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Experimental implementation of laser cooling of trapped ions in strongly
inhomogeneous magnetic fields
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We demonstrate the Doppler laser cooling of “*Ca™ ions confined in a segmented linear Paul trap in the
presence of a strong quadrupolar magnetic field generated by two permanent ring magnets. Magnetic field
gradients of 800 to 1600 G/mm give rise to a highly position-dependent Zeeman shift on the energy levels of
the trapped ions. Efficient laser cooling is demonstrated using two 397 nm cooling laser beams with appropriate
wavelengths and polarizations and one 866 nm repumper laser beam. Coulomb crystals of ions are found to
exhibit similar secular temperatures to those trapped in absence of the magnetic field. In addition, the position
dependency of the Zeeman effect is used to generate a map of the field strength. This work forms the basis for
developing hybrid trapping experiments for cold ions and neutral molecules that consist of an ion and a magnetic
trap to study cold interactions between these species, and opens up new possibilities for quantum-science
experiments that employ trapped ions in inhomogeneous magnetic fields.
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I. INTRODUCTION

Laser-cooled trapped ions are well-established platforms
that find applications across diverse research fields such as
quantum information and computation [1-4], atomic clocks
[5], fundamental physics studies [6], and cold chemistry [7].
Although in Penning traps homogeneous magnetic (B) fields
with typical strengths of several Tesla are used to provide
two-dimensional confinement of ions [8], adding magnetic
fields to radiofrequency (RF, “Paul” [9]) traps, which con-
fine ions only with electric fields, is less common because
the resulting shifts and splittings of energy levels due to the
Zeeman effect [10] considerably complicate laser cooling. So
far, only the use of relatively weak homogeneous or inhomo-
geneous magnetic fields with modest field gradients has been
reported for Paul traps. For example, homogeneous fields of
strength 1-10 G are routinely implemented in Paul traps to
define the quantization axis. Gradient magnetic fields have
been employed in trapped-ion quantum-science experiments.
Both static [11-14] and oscillating field gradients [15-20]
have been utilized to achieve laser-free entangling gates and
enable the addressing of individual ions. Notably, these ex-
periments employed relatively small gradients ranging from
approximately 2.5 to 250 G/mm, and no significant impact
on the efficiency of the laser cooling of the ions was reported.
Theoretical studies on advanced cooling techniques within the
Lamb-Dicke regime proposed incorporating magnetic field
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gradients [21]. Moreover, magnetically assisted Sisyphus pro-
cesses have been suggested for the cooling of molecular
anions [22].

On the other hand, overlapping Paul traps with more
strongly inhomogeneous magnetic fields, e.g., quadruplolar
fields generated by permanent magnets, could open a door to
more advanced applications in quantum-science experiments
using trapped ions with highly position-dependent Zeeman-
shifted energy levels, as well as in the study of cold ion-neutral
collisions based on hybrid trapping systems which combine
magnetic traps for neutral species and Paul traps for ions.
Over the past years, hybrid traps of ions and neutrals [23,24]
have emerged as versatile tools for studying interactions be-
tween these species at very low temperatures with much
longer interaction times in comparison with experiments using
molecular beams. Hybrid traps of ions and neutral atoms have
been realized by overlapping Paul traps with magnetic [25],
optical-dipole [26-28], or magnetooptical traps [29-35] for
atoms. However, realizing a hybrid trap of ions and neutral
molecules by overlapping a Paul trap with a magnetic trap is
less straightforward, since magnetic traps for molecules often
exhibit much stronger inhomogeneous fields than those used
for trapping atoms due to their higher temperatures [36-38],
resulting in highly position-dependent Zeeman splittings of
ions that affects the ion motion and the efficiency of laser
cooling of ions.

Recently, we have studied the problem of laser cooling
of ions confined in Paul traps in the presence of strongly
inhomogeneous quadrupolar magnetic fields theoretically us-
ing molecular-dynamics simulations [39]. There, the influence
of the magnetic fields on the trapping and laser cooling
of a single Ca® ion was explored, and schemes for laser
cooling of single ions under ideal conditions (in which
the center of the ion trap and the center of the mag-
netic field are perfectly overlapped) and configurations in

Published by the American Physical Society


https://orcid.org/0009-0000-8695-446X
https://orcid.org/0000-0001-7830-6059
https://orcid.org/0000-0003-2210-759X
https://orcid.org/0000-0002-8376-0579
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevResearch.5.043180&domain=pdf&date_stamp=2023-11-27
https://doi.org/10.1103/PhysRevResearch.5.043180
https://creativecommons.org/licenses/by/4.0/

MANGENG, YIN, KARL, AND WILLITSCH

PHYSICAL REVIEW RESEARCH §, 043180 (2023)

(b) 005> < © T @ a0
-~ N I 300 N\ ¥ I
100¢ /N 250 ] ] 150
= - Vs * ~a — N\ * ¥
E A [0
N - N - 150 PALIAN 100
X A
—100’\ = 100
- . I P . I 50
-2005T T ‘ s 50 LA 2 ‘ AR
-200 -100 0 100 200 -200 -100 0 100 200 B(G)
x (um) y (um)

FIG. 1. (a) Scheme of the segmented linear Paul trap enclosed between two permanent ring magnets generating a strong quadrupolar
magnetic field. For clarity, the front magnet is rendered transparent. (b) Magnetic vector fields B in the xz and (c) yz plane of the trapping
region. The field gradients are 800 G/mm along the y and z directions, and 1600 G/mm along the x direction. The color code indicates the

magnetic field strength B. The field vanishes at the center.

which the two centers exhibit spatial displacements were
suggested.

Here, we demonstrate experimentally that assemblies of
#0Ca* jons can be efficiently laser cooled in a segmented
linear Paul trap exposed to a quadrupolar B field with gradi-
ents exceeding 800 G/mm. The field is produced by a pair of
permanent ring magnets. In addition, we make use of the fact
that the Zeeman splittings become highly position dependent
in this environment to map out the magnetic field and to
probe spatial mismatches between the center of the ion trap
and the center of the magnetic field. The present setup is an
essential prerequisite for realizing a hybrid trapping system in
which cold collisions and reactions between ions and neutral
molecules can be studied, which could also open new possi-
bilities for trapped-ion experiments using magnetic fields with
high field gradients.

II. EXPERIMENT

The segmented linear-quadrupole RF trap used in the
present study consisted of two RF plate electrodes and DC
electrode segments as shown schematically in Fig. 1(a). All
electrodes were fabricated from titanium and covered with a
2 um gold layer. The DC electrode segments (width 4.5 mm,
thickness 0.5 mm) were separated by 0.5 mm wide gaps along
the z direction [see Fig. 1(a) for the coordinate system used
throughout this study]. The RF electrodes were not segmented
but featured identical dimensions around the trap center to
mimic the shape of the DC electrodes. The separations be-
tween the surfaces of the electrodes along the radial, i.e., x
and y directions, were 1.5 and 3.5 mm, respectively, which re-
sulted in a rectangular cross section of the trap in the xy plane.
For symmetry reasons, the RF fields vanish along the central
longitudinal axis of the trap (the “RF null line”). The trap was
operated at an RF frequency of 10 MHz, RF amplitudes of
210 V to 300 V, and static voltages of < 10 V applied to the
endcap electrodes.

Two permanent PrFeB ring magnets (Vakuumschmelze)
with a remanence of 1.4 T (measured with a relative error
of £5%) were mounted on both sides of the ion trap at a
distance of 0.5 mm from the outer surfaces of the electrodes.
The magnets featured inner and outer diameters of 7.5 and

20 mm, respectively, and a thickness of 4.5 mm. Their central
connecting axis was mechanically aligned to the center of the
ion trap. The calculated magnetic vector fields generated by
the magnets are presented in Figs. 1(b) and 1(c) assuming
perfect alignment and shapes of the magnets. The magnets
form a quadrupolar field which vanishes in their common
center (defined as the origin of the cartesian coordinate system
in Fig. 1). Two 30 um thin grounded copper meshes with a line
spacing of 250 um were glued in between the magnets and the
ion trap to mitigate the effect of the holes in the magnets on the
ion-trapping potential. The meshes also served as a convenient
ruler to estimate distances inside the trap during experiments
with a relative accuracy of about 10%.

Ions displaced from the magnetic center experience Zee-
man splittings of their energy levels as shown in Fig. 2(a)
for the levels system relevant for the Doppler laser cooling
of Ca*. The three-level system splits up into eight Zeeman
components labeled by their magnetic quantum number M.
Their frequency shifts in the B field can be calculated by

b= Mg;upB

=

where g; is the Landé g-factor of the Zeeman compo-
nents and up the Bohr magneton. For the magnetic field
strengths at the positions where the ions are located, higher-
order Zeeman terms were found to be negligible. The energy
shifts are plotted for a field strength of up to 200 Gauss in
Fig. 2(b). These field strengths correspond to ion displace-
ments of up to 250 um along the y/z direction (field gradient
800 G/mm) and 125 um along the x direction (1600 G/mm).
The number of possible transitions among these eight levels
increases from two to ten, of which four derive from the
(4s) 281/2 — (4p) 2P1/2 cooling transition at 397 nm [two o
(AM = +£1) and two m (AM = 0) components], and six from
the (3d)2Ds 2 — (4p) 2p, 2 repumper transition at 866 nm
(four o and two 7w components), as shown in Fig. 2(c). In
such a strongly inhomogeneous field, Doppler laser cooling
with one 397 nm and one 866 nm laser becomes increasingly
inefficient for ions displaced only a few tens of um away
from the zero of the magnetic field in the center between the
magnets. According to [39], at least one additional 397 nm
laser and a proper choice of wavelengths and polarizations of
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FIG. 2. (a) Schematic energy-level diagram of the °Ca™ cooling
cycle with (solid lines) and without (dashed lines) Zeeman split-
tings. The levels are labeled by their magnetic quantum number M.
(b) Shifts of these levels (in units of frequency v) as a function of the
magnetic field strength B. (c) Frequency shifts of the corresponding
transitions in the magnetic field. Solid (dashed) lines correspond to
Zeeman transitions within the %Sy, — 2Py» (*D3;2 — 2Py ;) mani-
folds. The primary 397 nm cooling transition is split into four (two
o and two ) and the 866 nm repumping transition into six (four o
and two ) lines.

these lasers are required to cool the ions efficiently under such
conditions.

The setup of the present experiment is shown in Fig. 3.
The ion trap together with the magnets is located at the center
of a vacuum chamber at a pressure of <5 x 107!9 mbar. It
was found that the presence of the magnets does not affect
the chamber pressure. Ca atoms were evaporated from an
oven and ionized inside the trap by laser beams at 375 nm
and 423 nm (not shown in the figure) to generate Ca™ ions.
Two 397 nm cooling laser beams, labeled as 397a and 397b,
as well as an 866 nm repumper laser beam were introduced
into the trap along its longitudinal axis to cool the ions. Both
397 nm laser beams were set to a power of 0.8 mW before
entering the vacuum chamber and focused to a 1/e* diameter
of 500 wm at the position of the ions while the 866 nm laser
was operated at 5.5 mW with a 1/e? diameter of 750 um. For
each of these lasers, the polarization was freely tuneable using
combinations of A/2 plates, polarizing beamsplitters (PBS),
and A/4 plates as indicated in Fig. 3. The beam 397a (397b)

866

Oven

| Trap

397b L»Z

FIG. 3. Scheme of the experimental setup used for laser cooling
of trapped Ca™ ions in a strongly inhomogeneous magnetic field.
Details are given in the text.

was transmitted (reflected) at a PBS, which lead to horizontal
(vertical) linear polarization. With the A/4 plate positioned
after the PBS, the polarization could be tuned between linear,
left handed circular, or right handed circular to drive either
7w, 0", or o transitions. As a consequence of the shared
PBS, 397a and 397b always possessed opposite linear or
circular polarizations. In the trap, the laser-cooled ions assem-
bled into ordered structures, referred to as Coulomb crystals
[7], as a consequence of the equilibrium between Coulomb
repulsion and the confining electric fields in the trap. Their
spatially resolved laser-induced fluorescence was collected by
a lens system and recorded by a charge-coupled device (CCD)
camera.

III. RESULTS AND DISCUSSION

A. Mapping the magnetic field using the Zeeman effect
in laser-cooled Ca*

The fixed position and magnetization of the ring magnets
result in a static magnetic field that splits the energy levels
of the ions based on their location in the trap. Conversely,
every ion position has an attributed range of laser wavelengths
at which the respective ion is cooled efficiently, reflected by
the intensity of the resonance fluorescence of the ion at the
specific location. As a consequence, one can use an ensemble
of trapped ions to generate a spatial map of the magnetic field.
With the present large field gradients, contrasts in the fluores-
cence signal are well resolvable with crystals containing about
100 ions.

We moved the ions within the trap by changing the DC
and RF voltages and scanning the wavelengths of the cooling
lasers. We located a position in the trap where stable crystals
could be obtained using a single cooling laser with arbitrary
polarization. We identify this location as the center of the
magnetic trap, at which the field is close to zero and thus,
negligible Zeeman shifts occur. If the center of the crystal
was aligned with the zero of the magnetic field, the region
of maximum ion fluorescence was observed in the center of
the crystal, as shown in Fig. 4(a). The fluorescence intensity
decayed symmetrically toward the edges of the crystal due to
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FIG. 4. False-color resonance-fluorescence images of Coulomb crystals in the RF trap within the quadrupolar magnetic field generated by
two ring magnets illustrating the position dependency of the Zeeman shifts. (a) Crystal in the center of the magnetic trap cooled by only a
single 397 nm primary cooling laser. (b) and (c) Crystals moved along the z direction by =145 um at constant cooling laser wavelength. (d) and
(e) Translated crystals cooled by two 397 nm lasers with optimized wavelengths and polarizations. (f) Crystal in the ion trap center, located
193 um away from the magnetic center, cooled by two lasers under appropriately optimized conditions. See text for details.

the increasing field-induced splitting of the cooling transition
from its central frequency [Fig. 2(c)].

Starting from the center of the magnetic trap, we moved
the ions along the negative and positive z axis by ~145 um, as
shown in Figs. 4(b) and 4(c), respectively. At these positions,
only a part of the ions in the crystal still showed appreciable
resonance-fluorescence yields, while other parts of the crys-
tal became increasingly dark reflecting the varying Zeeman
shifts across the crystal within the gradient of the quadrupole
magnetic field and the splitting of the cooling transition into
several Zeeman components. Consequently, a single 397 nm
laser was not sufficient anymore to efficiently cool the entire
crystal, and additional laser beams were needed to address
additional Zeeman cooling transitions. If the wavelengths
and polarizations of the two cooling lasers were optimized
carefully, the fluorescence was recovered across the entire
crystal in either position [Figs. 4(d) and 4(e)]. In this scenario,
we found that only one of the four possible pairs of Zee-
man cooling transitions indicated in Fig. 5(a) can be used to
obtain a stable crystal: the combination of ¢ and o ~. This is
because 7 transitions are not allowed if the laser propagation
axis aligns with the direction of the magnetic field, as is the
case for the present translation along the z axis [Figs 1(b)
and 1(c)]. At the crystal positions indicated in Figs. 4(b) and
4(c), we drove the 0 /o~ transitions with left-(right-)handed
circularly polarized cooling lasers 397a (397b) at a frequency
shift of +276 (—276) MHz from the center wavelength.

Generally, we found that crystals located near the zero of
the magnetic field showed stronger fluorescence compared to
other locations, but appeared relatively hot so that individual
ions were not resolved in the images. We attribute this to RF-
induced heating at this position in the trap, suggesting that
the zero positions of the magnetic and the RF fields do not
perfectly overlap due to slight mechanical misalignments of
the assembly.

The coldest crystals for which positions of single particles
could be resolved in the images were obtained by translating
the ions from the magnetic center 180 um along the neg-
ative y direction and 70 um along the positive z axis, i.e.,
a diagonal distance of 193 um. Along the x direction, no
significant adjustments were required. We conclude that this
position corresponds to the ion trap center. The low tem-
perature of the ions in the crystals trapped at this location

(a) (b) (c) (d)

) +1/2
Pz

—_—-1/2

FIG. 5. False-color images of small Coulomb crystals obtained
for driving different pairs of Zeeman components of the 2P, «
28, 2 cooling transition. Labels (A) and (B) denote the two lasers
397a and 397b to drive the transitions (see Fig. 3). The color code
for the transitions is the same as in Fig. 2(c).
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is a consequence of minimized RF heating, which becomes
larger if the distance from the center is increased. In the trap
center, the ions could be cooled not only by driving o, but
also by m transitions as the magnetic-field vectors now lie
at an angle to the laser propagation direction. We found that
cold crystals could be obtained by driving three out of the
possible four combinations of Zeeman transitions as shown
in Figs. 5(a), 5(c), and 5(d). The 0% /o~ pair of transitions
was driven at frequency shifts of +333/—352 MHz, and the =
pair with horizontal /vertical linearly polarized components at
+162/—162 MHz. The 7 /o~ pair represented a combination
of the two, that is, linear and left-handed circularly polarized
components at +162/—352 MHz. Using the o /7 pair of
transitions, on the other hand, did not lead to a similarly cold
crystal for unclear reasons [Fig. 5(b)].

We conclude from these results that the central axis joining
the magnets is shifted with respect to the ion-trap center by
193 um. However, the alignment of the magnets with respect
to their common axis was precise enough to directly compare
the experimentally determined Zeeman splittings with the cal-
culated ones in Figs. 2(b) and 2(c).

For the crystals in Figs 4(d) and 4(e), which were obtained
at (x, y, 2) = (0, 0, £145 um), we calculate a theoretical
field strength of 116 G according to Figs. 1(b) and 1(c).
Consequently, for the o /o~ pair of transitions used for
cooling, theoretical frequency shifts of +217/—217 MHz are
expected at this position. These predictions compare to the
experimentally determined values of +276/—276 MHz. For
the crystal in Fig. 4(f) obtained at (x, y, z) = (0, —180 um,
+70 um), we calculated a field of 200 G, resulting in shifts
of +374/—374 (measured: +333/—352) MHz for 0% /o™,
and +187/—187 (4+162/—162) MHz for the 7 pair. The dif-
ferences between measured and theoretical shifts lie within
the power-broadened linewidth of the 397 nm lasers which is
calculated to be 95 MHz.

B. Comparison of Coulomb crystals with and without
the quadrupolar magnetic field

To assess the effect of the magnetic field on the cooling
efficiency and final temperature of the ions, control experi-
ments had been performed before the magnets were added to
the setup. A selection of images of crystals of different sizes
obtained under these conditions, as well as their molecular-
dynamics (MD) simulations, are shown in Fig. 6(a). The
MD simulations were based on the methodology described in
[40]. Comparison between experimental and simulated crystal
images allowed the extraction of ion numbers and secular
temperatures [7].

We generated crystals with ion numbers between 100 and
200, which we define as medium size, smaller ones with less
than 100 ions, as well as ion strings, for comparison in absence
and presence of the field, as presented in Fig. 6(b).

In both cases, the crystals (and strings) exhibit similar
secular temperatures at comparable ion numbers. This demon-
strates that under the present conditions, two 397 nm lasers at
appropriate frequencies are sufficient to cool crystals of the
selected sizes efficiently in the presence of the magnetic field.
It also confirms that only one 866 nm laser beam is needed

FIG. 6. Examples of false-color images of Ca™ Coulomb crystals
trapped (a) in absence and (b) in presence of a quadrupolar magnetic
field near the ion trap center. Left: experimental crystal images, right:
simulations. A medium-sized crystal, a small one, and an ion string
are shown in each case. Ion numbers and secular temperatures from
top to bottom are for (a) 160, 70, 5 ions and 9, 7, < 7 mK; and for
(b) 170, 50 and 5 ions and 9, 5, < 5 mK. The images were averaged
over three and ten exposures for (a) and (b), respectively.

to cover the 2P o ’D; ,2 repumping transitions despite
their large Zeeman splittings (estimated to span a total of
+336 MHz (2D3/2, M = £3/2) at the ion trap center). The
high intensity of the 866 nm laser in the present experiments
sufficiently power broadened the transitions to be able to drive
all relevant Zeeman components (Fig. 2). No dark Zeeman
sublevels were observed in the optical cycling, consistent with
the predictions [39].

C. Motional frequencies of ions in the combined trap

The present setup enabled the examination of further
location-dependent dynamics of the trapped ions. One exam-
ple is the coupling of ion motions by the magnetic field, which
we characterized by resonant excitation of the collective mo-
tion of the crystallized ions by the application of additional RF
fields to the trap electrodes [41]. Motional resonances mani-
fest themselves by a pronounced decrease of the resonance
fluorescence if the frequency of the ion motion matches the
frequency of the RF drive fields. Resonant-excitation spectra
recorded at both the magnetic- and ion-trap centers are shown
in Fig. 7. As the ions can move in three spatial directions, one
axial and two radial frequencies were measured in both cases
(peaks one to three). In addition, the radial motions of the
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FIG. 7. Resonant-motional-excitation spectra showing the nor-
malized fluorescence intensity / of the ions as a function of the drive
frequency f for a medium-sized crystal in (a) the ion trap center
and (b) the magnetic-field center. The peaks correspond to excita-
tions of secular motions: (1) axial; (2), (3) radial; (4), (5) coupling
between axial and radial; (6), (7) radial, second harmonic. Tickling
voltages varied in different regions as indicated in order to probe all
resonances.

ions exhibited measurable second harmonics, which appear at
double the frequencies of these motions (peaks six and seven).
Features corresponding to the sum frequencies of the axial and
radial motions were detected only for ions located in the ion
trap center [peaks four and five in Fig. 7(a)], but are absent
from the spectrum taken at the magnetic center [Fig. 7(b)].
This suggests that the coupling of the axial and radial motions
is predominantly induced by the magnetic field, as predicted
in Ref. [39], rather than other mechanisms like Coulomb in-
teractions or trap anharmonicities. The lower signal-to-noise
ratio of the spectrum in the ion-trap center is due to the smaller
resonance-fluorescence yield as only a subset of the possible
cooling transitions is addressed (see Sec. III A).

IV. CONCLUSION AND OUTLOOK

The present study demonstrated efficient laser cooling of
trapped “°Ca™ ions in the presence of a strong quadrupolar
magnetic field with gradients of 800 to 1600 G/mm. The
ions reached similar temperatures at comparable ion numbers
with and without magnetic field by using only one additional
cooling laser to address specific Zeeman components of the
cooling transition. We showed that the position-dependent
Zeeman shifts can be used to map the magnetic field by
identifying the wavelength difference of the cooling lasers and
the corresponding driven transitions revealing a slight spatial
mismatch between the centers of the ion and magnetic traps in
our setup. “Hot” crystals could be obtained in the center of the
magnetic trap by using only one cooling laser. Cold crystals
at a lower resonance-fluorescence yield were obtained in the
ion-trap center where the RF-induced heating is minimal.
One can therefore distinguish two magnetic-field regimes for
laser cooling depending on whether the Zeeman splittings are
large enough to necessitate additional cooling lasers or not.
Magnetic-field-induced coupling between the axial and radial
ion motions were observed under these conditions.

This work shows that a hybrid trapping system consisting
of a Paul trap and a magnetic trap is experimentally feasible.
Such a setup could be used to study cold collisions and re-
actions between ions and neutral molecules. Since magnetic
field gradients are also widely used in trapped-ion quantum-
science experiments, this work could open new possibilities
for applications that benefit from the trapped ions with highly
position-dependent Zeeman shifts.
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