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Abstract

In-trap preparation of highly charged ions (HCIs) for precision mass measurements by cooling in a strongly coupled plasma of laser-cooled
24Mg+ ions is investigated by molecular dynamics simulations. For HCIs electrostatically decelerated below 1 eV the simulation suggests stopping
times of a few 10 ws for high charge states (Quci = 40, Auci = 100). The deposited energy is found to be distributed almost over the entire
crystalline plasma of N = 10° 24MgJr ions due to collective target response. Almost all 2“MgJr ions stay within the acceptance range of the laser
cooling force, thus allowing for the maintenance of the plasma conditions and efficient continuous cooling. Energy loss due to collective effects
and hard binary collisions can be clearly distinguished, and can be of the same magnitude for the highest projectile charge states. While the former
one can be described by the action of an effective stopping power, the latter is governed by large statistical fluctuations.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

At present buffer gas cooling [1,2], resistive cooling [3], or
electron cooling [4] are standard techniques for the cooling of
hot ions to the ambient temperature, which in principle can be
applied to any ion species of interest. Laser cooling of ions in
traps (see [5] and references therein) in comparison is limited to
a small number of ion species, while mK temperatures can be
reached in shorter cooling times. We discuss a cooling scheme
that can reach temperatures almost as low as those reached
by laser cooling, while not being restricted to a particular ion
species using a cold plasma of laser-cooled ions, into which an
ion of another species is injected and cooled. This scheme is
known as sympathetic cooling.

Cooling of one ion species by another has been studied ex-
tensively in traps [6-9]. Here we focus on a method which aims
for delivering cold, highly charged ions for precision nuclear
mass measurements. A more precise determination of the fine
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structure constant « for example, or a microscopic definition
of the mass unit demand uncertainties of Am/m =~ 10719 in
the mass measurement of stable nuclei, while weak interaction
studies (the unitarity of CKM matrix or a test of the CVC hy-
pothesis) must be supplied with data on nuclei far from the re-
gion of stability measured with a relative precision better than
Am/m ~ 1078, In the latter case the typical lifetime of the un-
stable nuclei determines the maximum duration of the cooling
process and the measurement. In combination with low pro-
duction rates lifetimes below 100 ms demand fast and efficient
cooling techniques.

For heavy nuclear masses the most precise measurements
have been performed in Penning trap systems [10,11] and be-
sides the now operating systems [12—16] there exists a variety
of plans for future systems [17-20].

The measurement accuracy in a Penning trap can be ex-
pressed by
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where frp is the measurement time, B the magnetic field, and
Ncounts 1S the number of measurements with individual ions.
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Fig. 1. Trajectory of the HCI through the crystalline plasma in side view (left), the ion having entered from the left, and front view (right). Plasma density:
nMg = 4.23 x 1013 m~3, initial energy: Exinncr = 300 meV, charge state: Qncr = 30, time: ¢ = 11.4 ps. Only a slice through the symmetry plane of the crystal is

displayed to reveal the crystalline structure.

While increasing the magnetic field is costly and limited in
gain, and a significant increase of frRr or Ncounts might be im-
possible for radioactive nuclei, breeding ions to higher charge
states Qycr can be readily applied and gives a considerable in-
crease in precision. With highly charged ions relative accuracies
of Am/m =~ 1078 — 1072 can be envisaged for frrp < 100 ms.
So far the most advanced trap systems in the field, ISOLTRAP
at CERN, working with singly charged radioactive ions, and
SMILETRAP working with highly charged stable ions, have
reached a residual systematic uncertainty of 8 x 10~2 [10] and
107°-10710 [11], respectively.

In this work we propose a new way of cooling highly charged
radioactive ions after charge breeding, typically performed in
an electron beam ion source (EBIS), using a combination of
electrostatic deceleration of the HCIs and sympathetic cooling
in a laser-cooled plasma.

The need for cooling the ions arises from both the ion trans-
port as well as from the accuracy required for precision mass
measurements, because the ion bunch suffers from an energy
spread of some 10—100 eV, which does not fit the energy accep-
tance of a precision Penning trap.

Traditional buffer gas cooling in a radio frequency
quadrupole (RFQ) cannot be applied to highly charged ions,
since charge exchange between the buffer gas atoms and the
highly charged ions at a gas pressure of the order of 10~ mbar
would result in recombination losses of the high charge states.
Resistive cooling requires a cold trap environment and suffers
from cooling times longer than the lifetime of short-lived nu-
clei. Electron or positron cooling is currently investigated (see
for example [21]) and also seems promising for in-trap cooling
of highly charged ions. The most prominent difference between
the ion cooling scheme introduced here and electron cooling
schemes is the use of a laser-cooled plasma of ions as a stopping
medium instead of electrons cooled by synchrotron radiation.
The HCI is injected into the cold one component plasma (OCP)
stored in a harmonic potential (see Fig. 1 and the last section for
details). The plasma provides a dense, low temperature cooling
medium of heavy, charged particles, complementary to standard
electron cooling. Demonstrating the feasibility of the stopping
of highly charged ions in a laser-cooled OCP of ions requires

two demands to be fulfilled:

(1) The HCI should be efficiently stopped in and later extracted
from the plasma in a time short enough to allow for fast
transport to a precision trap.

(2) The energy deposited in the plasma should not destroy the
cold plasma but should instead be distributed over the whole
plasma to be quickly cooled by laser cooling.

2. Molecular dynamics simulation of the stopping
process

In the following we will use the terms projectile, labeling
those particles with a high initial energy, usually the HCI, and
target, labeling the particles of the cooling medium, to distin-
guish between these two species. Generally the target temper-
ature is kept at an almost constant value via an efficient cool-
ing technique like laser cooling. The cooling rates depend on
the strength of the mutual Coulomb-interaction and therefore
increase with the square of the charge state of the projectile.
Furthermore, the energy transfer is not limited to a finite range
of relative projectile—target velocities, and a proper choice of
target properties can maximize the heat transfer rate.

Our study focuses on the energy transfer from highly charged
ions of some 100 meV initial kinetic energy to a crystalline en-
semble of N = 10° 24Mg+ ions confined in a three-dimensional
harmonic potential (for a comprehensive list of the parame-
ter region covered please refer to Table 1). The radial confine-
ment W, 4iy is strong compared to the longitudinal confinement
Wiong. In this configuration, normally found in Paul traps or
Penning traps the shape of the plasma resembles a prolate el-
lipsoid of width Lyagja1 and length Liong = @ Lyadial. When the
mutual Coulomb-energy of the ions exceeds the kinetic energy
at low temperatures, the plasma is strongly coupled, charac-
terized by a plasma parameter I' = Qtze2 /(@regawsksTy) > 1.
For larger values of I coupling increases, and the plasma can
undergo a phase transition to a crystalline state. In the Coulomb-
crystal the ions are ordered in a regular pattern and can interact
over a long range. The inter-ion spacing at a plasma density
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Table 1
Parameters for the molecular dynamics simulation
Integration time Lower plasma density Higher plasma density
Atgep (s) 1070
Common input parameters
Wragial (V/m?) 2.5 x 10° 3.5 x 10°
Wiong (V/m?) 2.5 x 103 3.5 x 10
Plasma input parameters
Number of Mg ions 10°
AMgs QMg 24,1
Tig (K) 1073
Input parameters for the highly charged ion (HCI)
Number of highly charged ions 1
AHct 100
Quci 10, 20, 30, 40

ExinHct (meV) 100, 200, 300, 400

Plasma properties derived from the simulation

Ladial (m) 632 x 1076 565 x 1076
Liong (m) 15.8 x 1073 14.1 x 1073
o 25 25

nmg (m™3) 3.02 x 1013 4.23 x 1013
aws (nmg) (m) 19.9 x 10~° 17.8 x 107°
wp (2 x MHz) 1.482 1.754

Mg 814 911

—-1/3 _

n¢ is given by the Wigner-Seitz radius aws = (4mwn/3)
(3Q¢e/ (8neo‘llradia1))]/ 3 thus defining a typical length scale of
the system. In a strongly coupled plasma the response of the tar-
getto the projectile changes significantly compared to the case of
a weakly coupled plasma [22], because long-range correlations
between the ions are dominant.

In our discussion we frequently use the term collective re-
sponse. It denotes the response of the plasma to the projectile if
a major part of all target particles is involved, as, for example,
in a plasma wake. In this sense a plasma response due to strong
coupling of the target is a collective effect, but collective plasma
response does not require strong coupling.

2.1. The simulation model

The creation of the crystalline plasma in a controlled manner
is the prerequisite for the simulation. At the start, the N = 10°
ion are placed randomly in the infinite simulation volume and
are allowed to propagate freely in the harmonic potential while
interacting with each other. Periods of free propagation alter-
nate with periods of strong cooling, until the crystal structure is
formed and the individual ion velocities are almost zero. At this
point the ion velocities are reset according to the desired tem-
perature, and the plasma is given enough time for equilibration
(see Fig. 1 for an impression of the dimensions of the crystalline
plasma).

The starting point of the simulation is defined by placing
the highly charged ion near the brim of the plasma ellipsoid on
the longitudinal symmetry axis of the crystal. The HCI is given
an initial kinetic energy with only a velocity component along
the longitudinal crystal axis. After a short period the projectile
enters the plasma, experiencing subsequent deflections in its
binary encounters with the target ions. Fig. 1 shows a typical case

of the projectile path through the crystalline plasma, while the
vertical and longitudinal dimensions are not to scale to resolve
the crystal order.

No laser cooling is included in the simulation, allowing for
direct observation of the energy dissipation in the plasma and
the development of the velocity distribution of the 24Mg+ ions.
Laser cooling can be safely omitted as long as the relative ve-
locity vy can be replaced by the projectile velocity v,. However
if v, approaches the thermal velocity vy, this approximation be-

comes invalid since the motion of the 24MgJr ions is strongly
influenced by the laser.

In the simulation we concentrate on the energy loss due
to the Coulomb-interaction of the projectile with the target
ions and do not consider other means of energy loss like ex-
citation, ionization and charge exchange [23-25]. Particularly,
the ionization time in the two body charge exchange process
Mg T 100X 2ot 10039 ca pe estimated to
several thousand seconds [26]. During the passage of the pro-
jectile the Coulomb-interaction of all particles with all particles
is computed at each time step, thus including the interaction of
target ions with both the projectile and other target ions. This
imposes a huge amount of computing power, demanding a par-
allelization of the simulation.

2.2. Simulation techniques

Systems with a large number of charged particles N are
usually treated in simulations using Ewald-summation, multi-
pole expansion or related techniques [27]. These techniques ap-
proximate the mutual Coulomb-interaction by computing the
Coulomb-force for only a subset of particles, describing the in-
teraction with the remaining particles by a mean field approx-
imation. The approximations are either based on a given sym-
metry of the system or neglect long-range interactions and are
not suitable to simulate a particle traversing through a strongly
coupled plasma ellipsoid. It is therefore necessary to explicitly
compute the mutual Coulomb-interaction for all N particles in
the system.

One can choose to simulate stopping via Coulomb-interaction
using either molecular dynamics or Monte Carlo techniques.
In the latter case only a small section of the entire stopping
volume is regarded, and the total stopping power is calculated
by statistically summing up the stopping power due to different
particle configurations in this volume. The result gained from
this summation generally gives a statistically well-defined mean
value for the stopping power. However, this approach fails if
the regarded volume and thus the computation time becomes
too large, as it is the case here. Long-range interactions of the
projectile with the target and correlations of the target ions due to
strong coupling suggest to simulate the complete system rather
than only a small volume.

Thus a molecular dynamics simulation of the stopping which
computes the full N x N Coulomb-force terms for all particles
was chosen in the studied case. Since the computational effort
of this task grows by N2, efficient parallel algorithms [27,28]
are used to simulate our model system of Ny = 10° 24Mg+
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particles. Still it remains mandatory to minimize the number of
force calculations when integrating the equation of motion

a7 N qgiq;
1 i9j - >
mi—— = E =75 —r)
d*t ‘= Ameolri — 7

— qi(Wradial Xi, Wradial Vi, Wiong Zi) )

where m;, g; and 7; = (x;, y;, z;) are the mass, charge and co-
ordinate vector of the ith particle. This equation of motion is
only valid for small relative velocities and is essentially non-
relativistic.

To find the optimum balance between accuracy and computa-
tion time, we have tested several numerical integrating schemes,
including single-step Runge-Kutta and multi-step predictor-
corrector methods [27,29]. Most of these integrating schemes
are not time reversible and therefore do not preserve energy,
which is a vital constraint when simulating sympathetic cool-
ing. The simple, yet effective, Velocity-Verlet [27] algorithm
finally chosen requires only two force computations at an accu-
racy of (A rstep)4 for an integration time step ATgep = 1ns and
is energy conserving. The chosen time step satisfies the crite-
rion Atgep < ATsuble = (167 €optbyy, /(01 Qpe?))'/? [30] for
stable integration of collision kinematics at the minimum im-
pact parameter b, and for the simulation parameters discussed
here we find at minimum Atggple & 4 ns. Thorough checks of
the energy conservation in the system reveal that the simulation
is numerically stable for the long simulation period of several
thousand time steps, again proving that the integration time cho-
sen is sufficiently small.

An important demand on simulating the mutual interaction
of huge numbers of particles is parallelization of the computing
algorithm. In this study each time step requires 2N2 = 2 x 10'°
computations of the Coulomb-interaction — two for each particle
pair, one at time #p and one at f9 + ATsep. To finish the simu-
lation in a reasonable amount of time while gaining enough
information on both the scaling behavior for important param-
eters as well as systematic errors, it was mandatory to use high
end computing power. Fortunately, with the combined compu-
tational power of more than three teraflops of two computing
clusters housed at our institute and the Leibniz Rechenzentrum,
computational time could be lowered to several weeks. To ac-
quire a realistic picture of the stopping dynamics, all particle
positions and velocities at each time step were stored on disk
for later analysis, and thus several terabyte of data storage were
required.

2.3. Modeling the stopping process

Within the linear response model [22] two approaches mod-
eling the target response to the projectile are considered, the
binary collision model and the dielectric response model.

In the binary collision model, short-range projectile—target
interactions are described by successive binary collisions be-
tween the projectile and a target ion. In the dielectric response
model, long-range projectile—target interactions are described
by the polarization of the plasma induced by the projectile. The

impact parameter b can be used to distinguish between these
approaches. At small impact parameters the energy loss can be
approximated by pure binary collisions, at large impact param-
eters it can be restricted to collective target response. A simple
way of combining both approaches is by writing the energy loss
dE}, per length ds as the sum of the contributions due to binary
collisions and to collective effects as

% _ /b‘m‘“ dzEbinary db + /hma" dEcoliective db, 3)
ds b dsdb b dsdb

min trans
choosing appropriate impact parameters bpin, Pmax and biaps.
This choice strongly depends on the properties of projectile and
target [22,32], as will be discussed later. The minimum impact
parameter is determined by the maximum momentum transfer
bmin = Op 0.6 /(4re uvrzel). Here Q) and Qy are the projectile,
and target particle charge numbers and p is their reduced mass.
A common choice for the maximum impact parameter is the
adiabatic screening length byax = Aag = Vrel/wp. Here vy is
the mean relative velocity of projectile and target particles and
wp is the plasma frequency of the target plasma [22]. In our
case this length can be as long as several hundred micrometers
and screening lengths of this size can be directly observed in the
simulation. For a target plasma of temperature 7; and constituent
mass m the relative velocity vl = (v + vg)l/ 2 is defined by
the thermal velocity of the target vy, = (3kg T}/ mt)l/ 2 and the
projectile velocity vp.

If both the target—projectile and target—target coupling are
weak, the energy loss can be written for v, >> vy, as [22]

dE, _ Q¢ “’g/bm“db_ 0 @ (Ep) o 2€
ds ~ 4me V3 o b T 4reg v i E,’
“4)
bmax db

introducing the Coulomb-logarithm Ac = bt b = In(bmax/
bmin) Which depends on the kinetic energy of the projectile. The
time scale for the response of a target plasma of density 7 to the
projectile particle is given by the inverse 7, = ! of the plasma

p
frequency wp = (Qtzeznt / (€gmy))!/?. On shorter time scales the

target response to the projectile is less pronounced and screening
due to target particles is suppressed.

At large projectile velocities compared to the thermal veloc-
ity of the target particles the energy loss shows the typical scal-
ingdEp/ds Q% / Ep. As the projectile approaches the thermal
velocity the energy loss increases drastically, reaching its max-
imum for vp = vy. If compared to typical values for electron
cooling — Tie & 103K, Vthe & 10 m/s, Rte & 3 X 1083 m—3
[33] —the maximum energy loss in a laser-cooled one component
plasma of 24Mg+ ions (vin,Mg ~ 1 m/s, see Table 1) is roughly
(dEmg/ds)/(dEe/ds) = mevg, . /(mMgVg, \p) & 10%, assuming
similar Coulomb-logarithms and target densities.

In two ways the linear response model is challenged in the
studied case. First, it is unable to describe the target response
adequately, because it neglects long-range correlations between
the constituents of the target. Second, it cannot fully describe
the projectile’s motion through the plasma, especially at small
projectile velocities, since this is affected by the internal target
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Fig. 2. Kinetic energy of a highly charged ion (Ancr = 100, Qncr = 10) during
the passage through the 24MgJr plasma (I'mg = 814). The insert shows a hard
collision with energy loss AE in detail and points A, B, C and D indicate
successive hard collisions. In addition those times at which the highly charged
ion is found outside of the plasma are indicated.

configuration. For a correct analysis of the stopping dynamics
it is thus vital to use a molecular dynamics simulation which
includes these effects.

Fig. 2 shows a typical example of the change in kinetic en-
ergy a highly charged ion experiences when passing through
the 24MgJr crystal. While energy loss due to collective effects
leads to a steady decrease in kinetic energy defining the slope
of the energy curve, hard binary collisions are characterized by
a rapid short-time decrease in the kinetic energy, followed by
an equally fast acceleration phase. In the following we will try
to analyze both energy loss processes. Due to the low statistics
imposed by the huge simulation effort we focus on the energy
loss due to collective response, for which we will present results
on stopping times.

3. Results
3.1. Energy loss via hard binary collisions

Binary collisions are accurately resolved by the simulation,
as seen, for example, at the points labeled A, B, C and D in
Fig. 2. The time intervals are well explained by successive col-
lisions of the projectile with velocity vycr & 420 m/s with tar-
get ions for an average spacing of aws ~ 20 um. For a single
collision the energy loss, denoted AE in Fig. 2, will be ana-
lyzed in the following. In a pure binary collision the total en-
ergy Esum = EkinHcl + ExinMg + Epot is conserved. When the
highly charged ion approaches the resting 24Mg+ the potential
energy Epo and the kinetic energy Exinmg of the 2Mg" in-
crease. The potential energy and the acceleration of the 24MgJr
reach their maxima at the point of closest approach, indicated
by the vertical black line in Fig. 3. The fraction of the po-
tential energy that is not converted into kinetic energy of the

o
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E .050 + i
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.045
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Fig. 3. The upper figure shows three stages of the binary collision denoted by
the energy loss A E in Fig. 2. The three positions of the ions corresponding to the
three stages of the collision are plotted together. Red dots: position of the highly
charged ion at (from left to right) the beginning of the collision where the 24Mg+
ion is still at rest, the moment of closest approach and the end of the collision,
blue dots: position of its 24Mg+ collision partner, black dots: 24Mg+ ions in
their vicinity. The arrows indicate the direction of flight as well as the velocity.
The ion positions are shown in projection, thereby losing the depth information.
Below: development of the total energy during the collision as described in the
text. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of the article.)

24MgJr ion is regained by the passing highly charged ion after the
impact.

InFig. 3 the change in Egm, denoted by A Egn, is plotted from
the onset of the collision to its end together with the changes in
the kinetic energy of the highly charged ion and the 24Mg+
ion, A Exin Her and A Exin M. Additionally the change A Ejyor in
potential energy and in the total energy of the highly charged
ion, AEgmHuct = A ExinHcl + A Epot, are depicted.

Unlike in a free binary collision one finds A Egyy, > 0 dur-
ing the collision. The positive excess can be identified with the
binding energy of the 24MgJr ionin the crystal lattice. This exam-
ple shows that the simulation, unlike a simple binary collision
approach, is capable of providing insight in the full collision
kinematics.

Since the mass of the highly charged ion mycy is comparable
to the 24Mg+ mass mu and fluctuations in the projectile veloc-
ity are proportional to (mmg/ mHCI)l/ 2 [31], the energy loss in
a single, close binary collision can become significantly large
compared to the overall energy loss. Thus the summed stopping
power of few such encounters can be substantial, although only
a small number of 24Mg+ ions experiences hard collisions with
the HCIL.

These results show that a correct treatment of the energy
loss due to hard binary collisions demands a thorough statis-
tical analysis of the fluctuations in the target velocity. With
the data yet available, it is not possible to give a well based
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Fig. 4. Left: energy curve (Qucr = 40, nyg = 3.02 x 10" m~3) overlaid with a dashed line of slope —2 f. Right: the slope f of the energy curve determined by
the energy loss in collective scatterings is presented for various initial energies. The solid symbols correspond to nyg = 4.23 x 103 m=3, the open symbols to
nMg = 3.02 x 103 m™3. The solid curve indicates the scaling flinear X Q%{CI predicted by linear response theory.

result for d? Ebinary/dsdb. Fortunately, with the computational
power available at the Leibniz Rechenzentrum, the statistics
will be increased in the future. For increasing charge states
the simulations suggest an increase in the contribution of hard
binary collisions to the total energy loss, amounting to more
than half of the energy loss due to collective response, see
Fig. 8.

3.2. Energy loss via collective effects: stopping powers and
cooling times

Collective effects can be distinguished from hard binary col-
lisions by setting an upper limit to the kinetic energy carried
away by a single 24MgJr ion, equivalent to a threshold impact
parameter byans above which binary collisions are neglected (see
[32] and Eq. (3)). Note, that not only those interactions included
in the dielectric response model, but also long-range interactions
due to correlations contribute to the energy loss.

Following Eq. (4) one finds dE,/ds = — f/ Ep, where f is
the stopping power multiplied by the projectile energy. This
simple approach neglects the weak energy dependence of the
Coulomb-logarithm. In the linear response model the factor f
can be expressed as

2,2 2 2,2 2
Qe myw, o> v Qe My
p prAp re p P™p

flinear = 87eo

mp>>myg 8meg

1281/2
x In (77172)%3)/2 )
Qp Qie?>my “wy

Integration yields Eﬁ = —2fs. In the left part of Fig. 4 Eﬁin’HCI
is plotted versus the path length s denoting the distance the pro-

&)

jectile has traveled through the target plasma. If only the overall
slope of the energy curve is considered, neglecting the influence
of the hard binary collisions, one can deduce an estimate for f as
demonstrated by the dotted line. Hard binary collisions lead to
steps in the energy curve, but do not alter the continuous slope
significantly. This slope is determined by the continuous loss due
to simultaneous interactions of the projectile with a large num-
ber of target ions, each taking away only a very small fraction of
the energy. By fitting a straight line following this general slope,
neglecting the large steps caused by hard binary collisions, one
can estimate the energy loss due to collective effects. Due to
low statistics and systematic errors in fitting a combined error
of about 20% is assumed.

These values are plotted in the right part of Fig. 4 versus
the projectile charge state. For the special case of Exinmcr =
100meV and nyg = 4.23 x 103 m=3, corresponding to the
solid square data points, the curve 0.35 X fiinear 1S plotted as
a fit to the data points. This suggests that the stopping power
due to collective response amounts to about one third of the
total stopping power predicted by linear response theory.

The scaling of the data with Qncr and Exin Her is compared
to the scaling predicted by linear response theory. In Fig. 5 all
data points are divided by the corresponding value for fiinear-
Although the statistical basis of single runs in the simulation is
weak, a trend can be observed: the scaling of the energy loss
with the charge state of the highly charged ion is weaker than
expected. We attribute this to enhanced screening as known from
the case of electron cooling. No significant change in the energy
dependence of the stopping power is found for vp > vg,.

If the maximum impact parameter is chosen to be byax = Aad,
one can calculate a value for byps. Introducing the Coulomb-
logarithm A, = In(bmax/birans) and the ratio r = f/ flipear One
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Fig. 5. Scaling of f with charge state (left) and initial kinetic energy (right). The solid symbols correspond to nyg = 4.23 X 1013 m3, the open symbols to

nMg = 3.02 x 10'3 m~3. The values correspond to the data points found in Fig. 4.

finds buans = (Pmax/Pmin)' ™" X bmin. With this we approximate
f by (Qgezmpa)g/(&reo)) x A,. For the case of Eyinncr =
100meV, nye = 4.23 x 103 m™3 and Qucr =40 we find
birans = 0.64 x aws withr = 0.35. Following Eq. (3) this would
suggest that energy loss due to collective response can be found
for impact parameters as low as 0.64 x aws. The energy transfer
in a collision with impact parameter 0.64 x aws would amount
to AE =207 05¢*/(477€0)° Mibiyyns Vi) ~ 1 meV [32]. This
indicates that linear response theory might be insufficient to
give a full description of the stopping dynamics in the studied
case.
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Plotted in Fig. 6 is the stopping time tyop = 2myEJ)'/?/f
[31], which again only serves as an upper limit to the expected
value. Stopping times of a few 10 s are observed for the high
charge states of interest.

A thorough theoretical treatment of the stopping due to col-
lective target response must include further analysis of screening
lengths, plasma oscillations and the influence of coupling. This
can be achieved by a detailed analysis of the energy deposition
in the plasma (see Fig. 7). Though such an analysis goes beyond
the scope of this paper, some features of the projectile’s pas-
sage through the crystal which are related to screening will be
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Fig. 6. Stopping times for various initial energies. The solid symbols correspond to nvg = 4.23 x 103 m=3, the open symbols to nMg = 3.02 x 1083 m=3. The

values correspond to the data points found in Fig. 4.
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Fig. 7. Spatial distribution of the energy deposited by the HCI after passing
through the 24MgJr plasma. The color encoded energy values result from a
projection of the kinetic energy of the 24Mg+ ions along the y-axis and are
presented in a logarithmic scale. The trajectory of the HCI is shown in red. The
corresponding simulation parameters are the same as in Fig. 1. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of the article.)

discussed. From the spatial distribution of the deposited energy
one can deduce an upper limit to the interaction radius which
has to be taken into account when determining Ac. The energy
deposition of the projectile in the plasma ranges as far as several
hundred micrometers, proving the existence of long-range inter-
actions of the projectile ion with the target ions. The propagation
of the deposited energy is determined by the projectile velocity
and at early stages of the projectile’s passage through the target
plasma one finds that the flow of energy in the plasma is slow
compared to the projectile velocity. We attribute this to the long
time T, it takes the plasma to react to the projectile.
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3.3. Plasma stability and laser cooling

In all simulated cases the crystalline plasma does not show
signs of Coulomb-explosion. Although the energy deposition by
the projectile is considerable, the crystalline structure is only lo-
cally disturbed. Even in the case of high initial projectile energy
and charge state the structural damage remains local, because
much of the projectile energy is deposited over the whole plasma
volume. The energy loss due to collective effects thus counter-
acts the local destruction of the crystalline structure due to hard
binary collisions and prevents a Coulomb-explosion of the target
plasma.

Fast and efficient laser cooling of the target plasma demands
that most of the target ions remain within the acceptance of the
laser force

FL(dmg) = (B/8) X |kLIST} /(8 — Dwig - ki)

+(ITL/2P(1 + ) ©)
of typically only few 10m/s (some 100 peV). Typically two
counterpropagating laser beams with direction kp, are applied
for cooling, both at negative detuning § as sketched in Fig. 8.
The strength of the resulting laser force is determined by the
saturation parameter S. Since a detuning of few 'L is needed to
maintain a low plasma temperature, the velocity acceptance of
the laser force is limited if the laser frequency is not scanned,
a procedure that takes considerable time and should thus be
avoided. The selection of an appropriate detuning value therefore
depends on the velocity distribution of the target plasma after
the projectile has deposited its initial energy in the plasma.
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Fig. 8. Upper left: velocity distribution of the 24MgJr after the HCI has stopped (nmg = 3.02 x 1013 m~3). Upper middle: ratio of the total kinetic energy Enign of
all 24MgJr with Exinmg > 1 meV and the total Kinetic energy Ejow of all 24Mg4r with Exinmg < 1 meV. Upper right: number of ions with Exinmg > 1 meV. The
hatched area corresponds to Qncr = 40, Ekinncr = 400 meV, the other to Qncr = 10, Exinacr = 100 meV. Lower part: combined force of two counterpropagating
laser beams as given in Eq. (6) (6 = 6.5 x I'L,, § = 3, transition wavelength A}, = Zn/llle = 280 nm, natural linewidth I't, = 27 x 42.7 MHz). The dashed lines at

v = 290 m/s correspond to an ion energy of Eyijnmg = 1 meV.
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The upper left part of Fig. 8 shows two examples of the
final velocity distribution of the plasma ions. For a detun-
ing of § = 6.5 x I'r, all 24MgJr ions with Eyjymg < 1 meV or
vMg = 90m/s are in the acceptance of the laser force. In the
middle part the total kinetic energy of all 24Mg+ ions with
ExinMg > 1meV is set in relation to the total kinetic energy

of those 24Mg+ ions with Eyinmg < 1 meV. The total number
of the ions with Eyjnme > 1 meV is negligibly small as can
be seen in the upper right part of the figure. Nevertheless the
amount of the total kinetic energy carried away by these hot
ions is considerable. Further studies must show whether these
ions are sympathetically cooled by the cold ions or if a sort of
evaporative cooling can be applied.

4. Experimental realization of the cooling scheme

Inside an Electron Beam Ion Source (EBIS) atoms of interest
for precision mass measurements undergo an ionization cascade
in collisions with energetic electrons until the desired charge
state is reached after few 10 ms. The resulting ion beam consists
of an ensemble of ions of varying charge state and energy and
can be characterized by an extraction time tgpis after which
90% of the ions are extracted. To adjust the kinetic energy of
the HCIs exiting the EBIS with an energy spread of some 10—
100eV to the level where ion cooling as described above is
most efficient, we propose the use of a segmented linear radio
frequency quadrupole (RFQ) system. In such a linear Paul trap
ions are radially confined by a radio frequency quadrupole field
of frequency Qg if 0 < ¢ <« 0.9. The stability parameter g ~

é \/8% W,.gial depends on the particle’s charge to mass ratio
Qe/m. By adjusting the strength and frequency of the radial

confinement field, ions of different species and charge state can
be trapped and cooled together [5].

A pulsed beam of HCIs coming from the EBIS is transferred
into the RFQ. The pulse duration, the energy spread A Egps and
the desired efficiency determine the length Lrgqg of the RFQ.

Assuming a rectangular pulse shape one can introduce an
injection efficiency pj,; determining the fraction of ions that
are trapped in the RFQ and its length is then given by Lrrg =

HCI enters 24Mg+ cloud

Upral@) ¢
Laser - Laser
_> ‘—

TEBIS Pinj (Quct ¢ AEggis/(2muct))!/?. For the proposed cool-
ing scheme shortening the RFQ results in shorter cooling times
for the sacrifice of a decrease in injection efficiency. This de-
crease can be compensated if shorter pulses are achieved — for
example by using fast extraction schemes [34]. Optimizing the
overall duration and efficiency of both charge breeding and cool-
ing for a specific ion of interest requires careful tuning of the
EBIS ion beam parameters to the acceptance of the RFQ cooler.

During the cooling the ions in the RFQ are trapped in a poten-
tial well Urpq(z) along the beam direction z by applying differ-
ent voltages to the electrode segments (see Fig. 9). Opposite to
the injection region of the RFQ the 24MgJr ions are laser-cooled
in a potential well separated from the trapping region, while the
HCIT oscillate in the trapping region. When the trapping poten-
tial is raised those highly charged ions with sufficient energy
to overcome the barrier separating the trapping region from the
cooling region enter the laser-cooled 24MgJr plasma, which can
be detected by a change in the fluorescence of the 24MgJr ions.
By constantly rising the trapping potential, all highly charged
ions can be successively cooled, stored and detected in the cool-
ing region. For efficient cooling the difference in kinetic energy
between the HCI and 2“MgJr ions should be kept as small as
possible (see Eq. (4)).

The overall storage period for all HCIs trapped depends on the
length Lrgq of the RFQ and the energy spread of the HCI beam.
While the length of the RFQ determines the maximum time it
requires for a highly charged ion to reach the cooling region,
the energy spread determines the overall raise of the trapping
potential with respect to the cooling region. The system can be
optimized for either high efficiency or fast cooling, depending
on the ion of interest. For rare short-lived ions, detected in the
cooling region, the cycle could even be stopped for immediate
transfer to the measurement trap. In this operation mode the time
for the electrostatic deceleration can be kept small compared to
the time needed for cooling and ejection of the HCI.

Those highly charged ions stopped in the plasma of laser-
cooled 2“MgJr reside in the cooling region and must be extracted
to be transferred to the precision Penning trap. One method of
extraction is to lower the potential at the RFQ exit leading to the
precision Penning trap while holding back the 24Mg+ ions by

*Mg’ cloud

¢ Laser

\° o
!

HCls ejected

- >

RFQ

Fig. 9. Left: sketch of the longitudinal potential gradient during the cooling. The trap is divided in a long trapping section and a small cooling section where the
24MgJr ions are located. During the cooling the base line of the storing section potential is continuously raised. Right: potential configuration for the extraction of
the HCIs. The laser force keeps the 24Mg+ ions inside the trap while the HCIs are ejected.
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the laser force. If the HCIs are positioned close to the edge of
the plasma they travel along the potential gradient towards the
RFQ exit while the counteracting laser force prevents the loss of
the 24MgJr ions. The advantages of this extraction scheme are

two-fold. First, no reloading of 24MgJr ions is necessary after the
extraction of the cooled highly charged ions. Second, reheating
of the cool ensemble of highly charged ions during extraction
can be minimized by adjusting the potential gradient. Since the
laser has to counteract the potential gradient to avoid a loss of
plasma ions the potential gradient Eexract cannot be greater than
some meV per mm. Fortunately the corresponding acceleration
force Fextract = OQHCcI € Eextract grows with the charge state. Still,
extraction times of the ions might be constrained by shielding
effects in the cold plasma and the small potential gradient. In
the future we plan to simulate this extraction scheme.

5. Conclusion and outlook

We have shown that efficient stopping of low energy highly

charged ions in a one component plasma of laser-cooled 24Mg+

is possible, providing cooling times of a few 10 s once the ion
is prepared at sub-eV energies. Many important properties of the
stopping process can be modeled using classical linear response
theory. Nevertheless, the determination of absolute values for
the stopping power requires a well-justified definition of the
correct range of projectile—target interactions. This definition
demands a separate treatment of energy loss due to hard colli-
sions and collective effects. While the latter can be described by
an effective energy loss the former can only be treated defining
an average stopping power deduced from statistically summing
the results of consecutive measurements. Fully understanding
the complexities of the stopping process remains an open task
which we plan to address in the future. This includes studies
of the collective response of the crystalline plasma and a com-
parison with electron and positron cooling. Furthermore, recent
results not included here suggest only a weak dependence of the
stopping power on the strength of the target coupling, promising
similar stopping power for moderately laser-cooled plasmas. To
conclude, we believe that ion cooling can become an important
tool in future precision mass experiments.
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