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Cooling of atomic motion is a crucial tool for many branches of atomic physics, ranging from fundamental
physics explorations to quantum information and sensing. For trapped ions, electromagnetically-induced-
transparency (EIT) cooling has received attention for the relative speed, low laser power requirements, and
broad cooling bandwidth of the technique. However, in applications where the ion used for cooling has hyperfine
structure to enable long coherence times, it is difficult to find a closed three-level system in which to perform
standard EIT cooling. Here, we demonstrate successful EIT cooling on 2Mg™ by the addition of an extra laser
frequency; this method can be applied to any ion with nonzero nuclear spin. Furthermore, we simultaneously EIT
cool all axial modes in mixed-species crystals *Be*-*Mg* and *Bet-*Mg*-*Be* through the Mg ion. This
demonstrates the viability of EIT cooling in architectures where the laser-cooled species can host high-fidelity

hyperfine qubits.
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I. INTRODUCTION

Control over the motion of atoms and molecules is an
important prerequisite for many applications including pre-
cision spectroscopy [1], quantum control and sensing [2],
and quantum information processing [3—5]. Uncooled atomic
motion introduces systematic effects in precision measure-
ments that must be carefully characterized [1], and it can also
limit the fidelity of quantum gates [4,5]. While early exper-
iments involving atomic ions utilized Doppler laser cooling
[6,7], modern experiments often benefit from reaching—or
require—sub-Doppler thermal occupation of some or all ion
normal modes of motion [1,2,4].

Commonly used sub-Doppler cooling methods for ion
trapping include resolved-sideband cooling [8-10], Sisy-
phus cooling [11-15], and electromagnetically-induced-
transparency (EIT) cooling [16-23]. For experiments requir-
ing approximate ground states of motion to be prepared,
Sisyphus cooling is not sufficient as it can only achieve a mean
thermal occupation of order unity. Resolved sideband cooling
can be used for near-ground-state cooling but each mode must
be cooled in turn. Even with small ion crystals this can take
a substantial portion of the experimental duty cycle [24-27],
and the number of modes to cool increases with ion crystal
size, so faster cooling methods are desirable. Faster cooling
reduces the total experiment duration and the steady-state
motional occupation in the presence of motional heating, and
increases the duty cycle for experimental operations relative
to cooling. EIT cooling is an attractive candidate, as it is
relatively fast, can cool multiple modes simultaneously, uses
less power than Raman sideband cooling, can achieve a lower
mode occupation than Sisyphus cooling [16,17], and can be
used for sympathetic cooling [19].
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EIT cooling has been demonstrated in trapped ions using
several species including “°Ca™ [18], >*Mg*[19], °Be* at a
magnetic field of 4.46 T, where the electron spin is effec-
tively decoupled from the nuclear spin [21], and more recently
17lyb* [22,23], as well as in neutral atoms [28-30]. Here, we
extend the technique to 2Mg™, an ion that has nuclear spin
I = 5/2 and thus a large hyperfine ground-state manifold. The
hyperfine structure of ions with 7 > 1/2 such as *Mg*can
host transitions between states whose frequencies are first-
order magnetic field insensitive at finite magnetic fields,
affording long coherence times [31-34]. In dual-species or
omg architectures for quantum information processing where
the ion species used for cooling is also used in coherent oper-
ations [25,26,35,36], such field-insensitive transitions can be
an important resource. However, the larger number of nonde-
generate hyperfine states with 7 > 1/2 at finite magnetic field
complicates the EIT laser scheme due to population leakage
from laser scatter, making it harder to reach a motionally cold
steady state.

In this work, we demonstrate EIT cooling of >Mg*ions
with I = 5/2 in dual-species ion crystals that form the basic
primitives for quantum information processing in the quantum
CCD architecture [27,37,38], including indirect EIT cooling
of modes in which the 2Mg™ ion has no participation, such
as the axial out-of-phase mode of a *Be"-*Mg*-Be* crys-
tal [39,40]. The use of nonzero magnetic field (here ~12 mT)
to produce field-insensitive hyperfine transitions makes it hard
to isolate three states in a A system as traditionally used in
EIT cooling, giving rise to population leakage that we must
repump using an additional laser field. It should be possible to
apply this same approach in other ion species with nonzero
nuclear spin used at finite magnetic fields. Our work gives
the first demonstration of a complete EIT cooling solution

©2025 American Physical Society
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for mixed-species ion crystals where the coolant species can
encode high-coherence hyperfine qubits.

II. COOLING USING EIT

EIT cooling in an ideal three-level system is described in
Refs. [16,17,41]. The EIT effect in its simplest form results
from modifying the absorption profile of a three-level system
through quantum-mechanical interference. This is often done
by dressing the system with two laser beams. If the laser
parameters satisfy the EIT-cooling relation (stated below) and
atomic motion is considered, the resulting laser absorption
profile is greatly enhanced at the frequency correspond-
ing to the loss of motional quanta, while motion-preserving
(carrier) scatter is suppressed. The resulting asymmetry
between the motion-adding and motion-subtracting scat-
ter (favoring the latter) yields a low steady-state thermal
occupation.

Typically, a three-level system with two ground states and
an excited state in a “A” structure is considered. The dressing
lasers are usually a strong “pump” laser beam and a weak
“probe” laser beam that drive transitions from each of the two
ground states. In order to perform cooling, these lasers are
blue-detuned from resonance with the transitions from their
respective ground state to the upper state, and the wave-vector
difference of the two beams must have a nonzero projection
along the direction of the mode(s) that are to be cooled [see
Fig. 1(b)].

The minimal motional occupation is reached when v =
(qump + Qgrobe)/48, where v is the angular frequency of
the motional mode of interest, Qpump and Qprope €Xxpress the
intensities of the pump and probe beams in terms of equivalent
resonant Rabi frequencies (see Appendix B), and § is the
common detuning of the pump and probe laser frequencies
from their respective atomic resonances. The theoretical min-
imum thermal occupation achievable in an ideal three-level A
system is given by [I"/(46)]?, where T is the linewidth of the
excited state.

Anisolated subsystem with a A configuration or equivalent
for EIT is hard to realize in % Mg*(and similar ions) with its
many hyperfine states. Instead, it is necessary to consider at
least three ground states and one excited state that form a
“tripod” structure, as shown in Fig. 1(a). To perform EIT
cooling in a tripod subsystem, it is advantageous to prevent
population from accumulating in the “extra” ground state
[lgs) in Fig. 1(a)]—for example, by adding a third, weak
beam to repump population. The additional repump beam and
the strong pump beam both have o™ polarization to keep the
population in the tripod subsystem. This method was proposed
[42] and demonstrated successfully with 7' Yb™ ions, [22,23]
and a similar method was proposed in order to extend EIT
cooling to a nitrogen-vacancy center attached to a microme-
chanical resonator [43]. The cooling rate is slower and final
thermal occupation is higher than for the ideal A-system case.
For the remainder of this paper, we refer to this tripod-system
method simply as “EIT cooling,” even though it uses an ad-
ditional repump beam. A second scheme for EIT cooling in a
tripod level structure involves adding a strong third beam with
similar detuning to the pump and probe beams, thereby per-
forming “double EIT” cooling as proposed in Ref. [44]. While
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FIG. 1. Energy level diagram for Mg™, laser frequencies, po-
larizations, and beam orientations. (a) EIT cooling excitation and
decay channels for ’Mg*. The A structure of EIT contains the states
labeled |g4), |gp), and |e), while the presence of extra state |gp)
requires a repump beam to |e). Green arrows represent laser fields,
and wavy gray lines represent decay via spontaneous emission; the
solid lines and decays are part of the EIT A system while the dashed
lines indicate the repump laser from and decay to the extra state. The
relative strengths of the laser fields and branching ratio of the decays
are indicated qualitatively by the thicknesses of the arrows. The two
laser beams involved in EIT are blue-detuned from resonance with
detuning § (see main text). (b) Geometry of relevant 2 Mg" beams
used; all lasers are at +45° to the axial direction along which ion
chains are oriented; a *Be™- *Mg"- *BeTcrystal is sketched as an
example (°Be? in red, Mg™ in green). The EIT probe and pump
beams (as well as the Raman 1 and 2 beams) have a wave-vector dif-
ference that is approximately aligned to the axial direction, making
this configuration well suited for cooling and characterizing the axial
motional modes.

we were able to achieve cooling using this method as well, it is
much less effective than expected due to experimental issues
specific to our apparatus, most notably uncompensatable axial
micromotion (which also has a substantial effect on the EIT
scheme with weak repump). More detail on double EIT is
available in Appendix A.
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III. EXPERIMENTAL IMPLEMENTATION

Experiments are performed in a room-temperature rf Paul
trap with linearly segmented dc electrodes [45]. The ap-
paratus is used to trap both *Be*and >Mg*ions, and the
direction of weakest confinement is labeled the “axial” direc-
tion. The motional mode frequencies for the axial and two
radial modes are 2w x {1.18, 4.4, 4.6} MHz, respectively, for
a single Mg*tion and 27 x {1.97,12.9, 13.0} MHz for a
single “Be*ion. Due to the trap design, the ions experience
an axial rf electric field at w; = 27 x 82.5 MHz, resulting
in unavoidable axial micromotion as detailed below and in
Ref. [46].

We use a magnetic quantization field of 11.945 mT,
oriented as shown by the blue arrow in Fig. 1(b), which
renders the 28,2 |[F =2, mp =0) < |[F =1, mp = 1) tran-
sition frequency in Be*first order insensitive to magnetic
field fluctuations. 2Mg™is cotrapped with “BeTand is used
for sympathetic cooling and the characterization of motional
states in this work. At this field, the Zeeman splittings between
neighboring my states within each F manifold of the 2§, 2
ground level range from 48 to 66 MHz, while the states within
the F =2 and F = 3 manifolds are separated by between
1.520 and 2.075 GHz. The internal state of 2Mg™ is prepared
using optical pumping to state 2S;,> |3, 3) [|gp) in Fig. 1(a)],
followed by microwave pulses as necessary to move popu-
lation to a different |F, mp) state. Sideband interactions that
couple the internal state of 2Mg* and the motion of the ions
are driven by Raman laser beams detuned from resonance
with the nearest atomic transition by approximately 2w X
200 GHz; these can be used for resolved sideband cooling
and for characterization of the states of motion [37,41]. The
internal states of the ions are distinguished by transferring the
populations of two relevant states to either the “bright” (max-
imally fluorescing) state or a “dark” (minimally fluorescing)
state using microwave pulses, and then applying fluorescence
detection [37,41,47-51].

The EIT beams are all derived from a single laser source
addressing the 281 2 < ’p /2 transition that is also used for
optical pumping. The source is split into three beams that
we call “pump” (o* polarized, driving the 25, 212,2) —
2P1/2 |3,3) transition), “repump” (o7, 2S1/2 13,2) —
P12 13, 3)), and “probe” (w, 2812 13,3) — 2P 13,3)),
as shown in Fig. 1(a). Each beam is controlled by separate
acousto-optic modulators, enabling independent control of
beam powers and frequencies. The pump and probe beams
are used to form the EIT resonance with a common (blue) de-
tuning of § &~ 2w x 180 MHz, while the repump beam is held
on resonance with the 251/2 13,2) < 2P1/2 |3, 3) transition.

Optimal cooling parameters were found by cooling for a
fixed period of time—typically 5 ms to ensure the steady state
is reached—and iteratively varying the power of each beam.
More details on the calibration are available in Appendix B.

IV. EIT COOLING OF A SINGLE MAGNESIUM ION

First, we demonstrate EIT cooling on the v =2m X
1.18 MHz axial mode of a single Mg* ion. The ion is
first Doppler cooled to an average occupation number 7 & 10
and then EIT cooling is performed for varying durations.
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FIG. 2. EIT cooling of a single *Mgion. (a) Cooling dynamics
of the axial mode of a Mg*ion to steady-state average occupa-
tion 71 = 0.26 £ 0.02 over approximately 1.5 ms. Simulations of
the steady-state 77 for a A-EIT system (red solid line), a tripod-
EIT system (magenta dashed line), and a tripod-EIT system with
micromotion (blue dash-dot line) are shown compared with the
experimentally determined 7 (black dots). (b) Motional mode occu-
pation after 3 ms of EIT cooling for varying axial mode frequencies
of a single Mg " using EIT cooling parameters calibrated for a mode
frequency of 1.5 MHz, indicated by the vertical dashed line. The
cooling is observed to be effective over a bandwidth of ~1.5 MHz
around this center frequency, with higher final 7 for mode frequen-
cies further from 1.5 MHz.

The beam intensities used for this experiment, expressed
as equivalent resonant Rabi frequencies, are estimated (see
Appendix B for details) to be Qpump/27 = 29.4 £ 0.7 MHz,
Qprobe/2m = 5.61 £0.17 MHz, and Qepump/27 = 0.87 £
0.07 MHz. Data were taken only when 7 was close to one to
avoid excessive uncertainty when estimating higher 7 values
using sideband thermometry, where 7 is determined from the
probability ratio of red and blue sideband transitions [41]. The
resulting average occupation 7 is shown in Fig. 2(a) together
with results from three different master-equation simulations
of the system with the QUANTUM TOOLBOX in PYTHON (QUTIP)
[52].

The simulations are performed based on different models:
a standard A-EIT system; an ideal tripod-EIT system; and
a tripod-EIT system including the effects of micromotion,
which gives rise to sidebands on the driving light field as
described below. All simulations incorporate the same exper-
imentally measured motional heating rate of 320 quanta/s
and the recoil from scattered photons. The two models of
tripod systems use the estimated 2 values, while the A-EIT
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model uses the experimentally estimated 2prope and a calcu-
lated ideal 2pump. The model that includes micromotion also
incorporates an extra detuning beyond § = 2w x 180 MHz
of 2w x 0.75 MHz of the probe beam to account for Stark
shifts due to off-resonant micromotion sidebands. In our ex-
periment, it was found that optimal cooling required such an
extra detuning of the probe beam.

The experimentally determined steady-state occupation
number of the ion greatly exceeds that found in the A-EIT
model. While the addition of a third level in the ideal tripod-
EIT simulation reduces the discrepancy, the results of the
model including micromotion are the closest to experimental
results, suggesting that micromotion has a major impact on
the observed steady-state occupation.

For an ion experiencing micromotion, laser light in the ion
frame is phase modulated at the trap rf frequency, resulting
in sidebands on all incident beams. These sidebands have fre-
quencies wy + n wy, Where wy, is the carrier laser frequency,
wyr is the trap 1f frequency, and »n is the integer sideband
order. The sidebands have relative field amplitudes scaled
by the Bessel function J,(8), where § is the micromotion
modulation index [53].

For the EIT pump and probe beams, some of the sidebands
with n < 0, despite being weaker than the carrier (n = 0), are
closer to resonance with the ion’s optical transitions, making
their effects non-negligible during EIT cooling. Recoil from
photon scattering on these sidebands can cause heating and
slow down progress toward the system’s steady state, while
the Stark shifts they cause can complicate optimization of
EIT parameters (see Appendix B). For our case, § = 0.823 +
0.028 is measured independently using Raman micromotion
sideband oscillations. The n = —1 and n = —2 micromotion
sidebands of both the pump and probe beams have detun-
ings from resonance of 2w x 97.5 MHz and 27 x 14.9 MHz,
and powers relative to the carrier of ~20% and ~1%,
respectively.

Using experimental parameters that were measured inde-
pendently, the simulated steady-state axial mode 7 for the A,
tripod, and tripod-with-micromotion systems were found to be
iin = 0.028, fiyipoa = 0.055, and 7iny = 0.216, respectively.
The difference between the experimentally measured occupa-
tion of 7iex, = 0.26 3= 0.02 and 7ippy is attributed to additional
experimental imperfections, such as beam power fluctuations
resulting from beam pointing drifts and acousto-optic modu-
lator (AOM) temperature instability.

Although the presence of uncompensatable micromotion
in our trap affects the final occupation, cooling well below
i1 = 1 is achieved within 500 us. After this duration, we find
i< 0.3. An even lower occupation can be reached with a
short period of sideband cooling after EIT cooling, potentially
with a shorter overall duration than resolved sideband cooling
starting at the Doppler limit.

The larger bandwidth of EIT cooling compared to resolved
sideband cooling is one of the most compelling features
of this technique. Some previous demonstrations focused
on the use of EIT cooling to simultaneously cool many
modes spanning a frequency range up to multiple mega-
hertz [20,21,23]. Here, we take a different approach and
vary the axial mode frequency of a single ion to probe
the cooling bandwidth. The cooling is first optimized for

a mode frequency of 2w x 1.5 MHz. For this setting, the
optimized parameters are found to be Qpump/27 =27.2+
0.7 MHz, Qprobe/2m = 4.62 £ 0.13 MHz, and Qrepump/27 =
0.70 £ 0.15 MHz. Then, the confining potential is varied in
order to change the ion axial mode frequency while the EIT
cooling parameters are held constant; the ion is cooled for
3 ms at each new frequency to approach steady state. The
results are shown in Fig. 2(b). The cooling is optimal near
the frequency at which the EIT parameters were calibrated,
but cooling is observed to be effective for a bandwidth of
~2m x 1.5 MHz around the center frequency.

V. SYMPATHETIC MULTIMODE EIT COOLING
OF MIXED-SPECIES ION CHAINS

Next, we demonstrate cooling of multiple axial modes
of two different mixed-species ion crystals through »Mg™.
The crystals we consider here are “Be™->>Mg™" with in-phase
(INPH) and out-of-phase (OOPH) axial modes (mode fre-
quencies are 2w x 1.36 and 2w x 2.83 MHz, respectively);
and °Be*->Mg*-"Be*with in-phase (INPH), out-of-phase
(OOPH), and alternating (ALT) axial modes (mode fre-
quencies of 2w x 1.50, 2w x 3.38, and 27 x 3.66 MHz,
respectively). The motion of each ion in each of these modes
are sketched in Figs. 3(a) and 4(a).

For both crystals, we attempt two different methods of
cooling which we will call “interleaved cooling” and “si-
multaneous cooling.” Interleaved cooling involves optimizing
separate EIT parameters for each mode and then pulsing the
cooling beams with each of these parameter sets in an alternat-
ing fashion, while simultaneous cooling involves optimizing a
single set of parameters and relying on the broad bandwidth of
EIT cooling to simultaneously cool all modes, as previously
demonstrated in Refs. [18,21-23]. Beam intensities used in
each experiment are given in Appendix B.

Usually, for a reasonable EIT cooling parameter set, each
mode has an equilibrium phonon occupation that is lower
than the mode’s Doppler-cooled occupation, so that some
cooling of several modes can be performed. However, when
the interleaved method is used, cooling a second mode b after
the first mode a will cause mode a to heat up toward its
equilibrium occupation given the second parameter set that
is optimized for mode b, as seen in Figs. 3(b) and 4(b) at
the end of the cooling sequence. Thus, we typically stop the
last EIT pulse before the mode occupations reach equilibrium
to achieve a lower final occupation for all modes. As seen
in Figs. 3 and 4, the simultaneous method cools all modes
more quickly, but cannot achieve the same minimum occu-
pation for each mode compared to the interleaved method,
since the cooling is not optimized for any of the modes.
For “Be*->Mg*, the interleaved method achieved 7inpy =
0.21 £0.02 and #nipopg = 0.29 £ 0.02, while the simulta-
neous method achieved nppy = 0.46 £+ 0.05 and 7ipopy =
0.39 £ 0.04, where the subscripts correspond to the mode
whose occupation is measured. For Be™-*Mg*-’Be*, the
interleaved method achieved 7ijnpy = 0.35 4+ 0.03, 7ipopy =
0.19£0.02, and 7igpr = 0.31 £0.03 (in this case taking
the points closest to 1200 us as the “final” occupations),
while the simultaneous method achieved 7ipnpy = 0.70 &
0.05, fipopu = 0.35 £ 0.03, and 7iarr = 0.36 £ 0.03.
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FIG. 3. EIT cooling of °Be*-**Mg™ ion crystal. (a) Frequencies
of the cooled modes as well as the participation of each ion °Be™ in
red, ®Mg" in green) in the respective mode in black arrows. (b) In-
terleaved cooling, with 1000 us of cooling optimized for the OOPH
mode followed by 300 us of cooling optimized for the INPH mode.
The cooling rate for the INPH mode is higher because of the larger
participation of Mg in this mode compared to the OOPH mode.
(c) Simultaneous cooling with a single EIT parameter set. Cooling
sequences for (b) and (c) are described in colored blocks above
each plot.

In general, when performing sympathetic cooling it is nec-
essary to consider the coupling of the coolant ion(s) to the
mode(s) to be cooled. For example, in the OOPH mode in
9BeT-2Mg*-*Be™, the two Be* ions move symmetrically
in opposite directions while the >Mg* ion does not partic-
ipate [see Fig. 4(a)], meaning this mode cannot be directly
cooled using »Mg™. To perform EIT cooling of all axial
modes of this crystal using Mg*, we modulate the trap-
ping potential at the frequency difference between the OOPH
and ALT modes to couple these modes and exchange their
occupations [39,40,54]. To perform sideband thermometry
on the OOPH mode, the OOPH motional state is swapped
to the ALT mode and characterized using sideband pulses
on the Mg *ion. For interleaved cooling, the swap operation
is considered to be part of the cooling sequence, taking 117 us,
as shown in Fig. 4(b). It can also be seen that the occupation
of the OOPH mode barely changes (apart from the swap)
during the cooling sequence; in addition to being a mode
with a low heating rate, it is also nearly immune to heating
from Mg recoil because of the lack of participation in the

(a) In-Phase
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(OOPH) 3.38MHz <=« . —_
Alternating
(ALT) 3.66 MHz ‘- .-
(b)
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(c) Simultaneous cooling of INPH and ALT,
OOPH-ALT mode coupling
Ty o
1004 = =
= IIJ\:I;%IIIIIIII
Ty ¥y
1071 : : : : : :
0 200 400 600 800 1000 1200

Cooling Duration (us)
[ oINPH 4O0OPH ¢ALT ]

FIG. 4. EIT cooling of *Be™-**Mg"-*Be* ion crystal. (a) Fre-
quencies of the cooled modes as well as the participation of each
ion °Be™ in red, Mg" in green) in the respective mode in black
arrows. (b) Interleaved cooling, with 500 us of ALT-mode-optimized
cooling, a coherent swap between the OOPH and ALT modes taking
117 us, 500 us of ALT-mode-optimized cooling again, and finally
183 us of INPH-mode-optimized cooling. Similar to the case shown
in Fig. 3(b), the cooling rate of the INPH mode is higher because
of the larger participation of Mg™. (c) Simultaneous cooling of all
three axial modes. The coupling between the OOPH and ALT modes
is turned on simultaneously with an EIT pulse that is optimized to
cool all three modes. Cooling sequences for (b) and (c) are described
in colored blocks above each plot.

OOPH mode [39]. When performing simultaneous cooling in
9Be™-2Mg"-*Be™ [Fig. 4(c)], the coupling drive is turned on
at the same time as the EIT cooling beams, enabling cooling
of the OOPH mode through the ALT mode in a continuously
coupled fashion. This is successful in part due to the broad
bandwidth of EIT cooling; when the same procedure was
attempted using Raman sideband cooling in our system, the
cooling transition was dressed by the coupling drive, which
decreased the sideband cooling efficacy [40].

VI. CONCLUSION

In this work, we demonstrate that EIT cooling can be
adapted for systems with a more complex level structure than
the prototypical A level structure, arising here due to nonzero
nuclear spin. This is especially important for applications
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where the coolant ion—either in a mixed-species ion crystal
or as the only ion species being used—is required to perform
additional functions where internal state coherence is bene-
ficial; 2Mg"is suitable for such a role. Using Mg*as the
coolant ion, all axial modes of both a "Be™-*>Mg*and a *Be™-
BMg*-?Betion crystal were cooled to 7 < 1 in less than
1.3 ms, with most modes having 7 < 0.4. It was also shown
that while the presence of ion micromotion is detrimental to
EIT cooling, the technique is still successful and is able to
cool with reasonable efficiency, reaching occupations as low
as 1 = 0.26 & 0.02. We anticipate that much lower motional
occupation can be achieved in experiments with lower micro-
motion, as suggested by numerical simulation.

Note added. Recently, we became aware of related work
on EIT cooling of ions with nonzero nuclear spin, specifically,
B37Ba™ [55].
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APPENDIX A: DOUBLE (DARK) EIT COOLING

Laser-cooled systems with complex state structure such as
Mg *can also be used for extensions to EIT cooling, by mak-
ing use of a “double EIT” [44] configuration, which should
enable a lower final temperature for the mode of interest. This
requires the addition of a third laser beam; instead of being
used as a repump as in the main text, the third laser beam can
be set at a similar detuning to the pump and probe laser (see
Fig. 5) in order to create an additional interference feature in

25Mg+
By~11.945 mT

1.5-2.1GHz

F=3

FIG. 5. Diagram of double EIT configuration for *Mg*. Double
EIT is performed by using two pump beams (labeled above as “pump
A” and “pump B”’) with similar powers. One of the beams is detuned
from resonance by 6 — v (where v is the frequency of the motional
mode of interest) while the other two are detuned by §.

& Double EIT
L2 e @ Single EIT
10° +*
< %
EF
s
1071 T T T
10! 102 103

Cooling Duration (us)

FIG. 6. Average motional mode occupation after double-EIT
cooling (green points) compared to single-EIT-with-repump cooling
as described in the main text (black points).

the absorption spectrum. Such interference features have been
observed (but not used for cooling) in Ref. [56]. In contrast to
the work shown in Ref. [57] where a second mode is cooled
by a second bright resonance, this uses the third beam to better
cool a single mode.

In addition to the primary transparency feature that the
A-EIT system creates, a second transparency feature can
be created by blue-detuning this third beam to § — v, where
6 is the detuning of the first two EIT beams and v is the
motional frequency. This should create a second absorption
minimum at the motion-adding scatter frequency, which may
suppress the dominant motion-increasing effect during regular
EIT cooling. This should reduce the expected final tempera-
ture to O(nz), where 7 is the Lamb-Dicke parameter. Similar
schemes for suppressing the motion-adding sideband are pro-
posed in Refs. [58,59].

The third beam is typically assumed to have similar power
to the original pump beam. Therefore, in this section we will
refer to the original pump beam as “pump A” and the repump
beam as “pump B.” For double EIT, the condition that must
be satisfied is [44]

V= (Qympa + Lrove + Loumpn/2) /48, (AD)

where Qumpa and Qpumps characterize the intensities of the
pump A and pump B beams as described in Appendix B.

Double-EIT cooling was attempted in our experiment on
a single Mg*ion crystal with axial frequency v = 27 x
1.18 MHz. Unfortunately, the expected significant speedup
[44] compared to single-EIT-with-repump was not observed,
as seen in Fig. 6. We believe that this is due to the uncom-
pensatable axial micromotion in our trap. For the double-EIT
experiments, the probe and pump A beams were detuned to
+180 MHz, while pump B was detuned to +178.82 MHz for
optimal cooling of the axial mode at frequency 1.18 MHz.
It was also found experimentally through calibrations that a
lower thermal occupation was reached when pump B was
significantly weaker in intensity compared to pump A. The
independently calibrated laser amplitudes were Qpumpa /27 =
26.33 £0.19 MHz, Quumpe/27 =1.12+0.10 MHz, and
Qprobe/2m =4.11 £ 0.32 MHz.
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APPENDIX B: CALIBRATING EIT COOLING
1. Optimizing EIT cooling

All three EIT beams were derived from the same
laser (which was also used for resonant driving of the
2S1p IF =3,mp =2) — 2Py; |3,3) transition), whose
frequency was locked to a molecular iodine line.

The power of each beam was individually controlled by
an AOM, which also enabled the desired detunings to be set
accurately. The rf power supplied to each AOM was varied in
order to change the power of the beams. However, feedback
stabilization of the beam power was difficult to implement
due to space and beam power constraints, so the beam power
would vary if the output power of the UV source drifted
over time. The beams were fiber coupled after the AOMs,
so beam-pointing fluctuations at the fiber input also caused
power fluctuations at the ion. Finally, some of the AOMs had
temperature-dependent diffraction efficiency, which caused
an additional variation in beam power when the duty cy-
cle of the experiment was changed. Standard experimental
duty-cycle management methods reduced but did not elim-
inate these power variations. These various forms of power
fluctuations were suspected to be the main sources of error
for the experiment, as changes in the beam power would
change the absorption spectrum of EIT, thus changing the
cooling rate.

For initial calibration of EIT cooling with a single
BMg*tion, Qpump Was first set to a value slightly less than

~/4 § v [recall that the EIT condition is given by v = (qump +

ngbe)/4 8], using an EIT detuning of approximately § =
27 x 180 MHz and a motional frequency of either v = 2 X
1.18 MHz or v = 27 x 1.5 MHz. This ensured that the ma-
jority of the dressing was done by the pump beam, and to
minimize depumping toward the negative spin side of the 2, yo)
manifold.

To account for the Stark shift from the micromotion
sidebands of the pump beam on the common excited state
2p, 2 |F =3, mp = 3), the detuning of the probe beam was
initially adjusted above § by a calculated value, typically 0.3—
0.8 MHz. The power of the pump beam was first scanned
and set at the value yielding optimal cooling using this cal-
culated probe beam detuning. Next, the probe beam detuning
was scanned to further optimize the cooling. This additional
probe-beam detuning did not require reoptimization over
time. We found that it was necessary to optimize the pump
beam power prior to scanning the probe beam frequency, as
otherwise power drifts of this beam would make it difficult to
reach a stable parameter set.

After these initial calibrations, the beam powers were opti-
mized to yield the lowest motional mode occupation after 5 ms
of EIT cooling with all beams on. First, the pump beam power
was optimized with the probe and repump beams set to the ex-
pected powers from previous iterations (2probe /27 ~ 5 MHz
and Qepump/2m ~ 1 MHz). Next, the probe beam frequency
was optimized; this step was only performed before a stable
beam frequency was reached and was often not needed. The
repump and probe beam powers were then optimized in turn;
the final occupation was not found to be very sensitive to these
parameters.

For multi-ion cooling experiments, a similar procedure was
performed, where each beam power was varied in turn. For
the pulsed cooling method, the parameter set for each mode
was found by optimizing for the lowest temperature of that
mode, while all other axial modes were cooled using sideband
cooling on Mg (using interleaved mode-coupling swap op-
erations to access the OOPH mode) to remove any extraneous
effects in the measurement such as Debye-Waller factors [37].
For the simultaneous cooling method, the parameter set was
chosen to obtain (approximately) the lowest total temperature
of all modes.

The order of the modes to be cooled in the pulsed multi-ion
cooling scans was chosen so that the mode with the highest
heating rate was cooled last, to minimize the amount of time in
which the mode could heat up again. The minimum duration
required for each mode to reach its steady-state temperature
was used, with the final pulse stopped before the steady state
was reached to reduce the reheating of the previously cooled
modes [see main text, Figs. 3(b) and 4(b)]. Iterating through
the modes multiple times did not further decrease the final
temperatures.

2. Measurement of experimental parameters

The micromotion modulation index was measured using
Raman beams. Radial micromotion was minimized by adjust-
ing voltages on the dc trap electrodes, leaving predominantly
axial micromotion. The axial micromotion was then measured
by driving the carrier (n = 0), first-order (n = 1), and second-
order (n = 2) micromotion sidebands of a Raman transition
between hyperfine states. The relative Rabi frequencies of
these transitions were then compared to determine the micro-
motion modulation index g = 1.164 & 0.040 for the Raman
beams. Because the Raman beams have a difference wave
vector along the axial direction, while the EIT beams each
have a wave vector at a 45° angle to the axial direction, the
micromotion modulation index of the EIT beams must be
scaled by 1/+/2, giving 8 = 0.823 + 0.028.

The beam parameters Qpump, Cprobe, and Lrepump Were de-
termined by measuring the ac Stark shifts on the 25, 212,2),
|3,2), and |3, 3) states using Ramsey interferometry. The
measured frequency shift A fsu is related to the quoted 2
values as

5 2 2
J| |n|(,3)) Q
27 A fstark = _— ) —, B1
T A fstark ;,,2_5(10(/3) T B1)
where B = 0.823 £ /0.028 is the measured micromotion
modulation index, n is the order of micromotion sideband
(calibrations assumed the total Stark shift was generated by
each beam plus its micromotion sidebands up to +5th order;
sidebands beyond this order should be negligible for g =
0.823 4+ 0.028), j indexes all the allowed transitions between
the pair of states whose transition shift is being measured and
states in the 2P, ,2 manifold, and §, ; is the detuning of the
nth micromotion sideband from the transition indexed by j.
The factor of Jy(B8) normalizes the extracted €2 so that it is
equivalent to an on-resonance Rabi frequency of the carrier
only in our experiment (i.e., under micromotion). This choice
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TABLE I. The beam parameters for interleaved cooling of the
*Bet-?Mg" ion crystal, with Qrepump/27 = 1.47 £ 0.05 MHz for
both cooling settings.

TABLE II. The beam parameters for interleaved cooling of the
*Bet-PMg"-?Be* ion crystal, with Qepump/27 = 1.48 £ 0.05 MHz
for both cooling settings.

Mode Qpump/27 (MHz) Qurobe/27 (MHz)  Mode Qpump/27 (MHz) Qprobe /271 (MHz)
INPH 31.84+0.8 3.9440.11 INPH 322409 3.924+0.11
OOPH 441 +1.1 4.48+£0.12 ALT 502+£1.2 5.59+£0.15

of definition means that one can directly compare €2 values
across cases either with or without micromotion.

The pump beam intensity was determined from the
frequency shift on the 2, 213,2) < 28, /213, 3) transition,
which due to the o+ beam polarization only produces an
ac Stark shift on the 2§, 2 13,2) state. The probe beam in-
tensity was measured from the shift on the 25, 212,2) <
25, /213, 3) transition, which is primarily due to the ac Stark
shift on 25, ;2 13, 3) but contains contributions from the shift
on 2§, /212,2). The +180-MHz detuning of the probe beam
from resonance with the 28, 213,3) < Zp, /213, 3) transition,
and its relatively low power, kept population loss during
the Ramsey sequence manageable. Similar to the pump
beam, the repump beam intensity was determined from
the frequency shift on the 251/2 12,2) < 251/2 |3, 3) transi-
tion, in which only the shift on the 28, ,212,2) state was
considered.

In some cases, the beam was either too intense or too
weak to allow for Stark shift determination. In these cases, a
depumping experiment was performed. First, the 2Mg™ state
was prepared in the nominal ground state of the measured
beam (for example, the 2g, /213, 2) state for the repump). Next,
the beam was turned on, and the rate at which the population
left the prepared state was observed. This was then compared

to simulation to find the beam intensity within ~10%-20%
uncertainty.

For the simulations shown in Fig. 2(a), the tripod-with-
micromotion simulation was performed with the measured
experimental parameters, including the presence of micro-
motion sidebands on the EIT beams. The tripod simulation
without micromotion used the pump, probe, and repump
power in the n =0 carrier only (and did not include any
micromotion sidebands). The A-EIT simulation used the mea-
sured probe carrier power with a calculated ideal pump power
corresponding to this probe power, and did not consider the
|gp) state.

3. Beam powers for multimode cooling

For simultaneous cooling in the “Be™-*Mg" crystal,
the beam parameters were Qpump/27m =29.3 £0.8 MHz,
Qprobe/2m =4.40 £0.11 MHz, and Qepump/27m = 1.51 £
0.05 MHz. The beam parameters used for interleaved cooling
of “Be™-»Mg™ are shown in Table I.

The beam parameters used for interleaved cooling of “Be -
BMg*-"BeTare shown in Table II. For simultaneous cooling
in the “Be™-»Mg*-"Be™ crystal, the beam parameters were
Qpump/2m =40 £ 5 MHz, Qpobe/2m = 4.81 £0.14 MHz,
and Qepump/27 = 1.64 = 0.05 MHz.
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