _ZE , (2
To obtain final values, a weighted average is performed of Y'Y o=y

the results from all the data files for each state, with statisti-

cal and systematic uncertainties added in quadrature. The&ince thed, operator only mixes states with the sampro-
uncertainty on the average is multiplied by the square root ofection of total angular momentum. From the Wigner-Eckart
the reducedy?, if the reducedy? is greater than 1. In addi- theorem and explicit expressions for the appropriate
tion, the final error is made at least as large as the smalle€lebsch-Gordan coefficienf&3], we have

p
JIZ— M2
(yalldlly"3") for J’=J-1, M'=M
VI(23+1)(23-1)

M
(YIldlly'3") for J’=J, M'=M
(yIM[d,|y'I'M")={ VIA+1)(23+1) 3
VA+1)2=M?
(alldlly 37y 2D for Y2341, M'=M
V(I+1)(23+1)(23+3)

(0 for J’'=J|>1 or M'#M or J=J'=0.

We can write this result in terms of the scalar and tensor polarizabilitigsa(d «,, respectively:

AE. oo e[ . 3M-JI+1)
PIMT T 0T 20-1)

2
In this work, we measure the value af for the odd-parity atomic levels. We then use this value for a given odd-parity
state to estimate the value of the reduced matrix element to the nearest even-parity “partneriivitatd’ —J|<1),
assuming that this nearest partner’s contribution to the sum iiZzgominates due to the smallness of the energy-difference
denominator. In this case, the tensor polarizability becomes

4

(2 J3(23-1)||d|? 1
= for J’=J-1
3 (E,—E,y) J(23+1)(23-1)
B 2 J(23— 1)||o|||2 1 for 33
©=Y T3(E,—E,,) A+t T ®
2J(2J—1)||d||2 1 for 3 =341
L3 (E,,;—E,y) (3+1)(20+1)(23+3) O >~ "%

where||d|| is shorthand for the reduced matrix elemepd|{d||y’J’) to the partner state. Equati@B) is used to obtain the
value of the reduced matrix element from the measured valug ofGiven this result, we are also interested in the maximum
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possible projectiord, over all M. (This information is used to estimate the EDM enhancement fadtoom Eg.(3) this is
given by
V3
V(2J+1)(23-1)
N&]
VE+D)(23+1)
VI+1
J23+1D)(23+3)

)
lldll for ’=J-1

!

l[d]

<'yJM|dz|'y"],M>max:< J (6)

for J'=J+1.

| dl]
\

To calculate the form of the observed signal, we use the@xample, in our experimental geometry, with laser and de-
density-matrix formalism. The general approach is de-ection polarizations at 45° from vertical, and fdy=2, J.
scribed, e.g., in Refl24]; details of this particular calcula- =2, andJ;=1, we have
tion are given in Ref[25]. The temporal dependence of the

intensity of a particular polarization of fluorescence lightin a |o<e—F(t—to)(1+ %co (t=to)w
particular direction is given by 51 4
12v2 3(t—to)w

| o< Z FMM,GMM,pmme*(FfinM,)(tfto)’ + 19
MM’
m

(7) 51 4

o)

In Eqg. (10) the tensor polarizabilityr, appears only as the
argument of cosine functions. Thus the sigrnegfcannot be
experimentally determined from Stark-beat data obtained
with these experimental conditions. If circularly polarized
light is detected, howevery, appears as the argument of
sine functions, and the sign af, can be determined. The
signs of the tensor polarizabilities for the levels for which
circularly polarized light was detected are given in the results

wherepmm is the diagonal ground-state density matxior
to laser excitationwritten in terms of the Zeeman sublevels

m, I' is the radiative decay rate of the upper st@twerse of
(Sec. VI, Table I). Several simplifying assumptions were

the lifetime),
made in this treatment which could possibly change the con-
is the Stark-induced frequency Sp“t“ng of a given pair OftraS'[(but not the frequem)}of the Stark beats; see Sec. VC.

Zeeman sublevel® and M’ [from Eg. (4)], andt, is the A similar treatment gives the form of the signal in the

time of the laser pulsg¢The imaginary parts of the terms in Presence of magnetic fields, and combined electric and mag-
the sum in Eq(7) cancel each other, so thais real) Fy,,,,  netic fields. Data taken under these conditions were used to

is the “excitation matrix” given by confirm the applicability of the theory and to analyze system-
atic effects.

MZ_ M 12
323, 1)

3a,&
2h

(8

(OIS

FMM’:(')’eJelld“')’g\]g)2

XE 2 2 (_1)q+Je—Jg—M—m
moq g

V. SYSTEMATIC ERRORS

We now turn to a discussion of the various effects that
could produce systematic errors in the results. First, effects
that alter the signal and could affect the measured values for

J 1
xe(_q)(eq,)*( Ii/l g) lifetimes and Stark-beat frequencies are considered. In gen-
- g m )
eral, since the Stark-beat measurements are measurements of
Jg 1 J frequency, they are more robust and are affected much less
“\ Zm qg M) by distortions of the decay line shape than the lifetime mea-

©)

where y4Jq is the initial ground statey.J. is the excited
state,e, are the spherical components of the laser polariza
tion vector, and the matrices represent thé 8ymbols. The
formula for the “detection matrix'Gy is identical, ex-
cept that the ground stafl is replaced by the final statg;,
and the laser polarizatioais replaced by the detection po-

surements. Next, issues related to the measurement of the
applied electric field are discussed. This was a dominant
source of systematic error for the polarizability measure-

ments. Finally, factors that affect the modulation depth of the
observed quantum beats are considered.

A. Line-shape considerations

larization€’. When the experimental parameters are speci- An optically thick atomic beam increases the apparent
fied, the functional form of the signal can be calculated inradiative lifetime of an excited state due to absorption and
terms of the quantityw=a,E%/4 and the decay rate. For re-emission of decay fluorescence. If this effect is present,
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then the apparent state lifetimes will increase with increasingrom the dye laser. We have modeled the effect of the finite
oven temperature, since samarium vapor pressure and th&MT response time on our fits both analytically and numeri-
the beam density strongly depend on oven temperatureally. We find in both cases that the extracted lifetimes are
Therefore, measurements at different temperatures for imsensitive(within our uncertaintiesto the PMT response
given upper state were obtained for three states chosen ftime 77, as long aspyt is much shorter than the fluores-
their strong coupling to the ground state. We see the effect afence lifetime and the data are fitted beginning sevesgt
radiation trapping at the highest beam densities used, buttémes after the excitation pulse. Typically, we fit data with
much less significant effect at lower densities. Using the sigt>tq+57pyt.
nal amplitude as an estimate of the atomic beam density, we It is possible that due to an “accidental” energy coinci-
estimate the absorption coefficient for each data file in ordedlence in the complex Sm spectrum a two-photon transition
to assess which files are most likely to be affected by radiacould be excited by the laser light pulse to a level that decays
tion trapping. For most states, we see no correlation betwedpck to the state of interest or to the ground term via some
the extracted lifetime and the absorption coefficient. How-cascade. In this case, the observed fluorescence signal will be
ever, in some cases, an efféat a level of up to 5%is seen, the difference of two exponential decal7], possibly dis-
and a correction and associated error is assigned to the liféorting the lifetime fit. We compared the transition frequen-
time result. cies to all known levels with double the transition frequen-
The peak transmission wavelength of an interference filtegies employed in this experiment, and found no matches that
changes as a function of the angle of incidence. This propwere allowed by angular momentum selection rules. Many
erty, coupled with the change in position of the excited atlevels in Sm are unknown, so this is not totally conclusive.
oms as they fluoresce, could alter the apparent lifetimes. Thisherefore, each decay line shape was examined for anoma-
effect depends on the particular interference filter used tdies in the temporal evolution; no anomalies were seen. Thus
select a given transition, and so can be different for differencascade fluorescence was probably not a factor in any of the
transitions from the same upper state. A calculation showifetime measurements.
that for most data files, there is less than a 0.1% effect on Magnetically induced quantum bed®eeman beajscan
lifetimes. For the two worst cases, however, the effect is uglistort the decay line shape, causing an error in the lifetime
to 1%, and a correction and error are included for these file9r polarizability measurements. A residual magnetic field of
This has no significant effect on the final weighted averages-10 mG, approximately in the direction, was measured by
of the lifetimes. a Hall probe inside the mu-metal shield at the interaction
The photomultiplier tube itself introduces certain system-region, enough to cause a few percent error in fitting life-
atic errors. For many of the transitions studied in our experitimes. To estimate this effect for the lifetime measurements,
ment, we were unable to entirely remove the dye laser scawe calculated the beats due to a 10-m@irected field for
tered light pulse from the signal. The scattered light pulsegach set of experimental parameters used with a calculation
which can be much larger than the fluorescence signal, cagimilar to that described in Sec. IV. We generate simulated
produce afterpulses, which distort the data. Afterpulses argata with this signal, and attempt to fit it with a pure expo-
secondary pulses, caused by ionized residual gas in the PMmential decay. The deviation of the fitted lifetime from the
which follow a primary anode-current pulf26]. To remove  “true” lifetime is used as the estimate of the error due to this
them from the signal, off-resonance data files are subtractegystematic effect. A similar procedure is used for the polar-
from the signal files, as described above in Sec. Ill. Thigzability measurements. Zeeman beat data taken with a
cancellation scheme is not perfect, however, since the lasérdirected magnetic field of a few G supplied by the mag-
output power can drift between the time the on- and off-netic coil confirmed the magnitude of the effect for a few
resonance files are taken. Thus, some distortion due to aftefransitions.
pulsing may remain in the data files. To estimate the effect of The samarium sample used has natural isotopic abun-
an imperfect cancellation, 10% of the off-resonance file isdance {>'sm: 22.6%;'%’Sm: 26.6%;*°°Sm: 7.4%;%Sm:
added to simulated lifetime data pure exponential decgy ~ 13.9%; 1*%Sm: 11.3%;*'Sm: 15.1%;'**Sm: 3.1%. Thus,
and the resulting data are fit. The difference between thwhen a coherently excited state decays, thH80% of the
fitted and “true” lifetimes is an estimate of the error due to Sample composed of odd mass-number isotopeith
this effect. nuclear spinl=3) can produce beats due to the hyperfine
At high signal levels, the response of the photomultipliersplitting. The hyperfine structure of some of the levels stud-
tube can deviate from linearity due to space charge effects iied in this work were measured in R¢28]. The minimum
the near-anode region. We tested the response of the photsplitting they found was~100 MHz, which is equal to the
multiplier by measuring scattered-light pulses of differentdigital oscilloscope sampling rate used in this experiment.
amplitudes from the laser, and comparing the peak voltagéssuming the hyperfine splitting is fairly uniform throughout
with the total charge recordeghtegral of the PMT signal  the 4f%6s6p configuration, hyperfine beats will be too fast to
Deviation from linearity was modeled with a second-degreéhave an effect on the results of our experiment.
polynomial. The model showed that, below 50 mV, the ef- In addition to hyperfine beats, the odd isotopes produce
fect on the measured lifetime is less than 1%. Signal levelStark beats. These differ from those produced by the even
were much less than 50 mV in almost all cases, so PMTsotopes, due to the hyperfine structure. To calculate the sig-
nonlinearity effects should not significantly affect the results.nal due to these beats, we find the tensor shift for Nhe
The PMT used has a response time of about 30-ns fulhyperfine sublevels by writing these states in the basis of the
width at half maximum, measured by examining the re-Mj, M, sublevels. ThéM tensor shift is then the sum of the
sponse of the PMT to a shoft-8 ng scattered light pulse contributions from theM ; tensor shifts. We use the density-
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matrix calculation to calculate the Stark beats, using theseent of the beat period. When the following effects are taken
new tensor shifts. A sum is performed over all possible hy4into account, these measurements are in qualitative agree-
perfine transitions that can occur during a particular excitament with expectations.
tion or decay scheme. This calculation showed that the Stark The ideal polarizer and analyzer orientation in order to
beats for the odd isotopes have a very low contrast. In theroduce maximum Stark-beat contrast is calculated accord-
worst case, the Stark beats would still haw&% expected ing to theory outlined in Sec. IV. However, in the experi-
contrast—not enough to affect fitting of the even-isotopement, the orientation of the detection polarizer is set rather
Stark beats, according to our modeling. crudely, with a 0.1-0.2-rad uncertainty. This could lead to
When an electric field is applied, lifetimes of the odd- up to a 10% reduction in beat contrast.
parity excited states will change due to admixing of the Stark-beat contrast resulting from a given laser light pulse
nearby metastable even-parity states. From second-order pefepends on the fraction of nuclear spin zero atoms excited.
turbation theory, for a single close partner, the weight of theDue to the isotopic abundance and isotope shift, this fraction
partner state admixed is-(d-&/AE)?. Assuming an infi-  will vary depending on laser tuning. The isotope shift is mea-
nitely long lifetime for the metastable partner state and smalsured for some transitions from the ground state to the

mixing, we have 4f%6s6p term in, e.g., Ref[28]. The spectrum of a given
d.£\2 transition is a few GHz wide, with the two odd isotope reso-
=71+ —) } (11  nances occurring at higher frequencies. The dye laser was
AE operated without an intracavitytadon; the radiation line-

width was~15 GHz, so that a distribution of the isotopes is

excited. We measured the contrast of Stark beats as a func-
[for the general formula, see E€L6) below]. For all states  tion of laser tuning near a resonance, showing higher con-
measured except for the one at 15 650.55 trthis estimate  trast at lower frequencies as expected. The contrast varied
predicts an effect considerably less than 1% even at the highrom 20-80% over the center part of the resonance; this

est fields used~40 kV/cm). For the 15650.55 state, this effect probably accounts for a large fraction of the missing
effect was taken into account when including the lifetimescontrast.

extracted from the Stark-beat measurements in the lifetime The contrast of the Stark beats is affected by the finite
result. PMT and oscilloscope response timage Sec. VA The

An inhomogeneous electric field will cause atoms at dif-highest frequency beats are washed out, while lower-
ferent positions in the interaction region to beat at slightlyfrequency beats are left unaffected.
different frequencies, causing dephasing of the beats. This |n the theoretical developme(Bec. IV) we have assumed
can affect the lifetime parameter when fitting Stark beats(py neglecting stimulated emissipweak pumping by the
since the quantum beats will damp out at a faster rate thamser light. This is in fact not the case, and two effects due to
the exponential decay. This can mimic a shorter lifetime thanhis—saturation and light shifts due to the ac Stark effect—
the true value. The electrodes were aligned so that this effeghay affect the signal. These two effects are discussed in the
was insignificant. context of quantum beat experiments in RE29]. They

could conceivably reduce contrast of the quantum beats,
change the phase of the quantum beats, or change the relative
B. Electric-field determination contrast or phase of different quantum beat frequency com-

The high-voltage supplied to the electrodes was measure@Pnents, but not change the frequency of the beats. Thus, the
with a precision voltage divider and a digital voltmeter. We combined effect of the above effects is in general agreement
calibrated this output to 0.13% using a high-voltage probeWith our observations of beat contrast.
itself calibrated to 0.1% using a precision voltage source.

The uncertainty in the applied voltage was one of the domi- VI. RESULTS AND DISCUSSION
nant errors in the tensor polarizability measurements.

The high-voltage electrode spacing shifts slightly when
the air in the vacuum chamber is pumped out and the cha
ber lid bends under atmospheric pressure. The top electro
is attached to the center of the chamber lid, and the botto
electrode is attached 5.1 cm from the center. The differenc
in the deflection between the top and bottom electrodes id!
calculated to be 0.012 mm. This adjustment is included i
the determination of the electric field.

The measured lifetimes are given in Table | along with all
ther lifetimes known to us for samarium levels in the en-
$igy range that we examinegelow 18504 cml). Mea-

ured tensor polarizabilities are given in Table Il along with
gll other tensor polarizabilities of odd parity states in sa-
arium known to us.

An ab initio calculation of the lifetimes of the lowest-
r]ying odd-parity levels of samarium was recently performed
using the configuration interaction methftB]. The results
are included in Table I. The calculated lifetimes are esti-
mated in Ref[19] to have an uncertainty of 20-30%. A

We considered various mechanisms that can degrade bediscrepancy of this size between the calculated and experi-
contrast and perturb observed beat phases. Beat contrast varental values is observed—the theoretical values are gener-
ied widely between various measurements, from 20% tally a factor of ~1.2 higher than those measured in this
100% of the value predicted by the density-matrix calcula-work. The calculated value of the lifetime of one level, at
tion. The measured beat start tirf@verall beat phagegen- 15 039.59 cm?, is particularly high. However, this level was
erally agreed with the laser pulse time to within a few per-considered for the purposes of the calculation to be part of

C. Quantum-beat contrast
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TABLE I. All determinations of lifetimes of samarium levels below 18 504 ¢mincluding present work. The precise level energies,
configurations, and terms are from tabl&g however, the valence electron term reassignments described in Sec. VIII have been made where
necessary.

Odd-parity state Lifetime useg
) ) ) Previous measurements

Energy Leading configuration and Theory

(em™ term assignment This work a b c d Other e
13796.36  4%("F)6s6p(°P)°G, 3.04329) 3.2
13999.50  45("F)6s6p(°P)°G, 2.46434) 2.9
14380.50  45("F)6s6p(°P)°G, 2.08742) 2.6
14863.85  45("F)6s6p(°P)°F, 0.95441) 1.2
14915.83  45("F)6s6p(°P)°G, 1.82820) 2.4
15039.59  45("F)6s6p(°P)J=2 1.81773) 3.4
15507.35  45("F)6s6p(°P)°D, 2.22721)
15567.32  45("F)6s6p(°P)°D, 2.7411)
15579.12  45("F)6s6p(°P)°G, 1.71639) 2.4
15586.30  4%("F)6s6p(°P)°D, 2.46644)
15650.55  4%("F)6s6p(°P)’G, 2.62617) 3.3
16112.33  4%("F)6s6p(°P)°D, 1.95540) 1.4613)
16116.42  4%("F)6s6p(®P)’G, 2.7122)
16131.53  4%("F)6s6p(®P)°D, 2.65749)
16211.12  45("F)6s6p(°P)°F, 4.3912)
16344.77  45("F)6s6p(°P)°Gs 1.56958)
16681.74  45("F)6s6p(°P)J=2 1.97418) 1.70(10)
16690.76  45("F)6s6p(°P)’D, 1.71(10) 1.4520)
16748.30  4%("F)6s6p(°P)’G, 2.59496)
16859.31  4%("F)6s6p(°P)°Ds 2.86022)
17190.20  45("F)6s6p(°P)’F, 1.08616)  1.0210) 1.2013) 1.50100 1.1010)¢
1724355  45("F)6s6p(°P)J=3 1.58410) 2.2210)
17462.37  4%('F)6s6p(®P)°G, 0.12209) 24210 1.8¢F
17504.63  45("F)6s6p(°P)'G, 2.420(34)
17587.46  45("F)6s6p(°P)°F4 2.66(14)
17769.71  45("F)6s6p(°P)J=1 0.1575) 0.15910)  0.16510) 0.03¢
17810.85  45("F)6s6p(°P)’F, 0.34210)
17830.80  4%("F)6s6p(°P)"F4 1.26511)  1.1Q10) 1.5810)
18075.67  45(°H)5d6s? H, 0.45050) 0.44040) 0.1585) 0.48020)%
18225.13  4%("F)6s6p(¢P)J=1 0.1466) 0.1468)
18350.40  45("F)6s6p(°P)"Gs 2.55879)
1847528  45(°H)5d6s? 'F, 0.0712) 0.0615) 0.0694)'
18503.49  45("F)6s6p(°P)°G, 1.471(10)
8Referencd 30]. fAn estimate obtained from measurements in Rg¥6—34.
PReference 31]. 9Referencd 33].
‘Referencd3]. "Reference 34].
dReferencd 32]. 'Referencd 35].

®Referencd 19].

the °F term, although, according to Ré¢lL], it has only 41% eral longstanding discrepancies between theory and
of this term. Thus, the calculation for this level would be experiment in samarium, and may lead to more accurate pre-
expected to be less accurate than those for the other levelslictions of P- and T-odd effects.

Using the measured tensor polarizability, we estimate the
dipole couplingd to the closest known even-parity level,
neglecting all other even-parity levels. We then determine
|d,| max/AE, Where|d,| max iS the maximune projection ofd,

We now describe how even-parity metastable states of Srand AE is the distance between the opposite parity levels
were evaluated as possible candidates for an EDM search. (able I). The quantity|d,|./AE serves as a figure of
addition, a term reassignment, prompted by the measurenerit to determine potential even parity candidates for an
ments in this work, of the septet terms of the’@s6p con-  EDM search(see below In many cases—especially for the
figuration is proposed. This term reassignment clears up seWigher-lying levels—one obtains an unreasonably high esti-

VIl. DISCUSSION OF IMPLICATIONS FOR PARITY
AND TIME-REVERSAL VIOLATION EXPERIMENTS
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TABLE Il. All experimental results for tensor polarizabilities of odd-parity states ofi,Simcluding present work. See comments
regarding state designations for Table I. The sign of the polarizability is indicated where known; results placed between vertical bars are
absolute values—the sign was not experimentally determined in these cases. Closest even-parity neighbors lists the three closest known
even-parity states withlgyei— Jogd <1 for each odd-parity statgaken from Refs[1,39]). The estimate ofid|| is based on only the nearest
known partner statésee Sec. IV. If the nearest partner state is unknos is often the cagethe matrix element estimate will be incorrect.

If the closest known state accounts for the sign of the polarizability, the estimpdi isfgiven. If the estimate dfd|| is physically plausible,
the corresponding values {d,|.x @and|d,|/AE are given.

Tensor polarizability Estimate of
Odd-parity state [kHz/(kVicm)?] Closest even-parity neighbors matrix element
[
AE
-3,
Energy Leading configuration Energy Configuration and AE lldl| |d,Jmax (10 %eag/
(cm™h and term assignment This work Other work (cm™?) term assignment (cm™  (ea) (eay) Cmfl)
14 026.45 45("F)5d(°F)6s °F, 26.95
13999.50 4°5(F)6s6p(®P) °G, |38.89(13) 13732.53 45(F)5d(®G)6s°G, —266.97 0.42 0.17 6
13687.75 45('F)5d(°G)6s°G, —311.75
14 365.50 45("F)5d(°F)6s °F, —15.00
14380.50 45("F)6s6p(°P) °G, [27.7(12) 14 550.50 45("F)5d(°P)6s "P, 170.00 0.24 0.09 6
14612.44 45(F)5d(®P)6s °P, 231.94
14 783.51 45(F)5d(®D)6s D, —80.34
14 863.85 45("F)6s6p(°P) °F, +4.326(9) +4(1?  14550.50 4°%(F)5d(°P)6s’P, —313.35 0.54 0.20 2
14 365.50 45(F)5d(®F)6s°F, —498.35
14 920.45 45("F)5d(®F)6s °F, 4.62
14915.83  45("F)6s6p(°P) °G, |27.94(19) 14783.51 4%(’F)5d(®D)6s’D, —132.32 0.14 0.05 10
14612.44 45F)5d(®P)6s°P;  —303.39
14 920.45 45(F)5d(®F)6s°F; —119.14
15039.59 4f5("F)6s6p(®P) J=2  |33.179(83) 14783.51 4%F)5d(®D)6s 'D, —256.08 14 0.40 3
14612.44 45('F)5d(®P)6s°P; —427.15
15524.56 45(F)5d(®D)6s "Dy 17.21
15507.35 45('F)6s6p(°P) °D, |77.3(26) 15955.24 45('F)5d(®G)6s G, 447.89 0.45 0.15 9
14 920.45 45('F)5d(®F)6s°F;  —586.90
15524.56 45("F)5d(®D)6s "Dy —42.76
15567.32 45(F)6s6p(°P) °D, +24.90(82) 15639.80 #(’F)5d(®G)6s "G, 72.48 0.72 0.21 5
15834.60 4°(’F)5d(°P)6s J=3 267.28
15524.56 45("F)5d(®D)6s "D, —54.56
15579.12 45(F)6s6p(°P) °G, [9.57(21) 14 920.45 45(F)5d(®F)6s°F; —658.67 0.36 0.09 2
16 354.60 45("F)5d(®D)6s D, 775.48
—556(12f
—548(12f 15639.80 45(F)5d(®G)6s G, —10.75
15650.55 45(’F)6s6p(°P) ‘G, —561.7(11) —563(34F 15793.68 4°%(F)5d(°F)6s 'Fq 143.13 1.0 0.41 38
—410(50f 15914.55 4%6s? 5D, 264.00
15955.24 45(F)5d(3G)6s ‘G, —157.09
16 112.33 45('F)6s6p(°P) °D;  +70.94(31) 15914.55 #6s% °D, —197.78 3.0
15793.68 4°(F)5d(®F)6s 'F, —318.65
—-112.5(24§ 15955.24 4°%'F)5d(°G)6s ‘G, —161.18
16116.42 45(F)6s6p(°P) 'G, —115.23(79) —103(10f 15914.55 45652 °D; —-201.87 1.6 0.58 4
15834.60 4°%(’F)5d(°P)6sJ=3 —281.82
16 354.60 4°('F)5d(®D)6s "D, 223.07
16 131.53 45("F)6s6p(°P) °D, |76.26(12) 15524.56 45(F)5d(®D)6s '‘D; —606.97 1.7 0.52 2
14 920.45 45(F)5d(®F)6s°F, —1211.08
16 354.60 45("F)5d(®D)6s "D, 143.48
16211.12 45(°F)6s6p(3P) °F, +3.785(49) 15955.24 #("F)5d(®G)6s ‘G, —255.88
15834.60 45('F)5d(°P)6s J=3 —376.52
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Tensor polarizability Estimate of
Odd-parity state [kHz/(kV/cm)?] Closest even-parity neighbors matrix element
|
AE
Energy Leading configuration Energy Configuration and AE lldll ldJmax (10 %eay/
(cm™Y) and term assignment This work Other work  (cm™%) term assignment (em™  (ea) (eap) cm™h
15955.24 45(F)5d(®G)6s ‘G, —726.50
16 681.74 45("F)6s6p(°P) J=2 [260.09(67) 15834.60 45('F)5d(°P)6s J=3 —847.14 5.1
15639.80 45("F)5d(®G)6s ‘G, —1041.94
15955.24 4£5(7F)5d(8G)6s 'G, —735.52
16 690.76 4°(F)6s6p(°P) 'D, —13.95(65F 15914.55 456s? °D, -776.21
15793.68 45(F)5d(®F)6s 'F, —897.08
+119.8(26F 16 354.60 45(’F)5d(®D)6s 'D, —393.70
16 748.30 4°%("F)6s6p(°P) 'G; +124.3(26) +127(18} 15955.24 45(F)5d(®G)6s’G, —793.06 4.8
15834.60 4°%('F)5d(°P)6sJ=3 —913.70
16 354.60 4°%('F)5d(®°D)6s ‘D, —504.71
16 859.31 45("F)6s6p(°P) °Ds |129.00(42) 15617.45 45(F)5d(®H)6s "Hgs —1241.86 4.4
15082.94 4%F)5d(®D)6s °Dy —1776.37
—20.8(15F 17864.29 4%6s? 5D, 674.09
17190.20 45(°F)6s6p(°P) 'F, —25.30(15) —23(2¢ 18176.17 45(F)5d(°H)6s "H, 985.97
15955.24 4%(F)5d(®G)6s 'G, —1234.96
17 864.29 4%6s? °D, 620.74
17 243.55 45(’F)6s6p(°P)J=3 +95.18(31) 16 354.60 #('F)5d(®D)6s 'D, —888.95
18176.17 4°%"F)5d(°H)6s "H, 932.62
17 864.29 4f%6s? 5D, 401.92
17 462.37 4°%('F)6s6p(®P) 5G, +1315(120% 18176.17 4%("F)5d(°H)6s "H, 713.80 8.5
15955.24 45('F)5d(®G)6s ‘G, —1507.13
16 354.60 45('F)5d(°D)6s ‘D, —1150.03
17504.63  4f5("F)6s6p(®P) G, —5.84(10) 15834.60 #('F)5d(°P)6s J=3 —-1670.03 1.1 0.32 03
15524.56 45("F)5d(®D)6s 'D; —1980.07
16 354.60 45('F)5d(®D)6s ‘D, 1232.86
17587.46 4%('F)6s6p(°P) °Fs +36.20(32) 15617.45 #('F)5d(°H)6s 'Hg —1970.01 3.7
15082.94 45(F)5d(®D)6s °Dg —2504.52
+13.13(57F 17 864.29 45652 °D, 94.58
17 769.71 4%("F)6s6p(°P) J=1 +13.55(6f 18176.17 4°%(F)5d(°H)6s "H, 406.46
15955.24 45(F)5d(®G)6s "G, —1814.47
17 864.29 45652 °D, 33.49
17 830.80 4°%('F)6s6p(°P) 'F; —202.74(94) 18176.17 4("F)5d(°H)6s "H, 345.37 1.1 0.33 10
16 354.60 45("F)5d(®D)6s ‘D, —1476.20
+9.15(35F 18176.17 45(F)5d(°H)6s 'H, 100.50
18075.67 45(°H%5d6s% 'H, +10(1}  17864.29 45652 °D, —-211.38 0.36 0.13 1
20195.76 45652 °D, 2120.09
18176.17 45(°F)5d(°H)6s "H, -32.87
18209.04 4°%(F)6s6p(°P) 5G,4 —150(9® 17 864.29 4%6s? °D, —344.75
16 354.60 45("F)5d(®D)6s ‘D, —1854.44
—6.08(31F 18176.17 45(F)5d(°H)6s "H, —48.96
18 225.13 4%("F)6s6p(°P) J=1 —6(1) 17 864.29 4%6s? 5D, —360.84
20195.76 4%6s? 5D, 1970.63
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TABLE Il. (Continued).
Tensor polarizability Estimate of
Odd-parity state [kHz/(kV/cm)?] Closest even-parity neighbors matrix element
|
AE
Ene[%y Leading configuration ] Ene{gy Configuration and AE ldl|  IdJmax (10’3flaol
(ecm™) and term assignment This work Other work (cm™) term assignment (cm™) (eay) (ea) cm™ )
+9.12(50F 18176.17 4°%CF)5d(°H)6s 'H, —240.45
18416.62 4°("F)6s6p(°P) J=2 +9(42  17864.29 4%6s? 5D, —552.33
20195.76 4%6s? 5D, 1779.14
20195.76 4%6s? 5D, 1692.27
18503.49 4°%F)6s6p(°P) G, —717.2(15) —660(46} 16354.60 4°F)5d(°D)6s’D, —2148.89 17
15834.60 4°%F)5d(°P)6s J=3 —2668.89
—7.69(54F 18176.17 4°%CF)5d(°*H)6s'H, —611.91
18788.08 4°%("F)6s6p(°P) 'F, —7.3(5¢ 17864.29 45652 5D, —923.79 0.80 0.29 0.5
20195.76 4%6s? 5D, 1407.68
17 864.29 4%6s? °D, -1121.41
18985.70 4°%("F)6s6p(°P) °F, +473(35F 15955.24 45(7F)5d(3G)6s G, —3030.46 21
15914.55 4%6s? 5D, —3071.15
18176.17 4%F)5d(°H)6s 'H, —833.35
19009.52 45(5H%)5d6s? J=2 +9(6) 17 864.29 45652 °D, —1145.23
20195.76 45652 °D, 1186.24
20195.76 45652 °D, 694.49
19501.27 4%(F)6s6p(°P) F4 +16(17® 18176.17 45(F)5d(°H)6s 'H, —1325.10 1.3 0.43 1
17 864.29 4%6s? 5D, —1636.98
20195.76 4%6s? 5D, 205.51
19990.25  45(°H%)5d6s? "H, +52(6)® 16354.60 4°%F)5d(°D)6s’D, —3635.65
15834.60 4°%F)5d(°P)6s J=3 —4155.65
16 354.60 45"F)5d(®D)6s 'D, —3798.87
20153.47 45(F)6s6p(°P) "Fs +809(36F 15617.45 45F)5d(®H)6s 'Hg —4536.02 30
15082.94 45(F)5d(®D)6s °Dg —5070.53
20195.76 4%6s? 5D, 32.76
20163.00 45("F)6s6p(°P) 'F, —6(1)® 18176.17 45('F)5d(°*H)6s’H, —1986.83 0.22 0.06 2
17 864.29 4%6s? 5D, —2298.71
16392.93 4°%F)5d(®H)6s 'H; —4662.83
21055.76 45(F)6s6p(°P) "Fq +313(20% 15617.45 45F)5d(®H)6s 'Hg —5438.31 29
15.082.94 45("F)5d(®D)6s °Dy —5972.82
16 354.60 45("F)5d(®D)6s 'D, —5104.29
21458.89 4°%(F)6s6p(°P) Fs +38(6} 15617.45 45(°F)5d(®H)6s 'Hg —5841.44 7.7
15082.94 4%F)5d(®D)6s °Dg —6375.95
18176.17 4%F)5d(°H)6s "H, —4737.90
22914.07 45(°F)6s6p(*P) ‘G, +4(1® 17 864.29 4%6s? 5D, -5049.78 4.0
15955.24 4%F)5d(%G)6s G, —6958.83
30755.28 4°%F)6s(°F)7s 'F4 1.63
30753.65 45(°H%)5d6s?J=3 +535(12f 31246.30 4°%F)6s(°F)7s °F, 492.65 0.37 0.12 74
30191.24 45(F)6s(®F)7s°F, —562.41
%Referencd6]. *Referencd3].
bReferencd7]. fReferencd4].
‘Referencd8]. 9Referencd9].

dReferencd5].
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mate for the dipole coupling, which makes it likely that therethe hot atomic beam source, a necessity to have heat shields,
is an unknown close-by state with even parity. These levelsollisional effects near the source, etc. Setting this size
are not considered as EDM candidates for the time being. Asomewhat arbitrarilyto r~5 cm, and using a typical value
search for new even-parity levels is currently being underof thermal velocity of atoms in an atomic beam,
taken in this laboratory25]. Given the current experimental v=5x 10*cm/sec, we obtain a requirement for the lifetime
knowledge, the most promising state for an EDM search if the metastable state>100usec. Other considerations in
the metastable even-parityf%6d6s G, state at 15639.80 the choice of the state include whether there exist convenient
cm ! (designatedX); its odd-parity partner #6s6p ‘G,  ways to populate the state and to produce and probe its align-
state(designatedy) is at 15 650.55 cm'. Here we analyze ment, and the sensitivity of the particular state to systematic
these states in the context of an EDM experiment—other Sreffects.

states may be attractive for EDM experiments as well, as We will now discuss various parameters of the stafes

seen from Table II. andY relevant to an EDM experiment. Let us start with an
In an EDM experiment, atoms are subjected to an externadstimate of the natural lifetime & There are seven possible
electric field€ for a timet, and the precession angle E1 decay channels of; the matrix elements for all are sup-

pressed by théS=0 selection rule, and the rates are sup-

®epm= dar E8 =Rt (120 pressed by small® phase-space factors, since all decay

wavelengths are in the infrared. Assuming that the ampli-
(h has been set equal to unitig measuredd, is the atomic  tudes of these transitions do not exceeda,/10 (a typical
EDM induced by an electron EDM,; the electron is ex- value for a spin-suppress&dl matrix element in S where
posed to an effective internal fieR. In order to maximize e s the electron charge arag is the Bohr radius, we obtain
the sensitivity to the electron EDM, it is desirable to choosethe lower limit on the lifetimery~1 msec.(TheM 1 andE2
a state with the highest enhancement fadand a suffi-  transitions to the ground term levels give negligible contri-
ciently long lifetime 7, since the latter could be a limiting butions to the decay rabe.
factor determining. The sensitivity tod, is determined by In the presence of an electric field, there is Stark mixing
the signal-to-noise ratio which in the shot-noise limit is pro-between the states of opposite parity. When the electric field
portional to ¢epwy/N, whereN is the number of detected is sufficiently high, the lifetime of the Stark-mixed state can
atoms. In a typical atomic beam experimésiich as that of be dominated by the admixture of the shorter-lived opposite
Ref. [11]), atoms leaving the atomic beam source pas®arity state. Thus the lifetime of stafé is important as
through three regions. In the first region, alignment is in-well—we have measured it to be 2.628) usec(Table ).
duced in the atomic state under investigation. This alignmenthe Stark-mixed Zeeman componertgith quantization
then precesses in the second region, in which a strong exteaxis chosen along the electric figldan be written as
nal electric field is applied. The precession angle is analyzed
in the third region. Generally, with a given number of atoms
emitted by the source per unit time, the density of atoms in
the detection region falls with the distance from the atomic
beam source as 1f2. (In principle, the divergence of an whereX.; andY. ; are theM ;=1,— 1 components oK and
atomic beam could be reduced by transverse laser cooling. (there is no Stark mixing for thil ;=0 component From
However, this is exceedingly difficult for atoms such as sa-Table I, we have, for the mixing coefficient,
marium due to absence of sufficiently strong closed transi-
tions) If all the dimensions of the detection volume age d-& .
(as is the usual case in practicand the alignment region Ag ~(1.6x107° em/kv)E. (19
is close to the source, then for a state with lifetimeN
xexd —r/(v7)]/r?, wherev is a typical velocity of atoms in  For a high electric field, the lifetime of the Stark-mixed sub-
the beam. The signal-to-noise ratio is then proportional to thgevels withM ;= +1,

, d-&
X:lﬁxrlzxtliEYtly (14

guantity
d-& 2 L -1
71 —
exd —r/(v7)]\¥? Tx—| Tx T _) Ty , (16)
(PEDM\/N:Rdegt(—F[ r2( )]) AE
is dominated by the admixture of the shorter-lived stéte
_ Rd.£ ex —1/(2v7)] (13) e.g., at 100 kV/cmry=~100usec. Note that the lifetimes are
v ' different for sublevels with differentvi).

Before proceeding with the estimate of the EDM enhance-
For the case of ground-state atofwgth =), the expo- ment factor of the stat¥, a comment on the structure of the
nential factor is unity, and the signal-to-noise ratio is inde-statesX and Y is required. These states have been investi-
pendent ofr. Note that, in principle, even if is finite, there  gated earlier in the context of experiments®iinot T) vio-
is no loss in signal-to-noise ratio compared to the case ofation [40,36,8. In Ref. [40], various matrix elements in-
infinite lifetime, as long as the dimensions of the apparatusolving X and Y were calculated, including the dipole
are<uv 7. However, there clearly exists a practical minimum couplings (X||d|[Y)|ref.[33=1.7ea, and (Y||d||G)|ref.[33
size of the apparatus determined, e.g., by the dimensions ef3.2ea,, whereG is the ground state. These results, par-
the detection volume and by such experimental considetticularly the strong coupling to the ground state, disagree
ations as difficulties in placing high-voltage electrodes neawith the experimental data on polarizabilitgee Table ),
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radiative transition oscillator strengfB5—394, and the mea- this matrix element, introducing the angular coefficiént
sured lifetime(Table ). (The discrepancy between theory that expresses how much of the staXeandY are the same
and experiment was first pointed out in Ref1].) The con- except for the mixed electron. The matrix element vanishes
tradiction between the measured lifetime and theory extendfor every other component of the states’ wave functions.
throughout the’G term—the experimental lifetimes are be- Thus
tween 2.4 and 2.7usec, whereas there is ostensibly no sup-
pression of thé&E1l decay channels, according to the designa-
tion 4f("F)6s6p(*P)’G in Ref.[1]. We suggest that the Ry (X|d,]Y) 7342
source of all these inconsistencies is that this designation isR=— 16Fax1aY1E “E e (42— 1)(
incorrect. It is clear from the isotope shift ddt&8,28,42 x—Ey €& 74y Yxvy
that these states must have cos6p dominant configura- (19
tion. Thus, it is likely that it is the term assignment for the
valence electrons that is incorrect. Throughout Ba and thevhereay, anday, are the amplitudes of the dominant com-
rare earths the core6s6p(*P) terms lie 6000-8000 ciit  ponents ofX and Y (square root of the probabilities, with
higher than the core6s6p(®P) terms. The levels of théG  sign as yet undetermingd = is the only possible common
term appear to have too low an energy for it to be a corevalue of the single-electron total angular momentum far a
+6s6p(*P) term. These observations indicate that theand ad state, the experimental value df is taken from
dominant term ofY must be 4%("F)6s6p(®P)’G. In fact,  Table II, and we have calculatde~ —0.35.
the need for this reassignment has been noticed indepen- In addition to the contribution of the dominant configura-
dently by Martin[43], who pointed out that for all septet tions, one can also expect a significant effect due to the ad-
terms of this configuration, singlet and triplet valence termamixture of the 4%5d6p configuration to the staté. Even a
should be interchanged in the tables. relatively small admixture of this configuration is important,
The states< andY are not pure. Stat¥ has the dominant since the 8-6p EDM mixing is much stronger thands6p
term 4f°('F)5d(3G)6s 'G; (58%), with a 22% admixture EDM mixing; this is due to the fact that the main contribu-
of 4f8("F)5d(®F)6s 'F,. StateY has 79% of its dominant tion to the EDM matrix element is from the region close to
term, and 10% of #°(“F)6s6p(®P)°F; [1]. In addition, the nucleus. The amplitude of the®%d6p-4f"6s6p mix-
state Y has a significant admixture of the configuration ing is known to be~0.2 throughout the rare-earth elements
4f%5d6p (see below The contributions of each of these [45]; a similar value was also estimated for $46]. Explicit
components to the EDM enhancement is evaluated belovwealculations of 86p-5d6p configuration mixing have been
but as the relative phases of the components are not knowperformed for only a few cases in the rare earths, such as
we presently do not know if the contributions add or cancelEui, Tmii, Yb1, Lui, and Lui; these were mentioned, along
In order to estimate the EDM enhancement factor, we usevith the appropriate references, in Ritf]. In all these cases,
the approach described in Refd4,10. The electron EDM  the mixing amplitudes are of similar size:0.2—0.3 for
induces an atomic EDM by mixing states of opposite pari-states identifiable as cot€P terms. This systematically
ties. Assuming that the main contribution comes from theconstant mixing can be understood in a simple way. The
mixing with the statey, the atomic enhancement is given by filling of the 4f subshell in the rare earths is accompanied by
the collapse of the # orbital radius[47]. Because of this
dx  (X|d,/€|Y) collapse, the effective potential seen by an electron in a va-
R= == —"—"—(Y|¢|X). (17)  lence shellsuch as 6, 6p, or 5d) varies only slightly as a
de Ex—Evy function of Z throughout the region frol@ =56 (Ba) to Z

Here the first factor indicates the degree of polarization of:71 (Lu); this is because each additional nuclear charge is

the atom, and the second the effective electric field acting Oeffectlvely screened by an additional, compagtelectron.

i o . This effect is verified by noting that the binding energies of
the electron when the atom is fully polarizedis a single- . . -
. these valence electrons vary only slightly in this rang&.of
electron scalar operator with value

Calculations in Ref[47] also verified the expected small

)3/2'

167342 Ry variation in the mean orbital radii of these valence shells.

il=i+1/2elil=iF1/2)=— — Since configuration mixing depends only on electrostatic in-
{J.1=j )= ) 42— 1 K ! 7

Y4y =1)(vxry)™" & tegrals and energy denominators, it is clear that the

(18)  6s6p-5d6p mixing should be similar throughout thepec-
trally complex rare earths. The value of the mixing can thus

wherey=+/(j+3)?—Z%a? Z=62 is the nuclear charge; e taken from the relatively simple cases of Ba and Yb,
is the fine-structure constanty~vy~\Ry/(I.P.—Eyy) where recent calculations were perfornid8,49,5Q. These
~1.9 are the effective principal quantum numbers,mixing amplitudes lie in the general range given above.
I.P.=45519 cm is the ionization potential, and Ry is the  Performing EDM enhancement factor estimates similar to
Rydberg constant. For the dominant configurations ofthe one above for the contribution of the secondary terms of
X(4f85d6s) and Y(4f%6s6p), this is a single-electron X andY and the admixture of the f45d6p configuration,
5d-6p mixing. The operatoe only connects wave functions one finds that two contributions are significant in addition to
that are identical except for tHevalue of a single electron. the one above—the mixing of the dominant term>ofvith
Writing X and Y states in terms of wave functions for the the secondary term of, and the mixing of the dominant
core and each of the two valence electrgasing the 3P term of X with the dominant term of thef#5d6p admixture
reassignment of statéas discussed aboyave can evaluate toY, giving the three contributions to the enhancement factor
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R=Ryp('G1—"Gy) + Ryp( Gy —°F;) + Rgp~ = 1100 800+ (1300— 1900, (20)
|
i.e., , Sy gzgRrqu
|<X|HwealJY>|:|F <81/2|HwealJp1/2>|: IF'—pR
(vxvy)
(22
Thus, the estimated EDM enhancement factor for the 3tate HereF'~—0.10 is an angular factor similar t6, described

in samarium is potentially as high as<4.0®, exceeding the above,g=(Gm§a2)/(\/§w) is the natural scale of atomic
enhancement factor of the ground state of thallitr600) P-odd effectsG is the Fermi weak interaction constani,
several times. Note that since the relative signs of the conis the mass of the electrom,q=4(ag/2Zry)% 2/T2(2y
tributions are not known, they can, in principle, cancel eacht 1) is the relativistic enhancement factog, is the nuclear
other. In addition, this estimate relies both on the accuracy ofadius,I' is the gamma functiong=1—A/(2Z)—2 sir? 6,
the state designations given in Rgf], and on the current A=152 is the atomic number, ardlis the Weinberg angle.
understanding of configuration mixing in the sta¥eandY,  This value for(X|HcalY) is similar to that found in Ref.
discussed above; considering the complexity of the Sm spe¢40] (accounting for a misprint in that paper

trum, neither assumption may be completely justified. A From the oscillator strength measurement in RéB]
more refinedab initio calculation is being performefb1], combined W!th lifetime measurements, the valge for the re-
and its preliminary results indicate a possibility of a largeduced matrix elemen(Y||d|G)=0.129(3a, is found.
EDM enhancement; however, in this calculation, additional oM the formula for the reduced PNE1 matrix element
configurations in the stat, not considered in the above 91Ven above, we haviElpyd~4x 10" "ea,, nearly a fac-

estimate, give the primary contribution to the EDM enhance-mr; Olgtﬁgesgﬂlzztzgg tg?e\(lja\l/vi(tehotﬁgl?gﬁje:g 2[]@;% ZE'SS tran-
ment. Thus, an additional theoretical analysis is required t&mP P 9

S ; -9
confirm the existence of a large EDM enhancement. sition in Yb, estimated to be-10" ‘e, [53,54. (Note that

. Elpncin the Cs &;,— 7Sy, transition, where the most ac-
. As mentioned above, the statxsa}ndY _have been con-  curate measuremenf85] and calculationg56] have been
sidered for a measurement of atomic parity honconservatio ; ~10" e

; one, is|Elpnd ~10 Heay.)
(PNO), since the near-degeneracy of the two states enhances

the parity violating mixing due to the weak interaction VIIl. CONCLUSION

Hueak- A proposal for a PNC experiment was formulated in I
Ref. [40], and preliminary experiments aimed at evaluating We have performed a measurement of the lifetimes of 26
of the lowest-lying odd parity levels of samarium and the

the feasibility of such an experiment were carried out in Ref.

. : tensor polarizabilities of 22 of these level§hree of the
E?:r]mggr? PNC-induced=1 matrix element for theé3—X remaining levels had=0; Stark beats were not observed

for a fourth level) Typical relative uncertainties of these
measurements are 1-3 % for lifetimes anii% for polariz-
(X|Hueal Y) abilities. Many of the_se values had not been previously mea-
Elecz$<y||d”G>, (22) _sured; agreement with those that h_ad been measured is sat-
AE isfactory. We have analyzed samarium and found a potential
case of advantage for an EDM search. However, further the-
oretical analysis is needed to determine whether this case is
was calculated in Ref40]; however, apparently due to the actually viable.
reasons described above, the theoretical valuéY§tl|G)
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