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Abstract code, known as Langevin3d, to the core-test particle code

In order to prevent activation of the beam pipe walls an&CTP) reported on in references [5] and [6].

components of a high power ion accelerator, beam loss
must be minimized. Here we present self-consistent, 38 PARAMETERS USED FOR EXAMPLES

particle-in-cell simulations of longitudinally mismatChedForconcreteness we will refer to a desian of the Accelera-
beams, including the effects of rf non-linearities, using pa- ! g

rameters based on the Accelerator Production of Tritiurﬁi r Productu%rr of T_It't:'umn(gf' rff' [9]3' fornnuhnrwetrrlcr?lvsx\:;m:]— m
linac design. In particular, we explore the evolution of th es (see table). € undepressea synchrotron wavenum-

longitudinal halo distribution, i.e. the distribution of parti- 2" ks represents the zero-current oscillation wavenum-

cles in longitudinal phase space with oscillation amplitudeger of a particle at infinitesimal amplitude about the syn-

significantly larger than amplitudes of particles in the mair?hronous phasé. ko is the tune depression due to space

body or “core” of the beam. When a particle reaches a su harge. Alsokgs, is the zero current transverse betatron

ficiently large amplitude longitudinally, it can be lost from requency, andss/kigo Is the transverse tune depression.

the rf bucket, and consequently loses synchronism with tr;%he quantities o andr-o "?‘re*./g “”ﬁes Fhe rms radlqs
the transverse and longitudinal directions, respectively

rf wave. h particles will | ner n rl ) i
ave. Such particles ose energy and so be poo the lab frame. The quantity represents the ratio of

matched to the transverse focusing field and consequentl nsverse to lonaitudinal radius in the comoving frame
can be lost transversely. We compare the present simuf g 9 '

tions, in which all particles contribute self-consistently toand Is the quantity of physical relevance when evaluat-

the self-field, to predictions of a core/test particle modef"Y the fields (cf.ref[S]). Note that although the beam is

in which the core distribution has uniformly distributed!ﬁearly spherlpal in the lab frame at the 500 MeV_ p0|.nt,
the comoving framex = 0.68 and at other energies it

charge and does not evolve self-consistently. Effects Jf N
self-consistent, non-linear space-charge forces, non-linegreven more elongatedAzy,ae = Suc(—¢s)/27v and

rf focusing on envelope mismatch induced beam halo at ZI:‘mndi fﬁlsc(z‘fs)d/.%l'lj arehthe appr?hximate Lf'bUCket
explored through comparisons of both models. alt-widths longitudinally, wherep, is the synchronous

phaseg;c is the velocity of the synchronous patrticle, and

v is the rf frequency.
1 INTRODUCTION Energy (GeV) [0.1 |05 [1.0 |1.8

Requirements on accelerator activation in high power pro- kso (rad/m) 0.285 0.107 0'255 0'230
ton linacs, have led to stringent limits on particle loss from :S/ksod/ 82%4 82’(150 8'121 8'127
the beam. Transverse mismatches have been shown to lead so(rad/m) : : : :

to large transverse particle oscillation amplitudes, leading kﬁ/?ﬁ]om) ggg ggi ggg 222
to large apertures (up to a factor of 20 rms in conserva-  |'=0 : : : .
oo (ue T10/720 0.53 | 1.04 | 0.62 | 0.46

tive designs) to avoid intercepting the transverse beam halo
(cf. refs.[1]-[4]). In the longitudinal case, the width of the | =710/7s7=0| 0.48 1 0.68 1 0.30 | 0.16
stable rf bucket replaces the physical aperture as the dimen- Amaz /720 2.34 1587\ 6.37 | 7.26
sion which determines when a particle can be lost from the |A2min /120l 4.68 | 11.7 | 12.7 | 145
beam. Since the half-width of the bucket can be as smalable APT parameters in superconducting coupled cavity
as 2.3 longitudinal beam radii, a careful understanding dihac, at four representative points along the linac.
longitudinal halo is also warranted. Recently, the devel-

opment of halos in the longitudinal direction has been ex- 3 CORE-TEST PARTICLE CODE, CTP

plored using core test-particle models (cf. ref. [5],[6]), and

using 3D PIC simulations, (ref. [7], and [8]) using rf fieldsIn the code CTP (refs. [5,6]), test particles are allowed to
which varied linearly with distance from the bunch centerevolve from both external and space charge fields, in all
In this paper we focus on the effects of the non-linear rfthree spatial directions (although the fields themselves are
focusing field, and compare numerical results of a 3D PI€ylindrically symmetric). The external longitudinal field is

a sinusoidally varying rf electric focusing field with the in-

* Work performed under the auspices of the U.S. D.O.E. at LLNL undef,.; - o i ; ; _
contract W-7405-ENG-48 and at LANL under support of the Division ot 1SIC non-linearity of a sine wave, and the external trans

Mathematics, Information, and Computational Sciences, the Division of€rse field is assumed to be Unifgrm focusing, representing
High Energy Physics, and Office of Defense Programs. the effects of the quadrupoles, in an average sense. The
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space charge field is that of a uniformly charged spheroidf the halo in bothAz anddAz/ds is also quite similar

calculated for arbitrary (prolate, oblate or spherical). The for both CTP and Langevin3d. Higher order resonances
spheroid is set to oscillate in linearized normal modes of theppearing within the beam in the CTP plots do not ap-
coupled transverse and longitudinal envelope equations,@ar to be as S|gn|f|cant in the self con5|stent simulations.
the linearized mode frequencies, each with assumed sinti*"
soidal time dependence. Arbitrary amplitudes and phases. | ]
of the two envelope modes are allowed. Particles are typi-
cally loaded with radial coordinate = 0, and distributed **| 7
in longitude either over a bunch length or a bucket length,,,,, |
although more complicated loads are also possible. Stro-
boscobic plots of particle energy and phase relative to the °r ]
synchronous particle are made at the same phase of each | |

envelope period. CTP is well suited for studying particle
resonances and the overall structure of the phase space.ooo | .

-0.0006 A

-0.0008 L L L i

4 3D PIC CODE, LANGEVIN3D A

The code Langevin3d (see ref. [10,7] for details) is a
Particle-In-Cell (PIC) code that allows 3D space charge
field calculations as well as 3D particle orbits. The bound- oo
aries are placed at infinity by using the method of ref. [11],
which is a good approximation in accelerators with large ooos - ]
beam pipe radii. One option in the code uses a modi-
fied symplectic integrator, to allow inclusion of artificial
damping and diffusion. Use of this feature drives beams
to a Boltzmann distribution, to allow thermal equilibrium
initial conditions. The parallel processing architecture | i
of Langevin3d permits the use of large particle numbers,
which minimizes statistical fluctuations and maximizes ac- -z |- .
curacy. Typical results displayed here were run with 0.5
million particles, but runs with several million particles are [
not extraordinary. Phase space plots of a randomly chosen

fraction of all the particles can be viewed at a fixed time or %o ome oom o0z o oo% oos  owe oo oo
test particles can be viewed stroboscopically. Plots with a

“density cut” can be viewed which display particles up to

a specified maximum density. This feature allows viewing dr_zfr_z0=-03

0.0004 - A

0.0002 u

the low density halo regions without saturating the higher %-9907% ! ! ! !
density core. 0.0005 .
0.00025

5 COMPARISON OF RESULTS

Figure 1, shows a comparison between the Iongitudin%l 0
phase spaced\z/ds vs. Az generated by Langevin3d £
(top two plots) and CTP (lower plot). Herkz is the lon-
gitudinal particle position relative to the synchronous par- _ gg05
ticle, ands is distance along the accelerator. In the top

plot, a density cut was made allowing the details of the -0.00075
halo to be observed. The relative intensity of the halo is -0.01 -0.005 0 0.005 0.01
better characterized by the middle plot, in which the den- Longitudinal position (m)

sity of particles displayed is proportional to the actual dis-

tribution. In the lower plot the solid line represents the

position of the equilibrium bunch, with dotted lines indi- Figure 1 Comparison of Langevin3d (top, middle) and
cating the extent of the excursions from the beam misSTP results (bottom) oflAz/ds versusAz(m) for a
match. It is apparent that the main two-lobe structur80% mismatched beam at the 500 MeV point in the APT
(due to the resonance between the particle oscillation fréhrac. Top: Density cut; Middle: Full distribution; Bottom:
guency and half the envelope frequency) in phase spaS#roboscopic test particle plot.

is clearly visible in the results of both codes. The extent

z)/ds

& -0.00025
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CTP found an absence of resonance. Simulations using
Langevin3d verified that for a low current case the reso-

nance indeed vanished. Figure 3 illustrates this effect, by
showing the phase space with linear focusing in which the

resonance persists and sinusoidal rf focusing which sup-
presses the resonance.
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7 CONCLUSIONS

1
We have performed 3D PIC simulations of beams with lon-
0 01 02 03 04 05 gitudinal mismatches, and have found general agreement
between PIC simulations and the Core/Test Particle model,
dr_z/rz_0 particular with respect to the size of the resonant region.

Figure 2 Comparison of the maximum longitudinal excur-The suppression of the envelope-particle resonance by the
sion in CTP and Langevin3d simulations as a function odinusoidal rf field under certain conditions predicted using
mismatch parameteir.o/r.o using parameters from the CTP has been confirmed using Langevin3d. Using both
500 MeV pOint. Dashed lines indicate CTP I’eSUItS; SOli@odeS, no partide loss through the rf bucket has been ob-
are from Langevin3d. The upper curve of each pair is th€erved for mismatch amplitudes below 0.5.

absolute value of the negativemost excursiomdin, the

lower is the maximum of the positive particle excursion. 8 ACKNOWLEDGMENTS
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