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Abstract

Results of beam-beam interaction simulations with a constant
or transient or periodic displacement of the beam centers are
described. WNo "beam blow-up" or significant emittance increase
was observed. We conclude that the beam-beam interaction does not
make colliding beams intrinsically unstable in constant or

transient displacements at Tevatron parameters?t.

Introduction

During colliding beam operation, significant displacements of
colliding beam centers will occur either unintentionally due to
collision misalignment errors or intentionally with deliberate

Dcam separation. 1In particular, it is conceivable to separate the



beams in acceleration, and gradually to reduce their separation to
centered collisions at full energy. It is important to determine
whether beam instability occurs with constant or transient beam
displacement.

In previous simulations of beam-beam interactions in the
Tevatron2:3, the centers of the colliding beams were chosen to
coincide. Simulations of two types of beam separation are
reported here. First, a constant separation of beams was chosen,
with separations of 0.1, 0.3, 0.5, 1., and 2, times ¢, the rms
beam size. The lower values correspond to possible misalignment
errors, the larger values to possible deliberate separations at
unwanted crossings. Second, a transient separation was chosen, in
which initially separated beams are combined over a finite number
of turns (1,000 to 50,000) by reducing their separation to zero.
This simulates the reduction of separation at full energy

described above.

Simulation Procedure

In our simulations we approximate particle circulation around
the ring as the product of two transformations: a linear
transport around the storage ring followed by a nonlinear
beam-beam "kick" at the interaction area.

Transport around the ring can be represented by 2x2 matrices

for both transverse (x and y} dimensions:
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In this linear transport x and y motion are decoupled. v Y

X' Vi
va By are the usual Courant-Snyder tunes and beta—functions". The
beam-beam kick can be represented as
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with a similar expression for y, y'.

The product of these transformations is equivalent to

integration of the equation of motion:
4mhv,

Xx'' o+ Kx(s) X = - 5 Fy(x,y) X ﬁp(s) (3}

X

s, the distance along the storage ring, is the independent
variable, GP(s) is a periodic delta-function, and K, ,(s) is the

focusing function.

(1)

(2)



In the present report we choose parameters which approximate

the conditions! in the Tevatron: BX:BY=2 m and we choose

1 - e -(x*4y?y/20?
Y (x2+y2)/202

with ¢=0.0816 mm, which is the nonlinear force due to a round,
gaussian charge distribution of rms radius o.

Beam displacement is simulated by replacing x by X+X in the
beam-beam force, where X  is the displacement of the beam centers.

Fy=Fy is replaced by

1 - a=((x+xg) T4y?) /207

+ yhy /20t

F =

((x+xo)2

and x * X + X_ on the right hand side of equation (3) and x * x +

X, in equation (2) so that

x + X 1 0 X + Xg

After ‘ - x

amh
-_%msz(x'xO'Y) 1 x' fefore

(4)
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with a similar equation for y, y' except ¥, =0 is always chosen.
X, is made a function of time to simulate transient displacement.

In the simulations, 100 particle trajectories are calculated
with initial positions (x, x', ¥y, y') chosen randomly, within a
4-D gaussian distribution determined by the rms size parameter ¢
and, as described in reference 1, transported following the above
matrices.

Every two thousand turns emittance values €y ey, Eg are

calculated using

m
t

. =6 V< (x-3) 2> <(x-%) B>

¢ TGP

€., =
¥

2 2
€R= €x+€Y

and changes in these values as functions of time are followed.
"Doubling® times for X, ¥, and R emittances are obtained from
the slopes of the best straight line fits for € ey, and € as
functions of time from t=0, using rms emittance values calculated
every 2000 turns, as described in reference 2 and 3; a slope b is
obtained for each parameter. Also from the statistical
fluctuations in emittances an error oy is obtained. A slope b is
considered significantly different from zero if it is greater than
0, in magnitude. A "doubling time" Ty is obtained by T,=X/b, and

a "statistically significant doubling time™ by T, =i/gb .
X X



We present two sets of simulations. 1In the first set the
beams are displaced a constant distance, and six million turns are
calculated. 1In the second set, the transient case, the beams are
displaced by 6 ¢ for 200,000 turns, and the displacement then
reduces to zero over 1-50 thousand turns. The centered beams are

then tracked for another one million turns.

Results of Constant Displacement Simulations

In tables 1-5, we display the statistical analysis of the 6

million turn simulations with displacements X,=.10, .30, .5 g,

g, and 2 0. The tunes v, , V., were chosen at Vy=.3439, Vy=0.1772,
in a "resonance-free" region and Av=.01, 3 times larger than
expected for p-Pp collisions.

As can be seen from the tables, the observed doubling times
are greater than the "statistical error times" indicating that
beam displacement does not lead to a linear change in €y ey or €,
in time; that is, no beam blow-up occurs.

There is one noticeable effect, With increasing X, in this
set of simulations, the mean value of x-emittance increases
slightly while the mean value of y-emittance decreases slightly.
The mean value of r-emittance remains unchanged.

This effect is shown in Table 6 and displayed graphically in
Figure 1. The effect is astablished within the first 200,000
turns; we note here that all simulations use the same 100 initial

particle positions and therefore start with precisely the same



emittances. The net effect is an apparent exchange between x and
y emittances to make the beam "rounder" (exzey) when the
collisions become more off-center, at least up to 2 g. The net

effect is up to 2% exchange at x_ =20, of the same magnitude as the

X and y emittance difference at the start of the simulation.

Simulations with a Transient Displacement

In Table 7, we display results of the simulations with a
transient beam displacement. The results show no significant
changes in any of the beam parameters, and show that there is no
beam blow-up in the transition from "separated” beams (60
separation) to colliding beams, independent of the transition

rate.

Simulations with a Periodic Displacement

Another possible type of beam displacement is a periodic
displacement which could be due to sources such as power sSupply
ripple or synchrotron oscillations with a non-zero dispersion
crossing. We have undertaken two simulations to test this

possibility. In these, beam displacement varied as



. 2mTn(t)
Ko(t) = Xpag Sin —-

where X ax 1s the maximum oscillation amplitude, n is the turn

number and N is the oscillation period. We chose N=1000 to
approximate expected periods of synchrotron oscillations and power

supply ripple in the Tevatron. We chose two values of X oaxs

a) Xnax=0.02 mm which is v'0/4

b) X ax=0.1 mm which is ¥1.250

The results of the simulations are displayed graphically in
Figures 2 and 3, Each simulation included a total of 6 million
turns, simulations of +2 Tevatron minutes.

We see no significant changes in x,y, or r emittance, and
extrapolate emittance doubling times of >1 day. This demonstrates
that periodic crossing modulation with the beam-beam interaction

does not lead to large beam blow-up at these parameters,
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Table 6

Six Million Turn Mean Emittances

mi
mi

Displacement Ex

b R
0.1l 0 .017587 .018762 .025717
0.3 ¢ .017663 .018684 .025712
0.5 ¢ .017760 .018626 .025737
1.0 ¢ .017949 .018508 .025784

2.0 ¢ .017992 .018292 .025731
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Figure 1

Six million turn mean emittances as a function of bean
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Figure 2
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Figure 3

Figure
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