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Abstract

New high-powerproton linacs must beesigned to
control beam loss, whicban lead to radioactivation

of the accelerator. The threat of beam losiéseased
significantly by the formation of beam halo.
Numerical simulation studiehave identified the
space-charginteractions, especially those thatcur

in rms mismatched beams, as a mapgmncern for
halo growth. The maximum-amplitude predictions of
the simulation codes must be subjectedhtiependent
tests to confirm the validity of the results.
Consequently, we compare predictions from the
particle-corehalo models with computesimulations

to test our understanding of the halo mechanisms that
are incorporated irthe computercodes. We present
and discuss scaling laws thairovide guidance for
high-power linac design.

1 OVERVIEW

High-intensity, high-energy proton linace being
designed for new projects around the world [1]. Typical
requirements for these linacs includigh peakcurrent
(beam current averaged over an rf period) near 100 mA,
corresponding toabout 18 particles per bunch at
bunchfrequencies ofseveralhundred MHz, and final
energies near 1 GeV. An important design objective is
to restrict beam losses to levels that will allbands-

on maintenancéhroughout the linac. If onadopts a
hands-on-maintenancecriterion that limits the
activation level to 20 mRem/hr atdistance of 1 m
from a copper accelerating structure dwour after
shutdown of theacceleratorthe maximumtolerable
beam-lossrate can be estimated from calculations
reported in Ref. [2]. If the beam-losate isexpressed

in terms of the lost beam power, the |loate above
100 MeV must be limited to several tenths dfesam-
Watt per meter. The LANSCE proton linaahich
operateswith hands-on maintenance at the 17-mA
peak and 1-mA average current levels, achieves typical
beam-loss rates above 100 MeV of less than a few
tenths of a Watt per meter. The challenge for the new
generation of linacs is toprovide larger average
currents without increasing the beam loss.

Numerical simulation codes with a space-charge
calculation based on solving Poisson’s equation,
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provide a practical method of self-consistent
calculations for so-called collisionless beams that
satisfy Liouville’'s theorem. Liouville’'s theorem
would be violated in beams thatre affected
significantly by particle collisions.However, the
beam spendsnly a short time in the linac, typically
several microsecondsnd one finds thatintrabeam
scattering [3], resulting from multipleCoulomb
collisions, and the Touschedffect[4], resultingfrom
single Coulomb collisions, are smaiffectscompared
with the space-charge forces.

Numerical-simulation studiegpredict that a major
threat of beam loss in theew generation ohigh
power linacs isassociatedvith halo induced by beam
mismatch [5]. Because there is not a consensus about
its definition, halo remains an imprecise term. In any
given computer simulation onean unambiguously
define an rmsbeam size,and a maximum patrticle
displacement. Providetthat the statistical precision is
sufficiently adequatehat the resultsire not sensitive

to the motion of a few lone outer particles, the ratio of
the maximumdisplacement tothe rms size of the
matchedbeam, which we call the maximum to rms
ratio, is a useful figure of merit. Qualitatively, one
can describéhe evolution of the outer regions of the
particle distribution for thease of arinitial compact
particle distribution (excluding the singular K-V
distribution). A compact particle distribution might be
arbitrarily defined as having initial position and
velocity coordinatesthat are containedwithin about

30. If this beam evolves in ams-matchedstate, an
equilibrium distribution develops in which tliensity

at the beamedgefalls off within about aDebye
length. TheDebyetail, whose size is a function of
both the rms emittanceand beam current, is a
consequence of the propensity of the charges in a beam
to provide shielding within the beam core. Rms
emittance growtland associatedjrowth of theDebye

tail can occur, especially through longitudinal-
transverse coupling of the space-charge force [6]. For a
beam with a giverturrentand enittance, the size of
this tail relative to the rms sizean bechanged by
changing the focusing strength. Althoutifere is no
consensus about whether to call the Debye tail a halo,
values of the maximum to rms ratiargerthan about

5 aregenerallynot observed insimulations,and the
beam retains a very compact distribution [7].



The outer region for a beam, with the same initial
compact particle distribution in an rmmismatched
state, evolvesdifferently.  Many theoretical and
numerical studies of halo formation imismatched
beams have been reportetiowinglarger amplitudes
extendingwell beyondthe Debye-tail of amatched
beam. For practical estimates of expected mismatch in
linacs, values for the maximum to rms ratiolage

as 10 to 12 havbeenobserved insimulations,and it

is generallyagreedthat this iscalled halo. Particle-
core models for both acylindrical beam [8]and a
spherical bunch [9] provide quantitative predictions for
the amplitudes. In these models gpace-chargéeld
from a beam core, oscillatingadially in the
symmetric breathingmode in a uniform linear-
focusing channel, isrepresented by ahard-edged,
spatially-uniform density distribution. The breathing

For the spherical bunch geometry, we expect that both
the transverseand the longitudinal haloare driven
primarily by the breathing mode. In thinit of a
prolate spheroid ocigar-shapedunch with alarge
aspectratio, thetransversanotion is still dominated

by the breathing mode. Then, the longitudinal motion
is dominated bythe lower-frequency antisymmetric
mode [12] in which the radial and longitudinal
displacements are out of phase.

2 SCALING OF EMITTANCE GROWTH
AND HALO

Assuming that the buncban bemodeled as aong
cylinder with a uniform longitudinal profile, we obtain
simple scaling formulas fdransverserms emittance

mode appears to produce the largest amplitudes seen ingrowth and maximum particle amplitude for the

simulations. The amplitude of thbreathing-mode
oscillation isdirectly related tothe magnitude of the
initial rms mismatch of the beam. The behavior of
halo particles isstudied inthe model by representing
them with single particles that oscillate through the
core and interaalith it. The particles slowly gain or
lose energy as aesult of multiple traversals through
the core. Aparametric resonanaxists [10] when the
particle frequency is half the core frequency. The
amplitude growth for the resonant particles sisif
limiting, because outside the core, the net restoring
force increaseswith radius, which produces a
dependence of frequency on the particle amplitude; thus
the resonant condition isestricted to a range of
particle amplitudes. Chaos, which maycrease the
halo population, isobserved atlow tune-depression
ratios [11].

By numerically integrating the trajectories from the
models, the maximum amplitudes have been calculated
as a function of an initial mismatgharameteyt, the
ratio of the initial rmscoresize to thematched rms
core size. The normalized maximum particle amplitude
is describedover a usefulrange of tune-depression
ratios by an approximate empirical formula

e /2= A+ BlIn(u)] @)

where x__is the maximum resonant-particle

amplitude, a is the matched rms core size, and A and B
are weak functions of the tune-depression ratio, given
in Ref. [9]. Approximate values for the cylindrical

beam areA (0B 04, and for the spherical bunch,

A OB O5. Equation 1 is not a good approximation for
values ofu very near 1, wherepgya rapidly

approaches 2 for the continuous beam, afidfor the
spherical bunch.
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mismatched beam. It is known that thgace-charge-
induced rms-emittance growth is a function of the tune
depressionratio k/k,, where k and k, are the

transverse phasadvanceser unit length, with and
without space charge-or a long cylindrical bunch
where end effects can be ignoredand assuming
uniform transverse focusing, the rms emittance-growth
ratio is a function of the tundepressiorratio. In the
smooth approximation,where the focusing is
represented by an equivalent uniform focusing channel,

we may write k/ik, =\/1+ u? —u,, where u, is a
space-charge parameter given by
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The parameters appearing the Eq.(2) arethe charge
q, restenergy mé, averagebeam current | effective
bunch length?, bunchfrequency f,relativistic mass

factor y, velocity (relative to that of light) 3, and
normalizedrms emittancee,. The averagecurrent is
related to the number of particles per bunclarid the
bunch frequency, by I=qNf.

@

The particle-core model for an rms-mismatcheebm
predicts that the halo particles created byrdsmnance
have a maximum amplitude for a givencore-
oscillation amplitude. From Eq.(1), theumerical
solution predicts that the maximum amplitude is
proportional to thematched rmssize a of thecore,
given by

a2

= 1+u + U,

3
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In the space-charge dominatdienit,
the rms beam size is

when u, >>1,
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which is independent of the emittance. The emittance-
dominated limit corresponds tm <<1, and we find
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In Eq.(5), the second term is much less than unity, and
smaller emittance results in smalleraad smaller
maximum amplitude.
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In spite of these scaling results, which show that the
maximum amplitude for an rmsismatchedbeam
decreases with increased focusing strength (lagyeak
consensusloesnot exist that the strongestnsverse
focusing yields the optimum solution. First, there is a
concernthat if the transverse focusing ieo strong,
the longitudinalspace-charge forcesill increase and
longitudinal halo maybecome aproblem. Then,

initial mismatch parameter, which is the same in all
planes.After the beam sizewvere set for a given
mismatch parameter,the velocities were scaled to
make the emittance the same as for the matched case.

Table 1. Simulation runs for Comparison
with the Particle-Core Models.

Fig. | Space- Particle- Focusing
Charge Core Channel
Code Model

1 Gauss Cylinder Uniform

2 Gauss and | Cylinder Uniform
SCHEFF

3 Gauss Sphere Uniform

4 SCHEFF Sphere FODO

Figs. 1 through 4 show the ratio of the maximum

particle amplitude from simulation to the rms size of
the matchedbeam, versus the mismatparameteq.
For Figs. 1, 3, and 4, twourvesareshown from the
appropriate particle-comnodel, showing the ratio of

related to this concern, some argue [13,14] that even at the maximumresonant-particle amplitude to the rms

high energies the focusing strengths shouldHheesen

to maintain equipartitioninpetweenall three planes,
to prevent thepossibility of anyenergy exchange. If
the linacfrequency andccelerating gradient are fixed,
one finds thatbecause ofthe reduction in the
longitudinal focusing strength with increasing energy,
equipartitioningrequiresthat thetransverse focusing

size of thematchedcore. The loweand uppercurves

are for tune-depression ratios of 0.5 and 0.9. In Fig. 4,
the points correspond to a maximutisplacement and
rms size thatre averagedver the lattice period. The
simulations for the uniform channelgererun for at
least 100 plasma periods, sufficient for the amplitudes
to reach an apparent asymptotic value. A typical high-

must also be weakened. This shifts the beam towards a power linac may contain dew hundred plasma

more transverse-space-charge dominategime, so
that, althoughthere is a shorter Debye tail for a
matched or nearly matched beam [15], one finds both a
larger transverserms size and larger maximum
amplitude [16]. Until some of these questions are
resolved, it is prudent to require sufficient adjustability
in the electromagnetic-quadrupofecusing to allow

an experimental optimization.

3 HALO SIMULATION TESTS

As a test of the capabilities of tlspace-chargeodes
to calculate the maximum particle amplitudesmer-
ical simulation runswere carriecbut for four different
casesusing 1@ particles per run, asummarized in
Table 1. Two space-charge codesre used, onéhased
on Gauss’ lawandthe other isSCHEFF, which is
based on a2-D (r-z) particle-in-cell method [17].
Several initial distributions were used, including
Gaussian in both positionand velocity space
(truncated at 8), semi-Gaussian (uniform in space and
Gaussian in velocity spacand Waterbag (uniformly-
filled ellipsoid in 4-D or 6-D phase space). Feach
case there is aet of runs fordifferent values of the
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Maximum/rms

0.4 0.8 0.8 1.0 1.2 1.4 1.6
Mu

Fig. 1. Cylindrical-beamsimulations comparing the
particle core-modelwith the Gauss’-lawspace-charge
codefor a uniform-focusing channel. The solid and
open symbolsrefor the initial Gaussiarand Semi-
Gaussian distributiongndthe circlesand squares are
for tune-depression ratios of 0.5 and 0.9.
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Maximum/rms

1.0 1.2 1.4

Mu

0.6 0.8 1.6

Fig. 2. Cylindrical-beam simalations comparing the
cylinder particle core-modekith the Gauss(circles)
and SCHEFF (squares) space-charge codies a
uniform focusing channel, both for tane-depression
ratio of 0.5. The initial distribution is a 4-D
Waterbag.

14

124

Maximum/rms

1.0 1.4

0.8 1.6

Fig. 3. Spherical-bunch simulations comparing the
Gauss’ lawspace-chargeodewith the sphere particle
core-modefor a uniform focusing channel. Ttselid
and open symbolsare for the initial Waterbag and
Semi-Gaussian distributionsand the circles and
squares are for tune-depression ratios of 0.5 and 0.9.
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Fig. 4. Simulationscomparing theSCHEFF space-
charge code with the spherical particle core-model for a
7- to 217-MeV proton linac with 100-mAbeam
current, and FODO quadrupole-focusingwith a
variable tune-depressiaatio. The initial distribution

is a 6-D Waterbagand the bunchesave a variable
prolate-spheroid geometry.

The agreement othe maximum amplitudes from the
models and the Gauss'-law simulations for the
uniform channel in Fig. 1 is remarkably good for both
the initial Gaussiarand semi-Gaussian distributions.
In Fig. 2 the test iextended tothe 4-D Waterbag
distribution, comparing both th&auss'-lawand the
SCHEFF simulation results. Although thietails of
the maximum amplitude trajectories for tli&auss’-
law and the SCHEFF simulations were not exactly the
same , the maximum amplitudagreevery well with
eachotherand with the cylinder particle-core model.
We consider this result an important initial test of the
capability of the SCHEFF code. In Fig. 3, the Gauss'-
law simulation for the spherical bunch shows a
tendencyfor some points,especially with it values
near 1, to remain below thaurves ofthe particle-core
models. These results suggest that halos imaye
more difficulty developing from some initial spherical-
bunch states. Fig. 4epresenting aimulation of a
real linac, shows that the SCHEFF results for the
larger mismatcheg(greaterdeviations frompu=1) are
systematically higher than thsphere model by as
much as 30%. Deviation of the points from theves
may be caused bipadequacies ogither the model, or
the SCHEFFspace-chargealculations. For thdinac
simulation, we conclude that the resudie consistent
with the hypothesis that the breathingda is the
most important, althougherhapshot the onlydriver

of the beam halo produced by the simulation codes.



4 CONCLUSIONS

The particle-core models make quantitative predictions[1]
about the halo that idormed from the resonant
interaction between individual particlesand a
mismatched-induced comscillation in thebreathing
mode. The models predict that the halo will be limited
to a maximum amplitude, whictependsmostly on
the magnitude of the initial mismatch. The simulation
results, using two different space-charge codes,
confirm the model predictions for the continuous beam
in a uniform focusing channel. In othecases,
discrepancies are observéxit the largest of these are
only about 30%. We interpret the results to be
consistent with the hypothesis that the breathing mode
is the mainsource of the halo seen in thenulation 5]
codes. We believéhat areasonableestimate for the
maximum mismatch-oscillation amplitude corresponds

to valuesu that maydeviatefrom unity by about 0.3 ]
to 0.4.

2]
3]

[4]

We believe that a practical approach to beam-loss[7]
control is to inject a high-qualitywell-collimated
beam into the high-energy linaand achieveminimal
proton-beam loss at high energies by providing strong
transversefocusing, carefully controlling the beam 8]
centroid, and providing large beam apertures. The
optimal choice of transverse focusing strengttl
depend onthe results of subsequent studies of [°]
longitudinal halo. Although ware acquiring a better
understanding ofthe causes of bearhalo in the
simulation codes,and providing a better rationale for
the aperturechoice, it isprudent to provide a safety
margin. Such a margin is necessary to alloweioors
andfor the possibility of physiceffects, which are
not treated or are inadequately treatedtle present
codes. Consequently, to furthezducethe risk of
high-energy beam loss, we believe that the design of a
high-power proton linac can benefit from the use of
large-aperture superconductiligacs at highenergies,
as is now proposed for APT.
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