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Measurement of an electron’s electric dipole moment using Cs atoms trapped in optical lattices
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We propose to measure the electron’s permanent electric dipole m@E@MY) using cesium atoms trapped
in a sparsely populated, trichromatic, far blue-detuned three-dimeng@Dabptical lattice. In the proposed
configuration, the atoms can be strongly localized near the nodes of the light field and isolated from each other,
leading to a strong suppression of the detrimental effects of atom-atom and atom-field interactions. Three
linearly polarized standing waves with different frequencies create an effectively linearly polarized 3D optical
lattice and lead to a strong reduction of the tensor light shift, which remains a potential source of systematic
error. Other systematics concerning external field instability and gradients and higher-order polarizabilities are
discussed. Furthermore, auxiliary atoms can be loaded into the same lattices as effective “comagnetometers”
to monitor various systematic effects, including magnetic-field fluctuations and imperfect electric-field rever-
sal. We estimate that a sensitivity 100 times higher than the current upper bound for the electron’s EDM of
4x10 %"ecm can be achieved with the proposed technique.
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[. INTRODUCTION comparison to an atomic beam, this is compensated for by an
increase in the measurement time of up to three orders of
A permanent electric dipole mome(EDM) for any fun-  magnitude. Finally, different atomic species can be loaded
damental particle constitutes a violation of both time-reversainto the same far-detuned lattice simultaneously, where the
(T) and parity(P) symmetries, and is virtually forbidden in auxiliary atoms trapped in the same volume serve as a co-
the standard moddll,2]. However, recent supersymmetric magnetometeff8] and can be used in real time to investigate
theories predict substantially largér or P-violating effects, and correct for the various potential systematic effects in-
and the corresponding EDMs have been estimated to bguced by external fields.
within the reach of experiments in the near fut{itg However, the interaction between the atoms and the trap-
Experimental efforts to detect the EDM of a fundamentalping light, as well as enhanced collisions at ultralow tem-
particle have concentrated on the neutron and also operatures may lead to new limitations that must be carefully
ground-state neutral atoms, whefeviolating effects from  investigated. Of special importance are effects that lead to a
the electron or in the nucleus can manifest themselves as aslative energy shift or decoherence between the magnetic
atomic EDM. Thus far, null results have been obtainedsubstates|F,+mg) and|F,—mg), whereF andmg denote
within experimental uncertainties. For the neutron and thehe hyperfine and magnetic quantum number, respectively,
mercury atom, upper bounds ob®l0 %ecm [3] and 8.7  since an electric field-induced energy splitting between these
X 10" %ecm [4], respectively, have been established. Thestates is the experimental signature for an atomic EDM. For
current limit on the electron’s electric dipole moment of 4 atoms interacting with far-detuned trapping light, the domi-
X 10 %"ecm was deduced from measurements on a thermatant effect of this type is produced in leading order by a
beam of Tl atom$5]. The present experimental resolution is circularly polarized component of the light fie]8,10], and
limited by the large longitudinal velocity of the atomic beam, in higher orders by a third-order interference effect involving
which not only limits the measurement time, i.e., the time theboth the electric and the magnetic fields of the laser, as well
atoms spend in the interaction region, but also leads to as the static electric fielfil0]. Atomic collisions can also
systematic effect caused by a motion-induced magnetic fieldause relative energy shifts of different magnetic sublevels as
[6]. well as spin-relaxation, which can be catastrophic for preci-
Both effects can be significantly reduced by using opti-sion measurements with separated oscillatory fields, as ob-
cally cooled and trapped atoms. Cooling dramatically deserved in atomic clockgl1].
creases the velocity, and therefore the motion-induced mag- In this paper, we propose an experimental configuration
netic field, while trapping randomizes the direction of designed to suppress the detrimental effects of atomic colli-
motion, which strongly suppresses residual systematic errorsions and simultaneously the interaction between the atoms
when the interrogation time far exceeds the vibration periodand external fields. This is achieved by confining the atoms
Additionally, a long coherence time of several seconds ha# low-lying vibrational states of a three-dimensionaD)
been demonstrated for optically trapped atdis and even far blue-detuned optical lattice at an average lattice site oc-
longer coherence times are possible. Even though the atogupation much smaller than unit§Fig. 1). The lattice is
number and thus the signal-to-noise ratio are reduced iformed by three linearly polarized standing waves, each with
a slightly different frequency; the resulting 3D light field has
effectively linear polarization throughout space, which is of
*Present address: ENSREcole Nationale Supiure de Phy- prime importance for eliminating the leading-order system-
sique de StrasbouygStrasbourg, France. atic effects caused by the atom—light interaction. Since the
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(electroni¢ angular momentum, and the second equality fol-
lows from the Wigner-Eckart theorem. If the quantization
axis is chosen alongg, this interaction results in an energy
splitting that depends linearly dfg and on the atomic mag-
netic quantummg number associated with the orientation of
the total angular momentuif. Observation of a relative en-
ergy shift upon reversing the direction &5 constitutes a
measurement of the electron’s EDJ.

field plate

Ll y - Il. EXPERIMENTAL CONFIGURATION
() 5 7
3 . / Our proposed experimental procedure begins by loading
EL' 4 the optically precooled cesium atoms into a 3D linearly po-

larized optical lattice, shown in Fig. 1. Efficient loading and
further cooling to the vibrational ground state can be
achieved by using Raman-sideband cooling which requires
only a small bias magnetic field.2]. After cooling, atoms
are optically pumped into thg==3,mg=0) state. A coher-
Es, Bg field ent superposition of thi,2), |3,0), and|3,—2) states is then
prepared by means of a two-photon Raman transition with
FIG. 1. Proposed experimental configuration. Three standingr™ polarized photons. Since the™ — o~ transition only
waves form an optical lattice. They have different frequencies andouples|3,0) to |3,+2), the sample can be treated as a three-
polarizations that are linear and perpendicular to the quantizatiotevel system and 50% populations |By*=2) can be attained
axis defined by the externd@s field andEg field. Two horizontal by a #/2 pulse. After evolution in the external electric field
standing waves in thg-z plane intersect with an angke=10°, and (Eg~ 107 V/m) for a time T, another Raman pulse is applied
are symmetric relative to theaxis. that recombines the different magnetic sublevels and is sen-
sitive to the relative phase betweg@2) and|3,—2) accumu-
atoms are localized at the nodes of the blue-detuned lighkted during this timeT. The detection of the population in
field, these interactions are even further reduced. In this lat3,0) as a function of the Raman detuning then constitutes a
tice, the atoms can be cooled to the vibrational ground statRamsey-type measurement of the energy splittkg be-
using Raman sideband COO”I’EQZ], and the collision rate tween the statesi=2 andm= — 2. Any Change ofAE upon
between atoms is then limited by the site-to-site tunnelingeversal of the electric field translates into a phase shift over
rate, which is exponentially suppressed in the tight-bindingdhe measurement tim&, and is detected as a change of
regime. Finally, as the position and size of the atomic clouthopulation in the|3,0) state. The populations in different
are defined by the trapping light, systematic effects due tenagnetic sublevels can be detected with high sensitivity by
changes in the atomic position in the presence of externalrst transferring the atoms frof8,i) to |4,i) with a micro-
forces and field gradients and decoherence due to externgave 7 pulse, and subsequently integrating the fluorescence
field inhomogeneities are greatly reduced. on the 6,,, F=4 to 6P5,, F'=50¢" cycling transition.
The electron’s EDM, is inferred from the magnitude of By repeating this procedure for all three sublevels, we can
the atomic EDMdgn [13]. In heavy atoms with a single obtain the populations of all three magnetic sublej@ls 2)
unpaired electron, a nonzem, can induce a permanent and |3,0), which is necessary to normalize the signal and
ground-state atomic EDMiy,r, that significantly exceeds suppress the noise due to shot-to-shot atom number varia-
d.. In a perturbative description, the ground state of thetjon.
atom acquires a dipole moment when it is mixed with higher  The EDM induced energy splitting betweé8,2) and
excited states through the interaction of the electron’s EDM3 —2) is expressed a&Egpy=Rd.Es. The projected 100-
with the electric field of the nucleus. In alkali atoms, the fgld improvement in sensitivity in the measurement of the
largest admixture is from the first excite;, and P3,  electron’s EDM over that achieved in RdB] requires a
states, which contribute with opposite sign. Due to the fingrequency sensitivity and total systematic and statistical un-
structure splitting between these states, the dipole momentgrtainty in thed s measurement of 100 nHz or better for an
induced by theP,,, and P, states cancel incompletely and electric field of 16 V/m. Assuming that single measure-
result in a nonzero atomic EDMJyom=Rd., WhereRis  ments with a coherence tiniE are performed on samples
known as the enhancement facfdg]. Large enhancement containingN atoms in the course of a total averaging titne
factors ofRy = — 600 andRcs= 114 have been calculated for the Ramsey-type measurement has a shot noise-limited fre-
the TI[14] and Cq15] ground states, respectively, which are quency sensitivity ofA v=(47°NtT) %2 [16—18. For N
both well-suited for measuring the electron’s EDM. =10° atoms and =8 h of integration time, we conclude that
An atomic EDM can be detected through its interactiona coherence tim&@~1s, and therefore a frequency resolu-
Vepm With an external stationary electric fiels, Veom  tion of é=(4@2NT)~Y2= 16 uHz/\/Hz is necessary to reach
=—d om Es= —Rdf-Eg, wheref=F/F, F=I1+J is the the envisioned sensitivity. The systematic uncertainty of the
total angular momentum of the atorh(J) is the nuclear energy splitting and the dephasing rate must then be sup-
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reciprocal lattice vector and ;= (%/2mw;)Y? is the rms
spread of the ground-state wave function alongitheaxis.

The average intensity and ac Stark shift experienced by the
atoms in the 3D vibrational ground state are 6.3 kW/amd
66.5kHz, respectively. If the mean occupancy of lattice
sites isL=1/200,N=10° atoms will be confined in a vol-
ume of onlyV=NL (\%8sinf)=2.2mn? at a bulk density

of D=N/V=4.6x10*cm™3,

0.1 0.2 0..4 06 08 [Il. COLLISION-INDUCED LEVEL SHIFTS
Trap Depth (MHz) AND DECOHERENCE

FIG. 2. Ground-state tunneling rate and scattering rate in a blue- W€ begin our discussion of the proposed scheme with the
detuned and a red-detuned dipole trap. The ground-state tunneliigsue of cold atom interactions. According to a theoretical
rate I is indicated by the solid line; the dotted and dashed linescalculation for Cs atoms in a superposition|®f-1) states,
indicate the photon scattering rate for a blue- and a red-detunethe collision-induced relative energy shift between these
lattice, respectively, assuming the same lattice detuning. The arrogtates at a density d=4.6x10'%cm 2 and a temperature
marks the operation point of our proposed configuration. of 2.5 uK will be APvgy,, whereAP is the single-particle

population difference between tH8,1) and |3,—1) states,
pressed to values belowwr=100nHz andT*l:l Sfl, re- and VC0||:30 mHz [21] Fluctuations of the relative popula-
spectively. tions of these two states or of the density will therefore trans-

To achieve shot-noise limited sensitivity fot=10% at-  late directly into an apparently fluctuating EDM signal. If we
oms, a signal-to-noise ratio 6f/?= 10" is necessary. Stabil- assume a similar interaction for|8,+2) superposition, our
ity of both the detection and the Raman lasers is crucial atarget frequency resolution @f »=100 nHz would require a
this level, as recently demonstrated in an atomic clock exstability of the average density and population difference
periment with 6<10° cesium atoms, where the shot noise better tham\P= A v/ v.,;= 3% 10~ upon static electric field
limit was attained[19]. If the same laser is used both for Eq reversal, if the atoms were allowed to collide.
signal detection and for normalization, the influence of laser |f individual atoms are isolated at separate sites of a 3D
noise is greatly reduced. In this case we are only sensitive tgptical lattice, however, these collisional effects can be
noise near the frequency corresponding to the time intervajreatly suppressed. For the configuration described above,
between detection and normalization pulses, and' abil-  only |'=1/200=0.5% of the atoms will be loaded into dou-
ity of the intensity in this frequency band can be achieved,)y occupied lattice sites, and at these sites the high local
without much difficulty. The same 10 intensity stability is density will lead to radiative collisional loss during optical
also required for the Raman lasers which generaterii2e cooling [22]. For atoms trapped in singly occupied lattice

pulées for the_f_statel prle;:_aratlon. h ometrv give sites and cooled to the vibrational ground state, the collision
_ oraspeciiic caculation, we propose the geometry Vel o i jimited by the site-to-site tunneling rate, i.e., the width
in Fig. 1 and the following trap parameters which are chosen

based on the discussion in Sec. V. The optical lattice is genQf the lowest vibrational energy band. Given a sinusoidal

erated by a high-power, frequency-doubled Single_modé)ptical lattice potential, the equation of motion can be sim-

neodimium-doped yttrium aluminum garrétd:YAG) laser plified and rewritten in terms of Mathieu functiof3]. The
at a wavelength ok =532nm. A frequency difference on ith energy bandwidth can be obtained from its characteristic

the order of several MHz is applied between the three linfunctions[23]. In our case, the ground-state tunneling riate

early polarized standing waves to ensure that the total lightan be approximated asl'=2%*7~"2,nexp(~7 ?) in

field is effectively linearly polarized throughout space. Thethe tight-binding regimg23], shown in Fig. 2. Because of
lattice spacings in the principal lattice directionsy, andz ~ the exponential dependence, tunneling occurs predominantly
are M2, \[2cos@2)], and \/[2sin(@2)], respectively, along the axis with the largest Lamb-Dicke parameigr
where §=10° is the angle between two horizontal standing=0.22. For a lattice spacinD, the effective velocity is es-
waves. The trap depth is then chosen tolthg=h527 kHz  timated classically aFD, and for the above parameters the
=kg25uK based on the trade-off between the photon scateollision rate is reduced by a factor of l6ompared to free
tering rate[20] and the atom tunneling rate between neigh-atoms with the same kinetic energy and bulk density. The
boring lattice sites that is discussed in Sec. Il andcorresponding frequency shift is the&rP X 30 nHz, which is
also shown in Fig. 2. The trap vibration frequenciesnegligible compared to our requirédy=100 nHz frequency

of  wy=(2Uoki/m)¥?=27105kHz, w,=(4Uoki/m)*?  resolution as long ad P<1. It should be noted in this con-
=2m7148kHz, andw,= (4U0k§/m)1’2=2w13.0 kHz along text that the Cs—Cs interaction parameters are now known to
X, Yy, andz, respectively, correspond to Lamb—Dicke param-be different than previously assumg2#f], and that the pre-
eters 7, =KiX;ysj Of 7,=0.22, 5,=0.18, and »,=0.055.  dictions of Ref.[21] may need further modification in light
Here k=(ky,ky,k,)=(27/\)[1,cos0/2),sin@/2)], is the of the more recent collision resulf4,25.
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IV. ATOM —STATIC FIELD INTERACTION [26]. Similar to cesium atoms, rubidium atoms can be opti-
ally cooled and trapped in the ground states of the 3D lattice
ites where all rubidium atoms and cesium atoms are isolated
from each other. We also expect a similar frequency sensi-
tivity for the Ramsey interferometry of rubidium. Assuming
the same measurement scheme is appliedlgg=10° 8Rb
atoms in the upper hyperfine manifol= 2, the long term
drift can be corrected th&/2u=5.5 pGA/Hz and the sys-

where the four terms on the right-hand side indicate the Zegmatic field shift can be measured to an accuracy of
man effect, EDM effect, and scalar and tensor parts of th&A»/2u=40fG. Note that the larger magnetic moment of

. o the 8’Rb state|2,+2) compared to the Cs stat8,+2) in-
quadratic Stark effectwy(Tqc) is the scalaftensoy part of L L ’
the dc polarizability. Note that in our configuration both the creases the magnetic field sensitivity by a factor of 2. Further

. o . e discussion of the rubidium comagnetometer is given in Sec.
static magnetic fielBg and the static electric fiel&s are /.

oriented along thez axis, so|F,mg) remain approximate
eigenstates.

The interaction between a cesium atom and the externaij
static fields is given by

1 -
Hstatic= — # - Bs—Rcde' Es— z Adc’ Eg_ Eé ‘Tgc Ess

B. Calibration of electric field reversal

In addition to the EDM effect, the static electric fie]
=10’ V/m also induces a quadratic Stark sti#9,30 on Cs
An external magnetic fiels=7 mG inducing an energy atoms in thd F=3,m¢) state given by
splitting of — u-Bs=h10 kHz between th¢3,+2) states de-

A. Required magnetic field stability and comagnetometer

fines the quantization axis and keeps the trapped atoms spin . EEZ 9 3mZ-12 H
polarized during the measurements. Since the Zeeman effect T oFs| @ 7“lO+ g Y12
dominates the energy splitting, stability of the magnetic field

is a major concern. Furthermore, frequent reversal othe ~—500 MHz~19.6mZ Hz,

field, necessary to suppress the related systematic eImol re a/h=1.00x 1075 Hz/(VImY? is the dc polarizability

could lead to hysteresis effects from the magnetic shieldin%f the Cs around state averaged over hvoerfine levels
and any ferromagnetic material near the experiment. FIuctua& Ih=1 993 10~ 20 Hz/(V/m)? g and gp/h:3 65 '
tions of the field strength lead to a reduction of the fringex1100‘12Hz/(V/m)2 are the additional correctioazs due to the
contrast while a systematic change associated withEhe

reversal mimics the EDM signal. The required frequencyhyperﬁne contact interaction and the spin-dipolar interaction,

! . . respectively[29,30. (The small contribution from the Cs
resolution of £=16.Hz/VHz and systematic errod» nuclear electric quadrupole moment is negligible here.

=100 nHz require that the fluctuations of the external mag- In a previous EDM experiment involving polarization
Fetlic fielg dl;gn_ghthﬂ,z:/lf ilrltegé;ratiog :Lmte tﬁre cor;trollt?[q precessiorj28], the mﬁ—dependent tensor shift gives rise to
0?1 aisgse inarf]iel d_stfengt# _be lepss ?r? AB :ah AV?;ZZST; ¢ severe de_phasing and systematic error when the static field
upon Es field reversal reverses imperfectly. Our proposed measurement based on
S . . the energy splitting betwedB,+2), however, is not affected
A spatial field variation across the cloud below this level by the tensor shift. Furthermore, this energy shift provides a

can be achieved by multiple magnetic shielding and mag; : : X i
netic coils to zero the stray field and field gradig26]. The gﬁar:](:lse ;g dcﬁ:qlg;ari égce) nf;e(l)df ;g%nrg;\r/\ e?ggl to reduce field gra

termrwrp?];al flurctuagor:ii (Biﬁﬁaieldomtma:eg bgt?r;e n:)r:se (t)frt:e According to the recent measurement in R80], a field
;lrje (renossiosueﬁii.tivgI togthe n:)isj in tehgealOOO—708 ,m:zabgnds s=10'vim can cause a frequency shift of«
" '=2m22.7kHz on thd3,0) to |4,0) clock transition. The en-

current supply with an integrated noise in this band provid- . - —— . .
ing a stability better than=1 ppb has been design¢a7], ergy rgsolutlon ofé = 16.'“HZ/ Hz of our experiment .W'"

: . . ' o theoretically allow the field and its reversal to be calibrated
which applied to our case yields a field variation 0fBg

=7 pG, better than the required stabilid=11pG with a fractional accuracy of 2¢/k<10"°/\Hz. The T

Systematic effects associated with e and theBsg re- =1s coherence time can also be used to correct the field
versal include the hysteresis effect mentioned above and t ad'??twt;’xafg_'%\/e a ftrr?ctlcinal V?”%t'osn.m otfhless tthhan ¢
leakage current from the electric field plates. The latter ha§ K)_ . over the atom cloud. Since these theoret
long been considered the limiting systematic error of ceII—Ical limits are much better than b th&.‘t have been practi-
type EDM experiment§28]. The idea of a “comagnetom- cally reallz§g [28], we _W|II_ conservatively assume a
eter,” where auxiliary atoms with a small EDM are used to 2 Bs/Es= lfOV acl(/:su_ra%xsln field revre]zrsal- ﬁnd lﬁs f|elofl
monitor the magnetic field, was first suggested in Rgf. ~ varnation of VEV="=10""Es across the with volum¥ o

With this approach, a recent neutron EDM experiment® sample for the following discussion.

reached a field sensitivity of 2 nG per sii@{. In our pro- ;o ;0ppESSION OF DETRIMENTAL LASER-INDUCED
posal, rubidium atoms with a smaller enhancement factor can EFEECTS

be loaded into the same optical lattice and used as a comag-

netometer to monitor the magnetic field and eliminates the Next we consider the interaction between the atoms and
effects of systematic variation &g and the leakage current the far-detuned trapping light. In a blue-detuned trap, the
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TABLE I. Various interaction effects in the proposed EDM experiment. Energy shifts are calculated perturbatively for cesium atoms in
the F=3 manifold in the vibrational ground state of the 3D optical latticeF/F, f2=F-f, f,=f-2, andf, =f-% or f-y. The static magnetic
and electric fields ar8s=7 mG, Eg=10" V/m, and the beam configuration is that shown in Fig. 1. The energy scale column gives the
frequency shifts for atoms localized in the vibrational ground state with the chosen configuration. Note that only terfindepiémdence
can give rise to systematic errors.

Atomic
polarization |3,=2) level
Interaction Hamiltonian dependence Energy scale  splitting systematic Reference
EDM —RedfEg f-Es <11pHzf, <11 pHz
Zeeman shift — p-Bg f-BS -10 kHsz —10 kHz field instability
dc polarization CdEg(—dEg 1 —500 MHz 0 0 [34]
Quadratic dc (—dEg)(—d-Ey) E*S‘-[fz—Tr(fZ)]-ES —310 Hzf,- f, 0 0 [30]
Stark shift
Scalar light shift (—dEf)(—dE) 1 67 kHz 0 0 [20]
me-dependent light (—dEf)(—dE) fk —10 mHzf,+ —10 mHz polarization [9,33]
shift 0.2 Hzf, instability
mZ-dependent (—dE))(—dE) EF-[f2-Tr(f)]-E, —-4mHzf,.f, O 0 [9,10
light shift —4mHzf, -§,
Field gradient effect f-BS, f-k 40 nHsz 40 nHz 70 pHz
Third-order effect (—d-Ef")(—d-Eg) (Ef'Es)(f'BL), —80nHzf,— —80 nHz —80 nHz [38]
(—mBL), (Br-Eg) (f-EL) 80uHzf,
(—d-Ef)(—d-Eg
1
_ EQ. VE,
Higher-order effect <10 nHzf <10 nHz <10 nHz

atoms are attracted towards the low-intensity regions. Alegories: photon scattering, light shifts, and light-induced
though the intensity of the trapping light vanishes at the pocoupling between energy levels.

tential minima(node$ of the lattice, the finite spatial spread

of the vibrational ground-state wave function leads to an

average intensity(l) experienced by atoms dfl )= (723 A. Photon scattering

2 2 . . .
+27y/3+ 27513) pears Wherel peqiis the peak intensity. For  geattering of photons from the far detuned light field re-
the beam parameters defined above, the average intensiyjis in heating by Rayleigh scattering, which preserves the
experienced by the atoms is reduced by a fattar/(1)  internal atomic state, and spin relaxation by Raman scatter-

=24 compared to a red-detuned lattice with the same beariﬂg which changes the internal std20]. For the above

intensity. This helps to suppress the systematic effects assfaam parameters, these rates are estimated td’dy
ciated with various atom-light interactions, which in most _ ' §

: . ; . =(1409 ! and I'r,,=(10° 9%, respectively, where onl
cases are proportional to the intensity experienced by thﬁqé3 strongest couﬁ?ng(to the nearb?? @nd ¥P states ha;/
atoms.

The interaction between the atoms and the laser field Cabeen included31]. In the measurement time @f=1s, only
be written as a multipole expansion of the electric and ma fRaVT:O]% of the atoms scattered one photqn and only
b P 9 . T=0.001% are transferred to other magnetic sublevels
netic interactions, H;,;= —d-E, — u-B, —1/6Q- VE+--- Ram ’ . X '
N X P While the Raman scattering leads to loss of fringe contrast,
whereE, andB, are the laser electric and magnetic fields,

and u denote the atomic electric and maanetic dipole mo_the Rayleigh scattering merely heats the atoms but preserves
K ) gne P the relative phase between the std8® and|3,—2) as long
ments, respectively, an@ denotes the electric quadrupole

moment. For the EDM measurement we are concerned wit Ztitcr)]r? ;?(?Se[rsg]eld has no preferred helicity along the quanti-
the relative level shifts of the statés=3, mg=*2 arising '
from these interactions, and with the broadening of these

levels associated with spatial inhomogeneities, temporal

fluctuations, and coupling to other magnetic sublevels. Table Various coherent processes due to laser fields have been
| lists the various interactions that warrant consideration an@onsidered in the literature and are summarized in Table I.
the coupling factors that enter in a perturbative treatmentWe estimate the various interactions based on the configura-
The corresponding energy scale and the angular dependentien in Fig. 1, where the field orientations are designed to
are also shown. The effects can be classified into three catninimize the level shifts, and the bias field directi@axis)

B. ac Stark shift
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is defined as the quantization axis. The atom—laser interac- C. Displacement of atoms due to field gradients
tion Hamiltonian can be written as

Although scalar level shifts are not themselves systematic
effects, their spatial inhomogeneity can result in a static force
and lead to a displacement of the atoms. Any change of this
displacement associated with an imperfect reversaEgf
therefore represents a systematic error if the Zeeman splitting
where a,{T,J) is the scalartensor part of the ac polariz- or tensor light shift is not spatially uniform. Given a static
ability, k is the wave vector of the laser, agds a constant electric fieldEs=10" V/m, the large dc polarizability of Cs
which depends on laser detuning and polarization. The variatoms leads to a scalar energy shift/h=—500 MHz [34]
ous ac Stark effects induce light shifi€ that can be written  which, when combined with the field gradieViE,, results
according to their dependence omg:AE=Ao+AiM:  in a displacement of the atoms given bl=h Ag(VEs/
+A,mZ. The mg-even termsAq,A, do not directly affect g )(k2U,) "L, wherek is the beam wave vector and, the
our measurement, which involves the energy splitting betattice trap depth. For an imperfection of the field reversal

tween thel3,2) and the{3,~2) states. Thene-odd termA; is  AE_ the displacement changes bg=dAE,/E. Follow-
of prime importance since the linear Stark effect resultinging the discussion in Sec. IVB, we assumeE

from electron’s EDM is alsang odd. In addition, these light
shift effects can induce coupling between levels.
The most significanmg-odd level shift is the light shift

1 o
Hiase= — E Aac EE_ Bf'kEf_ Et “TacEL,

=10 3E,/D,, whereD,~1 cm is the spacing between the
field plates, andAEs=10 2E,. Due to the weak confine-

ated with idual circularl larized ¢ Pwent, this shift is largest along tlzeaxis withd~0.1 nm and
associated with a residual circularly polarized component olg, 4 pm. We consider below two leading-order system-
the light field. Based on our configuration, the frequency

o o . . atic frequency shifts which are associated with the inhomo-
shift is calculated to b&-fA, for a fully circularly polarized

eneity of the magnetic field and of the tensor light shift.
lattice [33], where the caret indicates a dimensionless unitg y g g

vector andA, = 2.7 kHz. To suppress this shift, the trapping A magnetic-field gradient leads to a direct change of the
L_ . . i) i 1 -
beams are chosen to be linearly polarized, and interferenc Zeeman energy splitting between the std&g and|3,~2)

. o . §¥hen the atoms are displaced. We assume that the gradients
between beams from different directions are avoided by . o . .
shifting the relative frequency by several MHz. This insures 2" be Can(.:eled experimentally by minimizing the.l|neW|dth
averaging on a time scale belowus, which is much shorter of rf ”ans'“‘?”s' for example, betweerpF levels. leen a
than the atomic vibration period. Furthermore, since the latconerence timer of 1 s and an atomic cloud size @i
tice beams are oriented nearly perpendicular to the quantiza=2 MM such a measurement will have a sensitivity to
tion axis, any imperfection in their linear polarization yields Mmagnetic-field gradients of 0rd¢5’Bs/072|§:U« (RIT)ID
predominantly coupling to other magnetic sublevels rather=0-7xG/cm, and should allow the gradients to be canceled
than anmg-odd light shift. Assuming a polarization impurity 10 this level. In the presence of such a gradient, the residual
of &,~ 1075, the linear level shift can be reduced fp  systematic shift associated with the displacement of the at-
=4 g A, sinG2~10mHz, mainly coming from the four OMS uponEs reversal is~u[dBs/dz|6d=h 10 pHz, much
beams in the/-z plane. Although this is not in itself a sys- smaller than the projected »=100nHz resolution. Note,
tematic effect, it puts a stringent limit &f»/f,=107° on the ~ however, that in a conventional focused dipole trap with a
required stability of the light intensity and polarization upon similar trap depth but much weaker confinement, the dis-
Es reversal. placement due to field gradient is given byl

An additional consideration is the coupling between dif-=h Ae(VES/Eg)(K?Ug) ™+, where K=2m/D,, and the
ferent magnetic sublevels. For example, the residual circusystematic error amounts tel uHz for the same cloud size
larly polarized light also couples the neighborimg states Da, Which is intolerable[35]. This emphasizes the impor-
with a Rabi frequency} of Q/2m=6e,A ~0.2Hz. Cou- tance of very strong confinement when trapped atoms are
pling between F,m;) states reduces the contrast of the in-used for EDM measuremen{t36]. _ _
terference fringes and induces decoherend® i§ spatially A similar effect will occur if the atoms experience a dif-
varying. These detrimental effects can be suppressed with fgrent tensor light shift between t8,2) and|3,—-2) states
large magnetic field8s which strongly splits the levels and Upon Es reversal due to a change in their field gradient-
reduces the coupling t6,;= 0% w, , where() is assumed to induced displacement. According to the previous section,
be small compared to an assumed Larmor frequencyf  this frequency shiff, can be formulated af =f,d%/z,
w /27m=uBs/h=10kHz. The coupling between sublevels Whered is the small displacement of the atom position and
then gives a negligible decoherence rate df;  Zms= 7./k;=54nm is the rms ground state spread in the
=(1000s) *. direction. Givend=0.1nm andsd=0.1 pm, the systematic

The mé-dependent shifd\, is dominated by the tensor shiftis 5f = f,2d 8d/z},<~70 pHz, which is also negligible.
light shift characterized by the effective quadrupole tensor
operatorT «ff— Tr(?) [9] and results in a frequency shift of

f,=Ez-ff-E-E5 4 mHz for our configuration. This level shift
does not affect our measurement which involves only the A third-order interference effect was first identified in
relative energy splitting betwed8,2) and|3,—2). Ref.[10] as a possible systematic error for EDM experiments

D. Estimation and suppression of higher-order interactions
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using optically trapped atoms. It represents the dipole energgroduct of the third-order shit; and the quadratic d@o
(4| —d-E4[@) of a ground-state atom which is perturbed by StarKZeeman shift H,. Their strength can be estimated as
the laser field through both the electric dipole interactdn

and the magnetic dipolér electric quadrupo)einteraction (g|H3li)(i|H,|g)

M1(E2). In a perturbative treatment, this expression de- (Hoy=2>, AE. :

scribes a third-order energy shift induced by both laser fields ! gl

and the statidg field, and can be written as

where the dominant terms come from the coupling to higher
center-of-mass vibrational states. As estimated above, the
(g|EL]i)(i|—d-Egj){jIM1(E2)|g) coupling (i|H3|g) is typically h 10 uHz, and the coupling
<H3>:Z (Egqi—fio)(Eqi—hwp) ' from various possibléd, is dominated by the vector light
Y g LTl - shift which was estimated in Sec. VB a&|H,|g)
=h0.2 Hz. This results ifH5)/h<1 nHz(<10 nHz for ru-
with energiesEgy; and Ey;. The contributions from all pos- bridiun;_[38]), Where thde srlnﬁll vitr)]ra';]ipn frclequgncy 13.(|j(HZ tl)l?
sible third-order terms are considered[ 0] and the domi- i[ ez direction Is used. At_oug this value is considerably
) Ay Ao s 2 ower than our proposefl v= 100 nHz sensitivity, a rigorous
nant effect here gives (H3)=hy1(E{-E9(BLf)  calculation might be necessary in the future.
+hy,(B} -Eg)(E_-f), where the unit vectors indicate the
vector dependence of this effect and=7 mHz and v,
=9 mHz[37]. The energy shift is proportional s mg and
can therefore constitute an important systematic error. Two- In summary, we have proposed a measurement of the lin-
fold cancellation of this systematic error is obtained for ourear Stark shift in the cesium ground state caused by an elec-
field geometry. First, all laser polarizationg§ are tron EDM. Our method is based on trapping atoms in a far-

chosen perpendicular to boffs and f. Second, for atoms detuned 3D optical lattice. A linearly polarized trichromatic
trapped at the nodes of the standing waves, the couplindéttice is used to avoid the vector light shift associated with a
<|(Ef°|§s)(éL'f)|> and(l(éf-ES)(EL-f)|> are forbidden be- Circularly polarized component. For atoms thus strongly con-

cause the total interaction has odd spatial parity about thfined. velocity-induced dephasing, inhomogeneous broaden-

potential minimum.(E, fields are odd about the nodes and N9 €ffects, collisional frequency shifts, and field gradient-

B, fields even if the intensities of the counterpropagatingnduced displacements — are  dramatically  reduced.

laser beams are balangedssuming an intensity imbalance Furthermore, rubidium atoms smultgneously trapped in the
3 . . ~oa same volume can act as an effective comagnetometer to
of £;=10"~, and an alignment uncertainty ef,=E, -Eg

N monitor the drifts and the systematic effects associated with
~E_f~107%, we expect the effect to be reduced tothe magnetic field. We have discussed various systematic
Beiea(y1t v2)~h10nHz, where the factor 6 reflects the effects associated with atom-field and atom-atom interac-
number of beams in the 3D lattice. This systematic effect ORions, and presented experimenta| schemes to suppress them.
the Rb atoms, the comagnetometer, is as large 83 nHz ~ These systematic effects for our configuration are summa-
[38], which is close to our proposed frequency resolution.;>oq in Table |. Theme-odd energy shiftterms withf,) is

CaI_ibration of this systematic_ effegt can be a‘?hie"efj by Me33ominated by the residual circularly polarized component of
suring the dependence of this shift on laser intensity. the laser beams. and needs fo be controlled Ato

Coupling by H; to anpther magnetic sublevel can also =100 nHz upon field reversal, corresponding to a stringent
Igad to dec_oherence. This coupl!ng IS not fsuppr.essed by pr‘§fability of 10 ° of the polarization and intensity. Another
cise beam |m_balance when the f|nal'state ISa d_|fferent .V'braﬁwajor systematic effect is the third-order polarizability which
tional state with different spatial parity. Symbolically, given
the initial external vibrational quantum numbeyrthe cou-
pling is estimated as (n*1|H3/n)~6eh(y1+ v2)
=h10uxHz. At the large vibrational level spacings consid-
ered here this coupling is reduced to a negligible level.

In general, higher-order polarizabilities should also b
considered in the presence of external static fi€klsand
Bg) and laser field$E, andB, ). We shall limit our consid-

eration here to the possible systematics which carry&lfe
dependence and imitate the EDM effect. More explicitly, the

relevant interaction should be odd in powerskf and f. This work has been supported in part by grants from the
Given that an energy shift operator must have even paritfNSF and AFOSR. C.C. would like to acknowledge support
(E1 transition is oddM 1 even, andE2 ever), the next order from the Taiwan government and V.V. from the Alexander
effects satisfying these criteria are given by the fifth-ordevon Humboldt Foundation. The authors are grateful to L.
polarizabilities which involve the following field combina- Hunter and M. Romalis for valuable discussions and to M.
tions: EgE| B EsEs, EsE B BsBs, ESE B E E., or Romalis for the numerical calculation of the third-order ef-
ESE, B, B, B . All of these terms can be factored into the fect.

where the sum is over all possible intermediate statesl|

VI. CONCLUSION

can be suppressed to values of 10 nHz for Cs atoms and 80
nHz for Rb atoms. Higher-order processes are estimated to
contribute less than 10 nHz and further investigation of them
is necessary. If all these criteria are met, our proposed mea-
surement should approach a frequency resolutionAof
€_100nHz, which corresponds to a 100 times higher sensi-
tivity than the current upper bound for the electron’s EDM.
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