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We report the electromagnetically induced transparency (EIT) cooling of 3’Ba* ions with a nuclear spin
of I =3/2, which are a good candidate of qubits for future large-scale trapped-ion quantum computing.
EIT cooling of atoms or ions with a complex ground-state level structure is challenging due to the lack of an
isolated A system, as the population can escape from the A system to reduce the cooling efficiency. We
overcome this issue by leveraging an EIT pumping laser to repopulate the cooling subspace, ensuring
continuous and effective EIT cooling. We cool the two radial modes of a single '3’Ba* ion to average
motional occupations of 0.08(5) and 0.15(7), respectively. Using the same laser parameters, we also cool all
the ten radial modes of a five-ion chain to near their ground states. Our approach can be adapted to atomic
species possessing similar level structures. It allows engineering of the EIT Fano-like spectrum, which can
be useful for simultaneous cooling of modes across a wide frequency range, aiding in large-scale trapped-

ion quantum information processing.
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Trapped ions are a powerful and versatile platform,
enabling a broad range of research in quantum information
processing (QIP) [1,2], precision spectroscopy [3], and
tests of fundamental physics [4]. Ions can be controlled by
laser and microwave fields, and can achieve high-fidelity
operations including state preparation and measurement
[5-10], single-qubit gates [5,11], and two-qubit gates [12—
15], for up to tens of ions [10,16—18]. Hundreds of ions
have also been used for quantum simulation in Paul traps
[19] and Penning traps [20,21].

For laser-based gate operations, thermal motion of ions
causes random fluctuation in laser phase and intensity,
fundamentally limiting gate fidelity. Although advanced
techniques such as the widely used Molmer-Sorensen
entangling gate [22,23] alleviate the requirement of
ground-state cooling, it is still desirable to cool the relevant
motional modes of ions to the lowest possible temperature
for achieving high-fidelity QIP. Among the common sub-
Doppler cooling methods, resolved sideband cooling has
been routinely applied to small ion crystals, typically
achieving an average motional qunatum (phonon) number
n < 0.1 [24,25]. However, due to the narrow cooling band,
its cooling time generally grows with the number of ions
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[26,27], which is inefficient for large ion crystals.
Polarization gradient cooling [28-30] offers a broader
cooling band, but the attainable 7~ 1 is high [31]. In
contrast, electromagnetically induced transparency (EIT)
cooling [25,32] provides high cooling rates and broad
cooling bandwidth, while maintaining a low cooling limit
i1 =~ 0.1, making it a suitable cooling method for quantum
computing [33] and quantum simulation [2] with large ion
crystals.

EIT cooling has been demonstrated with ions that have a
relatively simple level structure including >*Mg* [34] and
40Cat [35,36] with no nuclear spins, and '7'Yb™ with a
nuclear spin 7 = 1/2 [37,38]. It has also been realized with
9Be* possessing I = 3/2 but under a strong magnetic field
(4.46 T) [39], such that only electron spin states are
relevant. However, for ions with high nuclear spins 7 >
1/2 at a low or intermediate magnetic field, EIT cooling is
challenging due to the difficulty of finding an isolated A
level structure. Despite this difficulty, many high-nuclear-
spin ion species such as °Be*, Mg™*, and **Ca™ have been
widely used for QIP due to their long coherence times and
high-fidelity quantum operations [9,12,13,40—43]. In par-
ticular, 3’Ba* ions with / = 3/2 recently have attracted
increasing interest due to the required laser transitions in
the visible wavelength range [9,40,43]. This provides key
benefits for large-scale QIP, as high laser power is more
accessible at this range and these lasers cause less photo-
induced charging [44] and damage in optics compared to

© 2024 American Physical Society
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(a) Experiment configuration and (b) relevant energy levels of '3"Ba* ions. We use 493 nm lasers for Doppler and EIT cooling.

A 650 nm laser repumps the population in the D5, level to the Py, level. A 1762 nm laser transfers the population in |0) [see (c)] to
D5, for state readout. A pair of focused 532 nm Raman laser beams are use to drive sideband transitions for measuring average phonon
numbers. (c) Relevant energy levels and laser couplings of the EIT cooling scheme. A weak probe beam (narrow cyan arrows) has ¢
and o_ polarization components. A strong z-polarized pump beam (broad cyan arrows) consists of two frequency components separated
by approximately the hyperfine splitting of 8.037 GHz. In the limit of weak probe, the ion mostly stays in the |1) state with EIT cooling
occurring between this state and the four nearby states |a), |b), |c), and |d).

lasers near or within ultraviolet range used for other ion
species mentioned above.

In this Letter, we demonstrate EIT cooling with '3"Ba*
ions. We modify a laser configuration used for qubit state
initialization to perform EIT cooling in an open A system.
Despite all eight states in the ground-state manifold that are
involved in the dynamics during EIT cooling, EIT pump
beams, which also serve as repumping beams, keep
population in the cooling subspace. (See Supplemental
Material Sec. V [45] for generalization to other high-
nuclear-spin ion species.) We cool two radial modes of a
single 37Ba* ion to 7 of 0.08(5) and 0.15(7), respectively.
By using the same laser parameters, we further cool all
radial modes of a five-ion chain to near the ground states.

The experimental system and laser couplings are
depicted in Fig. 1. We confine up to five 3’Ba™ ions in
a blade trap with trap frequencies (®,,®. ®.) =
27 x (1.7,1.8,0.2) MHz. We denote the ion chain axis
as z coinciding with the trap axis. A quantization field of
approximately 6.7 G is applied perpendicular to the z axis,
leading to a Zeeman splitting of Az = 27 X 4.7 MHz
between adjacent S;/, Zeeman levels. A Doppler cooling
beam at 493 nm has all the three polarization components
and couples to modes in all the three principle axes. It has
two frequency components that respectively couple the
S, F=1and Sy, F =2 states to Py, F =2 with a
detuning of —I'/2, where I' =2z x20.1 MHz is the
natural linewidth of the P, states. A z-polarized
493 nm laser, used for optical pumping [z pumping in
Fig. 1(a)], also has two frequency components to reso-
nantly couple S, ,, F =1, 2 states to Py, F' = 2, respec-
tively. Owing to the selection rule, the ion will be pumped
to the dark state |1) =[S /5, F = 2, mp = 0) ideally. This
beam also serves as a pump beam in EIT cooling which will
be described later. During the cooling and optical pumping
cycles, ions can decay to D3/, and remain dark. We use a
strong near-resonant 650 nm laser (repumping beam)

containing multiple frequency components to deplete the
population in all the hyperfine levels in D3/,. A pair of
counterpropagating 532 nm Raman laser beams can drive
Raman sideband transitions between |0) =[S/, F = 1,
myp = 0) and |1) for thermometry of ions. Their beam waist
radius is approximately 2 pm, which is smaller than the
distance between neighboring ions in a chain. To distin-
guish |0) and |1), we first apply three 1762 nm 7 pulses to
sequentially shelve the population in |0) to three different
Zeeman levels in Ds/,, which can suppress the shelving
error from imperfect 7 pulses [9]. Then, we turn on the
Doppler cooling laser with its frequency adjusted to
resonance. Ions only fluoresce when in |1) and fluores-
cence photons are collected by a photomultiplier tube for a
single ion or an electron-multiplying CCD for multiple
ions. The typical state preparation and measurement error is
about 2% dominated by polarization errors in the =z
pumping beam for state initialization.

As shown in Fig. 1(a), the EIT laser beams consist of a
strong pump beam and a weak probe beam. Their wave
vector difference Akgr is perpendicular to the z axis and
has roughly equal projections onto the x and y axes. The z-
polarized EIT pump beam is the same beam for optical
pumping with its frequency shifted by Ap,,, as shown in
Fig. 1(c). We denote the Rabi frequencies of its two
frequency components by Qi 1(2) according to their
coupling to S . F =1(2) levels, with Q02/Qump.1 & 2
controlled by an electro-optic modulator. (See
Supplemental Material Sec. III [45] for more details.)
Their relative detuning can be adjusted to fine-tune the
Fano-like spectrum for optimizing EIT cooling. The probe
beam, containing equal 6, and ¢_ components, couples |1)
to the Py », F = 2 levels with a detuning A, and a Rabi
rate Q.. Note that the Rabi frequency used here only
represents the transition strength between the S, and Py,
levels. For the Rabi frequencies between detailed Zeeman
levels, the Clebsch-Gordan coefficients should further be
multiplied (see Supplemental Material Sec. I).
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FIG. 2. (a) Fano-like spectrum from numerical simulations
when the two frequency components of the EIT pump beam are
separated by @y, — A, where wy; is the qubit transition frequency
and A/2z = -2 MHz. The broad peak around A, = 0 cor-
responds to the resonance of [1) — [Py, F = 2). The Fano-like
line shapes associated with EIT in the gray box are enlarged in (b)
and compared to the experimental spectrum (crossing marks,
after subtracting the background of 7.5 photon counts). Vertical
dashed lines indicate the dark resonances of four possible A
systems containing |1) and one of {|a), |b), |c), |d)}}.

EIT cooling scheme—In the limit €2, < Quump.1(2)> I
the steady state when all EIT beams are on is |1). A weak
probe beam can lead to some excitation to the P, levels.
When the dark resonance condition Appe = Apymp +
Azceman O Aprope = Apymp + A & Ageeman 18 satisfied, we
expect coherent population trapping in |1) and one of the
four nearby states denoted as |a), |b), |c), and |d), so that
the excitation to the P/, level is suppressed. Fano-like
spectra associated with this phenomenon can be observed
by tuning the probe beam frequency across the dark
resonances, for example, the spectrum shown in Fig. 2(a).
Such a Fano-like spectrum can be used to estimate the EIT
cooling limit 71, and cooling rate y (in the absence of
heating from environment), which are given by [25]

i, — p(Aprobe) +p(Aprobe - a)) (1)
/ p(Aprobe + 60) - p(Aprobe - a))

and

V= ﬂzr[p(Aprobe + w) - p(Aprobe - w)]’ (2)

where p is the population of the P, , states,  is the phonon
mode frequency, and 7 is the Lamb-Dicke parameter of the
EIT beams with a wave vector difference Akgyr.

The key difference from ions with 7 = 0 or 1/2 is that
high-nuclear-spin ions have a number of extra ground states
and excited states to which ions can escape from the EIT
cooling subspace, reducing or diminishing cooling efficacy
(see Supplemental Material Sec. IV [45] for more details).
In previous works with '"'Yb* (I =1/2) [37,38], the

leakage issue was addressed by employing an additional
repump laser with the desired ground states protected by
the selection rule. However, for '¥’Ba*, adding repumpers
can potentially destroy the ground states used in EIT
cooling through their coupling to the extra Zeeman levels
of Py,. Here, we design an EIT cooling scheme where the
EIT pump laser simultaneously serves as the repump beam
to ensure the cooling efficiency.

In Fig. 2 we compute the Fano-like spectrum to guide the
design of cooling parameters and compare it with exper-
imental results. In the simulation, we consider all hyperfine
states in the Sy ,, F = 1, 2 and P, ,, F = 2 manifolds. The
D5, states are ignored since they are efficiently depleted,
and we treat this effect as a reduction of the Py,
spontaneous emission rate I' = 2z x 20.1 MHz by multi-
plying the branching ratio of 0.732 from P, to S, states
[47]. In general, the interplay of multiple energy levels
with multiple laser frequency components is solved
by a Lindblad master equation with a time-dependent
Hamiltonian. Here we simplify the calculation by comput-
ing the spectra for the 6 and ¢~ components of the probe
beam separately and add them up together. Then, each
spectrum can be obtained efficiently by solving a time-
independent Lindblad master equation after going into a
suitable rotating frame. This approximation is valid to
the first order for a weak probe beam since these two
polarization components lead to excitation to Zeeman
levels with positive and negative mp, respectively, with
little overlap. Therefore, we expect their spectra to add up
incoherently. More details can be found in Supplemental
Material Sec. I [45].

Figure 2(a) shows the combined spectrum, which is the
total population of the P/, F' = 2 manifold as a function
of Apone- The calculation uses parameters close to exper-
imental numbers, including Qpjpe + = Qprope, - = 0.40I,
Quump1 = 1.0, Qpump2 = 3.00,  Apymp = 3.7T. (See
Supplemental Material Sec. II for their calibrations [45].)
We choose A = 2z x —2 MHz so that the two sets of bright
resonant peaks merge together to allow efficient EIT
cooling. The Fano-like line shape for the four possible
A systems is highlighted by the gray box and is further
enlarged in Fig. 2(b), where the dark resonances are
indicated by the vertical dashed lines and are labeled by
the corresponding states. We also experimentally verify this
spectrum with a single '3’Ba* ion by turning on the EIT
cooling beams for 3 ms and count the scattered photon
number which is proportional to the P/, population. The
line shape of the experimental data represented by crossing
marks agrees with the computed spectrum. Note that a
nonzero background of 7.5 photons has already been
subtracted from the measured photon counts.

Cooling of a single ion—We perform EIT cooling with a
single ion using the pulse sequence shown in Fig. 3(a).
After Doppler cooling, the single ion is EIT cooled for a
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FIG. 3. Single-ion EIT cooling. (a) EIT cooling pulse sequence.

After Doppler and EIT cooling, we initialize the qubit state in |1)
by optical pumping. Then we apply a motion-adding sideband
(MAS) or motion-subtracting sideband (MSS) pulse before
shelving detection. (b) EIT cooling dynamics with optimized
parameters. We omit the data points for the first 300 ps since they
are too high to be measured accurately by sideband ratio method.
We fit the data points to 72(t) = (7; — 7iy) exp(—t/7) + fi;, which
yields a cooling limit 7, = 0.08(2) (horizontal dashed line) and a
1/e cooling time = = 0.15(6) ms. Error bars represent 1 standard
deviation.

certain duration followed by an optical pumping pulse to
reset the internal state to |1). Then, we apply a motion-
adding sideband (MAS) or motion-subtracting sideband
(MSS) 7 pulse before shelving detection. We estimate 7 by
using the ratio of the MAS and MSS excitation proba-
bilities [25].

We set Aprobe = Apump — Azeeman = 3451 to satisfy the
dark resonance condition for the |1) and |a) states. To

(a) (c)
1.0m

0.5

calibrate the optimal pump beam intensity for given trans-
verse modes, we perform EIT cooling with varying pump
beam power for a fixed duration of 2 ms, and measure 72 of the
x mode as a metric (see Supplemental Material Sec. III [45]).
We determine the optimal values Qp,,; =2.2I" and
Qpump2 = 4417 As for the probe intensity, in the absence
of heating from environment, the cooling limit decreases
monotonically as decreasing the probe beam intensity. In
practice, external heating cannot be neglected and an optimal
value of . = 0.40I" is determined from calibration.
Next, we investigate the cooling dynamics by measuring
n for variable cooling time ¢ and show the experiment
results in Fig. 3(b). We fit the experimental data points to an
exponential decay 7i(1) = (7; — iiy) exp(—t/7) + i, yield-
ing 7 = 0.15(6) ms, 72; = 11.8(2.6), and 71, = 0.08(2). At
a longer duration of 2 ms, the x mode phonon number is
measured to be 7 = 0.08(5), consistent with the fitted 7.
The fitting result corresponds to a measured cooling rate
y = 7(2) ms™!, consistent with the theoretical calculation
of 7.2 ms™! using Eq. (2). As the x and y modes have
similar frequencies, the EIT cooling optimized for the x
mode also cools the y mode to an average phonon number
of 0.15(7) for a 2 ms cooling duration. The higher 7 of
the y mode is primarily from its larger heating rate of
0.8(2) ms~! compared to the 0.10(6) ms~! of the x mode.
Cooling of a multi-ion chain—Finally, we use the same
parameters optimized for a single ion to EIT cool a five-ion
chain, whose radial modes span a frequency range of about
270 kHz. By using the same experimental sequence in
Fig. 3(a), we simultaneously cool all ten radial modes and
show the final 7 in Fig. 4(b). Raman pulses for sideband
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FIG. 4. Simultaneous EIT cooling of a multi-ion chain. (a) Image of a five-ion chain. Ion 2 is selectively addressed by Raman beams
for average phonon number measurements. (b) Average phonon number 7 of all the ten radial modes calculated from MAS and MSS
excitation probabilities shown in (d). Except for the y center-of-mass mode (the highest frequency mode with the largest heating rate
proportional to the ion number), the rest modes are cooled to an average 7 = 0.09. (c),(d) MAS and MSS excitation spectra after
Doppler cooling (c) and EIT cooling (d). Data points are connected by solid lines to guide the eye. Vertical dashed and dotted lines
indicate the frequencies of the x and y modes, respectively. Error bars in (b)—(d) represent 1 standard deviation.
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thermometry are only applied to ion 2 [labeled in Fig. 4(a)].
The MAS and MSS spectra after Doppler cooling and after
EIT cooling are, respectively, shown in Figs. 4(c) and 4(d).
The MSS excitation probabilities after EIT cooling are
greatly suppressed for all the radial modes except for the y
center-of-mass mode due to its high heating rate propor-
tional to the ion number. This mode is cooled to
n=1.0(3), still significantly smaller than the Doppler
limit of 7 & 10. The other nine modes are cooled to much
lower 71 with an average number of 0.09.

In summary, we introduce an EIT cooling scheme
applicable for atomic species possessing high nuclear spins
at low fields. We successfully implement this scheme with
both a single *’Ba* ion and a five-ion chain, achieving
average phonon numbers well below the Doppler cooling
limit. Our approach can be extended to other atomic species
possessing high nuclear spins and can provide efficient
cooling for large ion crystals. More importantly, our
scheme indicates that many ground states are not neces-
sarily an issue for EIT cooling, but it offers freedoms to
engineer the Fano-like spectrum to optimize cooling for
specific scenarios. For example, we can perform simulta-
neous cooling of both radial and axial modes within
different frequency ranges by adjusting the EIT beam
propagation directions and tuning laser parameters. More
details can be found in Supplemental Material Sec. IV [45].

Note added—Recently, we became aware that the NIST
Ion Storage Group is investigating EIT cooling with the
I =5/2 Mg? isotope.
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