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Abstract. Molecular dynamics $mulations are used to help design new experiments by modeli ng the @ding o small
numbers of trapped multiply charged ions by Coulomb interactions with laser-cooled Be" ions. A Verlet algarithm is used to
integrate the equations of mation of two species of point ionsinteracting in an ideal Penning trap. We use atime step short
enough to foll ow the cyclotron motion of theions. Axia and radia temperatures for each species are saved periodcally. Direct
heating and codling of each speciesin the simulation can be performed by periodicaly rescaling velocities. Of interest are Fe*™
due to a EUV-optical double resonance for imaging and manipulating theions, and Ca™** since aground state fine structure

transition has a mnvenient wavelength in the tunable laser range.

INTRODUCTION

To study mixed non-neutral plasmas and to prepare
for predsion fine-structure axd hyperfine-structure
laser spedroscopy on ground term transitions of
highly-charged ions, a beam pulse of multiply charged
ions (MCls) from the dedron beam ion trap (EBIT)
has been captured into a Penning ion trap (RETRAP)
[1] previoudy filled with cold Be" ions. Typically,
these ions have been Xe&** due to ease of production
and the goal of creating strongly coupled cold plasmas,
but many other spedes and charge states can be
created and extracted. The Be" ions were similarly
captured from a metal vapor vacuum arc (MeVVA)
source These ions were initially cooled to nea room
temperature by tuning (via trap ring-endcap vdtage)
their axial oscill ation frequency into resonance with a
cryogenic parale tuned circuit. The heaing of the
parald circuit by currents induced by fluctuations in
the cantroid o the mnfined ion motion, together with
ion-ion collisional coupling, initially cools the Be"
ions at an exponential rate with a time consant of
several minutes. Eventually, the ading is dominated
by a transverse laser beam detuned several GHz
below the o/cling resonance transition nea 313 nm
[2]. With deaeased de-tuning o the @ding laser, the
ionsthen rapidly cooled to below 1 K, as evidenced by
a deaease in light scattering, and confirmed by

probing the Be ions with a weak second laser tuned
through aneaby non-cycling transition.

When the highly charged ions were subsequently
captured, eledrode switching and colli sions with the
multiply charged ions initially heated the Be" ions.
This heating is assciated with an increase in
fluorescence rate, which quickly re-cods the Be" ions,
and by collisonal coupling, cods the MCls. As the
mixed ion cloud cods, ions with dfferent charge-to-
mass ratio separate, leaving the wld highly charged
Xeionsin the canter of the trap and the Be" ionsin an
annulus that we image using scattered 313 nm light. A
more detail ed account of the procedure and results can
be found in ref [3].

It is planned to diredly image laser induced
fluorescence from a magnetic dipole trangtion in the
ground term of a suitable multiply-charged ion [4]. Of
interest are Fe'™ due to a EUV-optical double
resonance for imaging and manipulating the ions, and
Ca'** since aground state fine structure transition (
25°2p% *P, — °Py) has a convenient wavelength (~569
nm ) in the tunable laser range. As a guide to future
experiments oriented toward dred detedion and
imaging o the HCI, we have preformed moleaular
dynamics smulations of multiply-charged ions of
potential interest coded by Be" in aPenning trap.



SIMULATION

In preparation, a moleallar dynamics code
originally developed by E. L. Pollock, and used by H.
DeWitt et a. to modd strongly coupled plasmas [5]
has been modified to exclusively calculate the
interaction of two ion spedes confined in a Penning
trap, with separate heaing o coding of each spedes.
The wmde now runs on personal computers, using the
GNU g77 compil er [6].

Simulations of the motion of 5 to 64 multiply
charged ions (experimental ~100-500) and 64 to 200
Be" (experimental ~10° ) ions were performed using
fields, potentials, ion masss, and ion charges
correspond to those used in the experimental work.
Initialy, the ions were aranged in a body-centered
cubic lattice with random asdgnment of initia
locations of each spedes. The center of mass was
placed at the trap center for calculational ease. The
ions were assgned pseudo-random initial velocities
corresponding to an initial temperature, with the net
linea momentum of the ensemble set to zero. The
initial ion dengity, asped ratio of the lattice and ion
rotation vel ocity were assgned.

The dedrogtatic force between each pair of
particles was calculated uwsing Coulomb's Law
between point charges. The dedrostatic trap potential
was modeled as an ideal hyperbalic potential, with the
voltage gplied between ring and end caps of a trap of
spedfied size characterized by a single parameter Gyzp.
For the 9.34 mm scale length trap, Oy = -2
corresponds to about 540 V. This approximates the
voltage & which the aial oscill ation of a Be" ion is
resonant with the 2.5 MHz tuned circuit. The value
Oirap = -0.039 corresponds to a shallow axial well, used
experimentally for lower ion plasma rotation
frequencies, resulting in greder interaction stability
between the lasar beam and the plasma. Dynamic
features  aswociated  with  ion  confinement
measurements, such as r.f. excitations, therma bath
coupling to tuned circuits, and image carges, were
not modeled.

The euation of motion of the ions was
integrated in the lab frame using the Verlet method
[7], based on the Stoermer formula ri(t + 1) = 2r(t) —
ri(t - ) + °a(t) + 0(t). Here a isthe accderation of
ion i due to the eedric and magnetic forces of the
trap, as well as the Coulomb forces. Since the trap
symmetry axis is aligned with the uniform magnetic
field B, this equation is smplest to apply in the z
coordinate. For the x and y radial coordinate, the

time-centered velocity vi(t) = (ri(t + ) —(t - T))/2t +
0(t®) was used to evaluate the Lorentz force in the
Stoermer formula and to get implicit expresgons for
X(t+ 1) and y(t + 1) in terms of present accderation, x
and y position, and a single past time step of stored
past x and y positions. The parameter T was chosen to
be a fraction of the period of the initiad plasma
oscill ation, so that it isalso small enough to foll ow the
largest cyclotron frequency of the amulation. It was
found that small values of T (~30 — 30 ps compared to
~150 ns Be" cyclotron period) resulted in a stable
simulation start.

The mean squared axial velocity component
(proportional to axial temperature T, of each spedes)
is averaged for every other step. Every 1000steps, an
estimate of the rigid body rotation frequency was
made, and in that reference frame, the mean squared
radial velocity for each spedes (proportional to T,)
was calculated and recorded, along with the fixed
frame kinetic energies and potential energies of the
ions. When smulating coding, if the running average
axial temperature of an ion spedes exceeds the
spedfied temperature by 3 %, the former z-axis
positions of the spedes being “cooled” (proportional
to axial velocity in a harmonic well) were re-scaled
using a Taylor series expansion to approach the
desired temperature. The other ion spedes could aso
be “heated” axially by a similar scding, allowing a
fixed amount of kinetic energy to be added on average
to eachion. The temperature of the heaed spedes can
approach a steady state with the cooled spedes.
Typically, the target temperatureislowered in steps as
the system approaches quasi-steady state.

RESULTS

Major results of the simulation include observation
of the onset of properties of a highly magnetized non-
neutral plasma[8,9]. Asionsarecooled in a magnetic
field, the magnetic moment of the g/clotron motion
eventualy becmmes an adiabatic invariant.  This
invariance ocaurs because the amplitudes of the
Fourier components of a typical Coulomb colli sion
become too low to excite the g/clotron motion.  The
invarianceis broken in close, high velocity callisions.
The multiply charged ions, with higher cyclotron
frequencies, exhibited this effea a higher
temperatures than the Be" ions, ( ranging from 40K to
2 K for Xe*" ) depending on density (or equivalently
cloud rotation frequency), as the “radial cyclotron
temperature’ decoupled at an exponential rate from the
“axial temperature’. For example, a smulation of 186



Be" ionsand 64 Fe " ion in & Qg =-2.0 well and with
a cold rigid bady rotation frequency of 592 KHz, this
temperature was about 2 Kelvin. A snapshot of this
simulation is shown in Figures 1 and 2. The ions are
separated, as discussed below. However, the radial
and axial motions remain coupled through the ion
cloud rotation. The Be" ions were not significantly
magnetized for simulated temperatures > 1 Kelvin.
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FIGURE 1. A “snapshot” x-y projedion of the doud
of 186 Be' and 64 Fe''* ions. The trap parameter is q
=-2.0 corresponding to about 540 Volts applied to ou
trap. The Be" ions are axially cooled to 1 Kelvin. The
rotation frequency of the doud is approximately 592
kHz

Typically, the multiply charged ions and Be" ions
centrifugaly separate, as Figures 1 and 2 show. This
centrifugal separation occurs when the plasma rotates
as a rigid baly. The “pseudopotentials’ assciated
with the plasma rotation for each spedes then differ,
because of the different massto-charge ratios, causing
the ions with higher massto charge ratio (in this case
Be") to move radialy outward and separate from the
MCls.  The separation temperature was found to
depend on the trap parameter gy and rotation
frequency (bounds of which depend on oyy) as
expeded, athough the current code (no spacid
averaging / small numbers of particles) and mode of
simulation (step down of set temperature) does not
track the separation in detail.

A particular case of 64 AlI** ions and 64 Be' ions,
for which the massto charge ratios of each spedes are
identica, was smulated in a gyg= -0.5 trap. Here &
milliKevin temperatures a darge separation is

observed [9]. This is shown in Figure 3.
Simultaneoudly ordering of the MCls can be seen, first
as shdlls, then, at lower temperatures, rings of ions are
apparent. The el surfaces then have the
characterigtic triangular structure of 2D Coulomb
systems[7,10].
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FIGURE 2. A “snapshot” cylindricd R-z projedion
of theion cloud described in Figure 1.

Additiona work involves the study of the dfect of
heding sources on the multiply charged ion
temperatures given an experimentally measurable Be"
temperature. From simulated motion and atomic data,
spedroscopic lineshapes can be @lculated and
parameters for future eperiments estimated. For
example, Ca*" has been caught and eedronicdly
cooled in our trap. Unfortunately, Be" laser coding
was not functioning at that time due to laser failure.
Calculations are procealing to model this system to
optimize our procedure for a future eperimental

opportunity.

Further work is suggested by Figure 4, where the
motion of the ordered ions might be used to quantum
entangle the fine structure states of a few multiply
charged ions using an appropriate laser. An ion date
then could be read aut using a EUV or x-ray eectric
dipole transition.
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FIGURE 3. A “snapshot” cylindricd R-z projection of the
ion cloud of 64 Be" and 64 Al * ions. The adial temperatures
are ~2.5 milliKelvin while the rotationa temperatures are
~640 milliKelvin. Trap parameter is g=-0.5 and ion cloud
rotation frequency is ~163 kHz.
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FIGURE 4. A “snapshot” x-y projection of the cloud
of 123Be" and 5Fe'™* ions. The trap parameter is q =-
2.0 corresponding to about 540 Volts applied to our
trap. The Be" ions are axially cooled to 0.25 Kelvin.
The rotation frequency of the doud is approximately

544 KHz
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