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We report on a Paul-trap system with large access angles that allows positioning of fully isolated
micrometer-scale particles with micrometer precision as targets in high-intensity laser-plasma interac-
tions. This paper summarizes theoretical and experimental concepts of the apparatus as well as support-
ing measurements that were performed for the trapping process of single particles. © 2018 Author(s).
All article content, except where otherwise noted, is licensed under a Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.4995955

I. INTRODUCTION

Electrodynamic quadrupole traps1 have been a viable tool
in diverse fields of science ever since their invention.2,3 While
traps for single ions and atoms are widespread in research, traps
for macroscopic particles comprised of more than 108 atoms
are used in fewer research branches.4–6 Here we present an
electrodynamic quadrupole trap that was designed for appli-
cations requiring isolated micrometer-sized particles with µm
position-accuracy in vacuum while providing large optical
access to the particle.

The specific motivation for this development is their use
in high-intensity laser-plasma experiments as a target system,
where a tightly focused laser-pulse interacts with an isolated
target.7 Experiments require large optical access for both the
high-intensity laser that is focused into the trap center via a
large-numerical-aperture focusing optics and for the diagnos-
tics of laser-plasma interaction products. The resulting ultra-
short and intense X-ray, ion, and electron bursts are expected to
have important applications in physics and medical research.
In this respect, theoretical work and simulations have shown
that isolated targets could have important advantages over bulk
foil targets, particularly concerning the maximum energy of
energetic ions as well as their energy distribution and source
size distribution.8–14 Other very active areas of research are
studies of warm dense matter (WDM) and the isochoric heat-
ing of material, where so-called reduced mass targets (RMT)
are often used for better comparability of experiments with
simulations and analytical models.15–18

Mechanical mounting of these targets is often accom-
plished by spider silk19 (0.1–1 µm diameter) or glass cap-
illaries and other small structures19–21 (1–10 µm diameter).
This limits the size of the actual target to diameters larger than
10 µm. To avoid the necessity of a target mount, droplet sources
are a viable tool.22–24 They are inexpensive and support high

a)Author to whom correspondence should be addressed: tobias.ostermayr@
physik.lmu.de

repetition rates (>kHz). On the other hand, the necessity to
synchronize the target with the laser, the gaseous environment
around the target, and the restrictions on target material are
eminent drawbacks. Also, the accessible target diameter is lim-
ited to 8-60 µm. The quest for even smaller targets has led to the
development of gas cluster targets.25–27 Clusters with diame-
ters up to several 100 nm diameter can be formed in expanding
mixtures of gas. Considering these clusters as targets, they are
limited in available target material, and they are randomly dis-
tributed within the gaseous environment which unavoidably
fills (or exceeds) the focal volume. In consequence, several
thousand cluster targets typically interact with the laser pulse
in a single shot, limiting the isolated target character in such
experiment.

Generally, materials near the target, including the target-
mount, neighboring targets, and background gas, contribute
significantly to the laser-target interaction.21,25,28 Albeit being
tiny in scale and mass, they have profound implications
even for larger-scale plasmas used in inertial confinement
fusion.29

This paper summarizes theoretical and experimental con-
cepts of the transportable and adaptable Paul-trap apparatus as
well as the outline of one possible implementation in a laser-
plasma experiment. The system can provide targets of any
solid material with diameters currently ranging from 500 nm
to 50 µm. It thereby closes the existing gap in target diameter
between cluster and droplet targets and enables scans across
a large diameter-range using a single experimental setup. The
novel target is truly isolated and avoids any kind of nearby
structures or background gas, while its position is defined
on the µm level. Measurements on single levitating parti-
cles are presented to demonstrate reproducibility, stability, and
precision of particle positioning.

II. THEORETICAL CONCEPTS

The idea of electrodynamic traps is the levitation of
charged particles by means of the electric field despite the
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Earnshaw theorem30 stating that this is unachievable for a
purely electrostatic field. Time-dependent electric fields are
able to produce ponderomotive wells1 and enable the con-
struction of so-called Paul-traps of which different kinds
exist.

The electric potential in a linear Paul-trap can be writ-
ten in terms of time t and two spacial dimensions x and y as
Φ(~x, t)=V cos Ωt · (x2 − y2)/r2

0 , where V is the amplitude of
the AC voltage applied to the trap electrodes, Ω is the angular
drive frequency, and r0 is the effective radius of the trap. To
generate this kind of potential accurately, electrode-surfaces
must ideally lie on equipotential surfaces of such an electric
field, i.e., the ideal trap has to be constructed of four infinitely
sized hyperbolically shaped electrodes around the trap center
that are infinitely extended in the third spatial dimension z (i.e.,
do not produce any electric field in that direction). For the real-
ization of a trap in such a linear setup, the axial confinement
has to be solved by additional measures, e.g., additional elec-
trodes. The equation of motion of a particle in this potential
reads as Md2~x/dt2 =−Q~∇Φ(~x), where Q and M are the charge
and the mass of the particle, respectively. They take the form
of Mathieu differential equations for x and y, which are well
characterized with respect to their solutions.31 Two general
types of solutions exist:32 stable solutions remain limited in
their spatial extent and can thus be identified with a trapped
particle, while unstable solutions diverge in spatial extent and
correspond particles that leave the trap within a short time. This
distinction is based on a single number, the q-parameter, cal-
culated from trap and particle properties as q= 4QV/Mr2

0Ω
2.

The range 0 < q < 0.908 results in stable trajectories. For
larger q, the solution is unstable, and particles collide with the
electrodes or leave the trap after gaining kinetic energy from
the electric field. The parameter q is also a practical measure
for the adiabaticity of the system: for parameters q < 0.3, the
system can be assumed to be adiabatic,33 meaning that the
energy in the macromotion is conserved and the particle is
not kinetically heated by the temporally varying electric field.
In the following, we consider only this adiabatic regime of
operation.

The particle trajectory is then a superposition of two
parts:34 a fast oscillatory term, the so-called micromotion xmic,
which is directly excited by the fast alternating electric field,
and a slower motion xmac, referred to as macromotion, which
can be regarded as the net-motion after averaging over one
trap-voltage oscillation period.

The macromotion xmac can be described as a simple
harmonic oscillator,

ẍmac + xmacω
2
sec = 0, (1)

oscillating with the so-called secular frequencyωsec = qΩ/
√

8.
For this kind of motion, one can find a corresponding qua-
sistatic pseudopotential by integration that reads

Up(xmac)=
1
4

qV
x2

mac

r2
0

. (2)

This potential is usually referred to as pseudopotential or effec-
tive potential, since it describes the effective force acting on
the particle, averaged over the oscillation-period of the electric

field. It thereby provides important insight into the strength of
the confinement of a particle in the trap.35

In our setup, we use a trap with four cylindrical rods as
AC electrodes. In contrast to infinitely sized hyperbolically
shaped electrodes, this provides a larger optical access to the
trap center. The downside is that the cylindrical rod geometry
gives rise to higher order potential terms with the next higher
contributing orders being the 12-pole and the 20-pole.36 Our
arrangement also deviates significantly from the optimized
cylindrical geometry37,38 with rrod /r0 = 1.145 11 where the
12-pole term vanishes. In contrary to the ideal quadrupole
field, the resulting equations of motion are coupled in coordi-
nates, and the particle motion is anharmonic, i.e., the motion
frequency is amplitude dependent.39 It is further known that
higher order multipoles lead to unstable trajectories for some
otherwise stable values of q (i.e., there appear unstable regions
within 0 < q < 0.908) due to resonant heating of the parti-
cle.40–42 However, effects of higher-order potentials are mostly
discussed in context of the effective trapping volume for stor-
ing large ion clouds and their implications for precision mea-
surements.43 In our approach, we minimize their practical
influence by several means: First, we operate the trap with
q < 0.4, i.e., in a region where only very high order instabili-
ties exist.42 Second, the target is supposed to levitate very close
to the trap center for our studies, where higher order contribu-
tions are naturally minimized as they scale with higher orders
of distance from the trap center, than the quadrupole term does.
The difference of the quadrupole term in the real trap to that
of a trap with ideal geometry can be characterized simply by
means of a modified (effective) inner radius43 reff

0 within the
classical framework of equations.

The confinement in the third spatial dimension in our
trap is achieved by the application of additional DC poten-
tials via end-cap electrodes. This leads to an additional fre-
quency component of the particle motion ωz along the z
coordinate. Additional anharmonic fields arise but vanish
in the trap center—where we aim to confine the particle—
due to symmetry. They are thus neglected in this simplified
discussion.

The preparation of trapped particles in the trap center
without significant residual motion requires damping of the
initial particle motion. The amplitude of the micromotion is
proportional to the amplitude of the local electric field and
thus vanishes in the trap center. In consequence, assuming
negligible gravitational and electrostatic forces, an efficient
damping of the harmonic macromotion amplitude is sufficient
for the target positioning. To that end, we use the electric feed-
back field E(xmac) reacting to the electro-optically measured
and electronically filtered particle trajectory x with a proper
phase-shift, modifying the harmonic macromotion described
by Eq. (1) to that of a damped harmonic oscillator, thereby effi-
ciently damping the macromotion after few tens to thousands
of oscillation periods.

III. EXPERIMENTAL CONCEPTS
A. Test setup

In order to develop the Paul-trap for laser plasma exper-
iments, a compact minimum-setup was developed which is
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sketched in Fig. 1. A central part thereof is a chamber that
allows evacuation to pressures down to 10�6 mbar. Typical
laser-plasma experiments operate at pressures below 10�5

mbar in order to avoid effects of the gaseous environment
on the high-intensity laser and to ensure proper detection
of charged particle beams from the laser-plasma interaction,
preventing effects on their charge state by the limited mean-
free-path. The test chamber emulates such environment. The
Paul-trap itself is depicted in Fig. 2. It consists of four cylin-
drical copper rods with diameters of 5 mm arranged around
the trap center at geometric distance r0 = 8.1 mm, lead-
ing to an effective inner radius43 of reff

0 = 8.7 mm. In return,
the setup provides a large optical access to the trap cen-
ter, i.e., allows us to use large-numerical-aperture optics as
usually employed with ultrahigh-intensity lasers. The rod
distance and diameters can be adjusted to suit the specific
setup and can accommodate even f/1 optics in the current
configuration.

Two round copper slabs with diameters of 3 mm serve as
endcaps located at a distance of 10-20 mm in between each
other to create the potential in the z-dimension. All AC elec-
trodes and endcaps are positioned with respect to each other
in precision-manufactured ceramics seats, which also isolate
them electronically from each other. Each AC electrode as well
as both endcaps is connected to their individual voltage supply.
The setup features frequencies Ω/2π up to 5 kHz and voltages
V up to 3 kV for the AC electrodes and DC voltages up to 450 V
for the endcaps.44

Above the center of the trap, a particle reservoir is
mounted which is filled with few milligrams commercial sam-
ple of monodisperse spherical particles.45 The loading mecha-
nism of the trap works similar to a salt shaker: upon mechanical
actuation of the reservoir, several particles fall through a hole
of 100 µm diameter into the trap. The charging of the particles
is performed via an ion beam that is crossing their path. The
ion gun was built at Tectra46 delivering ion currents of several

FIG. 1. The minimum Paul-trap test-
setup comprises a vacuum chamber, the
trap and connected power supplies, an
ion gun to charge the target particles, a
laser to illuminate target particles, and
the optical measurement and feedback
setup.
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FIG. 2. The Paul-trap, consisting of four AC electrodes and two DC endcaps.
All electrodes are positioned in precision manufactured isolating ceramics
seats.

10 nA/mm2 at up to 5 keV ion energy. The current is perma-
nently monitored by a Faraday cup. The ion gun is supplied
with an adjustable gas flow of air or helium which temporarily
increases the pressure inside the chamber to 10�5–10�4 mbar.
Typically a few particles are trapped. By reducing the endcap
voltages to a few volts before trapping, the Coulomb repulsion
between trapped particles reliably and quickly pushes all but
one particle out of the trap. After the initial trapping process,
the ion gun is turned off, and the pressure is reduced to the
lowest attainable value within a second. The endcap voltages
are ramped up to their final voltage to ensure strong confine-
ment in all dimensions. Overall, the initial trapping process
takes around 10-30 s.

For the illumination of the particles, a 660 nm laser diode
with a maximum output power of 50 mW is used. A maxi-
mum of 32 mW of this power was coupled into a single-mode
fiber. Inside the vacuum chamber, a connected adjustable col-
limator lens is used to loosely focus the laser to a spot size
between 0.25 and 1 mm FWHM (Full-Width at Half Maxi-
mum) in the center of the trap. The stray light from the target
is collected by three independent imaging systems for dif-
ferent purposes. The overview camera monitors the trap and
reservoir systems during the initial trapping process. A 20×
microscope, referred to as “emulated focus diagnostics,” is
used to produce micrometer-resolution videos of the particle
trajectory and to quantify the position stability of the damped
particle. It resembles the microscope used later in experiments
for target-focus alignment. The main optical system is com-
prised of two identical 4′′ lenses with an F-number of 1 to
create a 1:1 image outside of the chamber. This image is mag-
nified by a 20× objective and divided by a beamsplitter onto
(a) a camera that monitors the particle position, ultimately
until the high-power laser-shot is fired. At this time, the focus
diagnostics used to establish the laser-target overlap must have
been removed from the laser-beam path to avoid its destruc-
tion. And (b) onto a position-sensing diode (PSD) which
tracks the center-of-mass motion of the particle’s image. The
two electric signals from the PSD provide information about
the 2D-projection of the particle motion onto the PSD plane
(i.e., vertical and horizontal directions). The analog bandwidth
of the coordinate detection is around 10 kHz. This provides

sufficient headroom for measuring the typical particle motion
in the sub-kHz range. From these time-domain signals, the
frequency of the particle motion was derived via frequency
analysis of one coordinate-signal by means of an FFT algo-
rithm. The secular frequency provides the highest peak in
the frequency spectrum. The coordinate signals are also used
for electric damping of the particle motion. The methodology
will be presented in more detail in a separate paper. Here we
describe just the key idea: The particular coordinate signal
was phase-shifted and applied as an additional voltage to the
corresponding trap electrodes. The purpose was to provide an
electric field that is proportional to the negative particle veloc-
ity, thus to generate a damping term in the particle’s equation
of motion.44,48 The result was an effective damping of the par-
ticle motion without the necessity of any gas agent typically
used to damp particle oscillations.

Note that the 2D projection on the PSD contains infor-
mation about the particle’s motion along all the three major
axes of the trap. The vertical PSD signal contains informa-
tion on the motion in the vertical dimension of the trap only,
which occurs at the secular frequency ωsec. The horizontal
signal is composed of all motion in horizontal coordinates
of the trap. The first major axis in this plane is taken along
the endcaps (z-coordinate), where particle motion occurs at
the frequency ωz. The second axis in this plane is perpen-
dicular to the z–axis, where the secular motion occurs at the
frequency ωsec. Resulting damping voltages for the horizon-
tal coordinates contain both damping signals. Naturally, the
trapped particle reacts stronger to the properly phased res-
onant part of the damping voltage in each dimension, than
it reacts to the potentially heating, but non-resonant and
non-phase-matched part, which is meant for the respective
other coordinate. Thus, the damping can become effective in
all three spatial dimensions, despite measuring only two of
them.

We want to highlight some choices that were made in
the concept. One key feature is the charging by an ion gun,
which enables orders of magnitude larger charge-to-mass
ratios of the particles as compared with charging mechanisms
that were used in previous concepts, e.g., charging by dis-
charge.49 Due to the relation of kinetic particle energy to the
potential energy in the trap Ekin(0) = QUp(xmax), the resid-
ual amplitude xmax decreases with higher charge, for a given
kinetic energy. The most important parts of the concept are the
optical setup and the optoelectronic damping which enable
experiments with well positioned targets at high-vacuum con-
ditions, such that we do not rely on buffer gas for particle
positioning.49 This is important to ensure that the high-power
laser and diagnostics for the laser plasma interactions are not
affected by a gaseous environment. Moreover, the setup allows
variable implementations in various target chambers, e.g., in
that the distance between both identical lenses is adjustable
to fit specific chamber geometries. The system must collect
the small amount of stray light created by tiny target parti-
cles. Since only the center-of-mass of the particle’s image is
tracked by the PSD, which does not necessarily need to be in
focus, we opted for the earlier mentioned large aperture f/1
lenses with comparably small depth of focus (∼1–2 µm). The
potential disadvantage of limited depth of focus is more than
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compensated by the enhanced efficiency in collecting the light
from the particle. For example, the high-numerical-aperture
lens of the optical system allows us to collect several nW
power from a 1 µm particle. For even smaller particles down to
100 nm, an optional image-intensifier with a gain of 103 can
be placed in the position of the 1:1 image outside of the vac-
uum chamber, to artificially increase the PSD signal-to-noise
ratio. The fiber-coupled laser is brought into the vacuum cham-
ber through a vacuum feedthrough, which—together with the
light-collecting powermeter—serves to reduce any kind of
stray-light other than that from the particle itself. We identified
this as crucial. It also allows us to position the illuminating
source inside the chamber compact and variable to adapt to
different laboratories.

B. Example setup in a laser plasma experiment

It is worth to briefly describe a possible implementation in
a laser-plasma experiment, which exemplary is shown in Fig. 3.
In order to protect optical components of the trap setup that
are located close to focal planes of imaging systems, where
stray-light from the high-power laser-plasma interaction can
become particularly intense, we introduce fast mechanical
shutters50 to these beampaths. This concerns both the fiber-
coupled illumination laser and the imaging system used for
the electronic feedback-loop. The closing-time of our shutters
is specified as 6 ms across 25 mm, such that imaging systems
are saved from the high-power laser shot just about one secular

FIG. 3. Implementation of the Paul-trap setup in a laser-plasma experiment.
The laser is folded once inside the target vacuum chamber and focused onto
the levitating target by an off-axis parabolic mirror. For the adjustment of
laser-target overlay, the focus diagnostic microscope is installed consisting
of a microscope objective and a mirror to guide the image out of the vacuum
chamber, where the image is produced by a tube lens and a camera. The optical
path of this microscope is sketched by a black dotted line. Several detectors for
electrons, ions, and x-rays can be installed in the plane of laser propagation,
sketched in green, together with the angles that remain unoccupied indicated
by green dotted lines. The backscatter diagnostic is sketched in dotted gray. It
makes use of the fact that the parabolic mirror efficiently recollects light that
is backscattered from the target. The turning mirror transmits a small portion
of that light which is sufficient for a spectral analysis.

oscillation period before its arrival. We verified that this
method and the time scale do not influence the relevant
position accuracy. In experiments with up to 150 J laser
energy, the stray-light coming off the high-power laser-
target interaction did no harm to the first lens at a 4′′ dis-
tance from the trap center. For higher laser energies, which
might potentially damage this lens, the possibility exists
to introduce the fast optical shutter earlier in the imaging
system.

In addition to the equipment described in Sec. III A, the
setup needs to accommodate the equipment that is inherent to
the laser-plasma experiment. That is the high-intensity laser
itself, typically including a short focal-length focusing optic
(off-axis parabolic mirror). The focus-diagnostics microscope
that is routinely emulated in the test setup shown before is
now used in the direction of laser propagation, downstream
of the target-mount. It serves for fine adjustments, both of
the high-power laser-focus and the three-dimensional laser-
target overlap. This microscope can be moved out of the
beam-path by motorized stages prior to full-power laser shots.
During laser and target adjustments, a strongly attenuated ver-
sion of the high-power laser is used. Furthermore, the laser
plasma experiment requires diagnostics for interaction prod-
ucts such as energetic ion and electron bunches or photon
pulses in a broad spectral range. In Fig. 3, we suggest a pos-
sible set of diagnostics that could consist of electron-, ion-,
and X-ray spectrometers. We have also employed a diagnos-
tic for the backscattered optical light (spatial and/or spectral
information) that relies on the small amount of backscat-
tered light that leaks through the turning mirror. More diag-
nostics are usually accommodated outside of the horizontal
laser-plane.

IV. SELECTED MEASUREMENTS OF RELEVANT
SINGLE PARTICLE PARAMETERS
A. Charge-to-mass ratio

The real-time tracking of the particle enables the mea-
surement of the secular frequency. For this purpose, the PSD
coordinate signal in the vertical dimension was measured for
a 12-s long period in the time-domain. The power spectral
density of the recorded motion was calculated via the discrete
Fourier transformation of the time-domain signal and revealed
the secular frequency as the dominant peak in the frequency
domain. An example of such measurement is displayed in
Fig. 4. During these measurements, the particle trajectory was
adjusted to fill∼3/4 of the PSD field-of-view, corresponding to
∼300 µm in the real space. All damping measures were turned
off during the measurement. The peak could be unambigu-
ously identified as the particle’s secular frequency because it
shifted according to the expectations when the trap-parameters
(Ω, V ) were changed. From the secular frequency, the charge-
to-mass ratio Q/M and the physical strength of the confinement
in the trap in terms of the pseudopotential can be inferred [using
the known relation of q and ωsec given in the theory section,
the definition of Up in Eq. (2) and the known trap parame-
ters r0, Ω, and V ]. Both are strong indicators for the ability
of the trap to accurately position a particle. In the following
example, we demonstrate the method for a polystyrene
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FIG. 4. Example of a trajectory measurement in the
time-domain (inset) for the vertical PSD signal and cor-
responding power-spectral density (frequency measure-
ment) via Fourier transformation of the time-domain
signal.

target of 10 µm diameter. Figure 5 shows secular frequen-
cies measured for six consecutively trapped particles with trap
parameters Ω/2π = 1.1 kHz, V = 1.0 kV and r0 as specified
earlier. Error bars are inferred from the spectral width of the
frequency peak and scaled up by a factor of 100 for better
readability. The mean secular frequency is found as ωsec/2π =
125 Hz, given as a black solid line, with a standard deviation
of 9 Hz (indicated by the gray band). The example reveals a
reproducible charge-to-mass ratio of 0.29 C/kg corresponding
to a surface potential of the sphere of 288 V. The correspond-
ing electric field at the particle surface of 58 MV/m is in the
range of the dielectric strength of the material51 of about 20
MV/m that is expected to limit the achievable particle charge.48

At pressures of 10�6 mbar, the value stays constant for many
hours.4 The q-parameters are inferred close to 0.3. Consistency
checks were performed by tuning q to the region where particle
trajectories naturally become unstable (q = 0.908) by lower-
ing the trap frequency. The particle trajectories consistently

FIG. 5. Secular frequencies for particles trapped consecutively, measured at
Ω/2π = 1100 Hz. The horizontal line shows the mean value of ωmean

sec /2π
= 125 Hz, and the gray band indicates the standard deviation. Error bars are
inferred from the spectral width of single measurements and scaled by a factor
100 for readability. These measurements reveal the comparably small variation
of secular frequencies and charge-to-mass ratios, demonstrating the overall
stability of the charging mechanism.

turned unstable and left the trap, for frequencies of 675 Hz
> Ω/2π > 650 Hz, corresponding to q � 0.908.

From these measurements and the well-defined particle
mass, it is also straightforward to retrieve the charge carried
by the specific target. For ωsec/2π = 125 Hz in the example,
that is Q = 9.9(0.9) × 105 e. The specified error stems from
the distribution of particle diameter in the employed sample,
specified with 3% root-mean-square deviation. The trapped
particle itself was comprised of 5 × 1013 hydrogen and carbon
atoms, easily outnumbering the number of elementary charges
brought onto it. For laser-plasma experiments, it is therefore
valid to consider the trapped particle as unvaried from its orig-
inal specification. The charge Q leads further to the potential
energy QUp = 69 MeV or 11 pJ evaluated at the distance r0

from the trap center. This is more than an order of magni-
tude larger than the particle energy resulting from a free fall
from a height of several cm and facilitates our straightforward
trapping process in the first place. It shall be mentioned that
this specific trap setup was not laid out or optimized by any
means for high-resolution spectroscopic measurements. Still,
the presented measurements and calculations serve to char-
acterize particle and trap properties sufficiently well for our
purpose. Thereby, a reliable, controlled, and stable trapping
procedure was established as a basis for the trajectory damping
and, ultimately, for laser-plasma experiments.

B. Residual motion

In the current mode of operation, solely relying on the
opto-electronic damping in high-vacuum, the initial trapping
process and the damping of the initial particle motion to its
final residual amplitude take tens of seconds to several minutes,
depending on particle composition, size, and initial conditions.
The most important measurement for the practical usability of
trapped particles as targets is the quality of the damping, quan-
tified by the amplitude of the residual motion of a trapped par-
ticle. We measured the extent of the remaining particle motion
using the emulated focus diagnostics. The 20-fold magnifica-
tion allowed us to resolve the motion. For Fig. 6, we trapped
a 10-µm diameter polystyrene particle at 1500 V, 1400 Hz
rod voltage, and 250 V DC endcap voltage. We captured
12 900 frames with 70 µs exposure time each, at a frame-rate
of 7.5 Hz. The exposure time is shorter than micro- and macro-
motion oscillation periods of the particle. From each image,
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FIG. 6. Distribution of the tracked center of mass for a
10-µm diameter trapped polystyrene sphere imaged at 20-
fold magnification. The camera exposure time of 70µs for
each frame recorded at 7.5 Hz was chosen short enough
to resolve single points of the particles micro motion.
The convoluted hit probability of a 5 µm FWHM laser-
focus would be 94.5%. In particular, positioning is more
accurate than typical laser-pointing jitters.

we determine the center of mass and plot the two-dimensional
histogram of the occurrence of a specific particle position in
Fig. 6. The Full-Width at Half Maximum (FWHM) of the
motion is confined to 2.9 µm in the horizontal direction and
1.9 µm in the vertical direction. Once the particle is damped
to such level of residual motion, it can stay confined for hours
and longer. The white circle refers to the FWHM diameter
of a typical high-power laser focus of 5 µm. From this, we
can expect a hit-probability (defining hit with at least half-
peak intensity interaction with the sphere center) of 94.5%.
This estimate does not take into account pointing instabilities
of typical large-scale high-power laser systems that are often
of the order of their FWHM spot-size. We note that the pre-
sented center-of-mass tracking is the most straightforward and
accurate method available to determine residual motion, since
more direct methods (e.g., time-integrated imaging) are easily
flawed by the particle motion along the microscope dimension
(out of the image plane), and by the complex optical properties
of transparent micro-particles, which can both lead to blurred
images even for particles at rest.

The measurement in Fig. 6 was performed in our test-
laboratory situated in the first floor of a laboratory and office
building. Tables of the setup are built of solid aluminum struc-
tures and do not implement further damping techniques. It
is noteworthy that measurements during general day-time at
which the building is comparably populated are sensitively
influenced by all kinds of vibrations caused by this popula-
tion. Presented measurements regarding damping and stability
were recorded in less populated times. For technical reasons,
the majority of large laser systems are situated in ground-
level or basement floors, often taking special care for vibration
stability. This comes to the advantage of our setup in its
designated environment.

V. CONCLUSIONS AND OUTLOOK

We have presented theoretical and experimental concepts
as well as measurements for single trapped particles to demon-
strate the operational capability of a novel electrodynamic
quadrupole trap. Spherical polymer particles with diameters
ranging from 500 nm to 50 µm as well as tungsten particles
with diameters up to 10 µm have been trapped and posi-
tioned to comparable precision with this setup already. The
system provides this uniquely wide range of target param-
eters in an isolated and well-controlled way and has been
successfully implemented at high-intensity laser facilities at
the Max-Born Institute (MBI, Berlin), the PHELIX laser
(GSI, Darmstadt), and the Texas Petawatt Laser (TPW, UT
Austin)7 in experiments investigating laser-driven ion accel-
eration from micro-plasmas. The MBI experiment was his-
torically the first one and relied on buffer-gas damping at
10�4 mbar, while all other experiments used the active feed-
back damping without buffer-gas. Figure 7 shows exemplary
data obtained with these laser systems. A manuscript dis-
cussing further results is currently under review for pub-
lication. The hit probability of laser shots using 5–10 µm
FWHM laser foci on the target has constantly been larger
than 50% and was limited by laser-pointing jitters. This recon-
firms the usefulness of the target system for laser-microplasma
investigations.

Current developments of the setup cover two major pil-
lars. First, an improvement of the current maximum repetition
rate of the 1 trapping process (and laser-shot) per 15 min
is pursued via automation of the complete initial trapping
sequence. In the presented state of the system, there are three
manual actions required for each initial trapping of a parti-
cle, which slows down the overall performance: the power
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FIG. 7. Exemplary data obtained in three different experiments. (a) Nuclear track detector used at MBI when shooting at a 1.9 µm polymer particle. The detector
was positioned in laser propagation direction at 50 mm distance to the target. The scale bar corresponds to 10 mm. The detector exclusively records ions after
they passed different thickness of aluminum filters. (b) Typical raw-data recorded by an ion wide angle spectrometer at the PHELIX laser, for a shot onto a 1 µm
polymer target. The red lines signify iso-energy lines for protons according to cutoffs produced by 100 µm aluminum filters (covering the complete detector) and
1 mm CR39 filters (cyan squares). (c) Time integrated plasma self-emission of a 7 µm tantalum target recorded at TPW. (d) Laser parameters and the hit-ratio
(hit/total shot number) for each experiment (specifying “hit” as a shot that produced reasonably measurable signal in each diagnostics). PS refers to polystyrene
targets Ta refers to tantalum targets.

on/off of the ion gun, together with the gas-flow adjustment
through it, the actuation of the particle reservoir mechanism,
and the ramping of end-cap voltages after the initial trapping
process. As the experiment areas are usually controlled for
radiation safety, any such human interaction directly at the
system costs time to re-establish the safety protocol. How-
ever, all these actions can be automated in a similar way like
the remaining part of the present system, such that a single
push-button can remotely trigger the full trapping sequence.
Once this development has been completed, the system itself
will support much larger repetition rates than the current
1 shot per 15 min. The first cornerstone for this is the imag-
ing system, which practically requires the adjustment of the
laser-target overlap only once by use of the focus-diagnostics.
Once this overlap is established, the reproducible positioning
of targets in the focus can be achieved equally well by means
of the Paul trap optical system. Unlike the focus-diagnostics,
this setup does not require physical motion of optical elements
before and after the laser engagement and is therefore com-
patible with a higher repetition rate. The second cornerstone is
the demonstrated reproducibility of the charge-to-mass ratio
for consecutively trapped particles. This allows us to oper-
ate the system at constant parameters for a given choice of
a particle-sample, thereby reducing time and effort for con-
secutive trapping processes. The third and last cornerstone is
the implementation of a hybrid damping-scheme combining
buffer-gas damping for the early stage (shortly after trapping)
and active damping for the final damping. This can reduce

overall damping time considerably, since the currently
deployed active damping is rather ineffective in the early stage,
i.e., with initial particle trajectories exceeding the field of view
of the optical system. We anticipate a fundamental limit of the
repetition rate for our target-system at around 1 Hz, as we
typically require hundreds of oscillation periods to damp the
particle trajectory, and secular frequencies are typically in the
few-hundred Hz range. Similarly, charging times will realis-
tically stay in the second range. This would suffice to make
full use of next generation laser systems, including the 1 Hz, 3
PW ATLAS3000 laser currently being built at the Center for
Advanced Laser Applications (CALA) in Garching. Besides
that, we consider the presented system as a unique tool to study
and identify ideal target parameters at a given laser system
and for a given purpose from the very broad supported target-
parameter range. This allows one to invest reasonably into a
more narrow-range solution developed specifically aiming at
high repetition rates (e.g., droplet targets or cluster targets) or to
develop new solutions, if the desired parameter-set is unavail-
able by other high-rep means. The necessity and requirements
of such investment (or development) into narrow parameter-
range targets will ultimately be driven and dictated by the
aimed-at real-world application.

The second pillar of current work concentrates on
the preparation of isolated non-spherical particles such as
graphene nanoplatelets52 as targets. In addition to the damp-
ing of their trajectory, they require controllable orientation in
the trap with respect to the high-power laser. This will open
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a completely new realm of plasma parameters to be stud-
ied, without strings attached. Simulations promise significant
potential for usable X-ray and proton beam generation from
such target.9,53,54
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