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Abstract

The Paul Trap Simulator Experiment (PTSX) is a com-
pact laboratory Paul trap that simulates a long, thin
charged-particle bunch coasting through a kilometers-long
magnetic alternating-gradient (AG) transport system by
putting the physicist in the frame-of-reference of the beam.
Results are presented from experiments in which the ax-
ial distribution function is modified by lowering the axial
confinement barrier to allow particles in the tail of the ax-
ial distribution function to escape. Measurements of the
axial energy distribution and the transverse density profile
are taken to determine the effects of the modified distribu-
tion function on the charge bunch. It is observed that the
reduced axial-trapping potential leads to an increase of the
transverse effective temperature.

INTRODUCTION

The Paul Trap Simulator Experiment (PTSX) is a com-
pact and flexible laboratory facility that simulates the prop-
agation of intense charged particle beams over thousands of
lattice periods through magnetic alternating-gradient (AG)
quadrupole transport systems [1, 2, 3, 4, 5]. The simu-
lation makes use of the isomorphism between the trans-
verse equations of motion for particles in the two systems
[1, 6, 7]. In the work described in this paper, the PTSX
facility has been used to modify the axial distribution func-
tion of the trapped particles to investigate the coupling be-
tween the axial and transverse degrees of freedom.

The data suggest that the effective axial temperature of
the trapped ions kTj| is comparable to the initial effective
transverse temperature k7| and is about 0.1 eV. Further,
the data demonstrate that k7", increases when particles
with large axial energy are allowed to escape because those
particles that remain trapped experience transverse electric
fields deep within the axial-trapping-electrode region that
broaden the plasma’s transverse density distribution.

The PTSX device is a linear Paul trap confining a one-
component plasma of particles with charge e;, where the
ebﬁjwt force that the PTSX electrodes exert on the trapped
particles is analogous to the epv, X Ej” force that the AG
system exerts on the beam particles in the beam frame pro-
vided that long, coasting beams that are thin relative to
the AG system magnet spacing are considered. The am-
plitude and frequency of the voltage waveform applied to
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the PTSX electrodes correspond to the quadrupole magnet
strength and lattice spacing in the AG system. Further, the
self-field forces in both systems can be described by scalar
potentials that obey Poisson’s equation.

PTSX

The PTSX device is a linear Paul trap constructed from
a 2.8 m-long, 7, = 10 cm-radius cylinder (Fig. 1). The
cylinder is divided into two 40 cm-long end cylinders and
a 2L = 2 m-long central cylinder. All cylinders are az-
imuthally divided into four 90° segments so that when an
oscillating voltage V5 (t) is applied with alternating polarity
on adjacent segments, the resulting oscillating transverse
quadrupole electric field exerts a ponderomotive force that
confines the plasma radially. To trap the plasma axially,
the two end cylinders are biased to a constant voltage V.
Voltage waveforms with amplitudes up to 400 V and fre-
quencies up to 100 kHz can be used. The trapping voltage
is nominally V = 36 V. The vacuum pressure of 5 x 1079
Torr prevents neutral collisions from playing an important
role in determining the plasma behavior.
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Figure 1: The PTSX device consists of three cylindrical
electrodes with radius r,, = 0.1 m, each divided into four
90° sectors. An oscillating voltage £V, (¢) confines the
charge bunch in the transverse plane to a radius r,,. Static
voltages +V on the end electrodes confine the ions axially
within a length 2L = 2 m.

The 1.5 cm-diameter aluminosilicate cesium emitter in-
jects 3.1 V singly-charged cesium ions into the machine
when a 1 V bias is applied between the emitter and an ac-
celeration grid. The ion source is situated inside of one of
the 40 cm-long cylinders, and to inject a pure cesium ion
plasma into the trap, the segments on this 40 cm-long cylin-
der are temporarily set to oscillate with the voltage V4 (¢).
The injection time is set to be 1.7 ms in order to allow ce-
sium ions to only just fill the trap.

After trapping the plasma for up to 300 ms, the 40 cm-
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long cylinder on the opposite end of the PTSX device from
the ion source is set to oscillate with voltage +V;(t), and
the plasma streams out of the trap. Part of the exiting
plasma is collected on a moveable 5 mm-diameter collector
disk. The radial density profile is computed using the mea-
sured radial charge profile and knowledge of the area of the
collector and the length of the plasma column [8]. Since the
plasma ions can take several milliseconds to leave the trap,
the measurements are necessarily averaged over hundreds
of lattice periods.

Near the axis, the potential is quadrupolar and the av-
erage smooth-focusing frequency [9] of particles’ trans-
verse oscillations can be expressed for an applied voltage
V(t) = Vi max sin(2x ft) as [1, 9]
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where m; = 133 amu for Cs™ ions. The factor ¢ depends
on the shape of the voltage waveform and & = 1/21/27 for
the sinusoidal waveform used herein. The smooth-focusing
vacuum phase advance o/ is given by 0¥ = wq/f 13, 9]
In order for the particles to be confined radially, the nor-
malized beam intensity s = w?2(0)/2w? must be less than
unity, where w,(0) = [ny(0)e?/mpeo]'/? is the on-axis
plasma frequency. The limit of low s corresponds to the
emittance-dominated regime, while s — 1 corresponds to
the space-charge-dominated regime. For a flat-top density
profile, the normalized beam intensity parameter s is re-
lated to the depressed tune v/v, as v/vg = /1 — s.

When k7', approaches 0 (s — 1), the plasma radial den-
sity profile is nearly uniform. In the case of low space-
charge density (s — 0), the radial density profile is nearly
Gaussian. In all cases, under quasi-steady-state conditions,
a global radial force balance equation can be expressed as
(9]
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In the analysis of PTSX results, the mean-squared radius
R? and the line density NN}, are calculated as moments of
the measured plasma density profiles; k7', is inferred from

Eq. (2).

EVAPORATIVE COOLING

“Evaporative cooling” occurs when the axial trapping
potential is lowered to allow particles with sufficiently
large axial energy to escape. By counting the number of
particles that escape as a function of the value of the re-
duced axial trapping potential, k7], can be inferred. The
coupling between the transverse and longitudinal degrees
of freedom is investigated by measuring the average trans-
verse density profile after allowing particles with the most
longitudinal energy to escape.

The applied axial-trapping voltage on the PTSX end
electrodes is typically larger than 30 V. Ions that are in-
jected into PTSX with an axially-directed kinetic energy
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of 3.1 eV will be well trapped. The axial-trapping voltage
on the upstream end electrodes can be reduced for a short
time, however. During this time, the ion source is biased so
that no ions can enter the trap. Ions within the trap that are
sufficiently energetic can escape over the reduced barrier.
After the axial-trapping voltage is restored to > 30 V, the
plasma is held, and then finally dumped onto the collector
disk to measure the amount of charge that remains trapped.
Although the end electrodes are 40 cm long and 10 cm in
radius, the axial-trapping barrier is only 87% of the applied
voltage because of the 0 V-biased ion source grid located
10 cm into the end electrodes (Fig. 2).
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Figure 2: Poisson’s equation is solved numerically for the
40-cm-long end electrode at unit voltage, the O V deceler-
ation grid at z = 10 cm, and the first 40 cm of 2-m-long
main confinement electrodes at 0 V (top — r — z color con-
tour plot). The presence of the deceleration grid causes the
axial-trapping barrier height to be only 87% of the applied
voltage (bottom — potential along r = 0).

Figure 3 shows the on-axis measured charge on the col-
lector as a function of the height of the reduced upstream
axial-trapping barrier. The measured charge is normalized
to unity at large axial-trapping barrier height where all of
the particles remain trapped. The reduced barrier is applied
for only one round-trip transit time of the ions (2 ms), and
correspondingly, the data show that when the barrier height
is reduced to zero, no charge remains trapped. It is assumed
that the axial velocity distribution is a drifting Maxwellian
distribution with a mean velocity corresponding to a kinetic
energy of 3.1 eV, and a width given by k7|. Integration of
this velocity distribution gives the number of particles that
remain trapped, and this is plotted in Figure 3 for three tem-
peratures: kT = 0.05 eV, 0.10 eV, and 0.20 eV. The model
with k7" =0.1 eV is the most consistent with the data. Note
that the on-axis charge is a reasonable proxy for the total
number of trapped particles.

TRANSVERSE HEATING

An axial-tapping barrier height of 3.6 V was then cho-
sen so that approximately 30% of the particles, those with
the most axial energy, are released. The coupling of trans-
verse and longitudinal degrees of freedom is explored by
allowing the plasma to relax after the evaporative cool-
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Figure 3: The measured on-axis charge that remains

trapped (black dots) drops to zero as the axial-trapping
barrier is reduced to zero. The rate of change in the on-
axis charge is consistent with an axial temperature of 0.1
eV when the axial distribution is assumed to be a drifting
Maxwellian with a mean velocity corresponding to 3.1 eV
(solid red line).

ing, and then measuring the average transverse density pro-
file. For a plasma that experiences no evaporative cooling,
kT ~ 0.17 eV (Fig. 4). If the evaporative cooling of
the axial distribution occurs between ¢ = 7 ms and 10 ms,
kT, = 0.30 eV, but remains relatively steady with time
thereafter (Fig. 4). When the cooling is applied from ¢ =7
ms until the end of the plasma confinement, it is observed
that £7'; continues to grow with time, despite the fact that
all particles with axial energies greater than 3.6 eV have
left the system by ¢t = 10 ms (Fig. 4).
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Figure 4: For a plasma that experiences no evaporative
cooling,kT| = 0.17 eV (black), but k7, = 0.30 eV for
a plasma where evaporative cooling occurs between ¢t = 7
ms and 10 ms (blue). If the cooling is applied permanently
att =7 ms, then k7', continues to grow with time (red).

The data suggest that any cooling of k7", by coupling
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between the transverse distribution and the cooled longi-
tudinal distribution may be masked by a larger effect that
raises k7', when the axial-trapping barrier is lowered. In
fact, particles that penetrate deep into the end electrode re-
gion experience radial electric fields that are different than
when the axial-trapping voltage is large, and particles do
not penetrate deeply into the end electrode region (see Fig.
1). These electric fields lead to radial transport and an in-
crease in k7' . Experiments were performed in which the
cooling is applied from ¢ = 7 ms until the end of the plasma
confinement, but the axial-trapping barrier height is kept
higher than 5.2 V where 99% of particles remain trapped.
For barrier heights of 43.5 V and 8.7 V, the measured val-
ues of k7') are 0.18 eV and 0.19 eV, respectively. However,
for barrier heights of 7.0 eV and 5.2 eV, the measured val-
ues of kT are 0.24 eV and 0.39 eV, respectively, showing
significant transverse heating even though more than 99%
of particles remain trapped, and therefore there is no evap-
orative cooling.

CONCLUSIONS

The axial temperature k7] of plasmas trapped in PTSX
is approximately 0.1 eV and is similar to £7°; . Truncating
the axial distribution by lowering the axial-trapping barrier
height to release energetic ions does not ultimately lead to
a cooler kT . Instead, k7' increases due to the electric
fields that trapped ions experience experience when pene-
trating far into the trapping electrode region.
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