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A random noise-induced beam degradation that can affect intense beam transport over long propagation
distances has been experimentally studied by making use of the transverse beam dynamics equivalence
between an alternating-gradient (AG) focusing system and a linear Paul trap system. For the present
studies, machine imperfections in the quadrupole focusing lattice are considered, which are emulated by
adding small random noise on the voltage waveform of the quadrupole electrodes in the Paul trap. It is
observed that externally driven noise continuously produces a nonthermal tail of trapped ions, and
increases the transverse emittance almost linearly with the duration of the noise.
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Understanding the properties of intense ion beam propa-
gation is of great importance for a wide variety of accel-
erator applications [1-3]. One critical but unavoidable
problem in high-intensity accelerators is the presence of
undesired random noise due to machine imperfections, and
its influence on the long-time-scale beam dynamics [4-6].
Usually, random noise in the machine components acts as a
continuous supply of free energy to the beam [4,5,7,8].
Consequently, the associated beam degradation defines the
practical and/or economic tolerances in the machine design
and operation [3,9]. In transforming random noise effects
into emittance growth, the action of the nonlinear space-
charge force plays a critical role [8]. Hence, it is increas-
ingly important to understand the effects of random noise
on long-distance beam propagation with moderate space-
charge forces. From various multiparticle simulations with
both space-charge and random noise effects, considerable
progress has been made in developing an improved under-
standing of the random noise-induced beam degradation
[5,6,8,10-12]. However, experimental verification of these
effects has been somewhat limited due to the lack of
dedicated experimental facilities that allow the study of
long-time-scale phenomena.

The Paul Trap Simulator Experiment (PTSX), which is a
linear Paul trap [13] that can experimentally simulate the
nonlinear transverse dynamics of intense beam propaga-
tion over large equivalent distances through an alternating-
gradient (AG) transport lattice [14,15], provides a compact
and flexible laboratory facility for the experimental inves-
tigation of random noise effects. The idea of using a linear
Paul trap confining a pure ion plasma to study intense beam
propagation was proposed by Davidson et al. [14] and by
Okamoto and Tanaka [16]. The physics equivalence be-
tween the AG system and the linear Paul trap system,
including the self-field forces, is described in detail in
Ref. [14]. The amplitude of the oscillating voltage wave-
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form applied to the central electrodes in the PTSX device
corresponds to the quadrupole focusing gradient in an AG
lattice system. Hence, by slightly modifying the voltage
amplitude V.« With the relative error limit A, in every
half-focusing period, we can simulate the effect of ran-
domly distributed quadrupole focusing gradient errors in
the actual transport channel.

The PTSX device [15] is constructed from a 2.8 m-long,
r,, = 10 cm-radius, gold-plated stainless steel cylinder
(Fig. 1). The cylinder is divided into two 40 cm-long end
cylinders and a 2L = 2 m-long central cylinder. All cylin-
ders are azimuthally divided into four 90° sectors so that
when an oscillating voltage V(¢) is applied with alternat-
ing polarity on adjacent segments, the resulting electric
field becomes an oscillating quadrupole field near the trap
axis. This quadrupole electric field exerts a ponderomotive
force that confines the pure ion plasma transversely. To trap
the plasma axially, the two end electrodes are biased to a
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FIG. 1. Schematic of the PTSX device showing: (a) side view
of the quadrupole electrodes, cesium ion source, and charge
collector, and (b) end view of the central electrode set.
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constant positive voltage +V after the charge bunch is
injected into the central section. The cesium ion source is
located on the trap axis near the center of one of the short
electrode set so that ion injection is not affected by the
fringe fields. The charge collector is mounted on a linear
motion feedthrough at the other end of the short electrode
set, and can be moved in the transverse direction along a
null of the applied potential. Through the sensitive elec-
trometer with LABVIEW interface, the radial ion charge
profiles can be measured accurately to as low as the 1 fC
range, which is adequate to detect the formation of halo
particles. The PTSX device manipulates the charge
bunch using an inject-trap-dump-rest cycle, and the
one-component plasmas created in the trap are highly
reproducible [15]. A sinusoidal waveform V,(¢) =
Vomax SIN(27ft) is applied by an arbitrary function gen-
erator. Random noise is excited through another LABVIEW
interface which samples a uniformly distributed random
number & in the range [8] = A, and adjusts V. tO
Vomax(1 + 8) in every half-focusing period 1/2f.
Application of the noise signal begins after the injected
ion bunch becomes sufficiently stabilized (typically in
about 12 ms), and ends before the dumping stage begins.
In the dumping stage, most of the trapped ions are collected
within 2 ms without significant changes in the radial den-
sity profile. Since the collected charge is necessarily aver-
aged over many focusing periods during the dumping
process, the value of the rms radius calculated from the
measured radial profile can be interpreted as the rms radius
of the beam in the smooth-focusing approximation [17]. In
order to minimize the effects of neutral collisions on the
plasma behavior, the base pressure of PTSX is kept below
5 X 107 Torr, and the trapped plasma is collisionless to
very good approximation. The vacuum phase advance used
in this experiment is o, = 52°, which is considerably
below the envelope instability limit [17].

In intense beams, the relative importance of space-
charge effects can be described in terms of the normalized
intensity parameter § = w?(0)/2w? [17], where w?(r) =
n(r)g*/me is the plasma frequency squared, and w,, is the
average smooth-focusing frequency of the beam particles’
transverse oscillations in the applied focusing field. Here,
€ 1s the permittivity of free space, r is the radial distance
from the beam axis, and ¢ and m are the ion charge and
mass, respectively. The radial ion density profile n(r) is
related to the total axially integrated charge Q(r) through
the collector plate centered at radius r by n(r) =
O(r)/qmriL,. Here, r. is the size of the circular collecting
plate and L, is the plasma length. The PTSX device covers
the operating range of 0 <<§ <<(0.8 by controlling the
amount of charge injected by adjusting the voltages on
the emitter surface, acceleration grid, and deceleration grid
of the ion source [15]. In performing the actual experi-
ments on random noise effects, however, it is important to
minimize any other sources of beam state change that
might be comparable to the random noise effects, such as

injection beam mismatch, and two-stream interactions
[18], which become more significant for higher values of
§. Hence, for the experiments presented in this study, we
use a moderately low space-charge-density beam (§ ~ 0.2,
or equivalently, effective tune depression [19] v/v, ~
0.95) that has been carefully optimized through the injec-
tion scheme described in Ref. [18]. If the moderately low
space-charge-density beam has a thermal equilibrium dis-
tribution, it is expected that the beam has a Gaussian-like
radial profile [19]. Indeed, Fig. 2 shows that the measured
radial charge profile is approximately a Gaussian function
of r with temperature comparable to the thermal tempera-
ture of the cesium ion source (~1000 °C), indicating the
validity of the assumption of a thermal-equilibrium-like
beam. The optimized plasma is obtained 12 ms after the
ion injection is completed, and can be held in a thermal-
equilibrium-like state for about 38 ms (Fig. 2), which is
equivalent to quiescent beam propagation over about 2280
full AG focusing periods for f, = 60 kHz. Here, the trans-
verse defocusing space-charge force is about 10% of the
applied transverse focusing force, and other possible
sources of thermalization of the free energy, such as colli-
sions with the background gas and nonlinearities in the
applied focusing force [14], are estimated to be negligibly
small for the present experimental conditions. In addition,
the number of error samples is also an important factor for
obtaining good statistics in the experimental data [10]. In
multiparticle simulations, the number of error samples has
been chosen as small as 20 [11], or as large as 500 [5],
depending on the computation time and required accuracy
for the quantitative analysis. For the initial experiments
reported in this study, we use 20 error samples for a given
noise amplitude and duration.

Since the error limit A_,, in the focusing force is
typically only a few percent, any possible changes due to
the random noise in the global quantities such as the line
density N = [y n(r)2ardr, the mean-squared radius
R = (1/N) [y n(r)2aridr, the effective transverse tem-
perature T |, and the average transverse emittance €, will
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FIG. 2 (color online). Measured radial charge profiles Q(r) of
trapped plasma (§ ~ 0.2) without applied noise. The charge
bunch is maintained in the quasiequilibrium state for about
38 ms with a slight increase in the effective transverse tempera-
ture [calculated from Eq. (1)]. A straight line in the log of Q(r)
versus 7> plot indicates that the radial profile is a Gaussian
function of r.
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take place quite slowly. In this case, we can assume that the
beam is in a quasiequilibrium state, which means that the
average transverse focusing force balances both the ther-
mal pressure force of the plasma and the space-charge
force over a slow time scale. Therefore, the global force

balance equation can be expressed approximately as [17]
Ng?
47T€0

mw2RS = 2T + 4 )

and the evolution of the effective average transverse emit-
tance can be approximated by

2 \1/2
e(t)=2Rb(ng§,— Ng ) . @)

4egm

Simulation studies [20] using the WARP 2D code [21] in-
dicate that the free energy available from the noise-induced
envelope oscillations is converted into an increase in the
rms beam size through the action of the nonlinear space-
charge force for similar experimental condition as in the
present study. Hence, Eq. (2) is expected to be a valid
approximation which allows us to estimate the approxi-
mate emittance growth due to the random noise, simply by
using the values of N and R, measured in the experiments.
However, when there exists a significant population of low-
density halo particles below the detection limit (<1 fC) of
the charge collector, then the emittance calculated from
Eq. (2) necessarily underestimates the actual mean trans-
verse emittance. Particles far away from the beam core
(>+2R ») are of course weighted more heavily in calculat-
ing the emittance in the simulations [12,21].

To characterize the statistical properties of the beam
response to the random noise, we make use of the on-
axis charge O(r = 0). Figure 3 shows the time history of
the statistical average u and the standard deviation o of the
on-axis charge computed over an ensemble of 20 random
error samples. The average of the on-axis charge decays
almost linearly with the duration of the noise up to 25 ms.
After 25 ms, the decay rate becomes somewhat rapid,
which is likely related to the production of halo particles
(see Fig. 4) and the resultant enhanced particle loss.
Because of the relatively small number of error samples,
it is not clear if the beam response is a random-walk-like
diffusion process (o o t'/2). However, the general ten-
dency is that the standard deviation of the on-axis charge
increases with time, which strongly suggests that the fluc-
tuations in the on-axis charge measurements originate from
the applied noise rather than from instrumental uncertain-
ties (i.e., o = const.) or statistical fluctuations (i.e., o =«
V) [22].

When the beam is in a thermal-equilibrium-like state,
the on-axis density can be represented by a single parame-
ter that effectively characterizes the variation of the equi-
librium density profile from one error sample to another for
a given noise amplitude and duration [19]. Hence, except
for the case where there is a significant departure from the
thermal equilibrium state, we can infer the rms radius R,
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FIG. 3 (color online). Time history of (a) the statistical aver-
age, and (b) the standard deviation of the on-axis charge com-
puted over an ensemble of 20 random error samples. Dashed
lines are drawn to indicate linear behavior of on-axis charge
decay.

averaged over the ensemble of 20 error samples by using
the statistical properties of the on-axis charge summarized
in Fig. 3. By measuring a single radial profile for a given
noise amplitude and duration, with a specified error sample
that gives Q(r = 0) = u, we can effectively obtain the
ensemble-averaged R,,. Otherwise, it would be necessary
to measure the radial profile for every error sample, which
requires 360 independent radial profile measurements to
scan the entire parameter range, and would be vulnerable
to any drift in the experimental conditions. In the present
study, the processes of choosing an appropriate error sam-
ple and measuring the corresponding radial profile have
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FIG. 4 (color online). Measured radial charge profiles Q(r)
with different noise amplitudes and durations. Initially, the
trapped plasma is in a thermal-equilibrium-like state, for which
O(r) is a straight line in the log versus 72 plot.
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FIG. 5. The emittance growth is estimated from (a) radial
profile measurements, and (b) WARP 2D PIC simulations. The
emittance is calculated from Eq. (2), and is normalized to its
initial value €;. Note that error bars result from the instrumental
uncertainties in the radial profile measurements. For the WARP
simulations, 20 random error samples are used to calculate the
ensemble-averaged emittance.

been performed in 5 ms intervals (300 focusing periods)
with three different noise amplitudes, which require only
18 independent radial profile measurements. In Fig. 4, the
measured radial charge profiles are shown in 10 ms inter-
vals rather than 5 ms intervals to indicate the evolution of
the low-density tail more clearly.

Consistent with simulations using the WARP 2D code, we
observe a continuous emittance growth which is approxi-
mately linear with the duration of the noise (Fig. 5). For the
case where A, = 1.5%, however, the experimentally
determined emittance is somewhat underestimated after a
noise duration of 15 ms. This is most likely due to the
formation of a significant halo population under the detec-
tion limit (~1 fC) of the charge collector, which is too low
to be measured in the experiment, but contributes consid-
erably in the simulations. The formation of a significant
halo population is apparent in Fig. 4. On the other hand, for
the case with A, = 0.5%, the experimentally estimated
emittance in Fig. 5 has a slightly larger value than the
simulation results, which is likely due to the intrinsic noise
present in the PTSX device, such as jitter in the voltage
waveform or mechanical vibrations from the vacuum
pump.

In this study, we have presented experimental verifica-
tion of the random noise-induced beam degradation theo-
retically expected in high-intensity accelerators. The
amplitude of the noise used to emulate machine imperfec-
tion effects in this study may be somewhat larger than the
actual tolerance limits [5]. This is a practical compromise
to overcome the difficulty of measuring small changes in
charge signals in the PTSX device. Nonetheless, in modern
high-intensity accelerators, loss of only a few particles per
meter can cause radioactivation that would preclude rou-
tine hands-on maintenance [4]. Therefore, it is highly
relevant to verify the validity of numerical tools and to
test the physics models for beam loss in experiments with
parameters even somewhat beyond the actual tolerance
limits. Future experiments with different space-charge

induced beam degradation.
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