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BEAM HALO STUDIES USING A 3-DIMENSIONAL PARTICLE-CORE
MODEL *
J. Qiang, R. D. Ryne, S. Habib, LANL, Los Alamos, NM

Abstract is as follows: the particle-core model is described in Sec-

tion 2, the linear envelope modes are discussed in Section 3,
e test particle dynamics under three envelope modes is
resented in Section 4, and the conclusions are drawn in
ection 5.

In this paper we present a study of beam halo based
a three-dimensional particle-core model of an ellipsoid
bunched beam in a constant focusing channel. For
initially mismatched beam, three linear envelope modes

— a high frequency mode, a low frequency mode and a

quadrupole mode — are identified. Stroboscopic plots are 2 THREE-DIMENSIONAL
obtained for particle motion in the three modes. With PARTICLE-CORE MODEL

higher focusing strength ratio, a 1:2 transverse parametrﬂg the three-dimensional particle-core model, the beam
resonance between the test particle and core oscillation IS, <ists of a core and test particles. The core’ which con-

observed for all three modes._ The particle-high mode réins most particles, is modeled by the rms envelope equa-
onance has the largest amplitude and presents potennq dns. The test particles contain a small fraction of the

the most dangerous peam halo in mgchme design af?d WEam and are subject to the effects of external forces and
eration. For the longitudinal dynamics of a test particle

. . space charge forces due to the core. The effects of test
a 1:2 resonance is observed only between the particle

: - . X ._padrticles on the core and the mutual Coulomb interactions
high mode oscillation, which suggests that the particle-hig mong test particles are neglected. The bunched core is as-
mode resonance will also be responsible for Iongitudin%

beam halo formation umed to have a uniform charge density distribution. Under
' the smooth approximation, the envelope equations for the

bunched beam including nonlinear rf focusing are:

1 INTRODUCTION

€2
The physics of beam halo has been extensively studied ry Koy = La(ra,my, 72, 0)re — T_§ = 0D
through analytical theory and multi-particle simulations|[1, 6‘;
2,3,4,5,6,7,8,9, 10]. In these studies, the so-called v+ koory = Iy(re, my,m2, 0)ry — % = 0(2)
particle-core model has been frequently used. This model 7'.12;

rovides insight into the essential mechanism of halo for- , , €

pmation and e?nables estimates of the extent of beam halo.” Koo (ra)rt = La(re, vy, s, 0)rs = é = 00)
In this paper, we will use a three-dimensional particle-core
model with a nonlinear rf field to study beam halo formaWith
tion in a mismatched ellipsoidal bunched beam. Three en-
velope modes will be identified and their effects on the for- Li(rasry,r2y8) =
mation of beam halo through a parametric resonance with / dt 4)
test particles will also be studied for the given physical pa- s (e2+ t)\/(rg F )2 + ) (v2r2 + 1)

rameters.
where the semi-axes are related to the RMS beam sizes

Bunch Current (A) 0.1 a; by ri = Vba;, e; = ry,ry, 7. (i = 2,9,2), and
Protron Energy (MeV) 47114 o =13 o I __ Heree is the vacuum perme-
Synchronous Phase (degrees) -30 L 2aneo meR frs P
t Frequency (M Hz) 200 6'1bl|lty, qis the chargemc is the re.st energy of the par-
Accerlerating gradient (MV/m) 5 246 ticles, ¢ is th_e vacuum light speed, is the beam average
Transverse Phase Advance (degrees) 81 current, f,¢ is the rf bunch frequency; = v/c, v is the

— _ A2 1t
Ltice period () B e et v oot 20
Transverse RMS Emittance{mm-mrad) 0.2319 yota eh' ?\ a Sdi'sed cla 0_ .a g ,u_ ersa de o cur-
Longitudinal RMS Emittancen(-deg-MeV)  0.42 rent, which are defined ds, = vio/ o 0= T, y, under
the smooth approximation for a periodic quadrupole fo-

cusing element. Hereg;o is the zero-current transverse

The physical parameters of the beam and the acceletdsase advance per focusing peribd The longitudinal
tor are given in Table 1[11]. The organization of this PaPELynchrotron wave number at zero currdng, is defined

— i (— 333 2 i
*Work supported in part by DOE Grand Challenge in Computationafj‘s’kz0 B \/27.rquTsz'n( qbs)/’y #Pme2), whereLo T is
Accelerator Physics. the accelerating gradient, is the synchronous phase, and

T Email: jigiang@lanl.gov A is the rf wavelength. The functiofy(r.) in the envelope

0-7803-5573-3/99/$10.00@1999 | EEE. 1845



Proceedings of the 1999 Particle Accelerator Conference, New Y ork, 1999

equation is a nonlinear rf focusing factor defined in Ref. Qween the test particle and low mode and quadrupole mode
In the above envelope equations, we have used a continsi-always excited. For the high mode, the 1:2 resonance
ous sinusoidal wave to represent the average effect of tleeexcited when the current exceetismA. At a current
synchronous rf space harmonics in the rf gap and neglecteti 100 m A, as in the present APT design, the 1:2 reso-
the acceleration of the rf field. The emittances,e,, and nance between the betatron motion of test particles and all
€., are five times the corresponding RMS emittances.  three mismatch-modes is excited. Fig. 2 shows the evolu-
The equations of motion for a test particle in the presend®n of the ratio between the wave number of the particle
of a uniformly charged core and external focusing fields argynchrotron motion and the wave number of the high mode
and low mode. Here, the 1:2 resonance between the test

g+ k20x — L(re,ry,72,8)r = 0 (5)
Yy + kzoy —I(rg,ry,r2,s)y = 0 (6) " ‘ ‘ ‘ ‘ -
A"+ kelcos(liyAz + ;) — cos(6,)
_[Z(T.ﬁmr@anaS)AZ =0 (7) 06 -

05 [

Kp/Km

whereke = qEyT/mc?3%3, and the parameteris zero
for a particle inside the core and is determined from the e

“r 7 -

root of the equation —

x? y? Az?
2 1 + 3 + 3 T =1 (8) 02, o o1 Y™ oz o5 o o5
r24+s r24s  rits -

for a particle outside the core. These coupled nonlinear ofigure 2: The ratio of particle synchrotron wave number to
dinary differential equations are solved numerically usingnode wave number as a function current

a leap-frog algorithm.
particle and high mode is excited with current greater than

3 LINEAR ENVELOPE MODES 60 mA. The 1:2 resonance between the particle and the

) ) low mode is only excited with a current greater ttzs0
The steady state solution of the envelope equations hgs,

three components which define the stationary core size. For
a mismatched beam three linear eigenmodes of the core en-
velope will be excited. From linear perturbation theory,g' TEST PARTICLE DYNAMICS UNDER
we can find the eigenmodes of a mismatched core oscilla- THREE ENVELOPE MODES

tion. For the physical parameters given in Table 1, we 9@ty the mismatched core, three linear modes can be excited.
the normalized wave number945 for the high frequency \ynen the ratio of the test particle wave number to the core
mode,1.641 for the low frequency mode, aridi56 forthe o e10ne mode wave number is rational, the resonance be-
quadrupole mode. _ tween the test particle and core will be excited. Among
To investigate the possible resonance between the tgshse resonances, the 1:2 resonance is what we are most in-
particle and the mismatched core oscillation, we calculatggesieq in. This is because this low order resonance will
the evolution of th_e ratio of the possible test particle wavg e the large oscillation amplitude and is generally be-
numbers to the mismatched mode wave number as a fuljes e to be responsible for the presence of beam halo. To
tion of current with all the other physical parameters givefyjerstand the potential effects of these envelope modes on
in the Table 1 fixed. The results for the transverse betatrgf, tast particle dynamics and beam halo formation, we use
motion is given in Fig. 1. It shows that a 1:2 resonance bes’troboscopic map to study the test particle dynamics with
‘ ‘ only one envelope mode excited each time. Fig. 3 (a) shows
the stroboscopic plot of test particle dynamics inthep,.
[— : ] plane under high mode envelope oscillation vt ini-
e tial transverse mismatch. Fig. 3 (b) shows a similar plot of
osf 1 test particle dynamics in the — p,, plane under the low
= mode. Fig. 3 (c) shows the same plot for the quadrupole
envelope oscillation. The peanut structure in the p,
. plane suggests that the 1:2 resonance between the test par-
] ticles and the core envelope oscillation could be excited
‘ ‘ ‘ ‘ ‘ ‘ for all three modes. In Fig. 4 (a) and (b), we show the stro-
° o er s e el 0s 0w boscopic plots of the resonance between the synchrotron
particle motion and the high envelope mode and low enve-
Figure 1: The ratio of particle betatron wave number tdope mode in the longitudinalz — Ap, plane. In this case,
mode wave number as a function current the 1.2 resonance is present only for the high mode in the
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delta Pz
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Figure 4: Stroboscopic plot dhz — Ap, for high mode
and low mode with 0.2 mismatch.
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