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Abstract. We present a new cooling scheme for the preparation of highly charged ions for future in-
trap precision experiments. A plasma of laser cooled 2*Mg™ ions trapped in a 3D harmonic confinement
potential is used as a stopping medium for the highly charged ions. We focus on the dynamic evolution of
the plasma, determining suitable cooling conditions for fast recooling of the 2*Mg™ ions. The results of a
realistic parallel simulation of the complete stopping process presented here indicate that a small, constant
detuning of the laser frequency is sufficient for subsequent recooling of the plasma, thus maintaining the

stability of the plasma.

PACS. 02.70.Ns Molecular dynamics and particle methods — 32.80.Pj Optical cooling of atoms; trapping
— 34.50.Bw Energy loss and stopping power — 52.27.Gr Strongly-coupled plasmas

1 Introduction

The preparation of cold highly charged ions is a vital pre-
requisite for future in-trap precision experiments [1-4].
High charge states allow to gain precision for example
in determining nuclear masses or measuring QED effects
with tightly bound electrons.

2 Using a laser cooled plasma as a stopping
medium

We present a new scheme for in-trap preparation of ultra
cold highly charged ions using a laser cooled one compo-
nent plasma of 2*Mg™ ions as a stopping medium. In the
following we focus on the cooling conditions necessary to
maintain a stable 2*Mg™ plasma and investigate possible
charge exchange processes which could reduce the high
charge state of the ion of interest.

Laser cooling is a common tool to create ultra cold
atomic or ionic ensembles in a very short time [5]. Here
we concentrate on in-trap laser cooling of ions, which at
present can provide large ensembles of 10° to 10% ions
at temperatures of only a few mK. Laser cooling exploits
the strong force a laser beams exerts on the ion when the
laser frequency is in resonance with the cooling transition
of interest. Only a few ion species provide a closed ground
transition suitable for cooling and thus the majority of ion
species cannot be directly laser cooled. This limitation can
be overcome when considering the Coulomb interaction of
the ion of interest with laser cooled ions.
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In a laser cooled plasma the mutual Coulomb inter-
action transfers energy from the hot, highly charged ion
which is not laser cooled to the laser cooled ions. If the
velocity of the laser cooled ions is kept in the acceptance
range of the laser force during this heating process, fast
recooling is possible — thus maintaining the plasma char-
acteristics during the cooling.

It is important to note that the transfer of energy
per interaction increases linearly with the charge state
of the ion of interest. Thus the cooling rate increases
with the ion charge state. In modern trap setups such
as Penning or Paul traps an ensemble of laser cooled
ions of charge state () can undergo a phase transition
into a crystalline state [5-7]. In this state the ion posi-
tions are frozen out, because the mutual Coulomb repul-
sion has overcome the kinetic energy of the ions by orders
of magnitude. The plasma of density n and temperature
T is strongly coupled, meaning that the plasma parameter
I' = (Q%e?)/(4meokpTaws) exceeds unity.

External confinement forces counteract the mutual re-
pulsion of the ions, thereby determining the form and
structure of the Coulomb crystal. In a harmonic trap
potential the ion crystal resembles a prolate ellipsoid of
length Laxia1 and width Lyaqia1 While the ions are ordered
at an equal spacing of awsg = (3/47mMg)1/3, the Wigner-
Seitz radius. In the simulation presented a single highly
charged ion is placed near the brim of the ellipsoid, its
velocity vector pointing towards the plasma’s center, see
Figure 1. The axial confinement W,i, is much weaker
than the radial confinement ¥;,qia1- In such a configura-
tion the density of the plasma is mainly determined by
the radial confinement, while the large axial extent of
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Fig. 1. Three different views of a ?*Mg™ plasma ellipsoid of
density nmg = 4.23 x 10"® m™, 11.1 us after a highly charged
ion with an initial energy Exyin,act = 400 meV and charge state
Quct = 40 has entered the plasma. At this point in time all
the kinetic energy of the heavy ion has been deposited in the
plasma. The upper part shows a real space image of a vertical
slice through the center of the plasma ellipsoid, including the
path of the heavy ion and its current position marked by a
circle. The two lower parts show an intensity-coded distribu-
tion of the kinetic energies of the **Mg™ ions, integrated in
y-direction.

the plasma allows for many subsequent interactions of the
highly charged ion with the plasma ions.

3 Characterizing the stopping process.

A realistic molecular dynamics simulation
of the plasma-plasma and plasma-HCI
interaction

Although standard stopping theory [8] can provide an es-
timate of the overall stopping power for a highly charged
ion of given charge state Qucr and initial energy Fiin wcr,
it does not provide insight into the dynamics of the stop-
ping process.

In the special case of the strongly coupled plasma stud-
ied here, the response of the ions when interacting with
the highly charged ion cannot be treated assuming a sim-
ple binary collision model. Instead, the evolution of the
plasma during the stopping process must include a realis-
tic description of the coupling between the ions.

We introduce a newly developed simulation which
completely integrates strong coupling into the stopping
process by computing the Coulomb interaction between
all particles involved. This ansatz requires efficient parallel
algorithms since the computation effort essentially scales
with the square of the number N of interacting particles
considered.
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The equation of motion

N+1

d I‘z B qiq;
Z 47T€0|I‘1—I'J|3( —1)

T dr;
— i (q;radiala g;radiala g;axial) Yi + Flaser <_Z>

Zi

is solved for each particle ¢ of the N +1 simulated particles
at position r; = (x4, yi, 2;)-

With this high number of particles a realistic model of
the real stopping process can be studied without relying on
quasi-particle models. In the equation of motion the laser
force can be approximated by an effective force depending
only on the ion velocity v;:

Flaser (Vz) = E Sﬂzserklaser
8 (6 — Vi klaser)2 + (Ftrans/2)2(1 +9)

(2)

where the laser beam is characterized by the saturation pa-
rameter S and the wave vector Kiaser = (0,0, £27/Alaser)-
Cooling 24MgJr ions requires a laser wavelength of A\jaser =
280 nm.

In a typical cooling setup two laser beams are ap-
plied from opposite directions along the axial direction
at a small detuning § of the laser frequency relative to the
frequency of the cooling transition. In such as set-up the
momentum acceptance of the laser force is on the order of
the transition line width Ityans (Itrans = 27 X 42.7 MHz
for 24Mg™). Fast recooling is only possible if the majority
of the ions can be addressed by the laser force choosing a
fixed detuning §.

In the study presented here the laser force is deliber-
ately set to Flaser = 0 in order to study the unperturbed
evolution of the velocity distribution of the plasma during
the passage of the HCI through the plasma. The simu-
lation thus allows to study the plasma dynamics of the
precooled crystalline ensemble of ions during the stopping
process in order to optimize the final laser parameters for
efficient recooling of the laser ions.

In the special case considered, N = 10° laser cooled
24Mg™" ions are introduced as a stopping medium for one
highly charged ion (HCI) of mass mucr = 100 a.m.u. The
initial kinetic energy Eiin mcr and the charge state Qucr of
the HCI as well as the density nyg of the plasma have been
varied to study their influence on the stopping process. All
the relevant simulation parameters are found in Table 1.

4 Binary collisions vs. collective plasma
response

The interaction of the HCI and the plasma ions can be
separated in two parts: at small impact parameters b the
interaction is governed by close binary collisions, while at
large impact parameters the energy is transferred into a
collective response of a major part of the plasma, each
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Table 1. Parameters for the simulation. P o 5L i
Simulation input parameters 1100 mev
integration time Arggep [3] 107° 1. A 104 —
Pradial [V /m’] 2.5 x10° 3.5 x 10° 2 ]
Uil [V/m?] 25x10°  35x10° — B =100 meV _i 3t 4020me\4
= +
Plasma input parameters DQHCL 3]82 «10°m°] &
Number of Mg™ ions 10° Mo T duf 2 F :
Ang, Qug 24,1 — = Eyopa= 400 meV
Tu K] 1072 a0t [ 1
HCI input parameters Mg = .29 X m-
Number of highly charged ions 1 . : T 0
AHCI 100 0 2 4 6 8 10 12
Quct 10, 20, 30, 40 detuning 6 [T,/ 2]

Eyin,ucr [meV] 100, 200, 300, 400
Plasma properties derived from the simulation

Invg 814 911

aws (nag) [m] 19.9x 1075 17.8 x 1076
Lyadial [m] 632 x 1079 565 x 107°
Laxial [m] 15.8 x 1073 14.1 x 1073
nag (M) 3.02 x 10" 4.23 x 10*?

of the plasma ions carrying only a small fraction of the
energy.

Following the argument given in [9] one can es-
timate that those 2*Mg™ ions with a kinetic energy
Exin, Mg > 1 meV took part in a close binary collision with
the HCI. Figure 1 shows three views of the HCI’s trajec-
tory inside the plasma to illustrate this differentiation. At
the start of the simulation the HCI is placed on axis near
the brim of the plasma ellipsoid and is then given its initial
kinetic energy, its velocity vector pointing to the center of
the plasma ellipsoid.

The upper part of Figure 1 shows a slice through the
center of the 2*Mg" ensemble revealing the crystalline
shell structure with the solid line following the trajectory
of the HCI and the filled circle marking its position. For
the same set of simulation parameters the middle part
and lower part show the spatial distribution of the ki-
netic energy of the 2*Mg™ ions, again including the HCI
trajectory and position. The middle part shows the dis-
tribution of the kinetic energy for all 2*Mg™ ions with
Exyinmg < 1 meV while in the lower part only those few
ions with Fyin Mg > 1 meV enter the plotted distribution.
The logarithmic scale chosen for the intensity-encoded ki-
netic energy reveals the large extent of the plasma re-
gion affected by the passage of the HCI. The correspond-
ing simulation parameters are nye = 4.23 x 10 m™3,
Ekin,HCI = 400 meV and QHCI = 40.

5 Charge exchange, plasma stability and fast
recooling

As can be deduced from Figure 1 the number of 2*Mg*
ions carrying a large kinetic energy after a close collision
with the HCI is minute compared to the total number of
ions in the plasma. Furthermore, the crystalline structure
is not destroyed by the HCI. Nevertheless, the amount
of energy carried away by those few ions is of the same

Fig. 2. Left: ratio of the number N, ¢o01 of ions with v, me < vs
and the total number Nio; = 10° of 24MgJr ions versus the laser
detuning in units of transition line width Iirans/2. The vertical
lines mark the detuning value at which 95.4% of the ions are
within the acceptance of the laser force. Right: sum Eyign of the
kinetic energy for all ions with FEiin,mg > 1 meV over the sum
Eiow of the kinetic energy for all ions with Ejinvg < 1 meV.
The hollow box corresponds to the same data set as the solid
line in the left part, the hatched box to the dashed line.

order as the energy deposited in the bulk of the plasma,
as shown in the right part of Figure 2, where the total
kinetic energy Fhign of all ions with Eyin vg > 1 meV is
compared to the total kinetic energy F)o of all ions with
Eiin Mg <1 meV.

Following equation (2) one can choose a fixed detun-
ing 6 matched to the range of 2*Mg™ ion velocities in order
to recool almost all 2*Mg™ ions without scanning the laser
frequency. The choice for § also depends on the individ-
ual trap characteristics which manifest in a heating rate
intrinsic to the trap system which must be counteracted
by the cooling laser force [10]. This heating rate becomes
more important for large crystals which ultimately limits
the value of the detuning ¢ to a few times the natural
transition line width.

Fortunately, the simulation results show that this con-
straint can be met without significant ion loss. Depending
on the desired percentage of ions which should be directly
addressed by the laser force one can reduce the detun-
ing, thus increasing the cooling rate for the majority of
the 2*Mg™ ions. This is illustrated in Figure 2 where the
percentage of ions with v, ng < vs is plotted versus the
detuning § = vs - Kjaser. Here, two different scenarios are
compared, one in which the total energy deposited in the
plasma and the energy loss dEkin nct /ds are small (solid
line) and one case for which both values are higher in com-
parison (dashed line). For both curves the majority of the
ions can be easily cooled using only a small laser detuning.
Thus we conclude that small detuning values are feasible
for recooling. It is therefore not necessary to constantly
detune the laser frequency, which must be performed on
the order of seconds to efficiently reduce a large momen-
tum spread of the ion ensemble. Instead, a laser beam
with a moderate saturation parameter S on the order of
unity and a fixed laser frequency are sufficient to recool
the ensemble on a time scale of few ms [5] comparable
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to the total stopping time [9], reaching repetition rates
of kHz.

Charge exchange becomes important especially for the
high charge states demanded by future precision experi-
ments. Experimental data [11,12] still is rare for charge
exchange processes with highly charged ions at small rela-
tive velocities. Thus one has to rely on theoretical models
of charge exchange [13] to give an estimate on the cross
sections and exchange rates expected in a typical cooling
setup as shown in Figure 3. The figure shows an estimate
for an initial kinetic energy of Fiin mcr = 400 eV, a fac-
tor 1000 higher than the energies used in the simulation,
thereby clearly showing that charge exchange can be ne-
glected in the cooling scheme proposed here.
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6 Summary

We have introduced a new cooling scheme using laser
cooled ions to efficiently cool highly charged ions. Ion
losses due to charge exchange are negligible while fast re-
cooling is possible. Highly charged ions can be cooled to
mK temperatures, either for later extraction or integra-
tion into the Coulomb crystal lattice after recooling. After
the stopping of the highly charged ion the plasma can be
recooled fast, without detuning of the laser frequency or
reloading of ions to the trap.
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