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Formation of two-ion crystals by injection from a Paul-trap source into a high-magnetic-field
Penning trap
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Two-ion crystals constitute a platform for investigations of quantum nature that can be extended to any ion
species or charged particle provided one of the ions in the crystal can be directly laser cooled and manipulated
with laser radiation. This paper presents the formation of two-ion crystals for quantum metrology in a 7-tesla
open-ring Penning trap. **Ca™ ions are produced either internally by photoionization or externally in a (Paul-trap)
source, transported through the strong magnetic field gradient of the superconducting solenoid, and captured
in-flight with a mean kinetic energy of a few electronvolts with respect to the minimum of the Penning-trap
potential well. Laser cooling of the two-ion crystal in a strong magnetic field towards reaching the quantum
regime is also presented, with particular emphasis on the cooling of the radial modes.
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I. INTRODUCTION

The precise control of individual (or a pair of) charged
particles, or particle-antiparticle pairs in Penning traps, is a
prerequisite to perform accurate measurements of the eigen-
frequencies of the stored particle and/or antiparticle [1-4]
with implications in tests of fundamental symmetries (see,
e.g., Ref. [5] for a recent review). The control of the charged
particle down to the lowest motional energy in a Penning trap,
only possible by performing laser cooling [6,7], moves the
experiments on precise motional frequency measurements to
a new regime of quantum nature [8]. However, in most cases,
the cooling of the charged particle under study relies on the
Coulomb interaction between the particle and an auxiliary ion
that can be laser cooled [9]. The ion (sensor) and the charged
particle to be studied may be stored in physically separated
Penning traps [10-13], in different potential wells [14], or in
the same one [8,15]. The sensor shall provide the information
of the system as the target is blind to laser radiation. If such
a platform can be coupled to an external ion source, it can
turn into a universal atomic or molecular mass spectrometer.
This is crucial for the production of any target ion as well
as the sensor species in a well-controlled manner, outside
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the Penning trap. For example, the formation of antimatter
particles or exotic radionuclides is usually accomplished in
nuclear reactions resulting in few particles at high energy and
with large momentum spread, so that an additional preparation
stage is mandatory [16—18]. Furthermore, the production of
the sensor ion outside the Penning trap will avoid charge
exchange between the laser-cooled sensor ion/s and hotter
(sensor) atoms [19] to the advantage of experiments where
the coolant source has to be in continuous operation. The
injection of ions produced outside a Penning trap is well
known in experiments devoted to precision mass spectrom-
etry, where the target ion is probed without laser cooling (see,
e.g., extreme scenarios described in Refs. [20,21]). This is
not the case in laser cooling Penning-trap experiments (and,
in general, in similar experiments with other kinds of ion
traps) devoted to quantum sensing or quantum information
processing [7,22,23]. In those experiments, the ion species
to be laser cooled are generally produced inside the Penning
trap either by laser desorption on a metallic sample located
close to the trap electrodes (see, e.g., [24]) or by photoion-
ization or electron impact ionization of atoms released from
an oven, as initially done in the experiments reported here.
Thus, the combination of external ion production and in-trap
laser cooling has not been much exploited. Results from only
a few experiments have been reported. In Ref. [25], Be™ ions
were produced by laser ablation upstream from a Penning
trap, where they were injected, laser cooled, and utilized for
sympathetic cooling of positrons. Ion crystals in a Penning

©2022 American Physical Society
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FIG. 1. Three-dimensional CAD drawing of the Penning-traps beam line. The most important elements are indicated. The open-ring traps
(Paul and Penning) are zoomed. Number 1 indicates an atomic oven in the Paul-trap chamber; number 2 points out the MACOR® Machinable
Glass Ceramic structure surrounding the atomic oven oriented to the center of the open-ring Penning trap. Number 3 indicates the housing
of the optical objective to collimate the fluorescence photons and number 4 points at the support structure of one of the mirrors to direct the
cooling laser beams in the radial plane of the ions’ motion. Longitudinal cuts of the Paul and Penning trap are shown, indicating the different
electrodes in orange (insulators are in gray). RFE: radio-frequency electrode(s); SE: switching electrode; GE: all the electrodes at ground.
The nomenclature for the Penning-trap electrodes is as in Ref. [26]: EC, CE, and RE are the endcap(s), correction(s), and ring(s) electrodes,

respectively. More details are given in the text.

trap from externally produced 2*Mg* ions have been formed
at GSI-Darmstadt in the SpecTrap experiment [27], aiming
at creating a bath of coolant ions for sympathetic cooling
of highly charged ions, to perform laser spectroscopy exper-
iments on the latter. In that work, only axial cooling was
applied and crystals formed with many ions were reported
showing different planes in the radial direction, but never a
few-ion crystal oriented in the direction of the magnetic field.
Other experiments using externally produced target ions are
those on quantum-logic spectroscopy on highly charged ions
at PTB-Braunschweig [28] or to perform studies on 2*?Th™*
at the University of Mainz [29]. Both use radio-frequency
traps and still work with the internal ion production of the
coolant-and-sensor ion.

In this paper, we report on the formation of ion crystals in
an open-ring Penning trap [26], when the ions are produced
by photoionization in a Paul trap made of concentric rings
[30,31]. This trap is located in the beam line outside the
superconducting solenoid providing the largest magnetic field
used for a Penning-trap laser-cooling experiment [26]. The
injection can be controlled down to just one ion by means
of evaporative cooling by lowering down the trap voltages.

In addition, the geometry of the Paul trap with an open di-
ameter of 10 mm allows through-transport of any ion species
produced by other sources upstream, which can also be rel-
evant for accelerator-based experiments. The production of
a single laser-cooled ion and a balanced two-ion crystal in
a 7-tesla magnetic field is demonstrated and characterized.
The two mechanisms utilized to cool the magnetron motion
and motional modes in both systems have been studied and
the advantage of having a high magnetic field strength is
presented. In the Appendix, we show Coulomb crystals with a
large number of ions produced with this setup, which we use
to obtain an upper limit of the ions’ temperature. Coulomb
crystals have previously been extensively studied by several
groups (see, e.g., [32,33]).

II. EXPERIMENTAL SETUP

The Penning-traps beam line at the University of Granada
is shown in Fig. 1. It has been modified from that described
in Ref. [26] by introducing a Paul trap [30] in the transfer
section. The superconducting solenoid provides, in the room-
temperature bore, two highly homogeneous magnetic field
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FIG. 2. (a) Electric potentials and magnetic field strength along
the Penning-traps beam line. The electrostatic potential is given on
the left axis, while the magnetic field strength (dashed line surround-
ing the gray-shaded area) is given on the right one. z; = z — 200 mm
and o = z — 1733 mm. (b) The dc potential in the open-ring Penning
trap for injection and trapping, and (c) potential shapes for adiabatic
and energy-selective extraction of the ions from the Penning trap (not
all the potentials used in the experiment are shown); (i) Vgc = 170V,
(ii) Vgc = 160V, (iii) Vgc = 150V, (iv) Vgc = 110V, (v) Vgc =
50 Vv, and (Vl) VEC =-20V. VCE =168V and VRE = 150V. The
horizontal dashed line in (b) represents the mean ions’ kinetic energy.
The dash-dotted red line in (c) is a potential configuration to extract
all the ions from the trap. The dc potentials are extracted from SIMION
simulations [34].

regions in a volume of 1 cm?® each, separated by 20 cm.
The center of the first of these regions (AB/B ~ 10 ppm)
coincides with the center of a preparation Penning trap made
of a stack of cylinders [35], which is grounded in the ex-
periments described here and foreseen for further preparation
of other ion species. The second highly homogeneous region
(AB/B ~ 0.1 ppm) coincides with the center of the open-ring
Penning trap displayed in Fig. 1 [26], where the experiments
on the two-ion crystal are carried out. The trap tower is
housed in a customized tube inside the magnet bore. Two
turbomolecular pumps, one at each side of the magnet, with
a pumping speed of 800 1/s (for N,) each, and two ion pumps,
clearly visible in the figure with pumping speeds of 300 1/s
and 600 1/s at the transfer and time-of-flight (TOF) sections,
respectively, provide a vacuum at the pump side of the order of
107! mbar, which allows one to reach about 10~ mbar in the
trap volume. This is possible by means of a copper bar which
ends close to the trapping region and is connected on the other
side to the first stage of a cold-head system at 40 K. The two
traps are zoomed in Fig. 1, where also the longitudinal cuts
with the different electrodes are shown.
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FIG. 3. Time-of-flight signal of ions from the open-ring Penning
trap to the MCP detector for several values of Vgc. 1000 cycles have
been accumulated. The ions are produced by photoionization in the
Paul trap during one second, ejected, transferred, and captured in the
Penning trap, held for 20 ms, and ejected again towards the MCP
detector at the end of the beam line. Different potentials have been
applied for extraction. These potentials are depicted in Fig. 2(c), from
(i) to (vi). The ions are not cooled for these measurements.

The production of ions is done by photoionization of cal-
cium atoms, using two laser beams with wavelengths around
423 nm (tunable) and 375 nm (free running). The laser beams
for both internal and external production are the same (pho-
toionization lasers in Fig. 1). The laser for the degenerate
1Sy — P, transition (423 nm) has to be tuned differently for
the production inside the Paul trap (B = 0 tesla) and inside the
Penning trap (B = 7 tesla). For the latter, the nondegenerate
transition 'Sy — 'P; 4, is chosen.

Figure 2(a) shows the electrostatic potential and magnetic
field along the beam line in the axial direction. The Paul trap
[30] is operated for these experiments at a radio frequency
wrp = 27 x 600kHz with Vrp = 230 V.. This corresponds
to g, and g, values of ~0.49 and 0.25, respectively. In the
extraction process, the RF field is switched off with a decay
time constant of the order of a microsecond, and one of the
outer rings in the Paul trap (SE in Fig. 1) is pulsed, providing
the dc potential shape in the axial direction to push the ions
towards the Penning trap. The RF phase is not locked during
the extraction. The measured ions’ kinetic energy is centered
at 150.8(7) eV [horizontal dashed line in Fig. 2(b)], with a
standard deviation of 10.4 eV. A movable microchannel plate
(MCP) detector is located at the end of the beam line for
diagnosis. The mean time-of-flight of the *°Ca™ ions from the
Paul trap to the MCP detector at the end of the beam line is
83.9 us with Atpwpm = 5.5 wus. The time-of-flight from the
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FIG. 4. Energy spread of the ions in the Penning trap before
cooling. The data points in the left panel are the number of detected
ions with time-of-flight between 30 and 60 us for different values of
Vic [some of them are shown in Fig. 2(c)]. The right panel shows
the data points from the derivative of the number of detected ions
as a function of the trapped ion’s energy, shown in the inset. The
blue-solid line is the fit using an exponentially modified Gaussian
distribution.

Paul trap to the Penning trap is centered at 47 us. The voltage
configurations for injection and trapping in the open-ring Pen-
ning trap are depicted in Fig. 2(b). The trapping efficiency is
~ 30%. It is obtained from the ratio between the detected ions
ejected from the Penning trap and the detected ions in trans-
mission. The voltages applied for trapping are Vgc = 180V,
Ve = 168V, and Vgg = 150 V. The ions are extracted from
the open-ring Penning trap under different configurations, i.e.,
by applying different voltages to the endcap electrode Vic.
Some of these voltages are shown in Fig. 2(c). Figure 3 shows
time-of-flight distributions for the configurations marked from
(i) to (vi) in Fig. 2(c). These measurements serve to obtain the
energy spread of the trapped ions. The left panel of Fig. 4
shows the number of detected ions versus Vgc. This number
does not increase when the potential barrier decreases from
a certain level. Only when the trap is fully open [dash-dotted
red line in Fig. 2(c)], the count rate increases by 14(2)% due
to low-energy ions. The number of detected ions is shown as
a function of the trapped ions’ energy in the inset of the right
panel after considering the simulation results in Fig. 2(c). The
right panel is obtained from the derivative of the data in the
inset. An exponentially modified Gaussian distribution is used
for the fit. E = 17.0(1) eV with a standard deviation of 1.5 eV
is obtained for the trapped ions.

The transitions for Doppler cooling in 7 tesla are shown in
Fig. 5, following the scheme presented in Ref. [26]. In that
publication, only cooling in the axial direction was applied
(solid arrows in Fig. 5). Radial cooling [36] (dashed arrows)
was introduced later and applied with and without axializa-
tion for the experiments presented here (for axialization, see,
e.g., [7]). The laser system comprises one free-running diode
laser (A = 375 nm) and 10 tunable diode lasers emitting at
A =397 nm (B1, B2, and B3), A = 866 nm (R1, R2, R3, and
R4), A = 854 nm (R5 and R6), and A = 423 nm, stabilized
by means of two wavelength meters (WSU and WS8 from
HIGH-FINESSE [37]), as shown in Fig. 5, both with absolute

Pao 11 Pap1e

423 nm Ws8

P3/2,-1/2 I33/2,-1/2

P1/2,1/2 P1/2,1/2 P1/2,1/2

P1/2,-1/2 P1/2,-1/2 P1/2.-1/2

B1|B2| B3B3 R2 R4

R3
R1

— D3/2.3/2 e D5/2,3/2
S1/2,1/2 _— D3/2,1/2 P — D5/2,1/2
e — D3/2,-1/2 _— D5/2,-1/2
D3/2,-3/2 \ D5/2,»3/2

S1/2,-1/2

Y
R5 + R6 + EOM

Wsu HeNe (632 nm)

FIG. 5. Driven transitions in the *°Ca* ion to perform Doppler
cooling in 7 tesla [26]. Two wave meters are used to regulate the
nine laser frequencies needed in the experiment for cooling (B1-B3)
and pumping the dark states (R1-R6), and the 423-nm laser for
photoionization. See text for further details.

accuracies of 10 MHz and calibrated by means of a HeNe
laser every 180 seconds. The standard deviation of the laser
frequencies while running the experiment is in the range 400—
700 kHz for B1, B2, and B3. The laser powers have been
varied in the different measurements. For the single ion and
two-ion crystal, these were about 520 uW (B1), 340 uW (B2),
280 uW (B3axial), and 1.6 mW (B3;u4ia1). The laser powers
for R1-R6 range from 380 uW to 1.75 mW. We define the
beam diameter as the distance from I, down to Ipnay /€ in the
beam profile monitor. For the cooling-laser beams in the radial
direction, the diameters are measured externally at distances
from the laser outputs equal to the distances to the trap center
resulting in 320 um (B2) and 220 pm (B3). In the axial direc-
tion, the values amount to 500 um for B1 and B3 and about
1.6 mm for the IR lasers. The experiment is running with
all laser beams above saturation. An estimation of the ion’s
temperature has been obtained from plasma considerations in
large crystals (see the Appendix).

III. PENNING-TRAP RESULTS: SINGLE ION AND
TWO-ION CRYSTALS

The motion of a single ion with mass m and electronic
charge ¢ in a Penning trap with a magnetic field B = Bk is
the superposition of three eigenmotions [38], one in the axial
direction defined by the unitary vector k, with characteristic
frequency w, independent of the magnetic field, and two in
the radial plane with frequencies w. and w,,, fulfilling the
relationship

o + o + o, = o7, )]
where
w.=21p 2)
m
is the cyclotron frequency. o, = w./2+ w; and

Wy = w:/2 — wy, with

Vo —2w?
o = Y2 3)
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For more than one trapped ion besides the center-of-mass
motion, other motional modes also play a role. Two identical
ions in a Penning trap are cooled with lasers until they form a
crystalline structure. In our experiment, the orientation of the
crystal along the magnetic field is energetically favorable. For
this configuration, the mode frequencies in the radial plane are
given by [15]

: Q\?
Qf =201+ 1—2( ) : )
o 2 W,
where
Q =w, Qf =30, 5)

are the eigenfrequencies in the axial direction. One can define

as well
> .
The quantum Hamiltonian of the crystal, up to the ground-

state energy, can be written in terms of creation and
annihilation operators [8],

(6)

wt =

H = thaiaJF + th_aia_
+ RQ]DbY o + RQUB, _be
—hSATD by —

m“m,+

" b

m-m,—

b, —, )

with the annihilation operator of the axial modes,

1 1
= x/_2_h (,/msQfZi +i | m[hi) (3

and the annihilation operators of the radial modes: modified-
cyclotron normal modes by 4, bo _ and magnetron normal
modes b, +, b,, — given by

\/ :i:+l/ Pk:l: . &)

The minus sign in the last two terms in Eq. (7) establishes
the instability of the magnetron modes which needs to be
overcome in the cooling process.

bk:t—

A. Cooling of externally produced ions

External ion production has improved the vacuum condi-
tions in the Penning trap. It is also mandatory in order to
implement an unbalanced crystal [15] and to perform mo-
tional quantum metrology in a Penning trap [8] or other
laser-based experiments (see, e.g., [26]). Figure 6 shows
single laser-cooled ions and balanced ion crystals when
Vec =180V, Vg = 168V, and Vgg = 150V, correspond-
ing to a measured value of w, = Q7 =27 x 333kHz. The
images are collected with an electron-multiplying charge-
coupled-device (EMCCD) camera and are the average of 10
acquisitions each with a time window of one second. The
magnification of the optical system is around 18x and is
corrected for aberrations. The radial laser beams are directed
perpendicular to the magnetic field (z) axis in Fig. 6. Radial

FIG. 6. Single **Ca* ion and balanced crystal in the open-ring
Penning trap when the ions are created in the Paul trap, extracted,
transferred, captured, and laser cooled in the Penning trap. Axializa-
tion is applied in (b). See text for further details.

cooling is accomplished for both the single ion and the two-
ion crystal, displacing the radial beams with respect to the
trap center along the r line [Fig. 6(a)], and combining this
with the application of a quadrupolar radio-frequency (RF)
field at w, = 27 x 2.689370 MHz [Fig. 6(b)] to exchange
energy between the radial motions or modes, with amplitudes
of 100 and 25 mVy, for the single ion and the two-ion crystal,
respectively.

The EMCCD image provides more sensitive information
of the system after Doppler cooling, compared to measuring
the number of photons with a photomultiplier tube (PMT). For
example, the projections in the radial direction of the images
in the upper panel of Fig. 6 yield (a) Arpwnam = 2.25(17) um
and (b) Arpwpm = 1.87(9) pum, respectively, while with the
PMT one cannot observe differences in the number of pho-
tons. However, the time for cooling can be better monitored
with the PMT. Figure 7 shows the photons signal-to-noise
ratio for a single laser-cooled “°Ca™ ion recorded with a PMT
simultaneously with the image in the EMCCD camera. Using
the PMT, it is possible to utilize acquisition windows as short
as 500 us.

We have investigated the time ¢ needed to cool a single
40Ca* jon and to form a **Ca* - *°Ca™ crystal when these are
injected externally. Under perfect vacuum, this time ¢ can be
estimated using the model described in Ref. [39]. Defining
s =1/l as the saturation parameter and Ey = hil'/1 4 5/2
with I'=T'(*'Ca®) = 27 x 21.6 MHz (Si;» — Py)» transi-
tion), ¢ is related to the initial trapped ion’s energy E by

3/2

‘= %mﬁ(%) : (10)
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FIG. 7. 397-nm photons signal-to-noise ratio from a single
laser-cooled “°Ca* ion in the open-ring Penning trap as a func-
tion of the acquisition gate in the photomultiplier tube. The inset
shows the PMT signal for a time window of 30 s and a gate of 10
ms. The FWHMy is obtained from the standard deviation of the
background signal.

with #ty = (1 +5)/(sT'/2) and r = (hK)?/(2mEy), with K the
photon’s wave number. In a series of 17 measurements with
a single ion, we obtain t = 165(64) seconds. We assume that
the main energy is in the axial motion as inferred from the
measurements in Sec. II.

Taking s = 3.8, it is possible to deduce a lower limit for
E of 4.2(2.3) eV, which does not coincide with the value ob-
tained in Sec. II, for the main ion distribution. We can attribute
the energy difference to the interaction between the ions and
the residual-gas atoms. To prove this, we do not switch on
laser cooling until a time g after ion injection. The subsequent
time needed for the ion to be laser cooled to the Doppler limit
was shorter for longer times #5. For a total of 16 measurements
with tg ranging from 0 to 200 s, we can extract a decay-time
constant of 225 s, which only depends on collisions between
the ions and the gas atoms, and therefore is applicable to
any ion species. The cooling time for an unbalanced crystal
will thus be shorter in the presence of residual-gas atoms and
appropriate for the experiments envisaged since the trapping
time is above one hour.

B. The two-ion crystal in a high magnetic field

By tuning the trap, we have covered a frequency range of
Q7 /2w = 170-504 kHz. Figure 8 shows the axial-frequency
values for different potentials applied to the trap electrodes.
It also indicates the ion-ion distances from calculations
including the uncertainties from the projection (Gaussian dis-
tributions) of the EMCCD image in the axial direction. Table I
shows the frequency values of the motional modes for the
40cat-4Cat crystals built in this work, corresponding to
the same data points appearing in Fig. 8. The large strength
of the magnetic field allows us to reach large values of Q;t,
maintaining very large Qf The main issue to be overcome
after Doppler cooling is the magnetron motion with large
(nn), where n represents the phonon number. Larger values
of w. and w,, due to the high magnetic field imply lower (n.)

500 = 25
|
__ 400 i 20
N
T . g
< 300 4 15 =
& . + 8
~~ 200 * 10 _S
C}N m * + ko]
100 5
0 : ‘ 0
20 40 60

Trap depth (V)

FIG. 8. Evolution of the common axial frequency measured
(solid squares) and optically determined ion-ion distance (solid cir-
cles) vs trap depth. The solid lines are fits to the data points. The
fitting function for the frequency data is proportional to the square
root of the trap depth, while that for djop_jon 1 inversely proportional
to the cube root. The values of the axial frequencies are listed in the
third column in Table I. The uncertainties of the calculated ion-ion
distance represent 2o of the projection from the photon distribution
of a single ion. In this representation, one of the ions in the crystal is
at zero and the red-shaded area displays the 20 range.

and (n,), further reducing (n,) when applying axialization
[7].

The large magnetic field also improves the efficiency of
axialization. The introduction of a quadrupolar RF driving
field A(¢) in the radial plane generally has the Hamiltonian
form

Hy =AM ) (x5 =), (11)

j=1.2

where A() is in units of energy per area, and the index j refers
to each of the ions. This term is invariant under the normal
mode transformation of uy = (u; + u)/ V2 with u = x, v,

TABLE 1. Motional modes frequencies of a “*Ca* - “°Ca* crystal
for different trap depths in a magnetic field of 7 tesla. The common
axial frequencies have been probed using an external dipolar field in
the axial direction. They are plotted for the different trap configura-
tions in Fig. 8. The radial frequencies are calculated using Eq. (4)
and the stretch axial frequency using Eq. (5). Vrp represents the trap
depth in volts.

Q./2r QL)2m Q7 /2m QFf)2m Q2 Qf/2m Vip
(MHz) (MHz) (kHz) (kHz) (kHz) (kHz) (V)
2.684 2.673 170 294 54 16 7.8
2.674 2.643 286 495 15 46 24.6
2.669 2.626 333 577 21 63 32.6
2.663 2.608 376 651 27 81 40.6
2.652 2.574 445 771 37 115 55.6
2.641 2.539 504 873 48 150 69.8
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yielding

Hy = A@1)) (57 —3). (12)

j=%

Further, after expressing this in terms of creation and annihi-
lation operators and transforming into modified-cyclotron and
magnetron modes, we obtain

Hy =A(1) Z 2X; (ibe b}, ; +H.c.)

j=*
2(1.2 T2 2 T2
+AWD) Y XL 4D — b =Bl ). (13)
j=k

where X; = \/2/(mw?), with 7 defined in Eq. (6) and by, +
in Eq. (9).

A driving of the form A(?) = Ax sin(w.t) allows for the
introduction of a rotating wave approximation (RWA) in the
interaction picture with respect to H, and thus

H| = Ay Z X3(ibe, ;b ; + H.c), (14)
j=%

which increases its validity with increasing magnetic field B.
This term corresponds to a phonon exchange between mag-
netron and modified-cyclotron modes. As shown below, this is
the reason why both modes end up sharing the same amount
of phonons after axialization. Due to the smaller frequency,
this means the magnetron motion will end up with a much
smaller temperature than the modified-cyclotron motion. For
axialization, we start considering the modified-cyclotron and
magnetron motion of a single ion. The effect of cooling may
be expressed in terms of the following master equation in the
interaction picture with respect to Eq. (7):

p = — iAuX?[(ibob}, + H.c.), p]

1 1
+ ) R_’;(bj.pb,- - zbjbjp — E,ob,-bj)

j=c'm
¢ i 1 T ! \
—+ Z Rj bjpbj — Ebjbj,o — E,Objbj s (15)
Jj=c',m

where R and R? represent the cooling and heating rate of
the corresponding mode, respectively. These rates correspond,
respectively, to the absorption and emission strengths of the
optical transition at the detuning of the mode’s frequency [40].
Without axialization (A,x = 0), each motion cools at a con-
stant rate R; = R} — R? and reaches a final phonon number
(nj)r = Ré‘ /R;. With axialization, assuming the cooling rates
are still constant, the dynamics are described by the equations

d

E(nc’) = _AaxXZ(C> — Rcf<n6,> +R£’,’

d 5 ,

E(l’lm) = AaX7(c) = Ru(nm) + Rms
d RL" + Rm

(c) = (€) +24uX>((ne) — (1)), (16)

dt 2

T b:,bm. This term works towards reducing
the phonon difference between both motions. The steady-state
occupation under axialization then becomes

_ 4A§xX4<”ax> + ReRy(ne) s

where ¢ = by b!

N = , 17
(ne) WXTTRR, (17)
()2 = 4A§XX4 (nax) + Re Ry (nm)f (18)
TS T AR XY T RoRy
where we have defined
Rc’ (nc’> -+ Rm <nm> :
() = d L, (19)

Rc’ + Rm

which is the phonon number both motions end up sharing
under strong axialization A, X2 > /RoR,,/2:

(’%’)j‘x = (nm>jfx = (nax)~ (20)

This holds true provided R; and Rﬁ? are constant [40]. This
might not be the case when A, 1s too large [41]. Under
the best conditions observed while tuning the radial laser
beams, the improvement introduced by applying axialization
has been clearly observed from the projections of images as
those shown in Fig. 6, along the radial direction. We have
analyzed a set of subsequent measurements and the mean
values of the FWHM from the single-ion projections in the
radial direction are (FWHM) = 2.25(17) um when axial-
ization is not applied, and (FWHM ¥*) = 1.87(9) um when
Vax = 100 mV,,;,. Note that A, o< Vix and Vi, is the amplitude
of the quadrupolar field applied (V). The uncertainties corre-
spond to one standard deviation. The position of the ion along
the radial direction does not change [Ar = 10(80) nm]. This
shows a significant improvement when applying axialization.
The values of V,x optimal for the single-ion case are in the
range 50-150 mV,,, observing for Vo = 150-250 mV, a
slightly worse performance increasing with V, although still
better compared to the case where V,x = 0 mV,,, as shown in
Fig. 9. This behavior does not follow the ideal case of Eq. (20),
where R; and Rﬁf were kept constant and unaffected by the
strength of A,x. The FWHM in the axial direction remains the
same from V,x = 0 to Vax = 250 mVp,.

Axialization of the common and breathing mode of the
crystal in the radial plane should be accomplished with the
same RF of the field since & + Q ~ w, (Table I). In this
respect, the common radial modes can be treated similarly
to the radial motions of a single ion [Eq. (16)]. However,
this might not be the case for the breathing modes, which,
although following the same equation, are expected to differ
in the cooling rates.

The values of the FWHM from the projections in the
radial directions of the images of the two ions in Fig. 6 are
(FWHM) = 2.40(14) pum and (FWHM*) =2.09(16) pum
for ion 1, and (FWHM) =2.36(16) um and
(FWHM ) = 2.01(17) um for ion 2. For this measurement,
Vax = 25 mV,. For larger values of Vi, the two ions align on
the radial plane, as shown for two cases in Fig. 9. The crystal
becomes stable again for V,, > 425 mVp,. In this region
(IID) in Fig. 9, the position of the ion crystal moves by about
Inm/mV,,. This might be due to deviations from the ideal
quadrupolar field arising from mechanical imperfections or
small misalignments between electrodes. This hypothesis is
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FIG. 9. Evolution of the (FWHM),4ia1 as a function of the ax-
ialization amplitude for one ion and for the two ions forming a
balanced crystal. The crystal is stable along the axial direction in
regions (I) and (III). Each data point is the average of 10 consecutive
measurements. In region (II), the crystal is oriented most of the time
in the radial plane. In this particular series of measurements, for
Vax = 300 mVpp, the crystal is oriented along the axial direction
most of the time. Some characteristic images from the different
regions are shown.

reinforced by observing the increasing trend in (FWHM) ,gial
in Fig. 9.

While for a single ion these possible effects do not counter-
act the improvement due to axialization when V,x > 25 mV,,
this is not the case for two ions [region (II) in Fig. 9].
Although Q(i + Q% ~ w,, the two-ion crystal along the mag-
netic field axis can be perturbed more easily, as observed
in Fig. 9, and thus the crystalline structure will be more
sensitive to possible deviations from the ideal quadrupolar
field. Our theoretical approach is based on a harmonic ap-
proximation around the axial potential minima of each ion.
This approximation is valid as long as the axial angular
momentum L, of the crystal remains negligible. Beyond a
certain threshold of L,, the potential minima align on the radial
plane instead, rendering the axial configuration unstable and
the radial one stable. Due to their axial symmetry, the bare
Penning-trap potentials conserve L, and cooling contributes
to its reduction. Therefore, the axial configuration is stable
for most cooling scenarios. Nevertheless, this is not neces-
sarily the case in the presence of axialization. Axialization
breaks the axial symmetry and therefore has the potential to
increase L,. The breathing mode, being the only one affected
by the nonlinear Coulomb repulsion, is most susceptible to
this effect. Together with the possibility of small misalign-
ments mentioned above, this intriguing behavior is the result

of nonlinear effects that establish the ground for further
investigation.

IV. CONCLUSIONS AND OUTLOOK

In this paper, we have shown a single laser-cooled ion and a
two-ion crystal in a 7-tesla Penning trap when the ion species
(*°Ca™) is produced by photoionization in a Paul trap in the
absence of a magnetic field, extracted, transported, and cap-
tured in-flight in the open-ring Penning trap. Balanced crystals
have been formed for several trap configurations, allowing a
range of common axial frequencies of a few-hundred kHz.
The energy of the ions with respect to the minimum of the trap
potential is a few electronvolts. The effect of having a high-
magnetic-field strength has also been analyzed and we have
found two advantages. First, the high magnetic field reduces
the contribution of residual terms counteracting the cooling
process of the radial motion under axialization. Second, the
same field will yield a smaller mean phonon number in the
magnetron motion in the axialization process if the cooling
rate of the modified-cyclotron motion (single ion) or modes
(two-ion crystal) is much larger than the magnetron ones.
Although the advantage of axialization has been demonstrated
for a single laser-cooled ion, the results are not optimal for
the balanced crystal, which is more sensitive to perturbations,
for example, arising from misalignments of the electrodes
and with cooling rates for the common (such as the single-
ion case) and stretch modes that can be different. In order
to achieve similar cooling results for both modes, different
optimal amplitudes (V) should be applied for each. This is
not possible since both modes require the same axialization
frequency w,. This problem will be lifted in the case of unbal-
anced crystals since the relationship QF + QF ~ w. does not
hold.

The performance of the system, obtained from the flu-
orescence images, suggests that Doppler cooling of an
unbalanced crystal made of a *°Ca* ion and any other charged
particle is feasible, overcoming the instability of the mag-
netron motion and allowing one to use the platform for
motional metrology or other laser-based or laser-assisted ex-
periments. Motional metrology has been presented proposing
22Th* as the target ion [8]. The production and injec-
tion of this ion species is currently under investigation.
When w,/2m = 333kHz, the frequencies of the motional
modes of the crystal 22Th* -4°Ca* using the linear approx-
imation [15], which is valid in the quantum regime, are
Q. /2m = 2.647TMHz, Q /2m =416kHz, Q,, /27 =68kHz,
QF /2w =21kHz, Q /27 =165kHz, and Q /2w =482 kHz.
This requires two quadrupolar fields for axialization, i.e.,
one at a frequency 2, + £2,, ~ 2 x 2.715 MHz and another
with QF + Q} ~ 27 x 437kHz. This will allow one to ap-
ply two quadrupolar fields simultaneously and observing the
cooling of the two modes. In any case, in order to measure
the final temperature and to carry out experiments of quan-
tum metrology with the unbalanced crystal, the S;,, — Ds»
(clock) transition in “°Ca* [42] needs to be addressed to bring
the crystal into the ground state and to accurately measure the
motional frequencies of its common and breathing modes.
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FIG. 10. Images of ICCs in the 7-tesla Penning trap formed
by different amount of ions. The crystal structure becomes clearly
visible from (b). In all of these cases, the ions were created inside the
Penning trap. The open-ring Penning trap was operated with an axial
oscillation frequency for a single **Ca™ ion in the center of the trap,
w, = 2w x 170kHz.
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APPENDIX: IONS’ TEMPERATURE IN THE
COULOMB CRYSTAL

Here we show ion Coulomb crystals (ICCs) and we use
one of them to extract the ions’ temperature. ICCs in Pen-
ning traps involving more ions have been observed and
extensively studied at NIST-Boulder [32,43] (°Be* ions in
4.46 T) and Imperial College [33] (*°Ca* ions in 1.86 T).
The temperature of large [44] and small [45] ICCs has been
measured with these setups using techniques beyond Doppler
cooling. In the experiments reported here, ICCs have been
formed as shown in Fig. 10 for ions created inside the
7-T Penning trap. The images are collected with the EM-
CCD camera and an acquisition time window of one second.
The magnification of the optical system here is around x15.

30 r ]
™ Multi-ion crystal (d)
= o5 Single ion (f)
-}
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Tn/ v,=170(2) kHz
§ 1.5
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Z
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FIG. 11. Top: Projections along the magnetic field axis of the
crystal shown in Fig. 10(d) and that of the single ion in Fig. 10(f).
Bottom: Projections along the radial direction of the crystal shown
in Fig. 10(d) and that of the single ion in Fig. 10(f). The peaks are
not fully resolved in this direction due to the rotation of the crystal
forming an ellipsoid around the magnetic field axis.
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The crystal structure is clearly visible in Fig. 10, from
Fig. 10(b) down to a single ion in Fig. 10(f). The optical
system was not corrected for aberrations. Figure 11 shows the
projections along the magnetic field axis and perpendicularly
to it in the plane of the figure for the image in Figs. 10(d)
and 10(f).

Defining the ion density ng, the ratio between w, and the
plasma frequency [32],

2
qno
w ==

p = 2w, (®, — @), (A1)
€om

with €y being the vacuum permittivity and w, the rotation
frequency of the crystal, is given as a function of the ratio
o = zo/ro [Fig. 10(d)] by

>+ 1
a)2 _— [@%M) _ 1], (A2)
w, oa*—1[2 u, — 1

IS
—_

with
Uy = ———. (A3)

For the case shown in Fig. 10(d), w, =27 x 386kHz,
w, =27 x 27.8kHz, and ny = 1.3 x 10% cm>. The ion num-
ber is &~ 70. From the plasma, we can estimate the temperature
T observing, e.g., Fig. 11, where it is possible to extract an
average ion-ion distance of ~20 pum. This average distance
is defined as the Wigner-Seitz radius (ap) in the Coulomb
coupling parameter [46],

o2

= —, (A4)
vi% EOGokBT

where kg is the Boltzmann’s constant. Taking I' = 178 (con-

sidering an infinite plasma) for a phase transition to occur

[47], an upper limit for the temperature of 7 < 5mK can be

found.
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