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Rapid cooling of the in-plane motion of two-dimensional ion crystals in a Penning trap
to millikelvin temperatures
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We propose a highly feasible technique with no experimental overhead to rapidly cool the in-plane degrees of
freedom of large two-dimensional ion crystals in Penning traps. Through simulations, we demonstrate that our
approach enables the in-plane modes to cool down to a temperature of around 1 mK in less than 10 ms. Our
technique relies on near-resonant coupling of the poorly cooled in-plane motions and the efficiently cooled
out-of-plane motions, and is achieved without introducing additional potentials. The rapid cooling enabled
by our approach is in contrast to typical operating conditions, where our simulations of the laser cooling
dynamics suggest that the ion crystal’s in-plane motion cools very slowly on a timescale of several hundreds
of milliseconds, a rate likely slower than experimental heating rates. Our work sets the stage for sub-Doppler
laser cooling of the planar motion, and more robust and versatile quantum simulation and quantum sensing
experiments with two-dimensional crystals in Penning traps.
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Introduction. Identifying routes to control systems with a
large number of degrees of freedom is a crucial step in scaling
up quantum technologies. Penning traps offer the ability to
store and manipulate the electronic and motional states of
a large number of ions at the quantum level [1]. Several
efforts are underway to utilize two-dimensional crystals of
tens to several hundreds of ions stored in Penning traps for
quantum sensing and quantum information processing [2-9].
Researchers have designed protocols to simulate many-body
quantum systems [10-14], studied the spread of entangle-
ment in interacting systems [15,16], and demonstrated spin
squeezing and quantum-enhanced motion sensing protocols
[6,17-21]. These protocols are enabled by coupling the elec-
tronic states of the ions to their out-of-plane normal modes
of vibration—called the drumhead modes—using lasers. Al-
though the in-plane normal modes of the ions are typically
not utilized in these protocols, it was shown recently that
low-frequency planar modes can significantly broaden the
drumhead mode spectrum if they are not cooled well [22],
limiting the utility of the drumhead modes as a quantum
channel for mediating ion-ion interactions.

In this Letter, we numerically demonstrate that the Doppler
laser cooling of the low-frequency planar modes can be
greatly improved by resonantly enhancing their coupling to
the drumhead mode branch, which itself is already efficiently
laser cooled [23]. Through simulations, we show that this
technique can cool the low-frequency planar modes to around
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1 mK in less than 10 ms. In contrast, under typical exper-
imental conditions [6,20], our simulations reveal that these
modes are cooled very slowly on a timescale of hundreds
of milliseconds, which is impractical in an actual experiment
where extraneous heating effects will dominate. Furthermore,
we demonstrate how the efficient cooling leads to significant
improvement in the resolution of the drumhead mode spec-
trum. By comparing our results with a simulation that removes
the coupling between modes, we elucidate the role played
by the resonantly enhanced coupling between the planar and
drumhead modes in improving the cooling.

Setup and background. The setup we consider is shown in
Fig. 1. Ions are confined in a Penning trap using a strong mag-
netic field B = ByZ, and an electric quadrupole field generated
by trap electrodes (not shown). Cooling lasers are applied
along the x direction and the z direction to cool the planar
(L B) and axial (]| B) motions, respectively. The planar cool-
ing laser is offset from the trap center. Furthermore, the crystal
is rotating when viewed in the laboratory frame; the role of
this rotation in the laser cooling will be discussed in more
detail below. To make our work concrete, we choose trap and
laser cooling parameters relevant to the NIST Penning trap
[6]. Details of the simulation procedure are reported in the
Supplemental Material (SM) [24].

The nontrivial nature of the Doppler laser cooling in a
Penning trap can be illustrated with a single trapped ion. The
planar motion of a single ion is a superposition of cyclotron
and magnetron modes [25,26]. Since the total energy of the
magnetron mode is negative in the laboratory frame, reducing
the amplitude of these motions requires that the laser must
simultaneously add energy to the magnetron mode while re-
moving energy from the cyclotron mode. This results in a
fundamental cooling trade-off. The amplitude of both motions
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FIG. 1. Laser cooling setup. (a) The planar laser beam. The lab-
oratory frame coordinates are shown in gray, with the z axis chosen
along the magnetic field, By = 4.458 T, and the x axis chosen parallel
to the planar laser beam, depicted in red. The ion crystal is shown
in blue. A “rotating wall” potential precisely controls the rotation
frequency w, of the ion crystal. The simulation assumes *Be™ with
a cooling transition wavelength A = 313 nm. The planar beam is
offset by yo = 20 um from the center of the trap so that the laser’s
peak intensity occurs where the ions are receding from the laser
source. The beam is assumed to have a Gaussian profile with a waist
of Wy =30 um and a saturation parameter S; = 1. The saturation
is given as a function of position, S(y) = S exp[—2(y — yo)z/Woz].
The laser is red-detuned from resonance with the *Be™ laser cool-
ing transition by Ay = —40 MHz. (b) The axial laser beam. Two
counterpropagating beams are applied along the z axis to cool the
drumhead modes. Unlike in experiment, where only one beam is
applied, two beams are used in simulation to cancel each other’s
displacement of the ion crystal’s equilibrium, simplifying analysis.
See the SM for details. For these beams S; = 5 x 107% to achieve
axial cooling with minimal recoil heating in the planar direction. The
detuning is Ay = —yy/2, where yy = 27 x 18 MHz is the natural
linewidth of the *Be™ laser cooling transition—this yields optimal
cooling.

can be reduced simultaneously with a laser beam tuned to
the red of the atomic ion cooling transition and an intensity
gradient applied across the center of the trap [27-29]. The typ-
ical experimental method is to apply a focused planar (L B)
laser beam that is offset from the trap center, as is shown in
Fig. 1, such that its peak intensity occurs where the magnetron
motion is receding from the laser source. Measured cooling
times depend on the ion species and details of the cooling laser
configuration, but in Refs. [30,31], ranged from 10 to 200 ms
for the magnetron motion. The measured cyclotron cooling
was two to three orders of magnitude faster.

In the case of large multi-ion crystals with tens to hundreds
of ions, a complete theoretical treatment of the planar laser
cooling of the ion crystal is challenging. To investigate this
system, we therefore perform numerical simulations using a
full-dynamics integrator that includes a realistic laser cooling
model [23].

In contrast to a single ion, Doppler laser cooling of multi-
ion crystals in a Penning trap is complicated by the collective
rotation of the crystal as viewed in the laboratory frame (see

Fig. 1). This leads to coherent Doppler shifts across the ion
crystal and further limits the lowest attainable perpendicular
kinetic energy (KE,) [32]. Additionally, the focused laser
beam generates a torque on the ion crystal, and can change the
collective rotation frequency w, of the ion crystal [29,33,34].
A rotating quadrupolar potential, called a “rotating wall,” is
applied to precisely control w, in experiments [35]. Energy
exchange with the rotating wall potential allows for cooling
of KE, to millikelvin temperatures [34]. We chose the offset
yo and the laser detuning Ay, shown in Fig. 1, to roughly
minimize the laser torque for the beam width of W, = 30 um,
and to maximize the cooling of KE as calculated by a simple
model presented in Ref. [34].

However, efficient cooling of KE; does not necessarily
imply effective cooling of the potential energy fluctuations
(PE) that are associated with planar motions. The presence
of a strong trapping magnetic field B leads to unconventional
normal modes in the planar direction, which can be classified
into a low-frequency E x B branch dominated by PE and a
high-frequency cyclotron branch dominated by KE; [22,36].
Simulations suggest that the E x B and cyclotron modes do
not equilibrate [37], allowing the possibility for large PE to
persist despite efficient cooling of KE . This is in contrast
to the drumhead modes, whose total energy is, on average,
equally shared between axial kinetic energy (KE)) and PE,
and hence cooling KE; leads to an equal reduction of the
PE. From our simulations, we find that the PE associated
with planar motion is not efficiently cooled under current
experimental conditions. Interestingly, as shown in Fig. 2(c),
our simulations suggest the potential and kinetic energies have
vastly different cooling rates. KE; and KE; are cooled to
millikelvin temperatures in roughly 1 ms, whereas after a brief
cooling related to the reduction in KE, PE is not significantly
cooled.

Resonant mode coupling. In order to efficiently cool the
E x B modes, we investigate a method for sympathetically
cooling these modes by resonantly coupling them to the
drumhead mode branch, which itself is well cooled. For ex-
periments utilizing a rotating wall potential, our technique
is significant in that it requires no additional time-dependent
potentials to engineer couplings [25,38,39], nor a change to
current laser cooling setups. Instead, it relies on the obser-
vation that the frequency gap between the drumhead and
E x B mode branches can be tuned by changing the ion
crystal rotation frequency w,, which is a precisely controlled
experimental parameter. In particular, this gap can be closed
through an appropriate choice of w,, which leads to a resonant
enhancement of the interbranch coupling.

To understand this, we consider the potential energy of the
ions in a noninertial reference frame rotating with the crystal,
where the total Lagrangian is time independent. This potential
energy can be written as

N
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FIG. 2. Coupling of planar and drumhead modes via full simula-
tion. A N = 54 ion crystal is initialized with all modes at an amplitude
corresponding to a temperature of 10 mK. These simulations are
evolved with the full nonlinear Coulomb interaction and laser cool-
ing for different values of the rotating wall frequency w,. (a) At
w, /27 = 180 kHz, the E x B modes (left) are not resonant with the
drumhead modes (right). (b) Increasing w,/2m to 204 kHz brings
the E x B modes into resonance with the drumhead modes. (c) At
w, /2w = 180 kHz, the E x B modes are not cooled substantially
in 10 ms. (d) At w,/2m = 204 kHz, the E x B modes couple with
the drumhead modes and are cooled to roughly 1 mK in 10 ms. (e)
Drumhead mode spectra show broadening due to uncooled E x B
modes. (f) Drumhead mode spectra show reduced broadening due to
improved cooling of E x B modes.

Here, B characterizes the relative strength of planar and axial
confinement and is given by
Wy (wc - a)r) 1
B=—"—F" -3 )

9
;3 2

where w, is the cyclotron frequency and w, is the axial
trap frequency. The azimuthal asymmetry due to the rotating
wall potential, which is static in this corotating frame, is
parametrized by §. In the rotating frame, the potential energy
of the ions is always positive. Potential energy fluctuations
are calculated as PE = AU,, the increase in potential energy
from the crystal’s equilibrium configuration. The value of g
can be increased by increasing the rotating wall frequency.
At a critical value w; i, where = B, the planar config-
uration becomes unstable, and the ion crystal transitions to
a three-dimensional configuration [40]. Near B the lowest-
frequency drumhead mode approaches zero, which represents

an instability of the planar ion crystal to axial displacements.
In our simulations, we increase w, to near, but less than, wc;,
such that the lowest-frequency drumhead modes are nearly
resonant with the highest-frequency E x B modes.

Results. In Fig. 2, we show the results of simulations
for an N = 54 ion crystal at a rotating wall frequency of
w,/(2r) = 180 kHz, typical of NIST work [6,20], and an
increased rotating wall frequency of w,/(2m) = 204 kHz. In
Figs. 2(a) and 2(b), the E x B and drumhead mode frequen-
cies are plotted as a function of mode number for the ion
crystal simulated at these two values of w,. By increasing
w,, the lowest-frequency drumhead modes are brought into
resonance with the E x B modes. Previous numerical studies
have shown that mode coupling between E x B modes leads
to rapid equilibration of these modes [37], thus suggesting that
coupling only a few E x B modes to drumhead modes may
be sufficient to sympathetically cool the entire E x B mode
branch. In Figs. 2(c) and 2(d), KE;;, KE |, and PE are plotted
as a function of time for the two cases. These energies are
calculated directly from the ion positions and velocities during
the evolution of the simulations. The energies are normalized
to the ion number and then converted to temperature units
viaT = E/(Nkg), where E € {KE, KE |, PE}, and k3 is the
Boltzmann constant. In these simulations, we initialize the ion
crystal with all mode amplitudes corresponding to 10 mK,
then a random phase is chosen for each mode. Details are
given in the SM. Cooling of the kinetic energies is similar
in both simulations; however, the cooling of the potential
energy is much faster when w, /(27) = 204 kHz. From longer
simulations at w,/(27) = 180 kHz, we found that PE does
cool, however, this cooling process takes hundreds of mil-
liseconds (see SM). In contrast, Fig. 2(d) shows that PE is
cooled to roughly 1 mK after 10 ms of laser cooling when
w,/(2m) = 204 kHz.

The improved cooling of the E x B modes, i.e., the PE
associated with planar motion, leads to reduced fluctuations
in ion positions. Consequently, the adverse impact of pla-
nar position fluctuations on the drumhead mode spectrum is
greatly reduced. In Figs. 2(e) and 2(f), we plot the power
spectrum of the drumhead motion for the two cases con-
sidered here, after the crystals have been laser cooled for
10 ms. For w,/(27) = 180 kHz [Fig. 2(e)], the drumhead
modes are so strongly broadened that the spectrum appears
as a smooth continuum beyond the first few well-resolved
highest-frequency modes. In general, the sensitivity of the
drumhead modes to planar position fluctuations is stronger for
the lower-frequency modes. The spectrum shown in Fig. 2(e)
is consistent with Fig. 7(c) of Ref. [22], which shows the
broadening of the drumhead spectrum due to an in-plane
temperature of 10 mK. In contrast, when w, /(27 ) = 204 kHz
[Fig. 2(f)], the drumhead spectrum shows resolved peaks near
the predicted drumhead mode frequencies over a much larger
range of mode frequencies. Improving the drumhead spectral
resolution could enable the use of more of these modes for
high-fidelity quantum information processing protocols. So
far, protocols have primarily utilized only the center-of-mass
mode, which is the highest-frequency drumhead mode and is
insensitive to planar position fluctuations.

To understand the role played by the mode coupling in
the improved cooling, we compared our results against a
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FIG. 3. Comparison of linearized and full simulations. Lin-
earized and full nonlinear simulations for a N = 54 ion crystal with
% = 0.25 and w, /2w = 204 kHz are evolved with and without laser
cooling. (a) Linearized, without laser cooling, no change in mode
branch temperatures observed. (b) Nonlinear, without laser cooling,
rapid equilibration of E x B and drumhead modes observed. (c) Lin-
earized, with laser cooling, very modest reduction in E x B mode
temperature occurs. (d) Nonlinear, with laser cooling, E x B mode
temperature reduced to roughly 1 mK.

simulation where the Coulomb interaction, given by the last
term in Eq. (1), was expanded to second order in the dis-
placements of the ions from their equilibrium positions. The
expansion results in a Coulomb force that is linear in the dis-
placements of the ions. This linearization removes the mode
coupling due to higher-order terms, and allows for the direct
laser cooling to be isolated in simulations. The details of
the linearization procedure and the associated simulations are
provided in the SM.

Figure 3 compares the results of the linearized and the full-
dynamics (nonlinear) simulations for an N = 54 ion crystal
at a rotating wall frequency of w,/(27) = 204 kHz in the
presence and absence of laser cooling. Furthermore, the mode
branch temperatures in Fig. 3 are calculated directly from the
amplitudes of the modes during evolution. These mode energy
averages, neglecting nonlinear corrections from the Coulomb
potential, provide an approximation of the system’s energy
at low temperatures. The mode initialization procedure and
calculation of the mode branch temperatures are discussed in
Ref. [37] and summarized in the SM.

In Figs. 3(a) and 3(b), we investigate the free evolution
of the crystal in the absence of the cooling lasers. The ion
crystal was initialized with E x B modes at 10 mK, cyclotron
modes at 1 mK, and drumhead modes at 0 mK. In Fig. 3(a),
mode branch temperatures are unchanged over 10 ms of free
evolution, since the linearization of the dynamics removes
the mode coupling and energy cannot be exchanged between

the different branches. In Fig. 3(b), the equilibration of the
E x B and drumhead modes occurs rapidly, in roughly 1 ms,
demonstrating the strong mode coupling arising from the full
nonlinear evolution. We note that the E x B temperatures
plotted in Figs. 3(b) and 3(d) exceed 10 mK due to nonlinear
corrections neglected in the mode energy calculation, partic-
ularly significant for low-frequency E x B modes at energies
around 10 mK.

In Figs. 3(c) and 3(d), the linearized and nonlinear sim-
ulations were integrated with laser cooling. The nonlinear
simulation shown in Fig. 3(d) is the same as the one shown in
Fig. 2(d), although in Fig. 3(d) mode branch temperatures are
plotted instead of KE;, KE |, and PE. In the linearized case,
although there is a reduction in the E x B mode temperature
during the 10 ms of laser cooling, this temperature is still
many times larger than the cyclotron and drumhead mode
temperatures. In contrast, in the nonlinear simulation, the
E x B mode temperature is rapidly reduced to roughly 1 mK
after 10 ms of laser cooling. The difference between the lin-
ear and nonlinear simulations further illustrates that coupling
between the E x B and drumhead modes due to the nonlinear
Coulomb interaction is responsible for the accelerated cooling
of the E x B modes.

So far, we compared the cooling dynamics at two repre-
sentative values of w, and demonstrated the role of the mode
coupling when w, is close to w.s. To further investigate the
effect of mode coupling on the cooling of the E x B modes,
we studied the cooling dynamics and mode coupling as w,
was scanned. In Fig. 4, an N = 100 ion crystal was initial-
ized and evolved for a range of rotating wall frequencies
between w,/(27) = 180 kHz and w,/(27w) = 194 kHz. The
larger number of ions lowers the critical rotating wall fre-
quency to roughly wyi/(2m) = 194.75 kHz.

In Fig. 4(a), the drumhead and E x B mode frequencies are
plotted as w, is scanned, with the color gradient specifying
the w, value. Notably, the lower-frequency drumhead modes
are rapidly brought into resonance with the higher end of the
E x B branch as w, approaches within a few kHz of w,;;. The
E x B mode frequencies, however, only change slightly as w,
is increased.

In Fig. 4(b), we study the energy exchange between the
E x B and drumhead mode branches when the crystal is freely
evolved in the absence of cooling lasers for 10 ms. Here,
the E x B mode branch is initialized with a temperature of
10 mK while the other modes are initialized to 0 mK. We plot
the average KE; during the last 1 ms of the simulation as a
function of w,. The linearized simulation shows no change in
KE|, whereas the nonlinear simulation shows an increase in
the average KE as w, is increased. Near wi;, KE| increases
to roughly 2.5 mK, which is consistent with the drumhead
branch temperature being roughly 5 mK. This suggests that
the E x B and drumhead branches equilibrate within 10 ms
for w, close to wqi. However, for lower w,, KE in both the
linear and nonlinear simulations is unchanged, indicating that
the coupling between branches only becomes significant near
Werit-

In Fig. 4(c), the simulation was integrated with laser cool-
ing for 10 ms. The average total potential energy during the
last 1 ms of the simulation is plotted as a function of w,.
The linearized simulation shows a modest reduction in PE

L021102-4



RAPID COOLING OF THE IN-PLANE MOTION OF ...

PHYSICAL REVIEW A 109, L021102 (2024)

(@) wpvs.n

(b) Free Evolution

(c) Laser Cooling

12

192
190
188

0.8 —
g ExB 186

fr (kHz)

184

182

E ) last 1 ms (mK)
1

0.0 — } 180
I I

0 50 100 150 200 180 182 184

Mode Number

e linear
* nonlinear

¥/ 0.0 — %

186 188 190 192 194 180 182 184 186 188 190 192 194

fr (kHz)

10 — *

P
%
g

(PE) last 1 ms (mK)
1

e linear x
¥

* nonlinear

W

fr (kHz)

FIG. 4. Rotating wall frequency scan. (a) The E x B and drumhead mode frequencies vs mode number colored by the rotating wall
frequency for a N = 100 ion crystal. (b) The axial kinetic energy averaged over the last millisecond of evolution vs rotating wall frequency for
a N = 100 ion crystal evolved for 10 ms without laser cooling (free evolution). The simulations are initialized with E x B mode branch
temperatures of 10 mK, and zero drumhead and cyclotron mode branch temperatures. (c) The potential energy averaged over the last
millisecond of evolution vs rotating wall frequency for a N = 100 ion crystal evolved for 10 ms with laser cooling. The simulations are
initialized with all mode amplitudes corresponding to a temperature of 10 mK.

as the w, is increased, which may be due to the increased
fraction of KE; contributing to the E x B mode energies.
However, in the nonlinear simulation, PE is rapidly reduced
as w, approaches wit. Near wqit, the average PE over the last
1 ms is roughly 1 mK.

Conclusion and outlook. We have demonstrated a tech-
nique to efficiently cool the low-frequency planar motion of
large two-dimensional (2D) ion crystals in Penning traps,
which has hitherto been challenging. Our technique has no
experimental overhead and can be used to rapidly initialize
(<10 ms) crystals with all motional degrees of freedom cooled
down to millikelvin temperatures. This achievement sets the
stage for sub-Doppler limit laser cooling studies encompass-
ing all 3N motional modes. Furthermore, we showed how the
improved planar cooling greatly reduced the spectral broad-
ening of the drumhead modes. The improved resolution of the
drumhead modes expands the scope of quantum information
protocols that can be performed with large 2D crystals stored
in Penning traps. As a result, it is immediately relevant for
several experiments aiming to use Penning traps for quantum
information processing [2,4,6].

We note that overlapping the bandwidth of the drumhead
modes with the E x B modes introduces low-frequency drum-
head modes. For a given temperature of the drumhead motion
this results in correspondingly larger Lamb-Dicke confine-
ment parameters, which can impact the fidelity of quantum
operations [41,42]. Ground-state cooling of the drumhead
modes can help [43—-45], but experimental constraints may

dictate a lower bound on the drumhead mode frequencies
that is significantly higher than any of the E x B modes.
In this case it may be possible to use appropriate time-
dependent electric field configurations to couple the E x B
modes to either the drumhead modes or the cyclotron modes,
which are efficiently laser cooled. Techniques like this have
been investigated with single and small numbers of trapped
ions [25,38]. A notable example is the so-called axializa-
tion technique, which reduces the size of the magnetron
motion of a small number of ions in a Penning trap by
coupling the magnetron motion with the cyclotron motion
[7,39,46]. Alternately, there is the possibility of adiabati-
cally decreasing w, or similarly increasing w, after cooling
the E x B modes, which not only eliminates the nonlinear
coupling introduced, but would also increase the frequency
of the lowest-frequency drumhead modes. These possibil-
ities motivate interesting directions for future numerical
simulations.
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