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Abstract

Space charge can significantly affect the resonant prop-
erties of rings. The University of Maryland Electron Ring
is a scaled experiment in which we have circulated beams
with unprecedented intensities. Here we discuss the res-
onance analysis performed using the electrostatic particle-
in-cell code WARP, to understand the effect of space charge
on the ring resonances. Beams with varying degrees of
space charge in both the emittance-dominated and space-
charge-dominated regimes are attempted. The operating
point is scanned to map the tune diagram under various
lattice and injection errors. The results of the simulation
study are compared to experimental measurements.

INTRODUCTION

The importance of understanding and predicting beam
loss, in order to improve the machine performance, cannot
be underestimated for high intensity synchrotron or stor-
age rings. There are many causes for beam loss. Examples
include injection errors, mechanical misalignments, errors
in beam steering, and unstable operating points. To cor-
rectly identify the cause is a challenge. Moreover, when
the operating point is close to the integer or half integer
tune operating point, the multi-turn beam quality will dete-
riorate quickly. Space charge introduces a shift in the tune
that complicates the analysis. The tune shift has both an
incoherent component as well as a coherent component ex-
periences by the beam as a whole due to the image forces.
This shift affects the beam quality and shifts the resonance
point [2].

This paper will use the University of Maryland Electron
Ring(UMER) as a platform to study beams with varying
degrees of space charge force. We use both experiment and
computer simulation to explore how space charge forces
and lattice errors affect the resonant property. This study is
focused on the integer and half integer resonances.

The University of Maryland Electron Ring (UMER) is
a low-energy, high-current machine designed to carry out
beam physics research with space charge [6, 7, 8]. It mod-
els the transport physics of intense space-charge-dominated
beams. Its current varies from 0.6mA to 100mA, as in Ta-
ble (1), which covers a wide region from emittance domi-
nated beams to space-charged dominated beams.

For UMER, the design goal is to circulate low current
beam for 100 turns and high current beam for 10 turns
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without beam loss, and the emittance growth is less than
a factor of 4. At the same time, this is a good opportunity
to benchmark our simulation code in WARP [3], WinAgile,
and ELEGANT.

Table 1: Typical UMER Beam Parameters
Beam current Radius Emittance Tune depression

0.7 mA 1.5 mm 7.6 μm 0.82
7.0 mA 3.0 mm 25.5 μm 0.56

23.0 mA 5.0 mm 39.0 μm 0.34

Traditionally, there is a stability requirement that inco-
herent Laslett tune shift limit be δν < 0.25 to avoid integer
and half-integer resonance. However, from Table (2) of
UMER, it can be seen that the tune shift for these three dif-
ferent beams is much greater than 0.25. Nevertheless, we
have a good multi-turn circulation with appropriate lattice
settings.

Table 2: Tune shift for three beams
0.7mA 7mA 23mA

Nominal tune 6.17 6.17 6.17
Incoherent tune spread 1.1 2.7 4.1
Coherent tune shift 0.02 0.08 0.20

First, define a parameter r to quantify the beam loss in
the ring. Without loss of generality, we use the beam posi-
tion monitor (BPM) signals:

r =
total BPM current at turn 4
total BPM current at turn 1

=
I4

I1
(1)

where the BPM location, in general, does not matter. r
defines the beam loss, or the ratio of transmitted current.
Larger r indicates better quality of multi-turn operation.

Figure (1) is the experimental result for two beams with
different degrees of space charge. The 7mA beam has less
space charge and the 23mA beam has intense space charge.
The top plot is for the 7mA beam, where we see a signif-
icant beam loss in three regions. The first region is 1.85-
1.95A, the widest one. The second region is 2.03A-2.07A.
The third region is around 2.17A with only a dip. The bot-
tom plot is for the 23mA beam, where we see a significant
beam loss in three regions. However, this time, there is a
shift for the beam loss region and the width of the region
differs from that of the 7mA beam. The first region is 1.94-
1.96A. The second region is 2.06-2.08A. The third region
is 2.12-2.2.



Figure 1: Experimental result: quadrupole scan versus transmitted total current. The upper plot is for 7mA beam and the
bottom plot is for 23mA beam. Beam loss is observed at different operating points.

To better understand why and how this beam loss hap-
pens in these regions, we simulated the ring under various
circumstances as described in the next section.

Figure 2: Simulations for 0.7mA beam. The red ”diamond”
line refers to the case without quadrupole error. The blue
”circle” line refers to the case with quadrupole error. The
top plot is the fraction tune versus quadrupole current. The
middle plot is the maximum centroid amplitude versus cal-
culated tune. The bottom plot is the equilibrium orbit ver-
sus calculated tune.

For the simulation, we choose Particle-in-cell code
WARP([3]), which has been developed at Lawrence Liv-
ermore National Laboratory for heavy ion fusion applica-
tions. One important feature of WARP is its ability to deal
with space-charge dominated beams.

The simulations were set up as following:

Figure 3: Simulation for 0.7mA, 7mA and 23mA beams
with random quadrupole alignment error. The red ”dia-
mond” line refers to 0.7mA beam. The blue ”circle” line
refers to 7mA beam. The purple ”squared” line refers to
23mA beam. The top plot is about the fractional tune and
the bottom plot is about the maximum centroid amplitude.

1. The initial beam has a semi-Gaussian distribution,

2. Constant earth field, By=0.4 Gauss,

3. Ignore the injection,

4. Magnets include full fringe fields and nonlinearities,

5. Particle number np=20,000, grid nx=ny=256,
ds=0.002m,

6. Use 4-turn measurement approach as described in



Figure 4: Simulation with quadrupole random strength er-
ror for 0.7mA, 7mA and 23mA beams. The red ”diamond”
line refers to 0.7mA beam. The blue ”circle” line refers to
7mA beam. The purple ”square” line refers to 23mA beam.
The top plot is about the fractional tune and the bottom plot
is about the maximum centroid amplitude.

next subsection to obtain fractional tune and equilib-
rium orbit.

In the simulation, we considered three different sit-
uations: (1)no error, (2)quadrupole alignment error,
(3)quadrupole strength error. We assume the errors are uni-
formly distributed along the ring.

We take the approach from Koutchouk ([5]) by using
consecutive beam position monitor signals to calculate the
fractional tune and equilibrium orbit.

The simulation results are plotted in Figures (2), (3), and
(4).

In Figure (2), it can be seen that the maximum amplitude
of beam centroid (in X plan) grows significantly around
the integer tune point when there exists quadrupole mis-
alignment error. The equilibrium orbit is greatly distorted
around the integer tune point when there is quadrupole mis-
alignment error. However, there are no centroid growth
and no equilibrium distortion when there is no quadrupole
alignment error.

In Figure (3), it can be seen that the maximum ampli-
tude of the beam centroid is distorted for all three beams
around integer tune operating point. However, the band-
width of the resonance for these three different beams, from
emittance-dominated to space-charge-dominated, is almost
the same. The tune shift agrees well with Table (2) for three
beams. The integer resonance for the low current beam
appears to be much stronger than for high current, where
space charge plays a detuning effect.

In Figure (4), unlike the pure random quadrupole align-
ment error, it can be seen that there exist both integer
resonance and half integer resonance when there exists a

quadrupole strength error, which agrees that the quadrupole
strength error introduces first order and second order reso-
nance ([8]).

In this paper, we applied simulation to explore the
resonant properties, and compared them with experimental
results. The simulation has provided a valuable tool
for us to understand some intricate physical phenomena
which are difficult to explain analytically. Future work
will include analysis on higher harmonic errors, injec-
tion/recirculation, beam losses, detailed RMS envelope
matching, and incoherent space charge effects.

This work is sponsored by the U.S. Department of En-
ergy Offices of High Energy Physics and High Energy Den-
sity Physics, and the US Dept. of Defense Office of Naval
Research and Joint Technology Office.
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