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Abstract

1 use computer tracking to investigate the eflects of space-charge
on particle motion in the Fermilab Main Ring at p = 8 GeV/e.
The results are found to agree with the Laslett tuneshift formula.
Simple model cases are also studied to speed up the tracking. The
effects of synchrotron oscillations, via tune modulation and disper-
sion, are included.

Introduction

The cffects of space-charge in the Fermilab Main Ring, at p = 8
GeV/c, have been studied using numerical particle tracking with
the program TEVLAT [1]. TEVLAT is a kick code for tracking
& single test particle around the ring in the presence of arbitrary
closed orbit distortions and transverse multipole fields. The effects
of RF (synchrotron oscillations) are also included, but not the
longitndinal motion. The program was modified so 8s to include
a space-charge kick after every nonlincar multipole. The space-
charge force was derived from a Gaussian beam (i all planes), and
a single test particle was tracked. The Laslett tuneshift formula
was reproduced by the tracking, which is a necessary check on the
accuracy of the tracking.

Later on, & multiparticle tracking progrem was written, to track
n distribution of particles, for a simpler model lattice, to study the
problem from a different angle. In particular, the longitudinal
degree of pariicle motion was included.

Accelerator Model

The Main Ring has a mean radius of R = 1000m, with six superpe-
riods {neglecting two vertical overpasses). The nominal horizontel
end vertica) tunes are @, = 19.42 and Q, = 19.38 respectively,
and the beta functions vary between 30 to 100 m. The average
beta function is taken to be 3, = B, = 50 m below. The harmonic
number is A = 1113, and the total number of particles in the ring
is taken to be N = 2 x 10'2 in 1113 bunches. A bunching factor
of B = 0.1 is assumed, which gives an r.m.s, bunch length (one
standard deviation) of oy = 0.225 m, which is much larger than
the transverse sizes o, and oy, as will now be shown.

The beam sizes are calculated as follows. The value used for
the normalized transverse emittances is e, = €y, = € = 107
mm-mrad, where the figures refer to 85% of the beam. This is
related to the r.m.s. unnormalized beam emittances vis €zy =
enz,Ny/(6m87). The average r.m.s. beam sizes around the ring
are given by

- — l/‘z -
T = [ﬁ:fz + (71 A.’P/P):] t oy = Tﬁy‘v]uz * (1}

where overhead bars denote average values around thering. All the
results presented here are at p = 8 GeV/c momentum. Here rj de-
notes the horizontial dispersion and Ap/p denotes the momentum
spread. The values used below are n? = 9 m? and Ap/p = 1073,
Then, using the values guoted above for Bz, ete., 02 = 4.22 mm
and ¢y = 2.97 mm, which are seen to be much less than o,.
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A Main Ring lattice with linear tunes of Q- = 19.42 and
@y = 19.38 was used (1. The lattice included two vertical over-
passes, harmonic and chromaticity correction sextupoles, and sys-
tematic sextupole and decupole moments in the dipoles. It had no
octupoles and no random fields.

Graphs were made of the orbital tunc vs. amplitude, and phase-
space plots of the trajectories at # = 0. Figs. T and 2 show the
fractional horizontal and vertical tunes, respectively, as a function
of starting amplitude for particles launched with = # 0,y = 0 (Fig.
1), and y # 0, = = 0 (Fig. 2). In both cases 2! = y' = 0 initialiy.
The crosses (circles} refer to data calculeted with (without) space-
charge. For starting amplitudes y > 12 mm, the perticles were
lost frem the ring. The small-amplitude tune shifts are in agree-
ment with the Laslett formula. The horizontal tunc decreases with
amplitude at large smplitudes beceuse of the effect of the magnet
nonlinearitics.

Figs. 3 and 4 are plots of the trajectories in horizontal phase-
space at # = 0, without and with space-charge, respectively. In
both cases the starting condition was z # 0, 2’ =y =y’ = 0. We
see that there is some difference in the phase-space structure, be-
cause of the space-charge tune shift. Five resonance islands appear
when the fractional part of the tune crosses the value of 0.4 in Fig.
4. We see that the space-charge force makes little difference to
the oscillation amplitudes (action variables}, even though it does
produce resonance islands that would otherwise be absent.

Multiparticle Tracking

The above results were for one test particle, and did not include
synchrotron oscillations. It is of interest to track a distribution,
and also to include synchrotron oscillations. A multiparticle track-
ing program has been written for this purposc, and applied to &
simple accelerator model. A sample result is shown in Fig. 5, for
100 particles, tracked for 10000 turns. It is seen that the emit-
tance grows slightly with time. The model trested only one degree
of freedom, with atune of 19.420. The initial emittance was 10x
mm-mrad (95% normalized), with a Gaussian beam. There was 2
sextupole of B'L/(2Bp) = .01 m~?. An RF voltage of 0.65 MV
was used, giving 8 synchrotron period of approximately 96.9 turns,
The r.m.s. bunch length weas 2.0 nsec (multiplied by ¢).
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Fig. 1 Fractional horizontal tune vs. amplitude.
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Fig. 2 Fractional vertical tune vs. amplitude.
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Fig. 4 Horizontal phase-space trajectories with space-charge.

Conclusions

The present results do not show any large change in beam behavior
eansed by space charge, There is distinct evidence for tuneshifts and

eeusequent bounded resonance isiands. Multiparticle tracking may
vield more detailed resulis.
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Fig. 3 Horizontal phase-space trajectories without space-charge.
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