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Abstract

We present studies of space-charge-induced beam pro-
file broadening at high intensities in the Proton Storage
Ring (PSR) at Los Alamos National Laboratory. Previous
work has associated the observed broadening in the verti-
cal direction with the coherent half integer resonance [1].
Here, we study the effect of the space charge environment
on this resonance; specifically, we investigate the strength
of the resonance versus beam intensity, longitudinal bunch-
ing factor, transverse lattice tune, and two different beam
injection scenarios. For each case, detailed particle-in-cell
simulations are combined with experimental results to elu-
cidate the behavior and sensitivity of the beam resonance
response.

1 INTRODUCTION

The next generation of high intensity synchrotrons will
require unprecedented minimization of beam loss in order
to control radiation activation of the machine. Many of
these accelerators will operate in an energy regime where
space charge effects are a primary mechanism for halo de-
velopment and beam loss. In striving towards successively
higher beam intensities, an important task is to understand
space charge from both theoretical and experimental stand-
points. The Proton Storage Ring (PSR) at Los Alamos Na-
tional Laboratory can operate with very high space charge
effects and therefore provides an ideal setting for this type
study. In this paper, we analyze experimentally observed
beam broadening at high intensities in the PSR ring. Both
particle core model and particle-in-cell (PIC) simulations
are employed as toolsto interpret the data. Inthe PIC sim-
ulations, we pay particular attention to lattice, injection,
and RF settings, and in general find very good agreement
between the simulated and experimentally measured beam
profiles.

The quantity of merit in space charge studies has tradi-
tionally been the incoherent space charge tune shift limit.
Recently, experimental and computational work has shown
that the coherent tune bears more consequence on reso-
nance behavior of the beam [2,3]. A complete analysis
of the half-integer coherent resonance response was per-
formed by Sacherer in his doctoral thesis[4], and we quote
his results extensively here. He used the particle core
model to demonstrate that the onset of the half-integer res-
onance occurs at space charge tune shifts in excess of the
incoherent tune limit. He later extended his analysis to
rms second moments of the beam distribution, thus making

it applicable to realistic space charge scenarios. We have
performed extensive work to tie Sacherer’s core model to-
gether with an independently developed rms core model
which includes dispersion [5,6] and also with PIC calcula
tionsand experimental data. Theemphasishereisweighted
heavily towards the experimental side.

2 BEAM BROADENING AT HIGH
INTENSITY AT PSR

The PSR ring is 90 meters in length an can accumu-
late up to about 5 x 10'3 protons. Beam profile broaden-
ing is observed at the highest operating intensities (above
3 x 10'3) and coincides with an escalation of beam losses.
For the experiment presented here, 7uC' of beam was ac-
cumulated over a period of 1.16ms, or about 3214 turns,
injecting 1.36 x 10'° protons per turn. The lattice tunes
were set to their nominal working values of (v,,v,) =
(3.19,2.19), and optimal injection settings with vertical
painting were used. Horizontal and vertical profiles were
measured on awire scanner in the extraction channel after
the full accumulation of beam. The intensity of the beam
was varied by chopping the linac beam pulses beforeinjec-
tion into the ring. The profilesin Figure 1 show the verti-
cal beam profile at one-fourth of the full intensity, one-half
of the full intensity, and at the full intensity. No signifi-
cant difference is observable between the one-fourth and
one half intensity profiles, whereas the full intensity case
exhibits alarge amount of beam broadening.

Experimental Vertical Beam Profiles

" 14 Iﬁtemsity‘
2 1/2 Intensity -
i Full Intensity ——

-40 -30 -20 -10 0 10 20 30 40
Y [mm]
Figure 1: Vertical beam profiles measured on a wire scan-

ner after extraction of the accumulated beam, shown for
one-fourth, one-half, and full intensity beams.

In order to explore the area between the half and the full
intensities, we invoke PIC model simulations of thefull ex-
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periment. The simulations neglect magnetic errors, strip
foil scattering, and chromatic effects, but include a com-
plete set of transverse and longitudinal space charge inter-
actions; therefore, space charge provides the only nonlin-
earity. The details of the code are available in the ORBIT
reference manual [7]. Although the benchmarks are not
shown here, good agreement is reached for each of the pro-
files shown in Figure 1, as well asfor the other experimen-
tal profiles discussed below.

Two quantities that are of importance in diagnosing
space-charge-induced effects on a beam are the space-
charge-depressed incoherent tunes, and the second moment
of the beam, both available to us through the PIC simula-
tions. Figure 2 below shows the former, plotted as a func-
tion of longitudinal distance in the ring, for both the half
intensity and full intensity cases. The PSR longitudinal
profileis sharply peaked in the center, leading to large tune
depressions in this area. For the half size beam, the max-
imally depressed tune shifts dightly exceed the incoher-
ent half-integer threshold, v, = 2.0. Recall that no beam
broadening occurs at this stage, implying that the inco-
herent threshold can be crossed without immediate conse-
quence to the beam. At the full intensity, where the broad-
ening is seen, the beam has crossed the incoherent limit by
an additional 0.1. The limit for the onset of beam broad-
ening relative to the tune shift points strongly towards a
coherent response to the resonance condition.
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Figure 2: Incoherent tune shifts plotted as a function of
longitudinal coordinate in the ring for full and half inten-
sity beams. The dashed line correspondsto the half-integer
stopband.

Further evidence of the coherent resonance is presented
in Figure 3, where the second order moments of the beam,
normalized to the matched beam envel ope, are plotted over
one turn of the accelerator. Here, the rms beam envelope
executes four oscillations per turn, a signature trait of the
half-integer coherent resonance. The moments are plotted
for particles in the middle of the longitudinal distribution,
where the density is highest. An anaysis of the moments
outside of this range shows a sharp decrease in the mo-
ment amplitudes, and frequencies tending towards twice
the bare tunes as we move away from the center. Thisis
an indication that the observed beam profile broadening re-

sults mainly from particleslocated at the very center of the
longitudinal bunch, a fact which makes for interesting ex-
periments related to the longitudinal bunching factor.
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Figure 3: Normalized second moments of the full intensity

vertical beam, plotted over one turn of the ring.

3 EXPLORATIVE EXPERIMENTS

This section is dedicated to three experiments performed
to explore the onset of the resonance in detail. In the first
experiment, the longitudinal profile shape was atered by
placing anotch in the center of the longitudinal profile, i.e.,
no beam was injected within 15 degrees of the center of the
bunch train; additional beam was injected outside of this
range so that the final intensity of the beam was unaffected.
Beam eventually diffused into the notched region, but the
overall peaking was greatly reduced, and the bunching fac-
tor increased from the nominal value of about 0.3 to about
0.45. The effect on the transverse profiles is shown in Fig-
ure 4, wherethe vertical profiles after the full accumulation
with and without the longitudinal notch are plotted. Note
that the longitudinally notched beam is about 15% thin-
ner. Full PIC simulations of the experiment show that the
emittance growth for the highest intensity case is greatly
reduced when the notch isin place, with the final rms emit-
tance reaching about 7rmm - mrad with the notch, com-
pared to the 9.57mm - mrad reached without the notch.
The notch was not observed to make any differencein the
profilesin lower intensity cases, where the beamis not near
the resonance.

In the second experiment, the horizontal tune was kept
at the fixed value of v, = 3.19, while the vertical tune
was incrementally lowered from the nominal v, = 2.19
to v, = 2.09 in steps of 0.02. The result was a dramatic
increase in the rms beam width from 17mm at the highest
tune value to 22.5mm at the lowest tune value. The cor-
responding experimental |osses increased linearly with de-
creasing tune value up until the last data point, wherelosses
jumped substantially, most likely caused by a violation of
the limiting ring aperture.

Finally, beam broadening was measured as a function of
painting scheme. A 5uC beam was painted vertically to
two different sizes. one beam was painted with a 17mm
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Comparison of Experimental Vertical Profiles (Full Intensity)
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Figure 4: Vertical experimental beam profiles for a 7uC
beam with and without a longitudinal notch. The red solid
line is the beam without the longitudinal notch (bunching
factor ~ .3) and the blue dashed beam is the beam with the
longitudinal notch (bunching factor = .45).

maximum injection offset, and the other beam was painted
with a 12mm maximum injection offset. Profiles recorded
at half of the run intensity (2.5 1C) show that the smaller
painted beam is smaller at the end of accumulation than the
larger painted beam. However, with the full 5uC of beam
current, the small and large painted vertical beam profiles
a the end of accumulation are nearly identical (see Fig-
ure 5). The smaller painted beam, subject to a much more
intense space charge environment, reacts more quickly and
more severely to the coherent resonance than doesthelarge
painted beam.
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Figure 5: Vertical experimental profiles after accumulation
of a 5uC beam painted to 17mm and a beam painted to
12mm. The solid red is the large painted beam and the
dashed blueis the small painted beam.

PIC simulations of the experiment show that the small
painted beam reacts to the resonance very early in the accu-
mul ation stage, and displays beam moment oscillationsthat
are about 10% larger than those of the large painted beam.
After this initial stage of growth, the small painted beam
oscillates with moment amplitudes just slightly higher than
those of the large painted beam, and the emittance of the
small beam at the end of accumulation is about 8% greater
than that of the large beam. Thisbehavior is consistent with
Sacherer’s claims that the emittance of the beam grows

in response to the half integer resonance and weakens the
space charge environment. In an accumulation scenario,
this is an ongoing process, and a comparison of Sacherer’'s
analytic equations with the PIC simulations shows that the
PSR beam is sitting continuously at the very edge of the co-
herent resonance threshold. The emittance of the beam is
growing constantly in excess of pure painting effectsin or-
der to compensate for the resonance condition. Eventually
the beam size exceeds the limiting ring aperture and losses
escalate, ultimately limiting the attainable beam intensity.

4 CONCLUSIONS

Strong evidence supports the conclusion that beam
broadening at high intensities in the PSR accumulator ring
is a result of a coherent half-integer resonance response.
PIC simulations, al well-benchmarked with experimental
data, show that space-charge-depressed tunes are in excess
of the incoherent stopband limit before the onset of broad-
ening, and that the beam envelope executes four oscilla-
tions per turn, both strong indicators of a coherent reso-
nance. Experiments performed to explore the resonance
show that at high intensity, factors such aslongitudinal pro-
file shape, transverse painting scheme, and variation of bare
tune all affect the response of the beam to the resonance; at
low intensities, before the onset of resonance, no signifi-
cant changes are observed from the modification of these
parameters.
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