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Zeeman frequency shifts in an optical dipole trap used to search for an electric-dipole moment
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We calculate the Zeeman frequency shifts due to interactions with the light in a far-off-resonance optical
dipole trap. These shifts are important for potential use of such a trap to search for an atomic permanent
electric-dipole momentEDM). We present numerical results for Cs and Hg, as examples of paramagnetic and
diamagnetic atoms. The vector and tensor light shifts are calculated for a large range of trap optical frequen-
cies, for both red-detuned and blue-detuned traps. We also consider frequency shifts resulting from magnetic
dipole and electric quadrupole transitions mixed in by a static electric field. These shifts are particularly
important for EDM experiments since they are linear in the electric field. The Zeeman frequency shifts
represent a substantial problem for EDM experiments in a dipole trap and must be controlled with care to
achieve theoretical sensitivitfS1050-294{09)02806-1

PACS numbsefs): 32.80.Pj, 32.60¢i, 32.10.Dk, 11.30.Er

I. INTRODUCTION 4

The search for a permanent electric-dipole moment 5d:2E [FNT’ @
(EDM) is an effective method of probing for physics beyond
the standard moddll]. A nonzero value of the EDM re-

quires violation ofT andP invariance. If theCPT symmetry
is not violated, it also implie€P violation. Within the stan- . ; .
have been performed in an atomic be@f or in a cell

dard model the EDMs are unmeasurably small, but man¥5—8]. Each type of experiment has its advantages and limi-

extensions of the standard model predict EDMs well W'th!ntations. Beam experiments allow application of a larger elec-
experimental reach. Techniques °f.'a.‘$‘?f cooling and trapp!ngic field, while cell experiments have the advantage of
of neutral atoms open new possibilities for EDM experi- longer coherence times. In beam experiments the systematic

ments[2,3]. In one of the_ more promising meth_ods, COl.d errors due tov X E magnetic fields often limit achievable
atoms are held between high-voltage electrodes in an optical

dipole trap, and the coupling between the static electric fieIc?enS't'V'ty’ while n cell expenments the .Ie_akage cur(ents can
: : roduce systematic errors, which are difficult to estimate.
and the atomic EDM produces a shift of the Zeeman level

Using cold atoms it may be possible to combine the ad-
of the atoms. However, the Zeeman levels would also b(\a/anta es of beam and cell experiments. having both lon
shifted by the interactions with the trapping laser fields. In 9 b ' 9 9

. : ' ._coherence times and lardge fields, while eliminating the
this paper we present a systematic analysis of the variou$

Zeeman energy shifts due to the laser fields in an optica?’yStem"’ItIC errors due to both the E fields and the leakage

dipole trap, and discuss how they might limit the sensnwnyfrl;”eonrtz fsl?nl\t/lair:iiiirﬁzs:tsrgvlggél?jf]erlnc?r?ilsedaat:rmvjeln a
of an EDM experiment. We find that such shifts will impose b Prop e paper v
! ; . . concentrate on neutral atom traps. Since EDM experiments
tight constraints on the design of the experiment. .
. L rely on a measurement of the Zeeman precession frequency,
An atom with a permanent electric-dipole momdrand a ; S

L ; A ; the atom trap cannot rely on inhomogeneous magnetic fields.

magnetic dipole momeng interacts with electric and mag-

o . . L Among various neutral atom traps the most promising ap-
netic fieldsE andB according to the following Hamiltonian, pears to be an optical dipole trB,9]. In this trap the po-

larizability of the atoms provides the trapping force in a light
beam. If the frequency of the light is tuned bel¢atove the
H=—(dE+ uB)- E (1) resonance frequency of the atoms, they are attracted to the
F maximum (minimum) of the light intensity. The optical di-
pole trap creates a conservative force, i.e., it does not cool
the atoms. They are heated due to scattering of photons from
whereF is the total atomic angular momentum. To detect anthe trapping beam. However, the heating rate can be reduced
EDM the Zeeman precession frequency is measured in paby detuning the frequency of the trapping laser very far from
allel electric and magnetic fields. A change of the Zeemanhe atomic resonancd40—-12. The spin relaxation due to
frequency correlated with the reversal Bf relative to B light scattering can also be made negligifl€].
would indicate the presence of a permanent EDM. A fre- In this paper we consider the effects of the trapping beam
guency measurement performed on a classical ensemble ofand the static electric field, which result in frequency shifts
atoms with Zeeman coherence timéhas a shot-noise lim- of the Zeeman transitions. These shifts can be divided into
ited uncertaintydw= 7~ *N~Y2, If the measurement is done three classes. Residual circular polarization of the trapping
repeatedly for a tim&> 7, the resulting uncertainty in EDM beam produces a vector light shift of the Zeeman lejEs.
is given by This shift is linear inm, the projection of the total angular

omitting a factor of order unity, which depends on the spe-
cific experimental arrangement. EDM measurements so far
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momentumF onto the quantization axis. Hyperfine interac- atomic structure, and the shifts for other diamagnetic atoms
tions in the excited state cause tensor shifts due to the traghould have the same order of magnitude.

ping light[13] and the static electric fieldl4,15, which are To ascertain the significance of the Zeeman frequency
quadratic inm. Finally, in the presence of the static electric SNifts calculated below, we estimate, using E2), the re-
field the atomic levels acquire a small admixture of oppositequlrecj frequency sensitivity necessary to be competitive with

ity stat llowi interf f the electric-di Iepresent limits on EDMs. We assume that the experiments
parily stales, allowing an Interierence of the €lectric-aipole. ,, ,q performed with an electric field of 100 kV/cm. To be

amplitudeq 16,17); the resulting shifts of the Zeeman Ievelseg(;,Tﬁ: tjg:vsxgvgtr?rggﬁtz]rfatsﬁg tzlén(;nr:];)rr: ftrhezj(la?]%t;o;lh:?ﬁ'l;/l gst
are proportilonal to the electric field, and, to that extent, havg,55 1o pe measured with a precision of aboyi!8z. To be
the same signature as an EDM. _ competitive with the present limit set on Hg EDN], the
Most of the calculations are performed for a single trap-zeeman frequency shift in Hg has to be measured with a
ping beam, detuned to the red of all atomic resonance linegyrecision of 10 nHz. In proposed experiments with [2
A separate section is devoted to the calculation of the averand Yb[21] it has been assumed that one can tap10®
age Zeeman shifts in a blue-detuned trap, which is particuatoms with a coherence time=10 s. These numbers have
larly suitable for EDM experiments in paramagnetic atomsalready been achieved, although not in the same experiment
We consider the trapping beam frequencies from dc up t$23,24. They result in a shot-noise limited frequency uncer-
within tens of GHz of the atomic resonance lines. Thus, weainty of 5 wHz/\Hz. If one can achieve this sensitivity,
include the counter-rotating components of the oscillatinghen the Cs experiment can improve the limit on the electron
fields and the contribution of the hyperfine mixing betweenEDM by a factor of 100 with an integration time on the order
different excited states. We assume that the detuning of thef one day.
trapping beam is much larger than the excited state hyperfine For experiments with diamagnetic atoms, much longer in-
structure, which is treated as a perturbation. The vector antggration times are required. However, fermionic atoms with
tensor light shifts of the Zeeman levels have been calculatedSy ground state offer a number of advantages, which may
previously near the resonanicks]. The tensor light shift due allow one to substantially increase the number of trapped
to a static electric field has been calculated 14,15 Hy- atoms and the coherence time. For two identical fgrmlons in
perfine light shifts for Cs in an optical dipole trap have beert® Same spin state ttwwave scattering cross section van-
studied in[3]. To our knowledge, the Zeeman frequency ishes, whilep and higher scattering cross sections go to zero

shifts due to multipole interference in an electric field have?t sufficiently low temperatures. Thus, in spin-polarized fer-
not been calculated before mionic atoms most of the effects that might limit the density
' . of atoms and the coherence time, such as elastic collisions,
omzhes;iaercphzs ;%rngir,:w?;lwt £ :/?o?ast?rzlyi:tg?:c;?ogsi\g at'Ehree—body recombination rates, collisional frequency shifts,

. . : . and collisional spin relaxation, are greatly reduced. Spin-
creases rap_ldly witl. A‘O”?S with an_d W'thOUt_ unbalanced polarized fermionic atoms held in a conservative trap would
electron spin(paramagnetic and diamagnetishould be

. " ) give the closest approximation yet to an interaction-free
treated separately since t_hey are sensitive to dlffere_nt types%mple of atoms. For atoms witt, ground state, such as
of fundamenta_rl'.—wolatmg interactiong1]. Parqmag_netlc at- Hg or Yb, these effects may also be suppressed compared to
oms are sensitive to an electron EDM, while diamagnetigkali atoms even in the absence of perfect spin polarization.
atoms with a nuclear spin are sensitive to hadronic sources qfherefore, we believe that=10° and r=100 sec are rea-
T violation. Both types of atoms are sensitive to semileptonicsonable goals for fermionic species wills, ground state.
T-violating interactions. Among paramagnetic atoms, Cs is & his gives a shot-noise sensitivity of 500 nKHz. To im-
prime candidate for initial experiments in a trap, because it igrove the present limit on the Hg EDM by a factor of 100
moderately heavy4=55), and laser cooling and trapping would require an integration time of 300 days. This differ-
techniques for Cs are well developed. For future experimentence in the integration time required for paramagnetic and
Fr (Z=87) is also a possible candiddfes]. Its sensitivity to  diamagnetic atoms already exists in the present experiments.
an electron EDM is a factor of 10 larger than [A$], butit  The TI EDM experimen{4] achieves its statistical precision
has a half-life of only 20 min. Among paramagnetic atomsin 6 days, while the Hg experimef] takes 300 days.
we choose Cs for our calculations. This paper is organized as follows. In Sec. Il we introduce
Among diamagnetic atoms, Hg & 80) has been used so Our notation and app_roximations. The photon scatter_ing rate
far to set the best limits on an atomic EDM originating from @nd the spin relaxation rate due to Raman scattering in a
nuclear interactiongs]. However, laser cooling and trapping ed-detuned trap are also calculated. Sec. Ill is devoted to the
of Hg is difficult because its resonance lines are far in the/€ctor and tensor light shifts in a red-detuned trap, while in
UV (254 and 185 nin Yb (Z=70) offers a good compro- Sec. IV we calculate the vector and tensor shlft_s forCsina
mise for initial experiments. Its sensitivity @,T-odd inter- ~ Plu€-detuned trap. In Sec. V we calculate the shifts due to the
actions is smaller by about a factor of 3 than [29,21], but magnetic dipole and electric quadrupole transitions in the

o i ) . esence of a static electric field, and discuss how one can
it is much easier to cool using resonance lines at 556 and 39%[asign an EDM experiment to minimize the size of the Zee-
nm. Like Hg, it has an isotope with=1/2, for which the

. man shifts.
tensor shifts of the Zeeman levels are absent. For future ex-

periments RaZ=288) offers an interesting possibility. Re- ||, TRAPPING POTENTIAL AND PHOTON SCATTERING

cent calculation$22] show that due to close lying opposite RATE

parity nuclear states, the, T-odd interactions in Ra are en-

hanced by a factor of 500 compared with Hg. We performed We begin by calculating the depth and the photon scatter-
the calculations for Hg, since it has a relatively simpleing rate for a far-off-resonance red-detuned dipole trap.
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FIG. 1. Laser power required to achieve a trap depth of 280 FIG. 2. Rayleigh scattering rate for Csolid line) and Hg(bro-

with beam spot size of 10am. , is the lowest atomic resonance ken ling for linearly polarized light.», is the lowest resonance
frequency, &, for Cs(solid line plotted against the left axiand ~ frequency of the atom.
6°P, for Hg (broken line plotted against the right akis

curate to a few percent for Cs and about 30% for Hg. We use
Similar calculations have been done in Rdf$0,11. We  the empirical values of the energy levels and the oscillator
include these results here for completeness and to introducgrengths.
the notation and the approximations used throughout the pa- The calculations are performed for a large range of the

per. dipole trap frequencw. As the frequency is varied, the in-
The electric field of the trapping beam near the center otensity of the light is adjusted to keep the depth of the trap
the trap is given by constant. All Zeeman frequency shifts are proportional to the

depth of the trap. We choose a depthlof 100 uK. This

trap depth has been achieved in a&ser trap operating at
A=10 um [12]. Using sub-Doppler cooling techniques, Cs
can be cooled to temperatures on the order-eR1uK [26];

For a Gaussian beam focused to a spot sige the total however at such low temperatures spin relaxation rates and
power isP=cE2w?/16. In the regime when the population frequency shifts due to atomic collisions become very large

of the excited state is small, the depth of the trap is given by2:32- A temperature on the order of 40K may be optimal.
[25] he requirement to have a trap with large volume, which can

support atoms against gravity, also limits the minimum trap

Eo ~ . o
E= 5 (se !+ gxele), (3)

e?E2 f = (df/de’)de’ depth. Figure 1 shows the power required to achieve a trap
=— 0 > ¢ 4 J , (4  depth of 100uK with a Gaussian beam focused to a spot
Am | % 02— w? o0 —w0e?—w? size wo=100 um. The power is plotted vs a scaled fre-

quency @/w4), wherew, is the lowest resonance frequency
wherefi w, is the energy of the excited states with respect toof the atom (6, state for Cs, 8P, state for Hg. For very
the ground state anél, is the oscillator strength. The first large detuning,w<0.5w;, a substantial amount of laser
term is a sum over the discrete excited states of the atonpower is required. However, this amount of power can be
while the second term gives the contribution of the con-readily obtained from a commercial GQaser.
tinuum above the ionization energy. Fer much less than For small population of the excited states the photon scat-
the lowest atomic resonance frequeney the depth of the tering rate is given by the Kramers-Heisenberg forni@id,
trap is given by the static atomic polarizability,

@’ w3E2
U=—%a.ES. (5 Vit =g
To estimate how many excited states need to be taken into (f|eF -rle)(e|e-r]i)
account, we compare the static polarizability calculated from X E —
Eq. (4) with the measured atomic polarizability. For Cs the &er Pe— @
6P, and &Py, stategwith f,,,=0.35 andf,=0.72) give a (f [e* -rle)(e] £r~r|i)‘ 2
static polarizability ofag=5.7x 1023 cm®, while the mea- + , (6)

wetw

sured atomic polarizability isxs=6.0x10" 23 cm®. For Hg
the first two excited states'P; with f=1.2 and 3P, with
f=0.025) contribute about 60% of the static polarizability. where &, is the polarization of the radiated light. This rate
All of the frequency shifts considered in this paper dependtan be divided into the Rayleigh scattering rage=v;_.i,

on the fine or hyperfine interactions in the excited stateswhich results in heating of the atoms, and the Raman scat-
which rapidly decrease for higher excited states. Therefordgering rateyr==;.¢vi_, Which results in spin relaxation.

for a red-detuned trap we only consider the effect of the first We perform all calculations using the formalism of
two excited states for Cs and Hg. This approximation is acspherical tensorg28,29. For example,
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(J'IF'm’ |s-r|JIFm)=§p: (—1)Pe, (J'IF'm’ [r_, |JIFm)

= (=PRI IR L (30| 3)(2F + 1) (2F +1)
p

F' 1 F\[J' F' |
X . 7
-m" —-p m/|F J 1 0
|
When possible, the reduced radial matrix elements are ex- Ill. LIGHT SHIFTS OF THE ZEEMAN LEVELS
pressed in terms of the oscillator strengths, IN A RED-DETUNED TRAP
3H(23+1) The calculations are done using time-dependent perturba-
(3" ||r ]| P=———F,_ . (8)  tion theory. The interaction with the electric field of the trap-
2Mw;y ping beam is given by

Figure 2 shows the Rayleigh scattering rate for Cs and Hg,
while Fig. 3 shows the Raman scattering rate for Cs. For Cs H=eE-r, 9
the Raman scattering rate far from the resonance is sup-

pressed compared to the Rayleigh rate by a factor of ith E ai by Eq.(3). Th hout th denotes th
(0Ats/®3)? [10], where A¢=wgz,— w1, is the fine- w given by Eq.(3). Throughout the papas denotes the

b magnitude of the electron charge. The energy shifts of the
structure splitting of the B state. Already fow<0.8v; the  76eman levels due to interactions with the trapping light can
relaxation rate is quite negligible. ':202 Hg the Raman scattelpe genarated into vector and tensor shifts and expressed in
ing rate is suppressed byoQ s/ w7)", where Ay is the  1orms of effective operatofd 3],

hyperfine splitting of the excited state. The relaxation rate for

Hg ranges from 10° sec ! for ®=0.99w; to 10 ®sec ! )
for the CG frequency, and is totally negligible. AE=—p-6B—5Q,:6VE, (10
Thus heating and spin relaxation due to light scattering

can be virtually eliminated by usi_ng a dipole trap with suffi- whereu andQ, are the atomic magnetic dipole and electric
ciently low frequency 10]. In practice, other sources of heat'[{%uadrupole operators, whiléB and SVE are the effective

ing and relaxation have to be considered. The most obvioug,aqnetic-field and effective electric-field gradient induced
source of atom loss is due to collision with the backgroun y the trapping light.

gas. Relaxation and frequency shifts due to cold gas colli-

sions have been considered[i2]. Savardet al. [30] have

considered the heating of atoms due to vibrations and fluc- A. Cesium
tuations of the laser intensity. Finally, since the atoms
sample a distribution of laser intensities in the tf&f the
Zeeman frequency shifts considered below can reduce the The dominant contribution to the vector shift for Cs is

1. Vector light shift

transverse spin relaxation time. given by
|
AEZ e’E} (I, F'm'|e-r|3,1,F,m){J,I,F,m|e*-r|J",I,F",m")
4f J'F'm’ Wy —w

(I 1L F'm'|€* -r|3,1,F,m){J,I,F,m|e-r|J",I,F",m")
+ , (11

wytow

where the sum is taken over th&§, and &3, states(see  wherek denotes the direction of propagation of the trapping

discussion after Eq.)5and% w,: is the energy of the excited beam. The polarization of the light is expressed in terms of

state relative to the ground state. spherical basis vectors, corresponding to the left and right
The resulting frequency shift can be expressed in terms ofjrcular polarizations,

the effective magnetic field,

-x' =iy X' —iy

(13

~ E=¢&
sB=By(|e|2—|er|DK, (12) L2
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10°F Wik The vector frequency shift can be substantially reduced by
— 3 e using a linearly polarized trapping beam and by aligndigy
< 10°F ] perpendicular tdBg; in other words, directing the trapping
o E 3 beam perpendicular to the static magnetic field. It is reason-
§ 10_65- E able to assume that the helicity of the trapping beam can be
w 3 E reduced to 10* and the projection o$B on Bg to 10 3,
5 F E reducing the frequency shift by seven orders of magnitude.
s 107k E Nevertheless, even after such reduction, the vector fre-
] i E guency shift can lead to some problems. For example, for
1072} E 100-nm detuning to the red of th, line in Cs, the fre-
Y Y quency shift isAy=mx7 mHz, while for the CQ laser

w/wy (A=10 um), Av=mXx 170 uHz. To avoid the degradation
of the short-term sensitivity due to laser intensity fluctuations
the intensity noise has to be reduced to less than 0.QH#/
in the first case and less than 0.4%hz in the second case,
in the right-handed coordinate system with #eaxis paral- assuming that the energy mtervgl betwee!fr4 and m=

—4 states is being measured directly. It is challenging to

lel to k. Thus, the effective magnetic field is proportional 10 5 pieye these requirements. Using a blue-detuned trap, as
the degree of circular polarization of the trapping light. The jisc\ssed in Sec. IV, it is possible to reduce the vector light
frequency shift due to this field is given by shift by another factor of 100, assuming that the alignment
SB can be controlled at the same level in a more complicated

9ste m= = uy(|e |2~ |er/2 M coss, geometry of a blue-detuned trap. _ _

21+1 Another possible problem caused by the vector light shift
(14 is a reduction of the transverse relaxation time due to an
inhomogeneous frequency shift. Assuming that the trap is a

where ¢ is the angle betweedB and the static magnetic harmonic potential near its bottom, the Hamiltonian is given
field Bs, which defines the quantization axis. It is assumed,

that Bg> 6B. Depending on the value &g, the frequency

shift due to the addition ofB andBg in quadrature may also p? 1 3 , 5 OsugBs

be significant. Figure 4 shows the dependence\pbn the H=om T EM-Z ottt 57 Fa (16)
frequency of the trapping beam. For low trapping beam fre- =1

quency the asymptotic form of the shift is approximately yhereq. are the normal frequencies of the trap. For a Gauss-

given by ian beam focused to a spot simg and confocal parameter

FIG. 3. Raman scattering rateR for Cs for linearly polarized
trapping light.

Avp_j1p==

b=27-rw(2)/)\ the normal frequency in the radial direction is
o 2U  [Agw (15) w?=4U/wW35M and in the axial direction iso2=8U/b’M,
Vo (21+1)h w? whereM is the mass of the atom. Typically, the radial fre-

quency is on the order of $Gec ! and the axial frequency
For the trapping beam frequency near the resonance our rén the order of 19sec * [30]. Since the frequency shift is
sults are in agreement wifi3]. proportional to the light intensity it can be represented by a

The vector frequency shift does not depend on the statispin-dependent perturbation of the trap frequency,

electric field and, therefore, does not cause a direct system- )
atic error. However, the intensity noise of the trapping laser | _ P EME 2 Av £ )r-2+ gsMBBsF
can limit the achievable sensitivity. In addition, since the 2m 249 u #to21+1
atoms sample a distribution of laser intensities, it can result (17)
in the reduction of the transverse spin relaxation time.

1+

Thus, an atom, which is in an eigenstate of the Hamiltonian
—_ (16), is also in an eigenstate of the Hamiltoniélv). The
] energy of the eigenstates is given by
gsmeBs

EZEi ﬁwi WFZ.
E (18

Av

h
1+ WFZ (ni+l/2)+

] Elastic collisions between Cs atoms cause transitions be-
4 tween different levels of the harmonic oscillator potential,
E which changes the value of the frequency shift. The cross
T section for Cs-Cs elastic collisions at 1K is on the order

P PR I
00 02 04 06 08 1.0 of 0=10"1! cn?, and it rapidly increases for lower tempera-

w/e tures[31]. Assuming atomic densitg=10'° cm® we obtain

FIG. 4. Vector light shiftw, in Cs for circularly polarized trap- an elastic collision rat@zc:ncrv_= 0.5 s'1. Since the colli-
ping light. sion rate is much smaller than the normal frequencies of the
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trap, we are justified in assuming that the atoms are in the If the atoms have a temperatuFethen the spread in their
eigenstates of the trap Hamiltonidd7) and occasionally energies is on the order df and the spread in the Larmor

make transitions between different eigenstates. frequencies is

The transverse spin relaxation due to an inhomogeneous T
frequency shift in the trap is analogous to the problem of Aw =mAv—. (20)
spin relaxation due to field inhomogeneities in a §a2], U

with vy, playing the role of the diffusion rate. Since the col- Thus, for 100-nm red detuning of the trapping beam @nd
lision rate y. is much smaller than the typical Larmor pre- _ 1 uK, Aw, =2x10"2 sec L and the dephasing time be-
cession frequency in the fieBs, our conditions are analo- {yeen them=4 andm= —4 states isT,~ 1000 sec, longer
gous to the high-pressure limit of relaxation in a ¢&2]. In  than the expected lifetime of atoms in the trap. However, if
this limit only the fluctuations of the longitudinal field cause the vector frequency shift cannot be reduced by seven orders
the relaxation, as was already implicitly assumed in@@).  of magnitude as described above, or if the elastic collision
Thus, the transverse spin relaxation rate is on the order of rate is insufficient to satisfy the motional narrowing condi-

) tion, transverse relaxation due to an inhomogeneous light

1 _ (Aw) (19) shift can become a problem.

T, Yo o

2. Tensor light shift

whereAw  is a measure of the spread of the Larmor fre-  Tq calculate the tensor light shift we take into account the
quencies in the trap. This equation is only valid in the regimenyperfine structure of the excited states. For large detuning
of motional narrowing, i.e., foAw <7y.. If Aw =7y., then  of the trapping beam the hyperfine interaction can be consid-

T, ~Aw [32]. ered as a perturbation,
|
e’EZ I, F'm'[e-r|3,1,F,my(J3",1,F'm’'|W|J",1,F'm’'}J,I,F,m|&*-r]J",I,F",m")
AE=——— +c.r.|, (21
4ﬁ J'J" ((DJ/_CU)((L)JH_LL))
F/,m/

where c.r. indicates the contribution of the counterrotatinghuclear quadrupole moment of Cs to the tensor shift is less
component of the electric field. The hyperfine interaction hashan 1% andv{(3)=—v1(4). Figure 5 shows the tensor
the following form: frequency shift folF=4.
. The tensor light shift approaches a constant at low fre-
W=2ma{l-1-[s—3(s-nr]-1}+279C%*Q,, (22  quency. It is well known that in the presence of a static
5 ) electric field the Zeeman levels have a small tensor shift of
whereC* andQ, are the orbital and nuclear quadrupole op-ihe form given by Eq.(25) [14,15. For electric field of
erators, respectively. We expregéin terms of irreducible 1090 kv/em we obtainvy=11 Hz, in agreement witfi15].

tensor operatorg28], For w/w;=1 our results are in agreement w{th3].

_ i 2o ol 5. The problems caused by the tensor light shift are similar
W=2ma(l-| \/1—([C Xs]D+2mqChQy. (23 to the problems caused by the vector shift, i.e., additional
Neglecting the relativistic corrections, the constaatandg frequency noise due to light-intensity fluctuations and reduc-

can be determined from the hyperfine constakndB of ~ tion of the transverse relaxation time due to inhomogeneous
the P, state frequency shifts. To make these problems more manageable,

the tensor frequency shift has to be reduced by at least one
J(J+1) 2(J+1)

a=Atirn . 9B mr @9

The hyperfine interaction can couple states of diffedeamd
these terms have to be included in E81). This effect is
important whenw is detuned far from the resonance. The
matrix elementJ”,1,F'm’|W|J’,1,F'm’) is calculated us-
ing the identities for scalar and tensor products of irreducible
tensor operatorg28].

The resulting frequency shift has the following form:

vy (Hz)

— — 2 >|||I|||I|||I|||I|||I
Av=wy(F) (3 cos ¢—1)m?, (25 0002 0z os 0.8 1.0

where ¢ is the angle between the direction of the electric o/t

field of the trapping light(assumed linearly polarizeand FIG. 5. Tensor light shiftvr(4) for Cs for linearly polarized
the direction of the spin quantization. The contribution of thelight.
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TABLE |. Hyperfine constants for Hg in GHz; the empirical
constants are taken frof34,35.

AlEl Blgl As;l Bs;l a, ag
]3> 19%g —3.57 14.75 1.20 35.16
201Hg 132 032 -545 -0.28 -0.445 12.99
201Hg g 0.85 1.6

FIG. 6. Relative orientation of the magnetic fiddd static elec-

[111,L;5,5,S;J) = E V(2L+1)(25+1)(2j,+1)(2j,+1)

tric field E, the trapping beam wave vectorand the polarizatior l1:l2
that minimizes the vector and tensor light shifts as well as the tensor I, 1, L
shift due to the static electric fieldy=54.7°. . .
X181 S2 Sp|li81j1312802:9). (29
small factor. This can be accomplished by aligning the elec- j1 2 J

tric field of the trapping beam at the magic anglé (
=54.7°) to the magnetic field, so that (3 ép¢s-1)=0. The

The values of,, ag, andq are determined from the empiri-

configuration of vectors minimizing both vector and tensorc@l hyperfine constants of the spectroscopic states by evalu-
light shifts is shown in Fig. 6. Another possibility is to probe ating (*P,|W|'P,) and (3P1|W|3P,). The results are given
the frequency of the transitom=—4—m=4 directly in Table I. We use the value af determined fromBsp,

[2,4]. which is much better known. The calculations can also be
The tensor shift due to the static electric field is propor-performed usingj coupling[33] and taking into account the
tional to the square of the field and, if the electric field is notre|ativistic corrections. The results of the two methods agree
perfectly reversed, can result in a false EDM signal. Thiswithin a few percent for the vector shift and about 30% for

shift can be reduced in the same way as the tensor light shiftfhe tensor shift.
Aligning the static electric field at the magic angle with re-  The vector light shift has the same form as for Cs,
spect to the magnetic field reduces the sensitivity to an EDM

by a factor of 1.7. Av=wy(|e |?—|eg|?>)mcosh, (30)

B. Mercury
All light shifts in Hg are due to the excited state hyperfine

structure. The calculation is complicated by the fact that in

Hg two electrons contribute to the hyperfine interaction in

the excited state. In addition, because of the breakdown of

the LS coupling, there is substantial mixing betwet®, and
3p, states. The composition of the spectroscopic states i

terms of theL Sstates can be determined be diagonalizing thg,,— 4 andm=

matrix of the electrostatic and spin-orbit interactidis].

with vy, for ®Hg shown in Fig. 7. For low trapping beam
frequency the asymptotic form is approximately given by

|

For the CQ wavelength § =10 um) the shift for 1*Hg
{5 »,=0.5 Hz, 2x10* times smaller than the shift between
—4 states in Cs, while the achievable shot-
noise limit is only ten times smaller. Thus the constraints on

2U
W=

27Ta|(,0

2
w3

(31

The values of the coupling constants are found from the emg, o alignment, the polarization purity, and the intensity noise

pirical energies of the B states. We obtain the following
results:

'P,=0.979'P,+0.208°P (26)

3p,=0.979°P, - 0.209'P, , (27)

where 151 and 351 are the spectroscopic states with ener-

gies of 6.704 eV and 4.887 eV and the oscillator strengths of

1.2 and 0.025, respectively.
The hyperfine interaction for Hg is given by

W=27a(l;-1— V1 C?X 5,1 1)+ 27qC2:Q, + 27ass,- 1,
(28)

where the first electron is taken to be in the excited sthte (
=1) and the second electron in the ground sthteQ). The
calculation is simplified by using aj%ymbol to recouple the
angular momentum,

of the trapping beam are much less stringent for Hg.

We calculate a typical value of the tensor light shift for
201Hg, which hasl =3/2. The shift has the same general
form as for Cs,

1000
100 L

10k

v, (Hz)

0.14

13 S E— —

M
0.0 0.2 0.4 0.6

©/w,

0.8 1.0

FIG. 7. The vector light shifi, for *Hg for circularly polar-
ized trapping light.
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) trap for Yb could possibly be constructed using UV lines
] from an Ar" laser.

The average Zeeman frequency shift experienced by an
atom in a blue-detuned trap depends critically on the trap
1 geometry. Several different geometries have been realized
: [3,36,37 so far. Here we make a rough estimate of the av-
erage frequency shift in an open top square box trap made
with five perpendicular sheets of light.

The Zeeman frequency shift is proportional to the average
] value of the trapping potential experienced by the atom in
ol e ] the trap. First, consider an atom with ma4sinitial velocity

00 02 04 06 08 1.0 L D ,
@/, vi, and kinetic energy;=Muv{/2 impinging on a Gaussian
wall of light with beam waistv. The potential of the wall is

FIG. 8. The tensor light shift; for 2*Hg for linearly polarized  given by
light.

vr (Hz)

U(x)=Uqe /8" (33)
Av=vr(3cog ¢p—1)m?, (32
The total phase shift experienced by the atom during colli-
with vt shown in Fig. 8. For large detuning the tensor shiftsion with the wall is
due to the15l state dominates, but the contribution of the 5 Uxd
3p, state, which has the opposite sign, becomes large near Ap= _fxt (x)dx =Ut,, /4. (34)
the resonance. The tensor light shift f8fHg is comparable h P

o 2
to the shift for Cs, while the shot-noise limit is ten times \V M[Ui—U(X)]

smaller and the required frequency sensitivity is nearly three

orders of magnitude smaller. Fortunately, f§fHg, *Yb,  Herex, is the classical turning point given By(x,)=U;,

and other elements with nuclear spin 1/2, the tensor shifts g the last equality is used to define the equivalent dephas-
(both ac and deare totally absent. However, for heavy ra- ing timet,,. We calculated the ratio of the dephasing time
dioactive elementéRa, Rr), which do not have a convenient ¢ {5 the wall traversing time, =w/v; and found that it
spin 1/2 isotope, the tensor shifts may present a very SeriOL{ﬁapends only weakly on the ratit)o/U;. We obtain

problem. ton/ty~0.4 for Ug/U;>5.
Thus, for an atom at temperatufeconfined in the hori-
IV. CESIUM LIGHT SHIFTS IN A BLUE-DETUNED TRAP zontal direction by two pairs of walls separated by distathce

. . each, the average trapping potential energy due to thermal
In this section we calculate vector and tensor frequency, iion is approximately given by

shifts for a blue-detuned optical trap. In such a trap the atoms
are repelled from the regions of high laser intensity and thus w

experience a smaller average frequency shift. For Cs atoms <U>th~0.4a KT. (35
such a trap can be realized, for example, with afi Aaser

[3,36,37. In Fig. 9 we plot the power necessary to achieveysing similar considerations, one can show that for an atom
100-uK wall height with a Gaussian light sheet focused tohe|q against gravity on a sheet of light with focal waisthe

10X100-um beam waist. For diamagnetic atoms, like Yb ayerage trapping potential energy due to gravity is approxi-
and Hg, blue detuned traps are more difficult to realize dugnately given by

to the lack of powerful cw lasers in deep UV. A blue-detuned
(U)4~0.08Mgw, (36)

10
I and is relatively insensitive td, andkT. The energy due to
thermal motion in the vertical direction is smaller theh),

for a large range of parameters. An optimal trap configura-

tion minimizing the average light shift is a large box made

with tightly focused walls of light, so thad>w and Mgw
<KT. The blue-detuned traps realized so far hdvew and

I ] Mgw~KkT [3,36] or d<w andMgw>kT [37].

2 F ] Thus, in blue-detuned traps the average trapping potential
[ ] energy experienced by the atoms can be less than thermal
R N R S energykT. In red-detuned traps the average trapping poten-

0.80 085 0.90 095  1.00 tial energy is equal to the trap depth. A trap depth on the

W/ order of 10KT is required to prevent loss of atoms due to
FIG. 9. The power required in a blue-detuned trap to achieveEvaporation. In the following calculations we assume that the
100-xK wall height with a cylindrical Gaussian beam focused to average trapping potential energy experienced by the atoms
10X 100-wm waist. w, is the frequency of the $,,- 7Py, transi- IS 1 uK, which is also similar to the average energy mea-
tion. Arrows indicate the two dominant lines of anAlaser. sured in a blue-detuned trap by Davidsetnal. [3].

Power (W)
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FIG. 12. All possible permutations of the matrix elements which
contribute to Eq(38). ¢ andb denote electric- and magnetic dipole
Of‘ransitions induced by the trapping beasg,denotes mixing by the

static electric field.

For calculation of the frequency shifts in a blue-detuned

trap made using AT lines it is necessary to include the con- |ows an interference of the electric dipole amplitude driven

tribution of the second resonance line of Cs. In fact, its cony,y the optical field with higher-order amplitudes which are

tribution actually reduces the frequency shifts. The Rayleigrhorma"y forbidden by parity selection rules. The modifica-

scattering rate in such a blue-detuned trap 'S_laboultion of the light absorption cross section due to this effect

0.01 sec?! and the Raman scattering rate i 50 © sec ™. -

. g = was considered for RAL6] and for Hg[17]. The effect has
Th.e vector light shift is _shown In F|g. 10. The frequ.ency been observed experimentally in IRBB]. Here we consider
shift is plotted as a function of the ratio/ w,, Wher_e_wz 'S the Zeeman frequency shifts due to magnetic dipole and
the resonance frequency of theSy 7Py, transition at g0y quadrupole amplitudes driven by the optical field.

459.3 nm. Due to the contribution of the second resonanc he calculations are onlv performed for the red-detuned op-
line the vector frequency shift vanishes at 474 nm and 464 P h
tical trap. The calculations for blue-detuned trap are much

nm, and is suppressed for 488-nm”Aline. In Fig. 11 we _ o .
show the average tensor frequency shift experienced by cyore complicated because many additional excited states

atoms in the blue-detuned trap. The frequency shift is als"USt Pe taken into account. _ _

suppressed due to the contribution of the second resonance We start with the calculation of the shift due to magnetic

line. dipole transitions in Cs. The magnetic dipole interaction of
Thus, the Cs vector and tensor frequency shifts in a bluethe valence electron with the magnetic field of the light wave

detuned trap formed with the 488-nm ‘Atine are approxi- has the following form:

mately 100 times smaller than the shifts in a very far red-

detuned laser trap. If the beam alignment can be equally well

FIG. 10. The vector light shift experienced by Cs atoms in a
blue detuned trap with an average trapping potential energy
1 uK. Arrows indicate the two dominant lines of an Ataser.

controlled in a more complicated geometry of a blue-detuned _ B Eoug S it R it
trap, it can give much smaller Zeeman light shifts for Cs H=-M-B= 2 (L+29)-(be™ ' +b* &), (37)
atoms.

V. FREQUENCY SHIFTS DUE TO PARITY MIXING - . . . .
BY THE STATIC ELECTRIC FIELD where b denotes the direction of the magnetic field in the

optical wave b=kx &. The energy shift is given by

In the presence of a static electric field the atomic levels
acquire a small admixture of opposite parity states. This al-

3.0 —————————————————————

1.0

[ —(e2,)(b-a) ]
0.8 —-(b-g,)(e0) 7

L o o o o]
0.80 085 o./go 095  1.00 N erEr T
@/ e 00 02 04 06 08 10

FIG. 11. The tensor light shift experienced by Cs atoms in a
blue-detuned trap with an average trapping potential energy of FIG. 13. Zeeman frequency shift for Cs due to magnetic dipole
1 uK. Arrows indicate the two dominant lines of an Ataser. transitions, vy, (solid line) and v%, (broken line.
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_ e’ugE3Eg s (3',m’|&-r|3,m)(J",m"|b* - (L+2S)|I",m’ }(J,m|eg-r|J",m"

AE >
44 33" m'm" (a)J,—a))(an—w)

(3,m’[b- (L+29)
+

J,m){J’,m’|&*-r|J,m’ }{J,m|es-r|J",m")

+perm.tc.r. (38

er(er—w)

where g, denotes the direction of the static electric fielg  numbers is suppressed in Eg4). Possible permutations of

=Eges. There are six possible permutations of the matrixthe matrix elements are shown graphically in Fig. 14.
elementgdenoted perm.shown graphically in Fig. 12 plus

the counter-rotating term@btained by taking the complex _ €’EgE, (Ple-r[S)(P|Q*:T|P)(Sl|es-r|P)
: ; . AE= >
conjugate of the matrix element and replacing: — ). The 442 (wp—w)(wp— o)
sum over)’ andJ” is taken over the By, and 6P, states.
A A ~ . *
The frequency shift depends on four vectarses, b, and . (D|Q:T[S)(P|e* -r|D)(S|&s 1| P) + permac.r
o, whereg is the direction of the spin quantization. A prod- (0p~ o) (wp— )
uct of all four vectors i? and T symmetric. Only two non- (44)

zero vector products can be formed,
The frequency shift due to the electric quadrupole transi-
(b-o)(e-&) and (b-&)(e o). (39  tions depends on four vectoss £, k, ando; ande appears

twice. One can form three nonzero vector products,
We parametrize the frequency shift due to magnetic dipole

transitions as follows: [(oxK) €](e-€5), [(esXK)-€](g- @),

Ave_i210= F[vup(b- 0)(e- &) + vijp (b- &) (¢- @) Im, and [(oxk)-&](e-&). (45
(40)
However, the first two products are equal to the products
with the results forvyp shown in Fig. 13. All numerical given in Eq.(39), while the last product can be reduced to a

calculations are done fdEs=100 kV/cm. linear combination of the first two. Thus, the vector depen-
For low trapping beam frequency the shift approaches &lence of the electric quadrupole and magnetic dipole contri-
constant value that is approximately given by butions is identical. The shift can be parametrized in the
same form,
N S A kol 0 20) + 12(b 20) (6 ) Im
F=1x1/2" Ve—1+10= XV -O)(€-€ 14 cE)(E- O .
h(21+1) (hw,)? F=1£172 EQ s EQ s 46

X[(b-o)(&- &5+ (b-£5)(£- 0)/2]m. Our results forvgq are shown in Fig. 15. Bates-Damgaard

(42 approximation was used to evaluate the radial matrix ele-

The shift is proportional to the fine structufg, of the 6P

6P Q Q*
state. —
The electric quadrupole interaction is given by 65 g £ &s

e JE; e
H=5 2 Grn=ayr’)5==5 2 (- 1D"QnTo-m, =2

] 8r] € €
(42) 34 . 7 %o
whereQ,, is the orbital quadrupole spherical tensor dng, 6S LLLLLLE* ?f

is the quadrupole spherical tensor of the electric-field gradi- -
ent. The electric-field gradient tensor of the trapping beam is 6

given by —
JE. E P q 3 ) Q*
— = ligkel eV —jerkeik 0] (43
ﬁrj 2 iR i B . 65 €s €

The spherical quadrupole components are formed from the FIG. 14. All possible permutations of the matrix elements,
Cartesian components in accordance with the prescriptiofhich contribute to Eq(44). ¢ denotes the electric dipole transi-
given in[29]. The frequency shift comes from the contribu- tions andQ denotes the electric quadrupole transitions induced by
tion of the 82 and @ states. The sum ovel quantum the trapping beamg, denoted mixing by the static electric field.
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FIG. 15. Shifts of the Zeeman levels due to the electric quadru-

FIG. 17. Frequency shift due to magnetic dipole transitions in
pole transitions in CSI/EQ (solid ling) and véQ (broken line.

Hg, vy (solid ling) and vZ,, (broken ling.

ments in this case. Note that the shift due to the electric

guadrupole transitions has an opposite sign compared to the Finally, we calculate the frequency shift due to magnetic
shift due to the magnetic dipole transitions. The two shiftsdipole transitions in Hg. The shift is nonzero only if the
are comparable in size near the resonance, but the quadrhyperfine interactions in the exited state are taken into ac-
pole shift drops as» due to the factor ok in Eq. (43). The  ¢count. Since bothV andM operators can change tdejuan-
vector product b- o) (&- &) gives the dominant contribution tum number, the metastabf®, and P, states also contrib-

near the resonance for both magnetic dipole and electrigte to the shift. The shift has the same vector form as for Cs,
guadrupole transitions, in agreement with the resul{< ).

To minimize the magnetic dipole and the electric quadru-
pole shifts one can orient the trapping beam direction and
polarization as shown in Fig. 16. This orientation suppresses
both vector products in E439) by one small factor and also
suppresses the vector light shift, E44), by two small fac-
tors. However, the tensor light shift, E€R5), is not sup-
pressed. Assuming a factor of 8uppression of the shift - ) o N
due to the magnetic dipole transitions, E40), it would still shift do_es not exist for nuclei with=1/2, the magnetic di- .
be on the order ofmx50 uHz for trapping frequencyw pole shift can be suppressed by one small factor, as shown in
<0.504, much larger than the required accuracy. The shiftig. 16, so it becomes comparable to the statistical uncer-
can be further reduced by frequently reversing the diredtion @inty. Further suppression can be easily achieved by peri-
or using a standing wave. However, if the tensor light shiftodically reversing the direction df.
presents a more serious problem, one would align the electric
field of the light and the static electric field at the magic
angle, as shown in Fig. 6. In this case the first term in Eq.
(39) is not suppressed, but the second is suppressed. One can
then use a standing wave to suppress the parity mixing shifts, | this paper we have calculated the Zeeman frequency
although the intensity of the two coiu7nterpropagat|ng beamsifis experienced by atoms trapped in an optical dipole trap.
would have to be balanced tox110" * for the systematic Thege shifts are particularly important for applications of
error due to this shift to be comparable to the final statlstlcaguch a trap to searches for EDM. The shifts can be divided
error of 50 nHz. into three classes: vector light shifts, tensor light shifts, and

E shifts due to parity mixing induced by a static electric field.
The typical size of all shifts considered here is much larger
—_—l
-
B

Av=[vyp(b o) (& &)+ v}p(b- &) (£- )M, (47)

with vyp shown in Fig. 17. The size of the shift is five
orders of magnitude smaller than for Cs. Since the tensor

VI. CONCLUSIONS

€A

than the sensitivity required for EDM measurements. The
frequency shifts for Cs in a red-detuned trap are four to five
orders of magnitude larger than for Hg. However, for Cs
atoms the shifts can be reduced by a factor of 100 using a
blue-detuned trap. By a careful choice of the orientation of

-
b
k

FIG. 16. Relative orientation of the magnetic fi@dstatic elec-
tric field E, the trapping beam wave vectbrand the polarizatios

that minimizes the shifts due to parity mixing induced by the elec-

tric field as well as the vector light shift.

the relevant vectors it appears that all frequency shifts may
be suppressed to manageable levels.

The vector light shift due to circular polarization of the
trapping light is by far the largest. It can be reduced by using
linearly polarized trapping light directed perpendicular to the
applied magnetic field.

The tensor shifts are produced by the trapping beam and
the static electric field. They are absent fdHg and other
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nuclei with1=1/2. It is possible to suppress these effects byrelevant vectors or by using a standing wave for the trapping
aligning the electric fields at the magic angle to the quantibeam.

zation axis.

The shifts due to parity mixing by the electric field are
proportional to the electric field and thus mimic an EDM.
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