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Measurement of the Electric Dipole Moment of 7'Yb Atoms in an Optical Dipole Trap
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The permanent electric dipole moment (EDM) of the '7'Yb (I = 1/2) atom is measured with atoms held
in an optical dipole trap. By enabling a cycling transition that is simultaneously spin-selective and spin-
preserving, a quantum nondemolition measurement with a spin-detection efficiency of 50% is realized.
A systematic effect due to parity mixing induced by a static E field is observed, and is suppressed by
averaging between measurements with optical dipole traps in opposite directions. The coherent spin
precession time is found to be much longer than 300 s. The EDM is determined to be d('7'Yb) =
(—6.8 & 5.1y & 1.255) X 10727 ecm, leading to an upper limit of |d('7'Yb)| < 1.5 x 107 ecm

(95% C.L.). These measurement techniques can be adapted to search for the EDM of **’Ra.

DOI: 10.1103/PhysRevLett.129.083001

Introduction.—The existence of a permanent electric
dipole moment (EDM) of an atom or a subatomic particle
violates the time-reversal symmetry (7') [1-3] and, under
the CPT theorem, the CP symmetry as well [4-6].
CP-violation sources in the standard model contribute
to EDMs only at higher orders, resulting in EDM pre-
dictions far below the experimental reach in the foreseeable
future [3]. On the other hand, beyond-standard-model
(BSM) scenarios, such as supersymmetry, naturally provide
additional sources of CP violation that can potentially
induce EDMs large enough to be observed in the current
generation of experiments [7].

EDM searches primarily belong to three categories:
EDM of the electron, EDM of the nucleons, and nuclear
Schiff moments. Recent measurements have placed upper
limits on the electron EDM [8-10], the neutron EDM
[11,12], and the EDM of the diamagnetic atom '*°Hg
[13,14], leading to tight constraints on BSM CP-violating
interactions [15,16]. The three categories are complemen-
tary to each other as they are sensitive to different sources
of new physics [1]. EDMs in diamagnetic atoms and
molecules are primarily sensitive to CP-violating inter-
actions that induce nuclear Schiff moments [17-19]. Within
this category, the EDM of '*’Hg is measured in a vapor cell
[13], '%Xe in a gas cell [20]), 2TI'°F in a molecular beam
[21], and the EDM of laser-cooled >*>Ra atoms are probed
in an optical dipole trap (ODT) [22,23]. Among them, the
best limits on new physics are derived from the atomic
EDM of '“Hg: |d('*°Hg)| <7 x 1073° ecm [13]. EDMs
of the other systems, although at lower levels of precision,
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are combined with the '"’Hg result to provide tighter
constraints on multiple hadronic CP-violating parameters
[16]. Because of its nuclear octupole deformation [24,25],
225Ra is an attractive case as its EDM is predicted to be
3 orders of magnitude larger than that of '“Hg [26].
However, its radioactivity and rarity cause considerable
difficulties in the development of the cold-atom ODT
method for the EDM measurement. The current limit is
|d(**Ra)| < 1.4 x 1073} ecm [23].

Measuring EDM on laser-cooled atoms in an ODT has
important advantages. On one hand, the EDM sensitivity is
boosted by a high electric field and a long spin precession
time; on the other, the v x E systematic in a beam and the
leakage-current systematic in a cell are both avoided.
A detailed analysis of the ODT method concluded that
the measurement precision had the potential of reaching
10739 e cm [27]. The stable and abundant '"'Yb is among
the few diamagnetic isotopes having nuclear spin 7 = 1/2,
thus eliminating tensor effects. Its atomic structure is
ideally suited for the development of the cold-atom
ODT method that probes for the type of EDM that
originates from the nuclear Schiff moment. Indeed,
EDM measurements of !7'Yb in an atomic fountain [28]
or an ODT [29] were both proposed, but no measurements
had previously been carried out. In this Letter, we present
the first experimental limit on the atomic EDM of '7'Yb. By
enabling a spin-selective and spin-preserving cycling tran-
sition, a quantum nondemolition measurement is realized to
improve the spin-detection efficiency by a factor of 50.
A systematic effect due to parity mixing induced by a static

© 2022 American Physical Society
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E field [27] is observed for the first time, and is suppressed
by averaging between measurements with ODTs propa-
gating in opposite directions. The decoherence rate of spin
precession is reduced to the level of 1 x 107 s7!. As
shown in Table 11, the contribution of this first !’'Yb EDM
limit to constraining BSM physics, although lagging
behind that of '®’Hg, is on the same order of magnitude
as those of '2Xe, 22°Ra, and 29°TI'°F.

Experimental setup.—In the experiment, neutral '"'Yb
atoms are loaded into a two-stage magneto-optical trap,
and laser cooled on the narrow-line transition 6s6plS, <>
656p3P, to 20 uK [30]. The atoms are then transferred to a
moveable ODT that carries them over a distance of 65 cm
into a neighboring science chamber [31], and are handed
over to a stationary ODT (power, 10 W; waist, 50 um;
Rayleigh length, 6.1 mm; trap depth, 60 xK). The moveable
ODT is then turned off and EDM measurements are
performed with atoms held in the stationary ODT
[Fig. 1(a)]. Under 10~ Torr in the science chamber, the
atoms have a trap lifetime of 75 s. The two ODTs are
provided by two separate fiber laser amplifiers, both at the
magic wavelength of 1035.8 nm for the 6s6p 'S, <>
6s6p P, transition [30], thus suppressing both the shift
and broadening of the transition used for spin-state detection.

As shown in Fig. 1(a), the stationary ODT is linearly
polarized in the x direction, and propagates in the z
direction through the 1.82(5) mm gap between a pair of
parallel copper electrodes whose circular end faces are
1.6 cm in diameter. The lower electrode is grounded; the
upper one can be ramped to voltages between +13.3 and
—13.3 kV, generating a uniform E field of £73 kV/cm
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FIG. 1. (a)Layout of the setup. (b) Energy levels and transitions

of Yb. (c) The QND approach for efficient spin detection. With
the control laser beam dressing the |e) <> |c¢) transitions, the state
g5 1/2,—1/2) becomes a dark state, while |g; 1/2,+1/2) can be
probed repeatedly on a cycling transition. Each spin state is
preserved and probed without risking spin flips.

in the y direction. The leakage current measured on the
grounded side is typically < 2 pA. The electrode assembly
is held inside a titanium UHV chamber, which in turn is
surrounded by a cos@ coil. p-metal shields provide a
y-direction shielding factor of 4 x 10* at the center. The
coils inside the shields generate a stable and uniform B field
of 20 mG in the y direction. Its spatial nonuniformity is
less than 5 x 10~ cm™!, and temporal instability less than
1 ppm when averaged over the load-measurement cycle of
about 125 s.

OND measurement of spin precession.—The Larmor
precession frequencies (f) of the atoms are measured:
hfy =2uB +2dE, where pu is the magnetic dipole
moment (4+0.49367(1) uy for 17'Yb [32]), d is the EDM,
and f (f_) is the precession frequency corresponding to
the case of the E field being parallel (antiparallel) to the B
field. The absorption of a resonant probe beam is used to
determine the precession phase (Fig. 1). It differentiates the
mp = +1/2 states (quantization axis chosen to be in the z
direction) in the ground level by turning one into a “dark
state” that does not absorb photons, and the other into a
“bright state.” Usually, as in the >>’Ra EDM experiment
[22], the bright state only undergoes on average a few
excitation-decay cycles before a spin flip occurs due to
optical pumping. This effect severely limits the spin-state
detection efficiency. We propose and demonstrate a quan-
tum nondemolition (QND) scheme for spin-state detection
in order to achieve a much higher detection efficiency.
As shown in Figs. 1(b) and 1(c), the three levels
65%1So(F = 1/2), 6s6p3P,(F = 3/2), and 6s8s3S,(F =
3/2) form a |g) — |e) — |c) ladder system. A 6" polarized
“control” laser beam is introduced to resonantly dress the
le) <> |c) transition with the Rabi frequency Q.. Among
the Zeeman states |e;3/2,mp), only the stretched state
e;3/2,43/2) is unaffected; all the other states are dressed
by the control beam and their corresponding energy
levels shifted by +Q./2 to form Aulter-Townes doublets
[33]. Meanwhile, a 6" polarized “probe” laser beam is
introduced to resonantly drive the |g) <> |e) transition
with the Rabi frequency Q. In case of a weak probe, i.e.,
Q, < Q, or I, the absorption rate for |g;1/2,-1/2) is
reduced by a factor of ~Q2/(T",I".), and the spin flip rate
is suppressed by the same factor. In such an arrangement,
lg; 1/2,—1/2) remains a dark state, while |g; 1/2,+1/2)
can be excited repeatedly via a near-cycling transition
without inducing a spin flip. Thus, a QND measurement
is realized.

The laser beams at 556 and 399 nm are supplied by two
frequency-doubled diode lasers and the control beam at
423 nm is supplied by a frequency-doubled Ti:Sapphire
laser. The probe, control, and polarization beams all have
the same o' circular polarization, and all copropagate
along the z direction. The control beam is focused onto the
atoms with a beam waist of 300 pym, and the parameters for
the control beam are determined by measuring the resulting
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light shifts of the probe transition. At the control beam
power of 40 mW (Q,. ~ 2z x 40 MHz), the spin-flip rate in
the ground level is reduced by a factor of Q2/(I",I".) ~ 10°.
This QND scheme improves the spin-state detection
efficiency to 50%, which is 50 times higher than the
conventional non-QND approach.

EDM measurements.—The pulse sequence for the EDM
measurement is shown in Fig. 2(a). The spin polarized
ensemble is initially prepared with a 2 ms long pulse of
the polarization beam (“Pol,” /I, = 3 x 107*, where I is
the laser intensity and I is the saturation intensity of the
transition) resonant with the noncycling transition of
6s56p 'Sy, F = 1/2 <> 6s6p 'P|, F = 1/2. The atoms pre-
cess about the bias B field at a Larmor frequency of
~27 x 15 Hz. After a given precession time, a 0.4 ms
long overlapping pulse of the probe beam (//1, = 0.03)
and the control beam (I/I; =5 x 10%), named “Probe
1+,” is applied for a spin-selective absorption measure-
ment. The population in |g; 1/2,4+1/2) (N,) is measured,
while the population in |g; 1/2, —1/2) (N_) remains in the
dark. Half of a period (T,/2) later, the precession swaps
N, and N_, and an identical probe pulse (Probe 1-) is
fired to measure the original N_ prior to swapping. Since
the populations are preserved during the QND measure-
ment, the probe pulses can be repeated, each with a 7', /2
delay from the previous pulse. As a result, the signal-to-
noise ratio is greatly enhanced such that the measurement
is limited by the quantum projection noise. Following a
total of 8 “Probes” (16 pulses), the atoms in the ODT are
dropped and 30 background images are taken for fringe
removal [34].

(a)
Pol E field applied Probe 1 Probe 2

1 VBT

1

(b)
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o

FIG. 2. (a) Timing sequence of the spin precession measure-
ment. Atoms are initially polarized by a 399 nm pulse (“Pol,”
dark blue color). After a given precession time, two 556 nm
(green color) +423 nm (blue color) probe pulses (“Probe 17),
separated by T', /2, measure the populations in my = 41/2 states
successively. The E field (red color) is applied between the
polarization and probing. (b) The precession signals at 1 and
301 s. The precession frequency is 15 Hz at a bias field of 20 mG.

The precession signal is expressed as

N+_N

S . -
fONL N

= CeTicos(2xft + o) + O, (1)

where C =0.90(1) is the precession amplitude at 1 s
[Fig. 2(b)], T, is the spin coherence time, f is the
precession frequency, ¢, is the initial phase, and O the
offset. As shown in Fig. 2(b), the precession amplitude is
reduced to 0.86(1) after 300 s, indicating that the spin
coherence time (7,) is much longer than 300 s, and is
estimated to be (9 & 4) x 103 s. In this work, the overall
interrogation time is limited by the trap lifetime of 75 s.

In each E field polarity, following a precession over
time 7, the phase advance ¢ (¢~) is measured. Combining
the two measurements, the phase shift correlated with the £
field reversal, A¢p = ¢+ — ¢, is used to calculate the EDM
and its systematics d = hA¢/(4E7), where E is the static E
field. The precession phases are probed at the optimum
points when S,(7) = 0. The E field polarity is randomly
switched between (4+—) and (—+) patterns for any two
sequential cycles. Every few days, the measurement point
is switched between positive and negative S, slope. In order
to mitigate the residual parity-mixing systematic effect, we
perform the measurements in two ODTs with opposite k
vectors: ODT, [traveling in the +z direction in Fig. 1(a)]
and ODT_, and switch between them every other day.
EDM data are accumulated for a total of 260 h for ODT
and 250 h for ODT_ (Fig. 3). The statistical uncertainty can
be expressed as

noo [T,
2
2Ez\/n Ne ) @)

od =

The precession time 7, =7_ =965, the number of repeated
measurements n, = ~7,500 and n_ = ~7,200, the atom
number N, =5.9(1.6) x 10* and N_ = 4.9(1.8) x 10*, and

100 T T T T

e ODT, ave.: +0.414+0.82 x% = 0.95(10)

© 50

Q

o ol

s

% -50

M ODT_ ave. : 1 —1.774+0.61 x2 = 0.96(10)
100 100 200 300 400

Run number
FIG. 3. EDM results. The data are presented in order of data

taking, with each point taking 80 minutes, corresponding to a
proper bin size of 18 [35]. The red data points and analysis results
are for measurements made with ODT, , and the black ones for
ODT_. The final EDM result is the average of both the ODT, and
ODT_ data.
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the spin-detection efficiency € ~ 0.5. Over the precession
time of 96 s, the measured phase noise 6, (sp) is induced
by B field noise of ~3 pT. Its contribution to the EDM

uncertainty is on par with the 1/v/Ne term. The B field
noise is primarily caused by the Seebeck effect due to
heating of the titanium chamber and the electrodes by both
the moveable and the stationary ODTs.

Parity-mixing effect—The EDM measurement in an
ODT is predicted to experience a unique systematic effect
due to parity mixing induced by the strong static E field
[23,27]. It originates from the coupling between the optical
fields of the ODT and the static E field, resulting in a vector
shift (Av) in the ground state that is linearly proportional to
both the E field and the ODT intensity [27]:

Av=u,(b-6)(#-&)+u(b-8)&-6). (3

where b and & denote the directions of the ODT magnetic
and electric fields, respectively. & is the spin quantization
axis direction defined by the bias B field, and &, is the
direction of the static E field. The v; and v, coefficients
depend on the atomic properties, the E field, and the ODT
intensity [27]. The directions of the various fields in our
experiment [Fig. 1(a)] are designed to zero the parity-
mixing systematic, yet imperfection in field alignment
causes a residue effect.

Here, we aim to reveal this effect and examine its
dependence by varying the angle 6 between the static
fields and the ODT polarization vector (Fig. 4). Assuming

6-¢é,=1andé€ - k=o0, Eq. (3) can be simplified to

Ay it

sin(26), 0<6<nm. (4)
By fitting the data, we determine the maximum vector shift
expressed in terms of a false EDM, dg,,. = 1.06(0.17) x
107> ecm (Fig. 4). This value is on the same order of
magnitude as the result of a partial calculation on '*Hg
in Ref. [27].

T T T T

10 —Fitted line
§ Experimental data

x2=0.6

-10

Parity-mixing term (10 ecm)
o

3m/4 ™

0 /4 /2
ODT polarization angle 6

FIG. 4. The parity-mixing systematic measured at different
ODT polarization angles. k denotes the propagation direction of
the ODT.

Experimentally, it is difficult to determine all the field
directions in order to set the angle € at exactly z/2. Instead,
as described in the previous section, two counterpropagat-
ing ODTs, ODT, and ODT_, are employed to suppress the
systematic effect. EDM measurements are performed with
a common polarization angle, both set to be as close as
possible to the ideal condition of 8, = _ = z/2 (Fig. 4).
The difference 8, — 0_ can be determined using a common
polarizer to an accuracy of 7 mrad, while each angle itself
can only be determined to an accuracy of 80 mrad. Upon k
reversal, the parity-mixing systematic effect reverses sign
along with the b vector, while the true EDM remains the
same. Therefore, the residual parity-mixing systematic
effect is suppressed by averaging the EDM results in
ODT, and ODT_.

EDM results.—The systematic error budget for the EDM
measurement is provided in Table I (more details are
provided in the Supplemental Material [36]). We constantly
monitor the current supplying the bias B field, and find the
correlation between its fluctuation and the FE field polarity
to be less than the current-measurement uncertainty. The
residual parity-mixing systematic effect is determined
by taking the difference of EDM measurements between
ODT, and ODT_. The effect comes from the residual
misalignment of the polarization direction (£6.7 mrad)
between ODT, and ODT_, as well as the intensity
imbalance (£10%) between the two. The phase shifts as
the E field is switched between 73 and 0 kV/cm are
measured to constrain the E-squared effects. The phase
shifts as the ODT power is switched between 14 W and
10 W are measured to constrain the ODT power effect.
Combining all the contributions in Table I and averaging
the EDM results of ODT, and ODT_, we arrive at the
final result d('7'Yb) = (—6.84+5.1 4, +1.24y) x 10727 ecm,
based on which we set a 95% confidence limit
|d(1"1Yb)| < 1.5 x 1072° ecm.

The atomic EDM result can be translated into an upper
limit on the nuclear Schiff moment of '7'Yb based on
atomic structure calculations [37-39], and is further related
to constraints on BSM models according to particle and
nuclear physics theories [40]. Compared with other dia-
magnetic systems that probe P, T-odd nuclear interactions

TABLE 1. Systematic effects on the measured EDM. All entries
are specified in the unit of (1077 e cm).

Contribution Uncertainty
Bias B-field correlation 1.00
Residual parity-mixing effect 0.59
Leakage current 0.14
ODT power effect 0.09
E-squared effect 0.04
Total 1.18
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TABLEII. Experimental upper limit of EDM dyj; (95% C.L.), upper limit of nuclear Schiff moment Sy , and theoretical calculation of
Schiff moment Sy, in different isotopes. #'s are parameters of the BSM P, T-odd interactions.

Diamagnetic system 205T119F 199Hg 129 e 225Ra 7yb

dy /(10720 e cm) 6500 [1,21] 7.4 x 107 [13,14] 0.14 [20] 1400 [23] 1.5 [this work]
S/ (efm?) x 1010 8.8 [1,37] 2.6 x 1073 [1,37] 5.2 [1,37] 1700 [1,37] 7.9 [37-39]

Stn/ (e fm?®) x 103 1.2 ny, — 1.4 1, [41]

—1.4 ,y [41]

L75 nyp [41] 300 17, [42], 1100 77 [24]  ~ — 1.4 p, [40]

*Calculated based on the conversion factors between atomic (molecular) EDM and nuclear Schiff moment given in [1,37-39].

(Table II), the constraints based on the !7'Yb measurements
of this work lag behind those of '°’Hg, and are on the same
order of magnitude as those of '*’Xe, ?>°Ra, and 2%T1'°F.
A global analysis of EDM results shows that combining
these different systems with complementary sensitivities
to BSM parameters together can indeed improve the
constraints set by '*’Hg alone [16].

Outlook.—In the next phase of the experiment aiming for
a higher EDM sensitivity, magnetometers or a comagne-
tometer need to be implemented to alleviate the B-field
noise problem and the B-field-induced systematic effect. In
order to further suppress the parity-mixing systematic
effect, atoms can be held in an optical lattice inside an
optical cavity, an arrangement that can guarantee a much
better intensity balance between the +k and —k optical
fields. In addition, electrodes capable of generating
E =500 kV/cm has recently been demonstrated [43],
and a spin precession time z = 300 s can be realized with
an improved vacuum. With an atom number N = 1 x 10°,
and an integration time of 7 = 100 days, the ODT method
explored in this work could reach an EDM sensitivity
of 2 x 1072 ecm.

The cold-atom and EDM measurement techniques reali-
zed in this work, particularly the highly efficient QND
detection scheme and various ways of controlling system-
atic effects, can be transferred to the study of >>Ra EDM.
Furthermore, '7'Yb can itself act as a comagnetometer in a
22Ra EDM measurement. Because of nuclear-octupole
enhancement, a 22Ra EDM measurement at 10~27 ecm
would directly rival that of '*’Hg in the search for BSM
physics.
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