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Abstract. space-charge-dominated regime, especially for a circular
machine. The intensity of the beam and the circular
Numerical simulation using particle-in-cell codes is geometry combine to generate complications such as
powerful tool in understanding the nonlinear dynamics etsonances and dispersion. Mismatches and some lattice
space-charge-dominated beams.  The University ahd alignment errors play a bigger role as the beam
Maryland Electron Ring (UMER) will explore the intensity increases, especially since the compact printed-
transport of beams with intensity previously inaccessibtgrcuit magnets introduce large fringe fields that may
to circular machines. The ring will also function as aegrade the beam quality. Image forces play a role that
testbed for accelerator codes. Apglions such as heavy cannot be neglected, especially since the beam fills a large
ion fusion and colliders require the preservation of beagross-section of the pipe. Finally, bunch-end effects and
quality during transport over large distances. This neddngitudinal confinement of the intense beam in the ring
for low beam emittance and small particle losses yet another complication.
constrains the design and fabrication of the lattice and theSelf-consistent computer simulations are necessary
injector. Furthermore, the non-zero energy spread leagiscause of the nonlinear nature of these effects. In the
to dispersion in the circular lattice. Simulations using thengoing process leading up to the commissioning of the
WARP code address these issues: the magnets, includiirg), the numerical simulations using the WARP code [3]
the fringe field nonlinearities, are modeled realisticallyare benchmarked against any experimental measurements
dispersion matching is attempted; and effects of latticevailable, some of which may be unexpected. For
and beam errors are examined. The simulations aid ékample, simulation has been a successful tool in
understanding experimental results, such as the transvenseerstanding the radial density waves seen in a prototype
density waves observed in the injector. injector experiment [4]. Because of its low cost and
versatility, UMER will provide a valuable testbed for
computer codes to be used in designing larger machines.
Since the simulation work permeates all aspects of the

Many applications of accelerators are emerging th&f'9 design, we have only enough space to briefly address

require high intensities and good beam quality. Hea few of the issues listed gbove, dlr_ectlng_ the reader to

ion inertial fusion, for example, requires transporting an@ther publications for more involved discussions.

accelerating a high current beam and focusing it onto a

tiny spot. Spallation neutron sources and high intensity 2. BACKGROUND

colliders also require good beam quality, although the

intensities needed may be somewhat lower. FurthermoTge nominal beam current is 100 mA at 10 keV, resulting

most of these applications involve some bending of the a generalized perveance of 0.0015. A nominal

beam, and some can benefit from the concept of (@nnormalized 4*rms) emittance of 50 mm-mrad and

recirculator to save space and costs. The University @bminal average beam radius of 10.2 mm (fgr= 76°,

Maryland Electron Ring (UMER) [1], which is currentlyy, = 7.6) results in a tune depressionvg) of 0.14. A

in its early construction stages, is a scaled experimefgture phase is planned where the beam is to be

designed to investigate the physics of space-chargecelerated to 50 keV. Moreover, the ring is designed to

dominated beams in a circular geometry. A kepun at lower beam currents, allowing us to explore a wide

advantage of the project is its low cost, through the usgnge of tunes.

innovative features such as printed-circuit magnets [2] Figure 1 displays a schematic of the ring lattice, which

and modularity in design. consists of 36 FODO cells around the 11.52 m
With a nominal 100 mA at 10 keV and 50 mm-mragircumference ring. Each cell is therefore 32.0 cm long

emittance, the UMER beam operates with a tungnd contains two evenly-spaced printed-circuit

depression W/v,) of 0.14, placing it in an extremely quadrupoles [2] and, in between those, a printed-circuit

1. INTRODUCTION

: http://www.ipr.umd.edu/~ebte/ring
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dipole which bends the beam by 10°. The quadrupot®nfirming the designed linearity of the integrated fields
gradient is about 0.078 Tesla/m, while the bending dipo[6]. Including the fringe fields of the bending dipoles,
peak field is about 0.00154 Tesla. Three induction gapswever, results in some non-numerical emittance growth
used for longitudinal confinement are evenly distribute(about 30 % in 10 turns or 360 dipoles). The question
around the ring, while the remainder of the spaces ameises as to why the dipoles, which were also designed to
occupied by diagnostics and pumping ports. be linear in the integrated sense, lead to more emittance
growth than the quadrupoles. The difference is that the

® DIAGNOSTIC PORTS: P[] panoFsky QuAD individual particles in the beam follow a curved trajectory

BPM(C). PHOSPHOR SCREEN | T T inside the dipole, whereas the dipole fields were designed
O QUADRUPOLE BEM(R) to be linear when integrated along z, the dipole axis.
@ SOLENOID b P Extensive simulations [partially discussed in ref. 5] link
| DIPOLE

the observed growth in emittance to the field
inhomogeneities seen by the beam over its curved
EXTRACTION trajectory.

AND Although the emittance growth is relatively small, it
can become significant if we wish to operate for > 25
turns. A remaining question currently being explored is
therefore whether a dipole redesign can alleviate the long-
term emittance growth by minimizing the nonlinearities
integrated over the self-consistent particle orbits.

SYSTEMS

INIECTOR . . .
AND 3.2 Dispersion Matching
MATCHING . .
SECTION Since a beam, in general, has a non-zero energy spread,

ELECTRON propagation in bends leads to dispersion, i.e., particles at
TLR LRI different energies oscillate around different reference
POWER SUPPLY . . .. . .
trajectories. If not explicitly matched for dispersion, the
beam experiences a dispersion mismatch as it enters the
ring from the straight injector, or as it leaves it to the
extraction section. For a space charge dominated beam,
Figure 1. Schematic of ring design [1]. this dispersion mismatch leads to emittance growth, as
confirmed earlier by theory and simulation [5-6]. It is

. . . . .. possible to use the generalized envelope equations
In the simulations described herein, we rely primarily %feveloped by Venturini and Reiser [6] to design a

the WARP particle-in-cell (PIC) code [3], which has beef,aching section that matches both the envelopes and the
developed at Lawrence Livermore National Laboratornfishersion function for a space-charge-dominated beam.

(LLNL) for heavy ion fusion applications. An importantyhere remain questions, however, about the applicability

feature of the WARP code is its ability to efficiently track¢ 1o theory as the beam attempts to relax to a state of
a space-charge-dominated beam along bends. T

particle orbits are integrated self-consistently under thevvllelb;glgﬂ'ed numerical simulations with the WARP code
applied fields and the self-fields. The simulations havg, eyajuate the results of employing dispersion matching
the following  characteristics: ~(a) the magneby poiy injection and extraction. The results are discussed
nonlinearities, including those arising from the fringg, ref [7] and generally indicate that proper dispersion
fields, are fully included; (b) the numerics have beepsiching can help reduce the emittance growth. Indeed,
checked for convergence; and (c) although mMOghe simulations indicate that a significant component of
simulations were performed using the 2d3v “slice modeli,e emittance growth from a dispersion mismatch is
certain key simulation were tested using the full 3d COdF’eversible, meaning that it can be recovered by proper

Ref. [5] contains further details. matching at extraction. However, dispersion matching
using the generalized envelope equations becomes more
3. SIMULATION RESULTS AND DISCUSSION difficult at higher currents because relaxation processes
develop earlier downstream, and henceforth the
predictions of these equations depart from the simulation
results.

3.1 Magnet nonlinearities

Despite large fringe fields, the printed-circuit magnet8.3 Errors, Mismatches and Misalignments
were designed to be linear when integrated parallel to the

magnet axis. Simulations with the quadrupoles thdi@able 1 is a summary of the error analyses conducted so
include the fringe fields exhibit no emittance growthfar. The dipole nonlinearities have been included in the
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error studies. By themselves, the nonlinearities contribute 4. CONCLUSION

31 % emittance growth over 10 turns. It is clear that

reasonable errors in injection or mispowering do ndf this paper we have touched upon the magnet
affect the emittance growth beyond that. These studiBgnlinearities, dispersion matching, and error analyses,
show that as long as the beam centroid remains confir@@ong others. In all cases, the simulation is proving to be

within 1 mm of the pipe axis, there is negligible change i@ valuable tool in exploring complex physical phenomena
the emittance growth. that are not easily tractable by analytic means. The future

A mismatched beam experiences an additionﬂlan of the simulation effort is to move towards full 3D

emittance growth as the free energy in the beam sgmulation in order to (a) understand the end effects and
converted to thermal energy. However, after 10-15 turd@ngitudinal confinement, and (b) simulate the electron
the emittance growth due to the mismatch diminishes 84n SO as to get a better model of the initial beam
the mismatch oscillations damp out and the beam reacifbgtribution. As experimental data becomes available in
a new equilibrium. A glance at Table 1 reveals that tH8€ forthcoming commissioning process of UMER, it will
beam is very sensitive to errors from quadrupole rotatioR§ interesting to compare with the WARP predictions.
(skew quads), thus imposing tight tolerances on the

ro;cca'Eié)]n angles. This subject is treated in more detail in ACKNOWLEDGEMENTS

ref. [8].
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