Taylor & Francis
Taylor & Francis Group

Journal of Modern Optics

ISSN: 0950-0340 (Print) 1362-3044 (Online) Journal homepage: http://www.tandfonline.com/loi/tmop20

Sympathetic cooling in two-species ion crystals in
a Penning trap

S. Schmidt, T. Murbéck, Z. Andelkovic, G. Birkl, K. Kénig, W. Noértershauser, R.
C. Thompson & M. Vogel

To cite this article: S. Schmidt, T. Murbdck, Z. Andelkovic, G. Birkl, K. Kénig, W. Noértershauser, R.
C. Thompson & M. Vogel (2018) Sympathetic cooling in two-species ion crystals in a Penning trap,
Journal of Modern Optics, 65:5-6, 538-548, DOI: 10.1080/09500340.2017.1342877

To link to this article: https://doi.org/10.1080/09500340.2017.1342877

@ Published online: 16 Jul 2017.

N
CJ/ Submit your article to this journal &

||I| Article views: 58

A
& View related articles &'

(&) view Crossmark data &'

ssMark

Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalinformation?journalCode=tmop20


http://www.tandfonline.com/action/journalInformation?journalCode=tmop20
http://www.tandfonline.com/loi/tmop20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/09500340.2017.1342877
https://doi.org/10.1080/09500340.2017.1342877
http://www.tandfonline.com/action/authorSubmission?journalCode=tmop20&show=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=tmop20&show=instructions
http://www.tandfonline.com/doi/mlt/10.1080/09500340.2017.1342877
http://www.tandfonline.com/doi/mlt/10.1080/09500340.2017.1342877
http://crossmark.crossref.org/dialog/?doi=10.1080/09500340.2017.1342877&domain=pdf&date_stamp=2017-07-16
http://crossmark.crossref.org/dialog/?doi=10.1080/09500340.2017.1342877&domain=pdf&date_stamp=2017-07-16

JOURNAL OF MODERN OPTICS, 2018
VOL. 65, NOS. 5-6, 538-548
https://doi.org/10.1080/09500340.2017.1342877

Taylor & Francis
Taylor &Francis Group

'.) Check for updates
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ABSTRACT

We have studied the formation and properties of two-species ion Coulomb crystals in the Penning
trap of the SpecTrap experiment. These crystals have been formed by injection of admixture ions from
an external source into a previously confined and laser-cooled cloud of magnesium ions. This kind of
study, performed over a range of the admixture ions’ charge-to-mass ratios, indicates the conditions
for their sympathetic cooling and the formation of two-species ion crystals. This mechanism allows
efficient cooling of the admixed species such as highly charged ions which do not feature suitable
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laser-cooling transitions, and thus make them accessible to high-resolution laser spectroscopy.

1. Introduction

Precision spectroscopy of optical transitions in atoms
and ions requires efficient cooling of their motion to
minimize line shifts and broadening due to the Doppler
effect (I1). For atomic and molecular ions confined in
Penning traps (2, 3), several cooling techniques have been
developed (4), partly allowing ions to be cooled down to
the quantum mechanical ground state of their motion in
the trap (5). The most common techniques applied in
Penning traps are buffer gas cooling (6), resistive cooling
(7, 8) and various forms of laser cooling (5, 9, 10). Bufter
gas cooling and resistive cooling are universal in the sense
that they are independent of the ions’ internal properties,
but usually limited to the ambient temperature which
often is liquid helium temperature of around 4 K. Laser
cooling goes much below that. Typical limits for laser
Doppler cooling are in the mK regime and more elaborate
techniques allow even lower temperatures (10-12). On
the other hand, laser cooling relies on the presence of
suitable optical transitions that can be driven by lasers. In
many ion species, including highly charged ions, suitable
transitions do not exist or are inaccessible by present-day
lasers (13). However, when laser-cooled ions are confined
together with such species, they provide cooling mediated
by the Coulomb interaction, named ‘sympathetic cooling’
(4, 14).

We have studied the sympathetic cooling of a number
of different admixture ion species injected into a Penning

trap filled with laser-cooled magnesium ions with m/q =
24 u/e for **Mg™. Under the present conditions, the mag-
nesium ions form near-planar crystalline structures (15),
and the second species can become embedded in the
crystal, depending on the confinement details. Measure-
ments have been performed for mesoscopic magnesium
ion crystals injected with singly charged ions of mass-to-
charge ratios m/q = 2u/e (H;r), m/q = 12u/e (C%),
m/q = 28u/e (N;r), and m/q = 44 u/e (CO;“).

2. lon Coulomb crystals in a Penning trap

A Penning trap provides confinement of charged parti-
cles such as ions by a superposition of a static homoge-
neous magnetic field along the trap’s central axis with
a static electric quadrupole potential (2, 3). The former
provides radial trapping on account of the Lorentz force,
while the latter confines the ions in a harmonic potential
well along the axis. Under ideal trapping conditions, i.e.
for perfect field geometry, an ion performs a motion
that is the superposition of three independent oscillatory
motions, two in the radial plane (perturbed cyclotron
and magnetron motions) and one in the axial direction
(16). The frequencies of these motions are labelled w.,
w— and w, respectively. They typically obey a hierar-
chy with @y > @, > w_. For a ?Mg" ion in the
present trap at a trapping voltage of U = 50V and a
magnetic field strength of B = 4.1T, these frequencies
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are w, = 2w x 241.4kHz, w_ = 27w x 11.4kHz and
w4 =27 x 2.55 MHz.

For a single ion, the amplitudes of these motions are
independent from one another. In case of the cyclotron
and axial motions, a reduction of the ion kinetic energy
by any means of cooling will reduce the respective oscil-
lation amplitude (16). In the present experiment, we are
concerned mainly with the axial direction since the laser
cooling is performed along the trap’s main axis. The axial
oscillation amplitude a; of an ion is related to its axial
kinetic energy E, by

2= M
mw?

which under the present condition leads to an amplitude

of roughly one pm at an ion energy of one ueV, corre-

sponding to a temperature of about 10 mK.

In confined ion ensembles (which are one form of a
non-neutral plasma) the motions become coupled due to
ion-ion interaction via the Coulomb force. Again, a re-
duction of the ion kinetic energy (the ensemble tempera-
ture T) will lead to reduced amplitudes of the
cyclotron and axial motions, but also to a decrease in
ion-ion distance which in a cold plasma leads to a strong
correlation between the ions that is described by the
plasma parameter
e

ry=—"—,
P 4 €gaskpT

2)
where € is the permittivity of free space and kp is the
Boltzmann constant. The Wigner-Seitz radius a,s (the
average ion-ion distance) is defined by afvs = 3/(4mn)
at the ion number density #n. The collective behaviour of
confined ions in terms of a non-neutral plasma has been
described in detail for example in (17).

At sufficiently low temperatures T (i.e. for sufficiently
large plasma parameter I'y), the ions form ordered struc-
tures determined by the balance of their mutual Coulomb
repulsion and the common confining potential. These
configurations are referred to as ‘ion Coulomb crystals’
(18), and have been observed in numerous experiments
and for a broad range of experimental conditions (19-
26).1InaPenning trap, due to the presence of the magnetic
field used for ion confinement, the crystals perform a
global rotation about the trap’s central axis. In the absence
of external torques, for example, by radial lasers, buffer
gas or rotating wall drives (27), the rotation frequency
remains constant and its value depends mainly on the ini-
tial conditions (28). For externally produced ions, these
initial conditions are largely given by the details of ion
capture. The global rotation frequency w, lies between
the magnetron frequency w_ and the reduced cyclotron
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frequency w.. For the typical conditions in the present
experiment, it is close to the magnetron frequency w_.
Hence, the ions can be regarded as weakly bound in
the radial direction and consequently form a low-density
structure of large radial extent. In the limit T — 0, the
ion number density # is homogeneous and determined
by the global rotation frequency w, according to (28)

2meg
n=——ow (o —w) 3)
q
where w, = ¢gB/m is the unperturbed cyclotron fre-
quency. The density n has a minimum for w, = w4+

and a maximum for w, = w,/2. The overall shape of the
crystal at a given value of w, and B is that of an ellipsoid
of revolution with an aspect ratio « (axial dimension to
radial dimension) determined by the trap potential U.
For small values of U (weak axial binding), it tends to
be prolate (cigar-shaped along the trap axis), while for
large U (strong axial binding), it tends to be oblate, see
the discussion in (28).

3. Experimental setup and procedures

The present experiments have been performed with the
SpecTrap Penning trap set-up (15, 29, 30) at the HITRAP
facility (32) at GSI, Darmstadt, Germany. It uses a cylin-
drical, open-endcap Penning trap (15, 29, 31, 33) located
in the centre of a superconducting magnet for dynamic
capture (34) and confinement of externally produced
ions. These ions can either be obtained from a dedicated
pulsed source of singly charged ions (35) or from other
sources along the HITRAP low-energy beamline (36)
such as an electron beam ion source (EBIS) (37) or, in
the future, the HITRAP deceleration facility (32). For
the present experiments, all singly charged ions were
produced in the pulsed source (35) of the SpecTrap ex-
periment, while all highly charged ions were produced in
the EBIS. Both sources can be operated at the same time,
and a quadrupole deflector mounted above the setup can
selectively inject ions from either source into the trap.
Both sources are operated to deliver roughly 10° ions in
bunches of a few s in duration at repetition rates of
around one Hz.

The relevant part of the low-energy beamline is shown
in Figure 1. It uses electrostatic steering, re-focussing
and 90° deflection to transport the ion bunches from
the source of highly charged ions to the experiment, as
has been detailed in (36). By a pulsed drift tube located
in the horizontal part of the beamline and a subsequent
pulsed drift tube inside the magnet set-up, the ions can be
decelerated from transport energies of up to several keV
per charge to few tens of eV per charge to allow dynamic
capture into the trap.
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Figure 1. Schematic of the part of the HITRAP low-energy beamline connecting the EBIS offline ion source with the SpecTrap experiment.
Also indicated is the beam path of highly charged ions from the EBIS (red arrows) and of singly charged ions from the pulsed source

(green arrows).

The trap is a five-pole cylindrical open-endcap Pen-
ning trap (ring electrode, two compensation electrodes,
two endcap electrodes) with an additional capture elec-
trode on either open end, see Figure 2. Dynamic capture
is achieved by keeping the lower capture electrode on a
repulsive potential, thus reflecting the ion bunch entering
from above. The upper capture electrode is then pulsed
from ground to the same repulsive potential, hence trap-
ping the ions between them. This situation is depicted
in Figure 3(a). The upper capture electrode is equipped
with a non-destructive ion detector (NID) (38) that yields
timing information on the passing ion bunch. Figure
3(b) shows the NID signal as a function of time for a
Mg+ ion bunch that enters the trap, is reflected from the
lower capture electrode, and leaves the trap again after
roughly 3.5 ps. These ions have been injected at a kinetic
energy of 365(5) eV. The information is used to optimize
the capture timing. Besides the timing information, the
induced signal strength gives detailed information about
the number of ions entering the trap (38).

To gain further understanding of the ion dynamics
upon capture, we have kept the Mg™ ions confined for a
variable time before opening the lower capture electrode
and detecting the number of ions on a multi-channel
plate (MCP) detector which can be positioned about
0.5 m below the trap when the laser light is not needed.
The results are depicted in Figure 3(c). An exponential
decay similar to a damped oscillator was used to fit the
data. The envelope of the curve indicates the decay of the
number of detected ions at the MCP due to increasing
radial broadening of the ion bunch over time. The oscil-
lation period was found to be 3.7 us, whereas the decay
takes place on the timescale of several tens of js. The
sharp minima and maxima result from the conversion
from axial kinetic energy to potential energy and back
during the reflection process. The results show that the
bunch can be seen as uniformly distributed inside the

lons Stored
in Trap
Center

Upper
Capture
Electrode
and NID

Light
to
Detector

Lower
" Capture
Electrode

Figure 2. Left: Sectional view of the SpecTrap experimental setup
with (A) Penning trap, (B) Magnet, (C) LHe dewar, (D) LN, dewar,
(E) Pulsed drift tubes, (F) Non-destructive ion detector, (G) CCD
camera. Right: Sectional view of the SpecTrap Penning Trap.

trapping region approximately 200 s after loading. They
are important for understanding the spatial distribution
of the ions inside the reflection region (reflectron) and
the harmonic trap potential, if applied.

We have further investigated the dynamic capture of
different pure argon-ion bunches with charge states up
to Ar'3* from the HITRAP electron-beam ion source
(EBIS). The parameters of this kind of ion injection are
representative of the future operation with heavy highly
charged ions from the HITRAP deceleration facility.
Moreover, highly charged argon ions are of scientific
interest for the SpecTrap experiment, as will be detailed
below. This source, located about 20 m upstream along
the low-energy ion beamline (36) provides bunches of
selected ion species of up to several tens of thousands of
ions at a repetition rate of several Hz. The measurement
scheme for the determination of the oscillation period
inside the reflectron is identical to the one used for Mg™.
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Figure 3. (a) Depiction of dynamic capture, (b) signal induced in the upper capture electrode (NID pick-up electrode) of an ion bunch
reflected from the lower capture electrode, (c) ion signal as a function of confinement time after ejection to the MCP detector.

Table 1 shows the measured and the calculated oscilla-
tion periods of confined ion bunches of different charge
states g/e = 4, g/e = 8 and g/e = 13 and different
kinetic energies. In all cases, the calculated values have
been obtained from a numerical solution of the equation
of motion of a single ion in the trap potential and are
in good agreement with the experimental observations.
This further corroborates the fact that the minima and
maxima in the Mg™ ion extraction spectra of Figure 3 are
caused by the dynamics of the oscillating ion bunch. Note
that the uncertainties of the oscillation periods are much
smaller than the energy uncertainties suggest, because
in the given potential, the oscillation frequency is largely
independent of the oscillation energy. The measurements
also show that even for low mass-to-charge ratios and
high ion kinetic energies, the axial oscillation period is
longer than the temporal ion bunch extension of about
0.5 s (36), ensuring its complete capture. This is partic-
ularly valuable when bunches of rare ions are considered,
and the loading process needs to be efficient. For the
present ion species such as Mg™, H;, Cct, N;, and CO;
from our dedicated pulsed source, this is not crucial, but
allows well-defined ion capture.

4. Two-species ion crystals: experimental
observations

The case of single-species ion crystals in the present set-
up has been discussed in detail in (15), where we have
achieved cooling of externally produced Mg* ions from

energies of several hundreds of eV to energies of the
crystalline state below peV within seconds. Based on
these results, two-species ion crystals have been produced
by injection of singly charged admixture ions from the ex-
ternal ion source (on the right-hand side of Figure 1) into
a previously confined cloud of laser-cooled Mg™. Besides
Mg™, the external ion source can produce a variety of
singly charged ion species from residual gas. Changing
between the two configurations (production of Mg™ and
production of ions from residual gas) is achieved by
adapting the electron energy used for impact ionization.
A specific mass-to-charge ratio can be selectively injected
into the trap by adjustment of the timing for dynamic
capture. The resolving power of this process is sufficient
to select between the species under discussion.
Two-species ion crystals composed of Mg" (m/q =
24 u/e) and admixture ions with mass-to-charge ratios of
m/q = 2u/e (HJ), 12u/e (CT), 28 u/e (N), and 44 u/e
(COJ) have been investigated, such that a large range of
charge-to-mass ratios is covered, both below and above
the value for Mg ™. Laser cooling of the stored magnesium
ions is achieved on the red-detuned side of the 279.55-
nm 2$; /2 —2Ps /2 transition with a typical detuning of
half the natural linewidth of 277 x 41.8 x 10°s~1. Images
of the Mg™ ion fluorescence have been taken by a CCD
camera along a radial optical access perpendicular to the
trap axis at a rate of one frame per second. For confined
ion crystals, these images show the horizontal layers of
ions in the crystal. Structures in the radial plane are not
resolved since the global rotation of the crystal about
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Table 1. Measured and calculated oscillation periods of captured ion bunches for different values of the ion kinetic energy per charge

state and for different charge states of argon.

lon species Artt Ar8t Ar'3t Arl3+ Arl13+ Ar'3t

Kinetic energy per charge state (eV) 215(10) 215(10) 115 (10) 165 (10) 215(10) 265 (10)
Measured oscillation period (jus) 2.968 (6) 2.104(2) 2.097 (1) 1.751 (1) 1.625 (2) 1.485 (1)
Calculated oscillation period (jus) 2.941 (21) 2.079 (14) 2.052(15) 1.724 (5) 1.585 (4) 1.439 (5)

the trap axis is much faster than the exposure time of
imaging. Details of the imaging system have been given
in (15). A typical image is shown in Figure 4 on the
top right. It indicates the imaged confinement region
as a dashed circle. The dashed vertical lines show the
image area which has been used to determine the crys-
tal layer structure from the axial intensity profile. The
temporal evolution of this layer structure (as depicted in
Figure 4, top left) has been observed when admixture ions
are injected into an existing Mg™ ion crystal. To enhance
the presentation of the layered structure, the averaged
background intensity is subtracted from the image.

For admixture ion injection, the trap electrode volt-
ages are switched as discussed above, leading to an axial
displacement and rapid heating of the ion crystal ac-
companied by a sudden decrease of fluorescence. After
a typical period of a few seconds, the crystalline structure
and fluorescence are re-established. In the figures below,
red crosses mark deliberate switching events without ad-
dition of ions, used as a reference for the switching events
with ion injection, marked by arrows. The deliberate
capture gate switching cycles without ion injection (for
example at times ¢ of 20, 40, 80 and 140s in Figure 4)
temporarily heat the ion crystal and fully extinguish the
fluorescence. In these cases, the ions re-crystallize and
fluorescence fully recovers to the value extrapolated from
the state before switching, i.e. there is no ion loss due to
switching.

4.1. Injection of CO}

Images of Mg™ ion crystals have been taken both before
and after loading of CO; and the evolution of the fluo-
rescence signal and the crystal layer structures have been
observed over the course of a few minutes (Figure 4).
Before loading CO;Ir (0 < t < 100s), the fluorescence
signal and the axial cloud extent slowly decrease. After
injection of COJ (m/q = 44u/e), the species with the
largest mass-to-charge ratio under investigation, at times
t of 100, 120 and 155, the axial extent of the ion cloud
increases and — while the charge density, as determined
from the layer distance, remains unchanged - additional
crystal layers are formed. Both the total fluorescence sig-
nal in the central region of the crystal and the number
of crystal layers increase, whereas the fluorescence at the

center of each layer is identical before and after loading
CO; . After the end of the CO; loading phase (¢ > 170s),
the radial transport of Mg™ and the resulting decrease
of the axial cloud extent continues for the CO5 -Mg™"
crystal with the same rate as for the single-species Mg™
ion cloud.

4.2. Injection of N

Comparable effects have been observed after injection of
N ions (m/q = 28 u/e), see Figure 5. The first injection
of Nj at t = 10s is accidentally inefficient. Similar to
the non-loading capture gate switching event at t = 40
in Figure 4, fluorescence recovers at a level matching the
reduction in the number of layers (6 to 5 layers) as a
consequence of the standard ion number decay due to
loss. Thereafter, the cloud size increases upon further
loading of N at t = 35s,t = 55s,and t = 70s and
the density is constant before and after each injection of
N The crystal structure of the two-species ion cloud is
clearly observable. The fluorescence signal for a specific
layer is again found to be approximately unaltered before
and after loading of N and consequently the total fluo-
rescence increases as additional layers are formed. After
the last injection of N;r (at t = 70s), the fluorescence
rate and the axial cloud extent slowly decrease due to
gradual ion loss, until at ¢+ = 185s a sudden drop of
fluorescence occurs, which we attribute to heating effects
not balanced by laser cooling giving a new equilibrium
with higher temperature and lower fluorescence for our
laser detuning.

4.3. Injection of C*

Figure 6 shows a typical injection process of C* (m/q =
12 u/e). Again, the crystal structure is re-established after
injection of C* and again the axial cloud extension in-
creased due to the formation of additional crystal layers.
However, in contrast to the cases above, no increase of
the total fluorescence following the injection of C* is
observed (Figure 6, bottom left). Since the cloud exten-
sion increases nonetheless, this means that the average
fluorescence per layer is reduced. With a constant charge
density per layer, this must be caused by the C* ions
being incorporated close to the crystal axis as expected,
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Figure 4. Right: lon crystal images taken at the specific times indicated. Top left: enhanced presentation of the crystal layer structure
as a function of time. Bottom left: fluorescence signal rate as a function of time, with injection gates for C02+ indicated. The blue dots

represent the times for the images on the right.
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Figure 5. Right: lon crystal images taken at the specific times indicated. Top left: crystal layer structure as a function of time. Bottom left:
fluorescence signal rate as a function of time, with injection gates for N;” indicated.

see Section 5.2. Similar to the observations with N2+, the
fluorescence rate and the axial cloud extent decrease after
re-establishment of the crystal structure at t = 165, until
att = 85s a sudden drop of fluorescence occurs, similar
to the one discussed in the previous section.

4.4. Injection of H}

The lightest ion species under investigation was Hj
(m/q = 2u/e). Immediately after injection of HJ, flu-
orescence is fully lost as in the previous cases. In contrast
to these, the fluorescence recovers only to a fraction of
the initial value and the images show no crystalline struc-
ture, whereas the axial cloud extension remains constant
(Figure 7). This indicates that no particles are lost in the
capture process and the decreased signal rate is a genuine
characteristic of the Hi -Mg™ -ion cloud.

5. Discussion
5.1. Involved processes

We briefly discuss the relevant processes which deter-
mine the ion dynamics. Under the present experimental
conditions, the confined Mg™ ion crystals are subjected to
laser cooling and to heating by interaction with residual
gas (mainly helium at a pressure of the order of 10~8 mbar
and at the ambient temperature of about 4 K), with laser
cooling dominating by far, hence the rapid crystallization
previously observed for pure Mg™ crystals (15). Note,
that for Mg™ at initially high energies (far above 4K),
the residual gas provides eflicient buffer gas cooling, as
discussed in (I15), whereas for cold Mg™" in the laser-
cooling regime and close to the Doppler limit (far below
4K) it acts as a heating mechanism. Energy dissipation
from the magnetron motion for example by buffer gas
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Figure 6. Right: lon crystal images taken at the specific times indicated. Top left: crystal layer structure as a function of time. Bottom left:
fluorescence signal rate as a function of time, with injection gate for C* indicated.
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Figure 7. Right: lon crystal images taken at the specific times indicated. Top left: crystal layer structure as a function of time. Bottom left:
fluorescence signal rate as a function of time, with injection gate for H; indicated.

cooling gas tends to increase the radius of the magnetron
motion (16), and may eventually lead to ion loss from the
confinement region.

The admixture jons are subjected to sympathetic cool-
ing via the laser-cooled Mg™ as will be detailed below and
to similar heating by residual gas. As sympathetic cooling
depends on more parameters than laser cooling which
vary during the course of observation, one can expect the
competition between these two processes to display more
features.

In all cases under consideration, there is quasi-
continuous ion loss on long time scales as would be ex-
pected in the presence of residual gas. The observed time
constants agree with the expected value of about 100s
for loss due to magnetron expansion of the ion motion
beyond the confinement region (40). This loss cannot
directly be deduced from the total observed amount of
fluorescence since the light collection region is finite,
and there is centrifugal separation between different ion
species, as will be detailed in the next section.

5.2. Centrifugal separation

The different observed characteristics of the present two-
species ion crystals can be classified with regard to the
mass-to-charge ratio of the sympathetically cooled species.
Generally, for a multi-species plasma at low temperature,
its rotation tends to produce centrifugal separation of its
components. As long as the plasma is not yet in thermal
equilibrium, the different species will rotate with different
frequencies, and collisions between the two species will
cause a net transfer of momentum. As a consequence,
an inward radial flux of one species and an outward
radial flux of the other species is created (41). The plasma
evolves until it reaches thermal equilibrium, which is
characterized by a rigid-body rotation. In this case, both
species rotate with the same frequency w, but experience
a different centrifugal potential due to their different
masses. The degree of separation depends on the plasma
temperature and on the difference of the involved mass-
to-charge ratios. If the separation is complete, the species



are arranged in separate concentric rings with the ion
with smaller mass-to-charge ratio in the centre of the
trap. Such complete separation has been observed in
several experiments, for example for two-species clouds
consisting of cold beryllium and mercury ions (43) as well
as for combinations of singly charged and highly charged
ions (42).

The increasing observed fluorescence rates after in-
jection of ions with masses larger than Mg™, as shown
in Figures 4 and 5, can be attributed to radial separa-
tion of the different ion species. For CO;r and N7, the
mass-dependence of the centrifugal potential results in
an accumulation of the fluorescing Mg™ ions near the
trap centre, whereas the heavier ions are pushed to larger
radii outside the observation region. The increase in total
ion number through injection causes the formation of
additional crystal layers. As a consequence, the fluores-
cence from the central area signal increases since these
layers have the same Mg™ fluorescence density as the
single-species ion crystal.

For ion species with masses smaller than Mg™ (Figures
6 and 7), the non-fluorescing ions accumulate near the
trap centre and the Mg™ ions are pushed out of the central
region. Although the number of visible layers increased
upon C™ injection, the total fluorescence decreased be-
cause the detected fluorescence now stems from the less
intense wings of the laser field distribution. The same
effect can be observed for H; . Here, the fluorescence
decreases even more than for C*, which can be attributed
to a more complete separation of the two ion species
because of their larger mass difference and heating effects,
as discussed below.

One unresolved feature is that in such a situation,
one would expect a central depression in the radial flu-
orescence distribution due to the displacement of the
Mg™ ions. In experiments where the complete cloud was
imaged, such structures were reported (42). In the results
presented here, no such effect was observed. This maybe a
misalignment artefact when the centre of the imaged area
is not identical to the centre of the trap. There could also
be the influence of the integration along the line of sight as
well as the inhomogeneous illumination with a Gaussian
profile laser beam that could cause the central depression
to be overcompensated. The observation could also be
due to incomplete separation of the species due to the
raised temperature in this case.

5.3. Temperatures

As our radial projections of the magnesium ion cloud can
reveal ordered structures only along the axial direction
and not within each layer, we give limits on the actual
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Mg™ ion temperature T before injection of the second
species in the range of Tp = 1mK < T < 6mK =
Tr, where Tp is the Doppler-limited temperature (15)
and Tt is the temperature corresponding to a value of
I, = 140 at the ion number density n = 3.4 x 107 cm™>.
This is in correspondence with detailed simulations of
ion Coulomb crystals which show that as I';, approaches
a value of about 140, the ion cloud shows distinct density
modulations along the axial direction as observed (with
only a small amount of diffusion of ions from one layer
to another), whereas in the radial direction the ions are
more likely to change places (a liquid-like state) (44).
This limit of the ion temperature is corroborated by our
recent investigations of the cooling behaviour of singly
charged magnesium ions (15), which yield an upper limit
for the ion temperature of about 10 mK. Here, the ion
temperature was extracted from the Doppler-broadend
lineshape of the optical transition upon laser cooling.

After injection and sympathetic cooling of admix-
ture ions with mass-to-charge ratios larger than that of
magnesium, the crystalline structure is fully restored, see
Figures 4 and 5. This indicates that the magnesium ion
temperature is still below 10 mK. As the crystalline state
is preserved while the admixture ions are present, strong
heating directly after loading introduced by this second
ion species can be ruled out. Since the ions equilibrate by
their Coulomb interaction, one may assume the second
species to adopt a similar temperature, given sufficiently
long interaction times. We hence assume 10 mK as the
upper limit for the temperature of all ions in the crys-
tal.

Upon loading of admixture ions, the observed long-
term decrease in total fluorescence is faster than explica-
ble by particle loss from the trap alone. Such a decrease
is not observed for single-species Mg™ crystals (15), and
indicates some amount of heating introduced by the ad-
mixture ions which adds to the residual gas heating. In
the cases of Nj and C¥, after a few tens of seconds it
leads to the crystal structure of the cloud no longer being
observable.

There is also an additional, abrupt decrease of fluores-
cence seen at t = 85s for C* and at t = 185s for N
Since the axial cloud extension before and after this step
in fluorescence is similar, also this effect is not attributed
to ion loss. It may instead be attributed to heating by
residual gas overcoming sympathetic cooling in these
specific circumstances. The vanishing of the crystal struc-
ture is then either due to insufficient signal-to-noise ratio,
or because the ion cloud transits into a liquid-like state.
The results for H suggest that the transition to this state
occurs immediately after loading without a crystalline
structure being established at all.



546 (&) S.SCHMIDTETAL.

6. Model of sympathetic cooling

The above measurements prove sympathetic cooling of a
second ion species by the laser-cooled Mg™ ions. How-
ever, they do not give access to the precise time scale of
sympathetic cooling. This is partly due to the influence
of the residual gas, but more so because the cooling
time constants are expected to be smaller than presently
observable within our video frame resolution of about
one second. In sympathetic cooling as it is discussed here,
the admixture ions equilibrate with the laser-cooled ions
via the Coulomb interaction. For full spatial overlap of
the two ion ensembles, and assuming that the coolant
is not heated significantly by the admixed species, the
sympathetic cooling time constant T can be estimated by
(39)

, (@)

T~ (4megp)

ymmy 1 kgT
m ma

ka3
q> qi nln A )
where quantities with no index refer to the coolant ions
(presently Mg™) and the index ‘A’ refers to the admix-
ture ions to be cooled. The temperature evolution of
the species to be cooled is then given by 9T,/0t =
—(T4 — T)/7. Note, that the time constant of equili-
bration t is proportional to the inverse square of the ion
charges, i.e. sympathetic cooling is particularly efficient
for high charge states. The parameter In A is the so-
called ‘Coulomb logarithm’ which is described in de-
tail in (39) and for the present conditions is a number
close to 15. From the CCD images, a typical magnesium
ion-ion distance is found to be approximately 20 um,
corresponding to a density of n &~ 3.4 x 107 /cm?>. As-
suming ions such as CO; to be cooled from an initial
temperature of T4 ~ 10* K (corresponding to about one
eV), the cooling time constant 7 is below one second
and gets even smaller for smaller initial temperatures, see
Figure 8. For ions of present interest such as 40Ar13+ (45)
under the same conditions, the cooling time constant is
of the order of milliseconds and below. This species is of
particular interest for commissioning of the system with
highly charged ions, and for a precision measurement
of the 2P; /2 to 2p, /2 transition energy and lifetime. For
injected ions, the spatial ion overlap in the confinement
region is of course initially smaller than assumed here,
and correspondingly, sympathetic cooling is somewhat
slower. Also, centrifugal separation may reduce the sym-
pathetic cooling efficiency at later times. To quantify this
properly requires a detailed account of ion trajectories
which is beyond our scope, but in any case, we deduce the
cooling to be unresolved at the temporal resolution of our
observation. On the positive side, this means that even for
singly charged ions, and even more so for higher charge

n=3.1-107 cm™ ]

n=1.8-10 cm™ ]

cooling time constant [s]

0 2000 4000 6000 8000 10000

ion temperature [K]

Figure 8. Sympathetic cooling time constant t of a COZr ion as
a function of initial ion temperature for the minimum (in brown)
and maximum (in blue) coolant ion number density under the
present experimental conditions.

states, sympathetic cooling is fast relative to the time scale
of ion confinement in cryogenic trap experiments such
as the present one.

7. Conclusion

Complementing our previous studies of single-species
ion Coulomb crystals in the SpecTrap Penning trap (15),
we have investigated two-species ion crystals formed by
sympathetic cooling of a second ion species injected into
previously confined and laser-cooled Mg™. For this, we
have imaged the temporal evolution of ion crystal struc-
tures of mesoscopic magnesium ion crystals injected with
singly charged admixture ions of mass-to-charge ratios
m/q = 2ule (H), m/q = 12u/e (C*), m/q = 28ule
(N;r ), and m/q = 44u/e (CO;). Sympathetic cooling
of admixture ions was observed and the results are in
agreement with expectations from theory and previous
experiments on centrifugal separation of ion species in
a Penning trap. For all admixtures except H;“ an ion
Coulomb crystal was established in the mixture, giv-
ing an upper temperature limit of about 10 mK for all
ion components. Such sympathetic cooling is favourable
when ions without suitable transitions for laser cooling
are to be cooled significantly below ambient tempera-
ture, for example, for precision optical spectroscopy. The
presented method and results are valuable for precision
spectroscopy of highly charged ions such as, for example,
Ar'3* and ions of higher charge states as foreseen in the
SpecTrap experiment (46). Also, the methods described
in this paper can be used to produce large and cold
samples of heavy diatomic molecular cations such as
Nij, MnJ or COJ by means of sympathetic cooling.
With ion numbers of up to 10° and ion temperatures be-
low 1K, these molecular ion Coulomb crystals represent
ideal candidates for x-ray magnetic circular dichroism



spectroscopy (47), in order to reveal the ground state
properties of such homonuclear metal ions.
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