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Introduction

Two major issues of the beam-beam phenomena in lin-
ear colliders are the deformation of the bunch (disrup-
tion) and the synchrotron radiation (beamstrahlung) due
to the field created by the on-coming beam. In this note
we shall report some results of the study on these prob-
lems with an emphasis on flat beams.

These problems can be studied in two separate steps:
first the disrupiion and then the beams-trahlung. The
energy loss due to the beamstrahlung may change the
process of the luminosity enhancement but this effect can
be ignored since we are only interested in the case when
the average energy loss is small. The following topics will
be discussed in this report.

1. pinch enhancement of the luminosity.

2. kink instability and luminosity reduction due to
the displacement of the beam.

3. disruption angle.
4. energy spectrum of electron after collision.
5. behavior of electrons with large energy loss.

The notation in this paper is:

Eqy beam energy.

¥ Ep in units of the rest mass.

N number of particles in a bunch.
Ozy,2 I. M. 8. beam size.

Bzy  beta function at the collision point.
R=05/0, aspect ratio. Assume o, > 0.

«a fine structure constant.
Te classical electron radius.
— 2Nrco : :
De(yy = Yoroyoitay) disruption parameter.
As(y) = 03/ Pay)
N, average number of beamstralung photons
per electron.
¢ (critical energy)/(initial energy)
) average relative energy loss.
2
Loo = {;—;”;—% geometrical luminosity, frep being
the repetition rate.
Lo geometrical luminosity with the variation
of beta taken into account.
L luminosity with disruption.

‘The computer simulation was done using the code ABEL
(Analysis of Beam-beam Effects in Linear colliders) de-
scribed in [1] but improved considerably since then. Some
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results given in this report are still preliminary. They will
be refined in later papers but the qualitative feature will
not change.

Luminosity Enhancement

Our primary interest is the enhancement of the lumi-
nosity due to the pinch effect. The detail has been dis-
cussed in [2] for round beams and will be given in [3]
for flat beams. As was pointed out in [2], the luminosity
is infinite if the initial beam is parallel and the compu-
tation is perfectly accurate. This is because a parallel
beam can be focused to a point. Thus, we introduced
a parameter Ag(y) = 0,/fz(y) which is proportional to
the emittance for given beam size 04 (y). The computed
enhancement factor H = L/Lg for flat beams is plotted
in Fig. 1 as a function of Dy and A,. Here, we used

FLAT BEAM ~ H(DY,AY) AY=SIGZ/BETAY
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Figure 1: Luminosity enhancement factor for flat beams.

the distribution function uniform in z and Gaussian in
y and z (UGG), instead of three-dimensional Gaussian
distribution (GGG), for casiness of computation. The
enhancement factor of GGG distribution for given D, is
a superposition of UGG for the disruption parameter be-
tween 0 and \/6/7wD,. The enhancement factor for round
beams is shown in Fig. 2.

In both cases, H is monotonically increasing as a func-
tion of D (or Dy) at least up to D =100. This result is
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Figure 2: Luminosity enhancement factor for round
beams.

qualitatively the same as that found by Fawley and Lee
(4] but in contradiction to Holebeek [5] and to Solyak {6].
Our simulation was done in the following manner. For the
flat beam case, the collision has an exact up-down (+y
and —y) symmetry. Any deviation from the symmetry
comes from computation errors. In our code the initial
condition is generated by random numbers, which sta-
tistically causes an asymmetry of the order 1/\/N,, N,
being the number of macro particles. This asymmetry is
enhanced during the collision due to the beam-beam force
when the disruption parameter is large. To minimize
the computing errors, the particle distribution function is
symmetrized at every time step so that the beam-beam
force has the up-down symmetry. In the round beam
case, only the radial force is computed. This process
eliminates the possible instability triggered by comput-
ing errors. The actual beam has more or less asymmetry
but our principle 1s that the asymmetry in the siinulation
should be introduced intentionally not by random errors
so that we can know the relation between the degree of
asymmetry and the luminosity reduction. The efffect of
initial beam displacement will be discussed in the next
section.

By comparing I'igs. 1 and 2 one finds that the enhance-
ment factor for flatbeams is not close to the square root
of that for round beam when D is large. (Empirically,
about cubic root.% This is because the horizontal focus-
ing can enhance the vertical pinch effect (and vice versa)
in the round beam case.

Kink Instability

If one of the beam is displaced vertically by some rea-
son, this offset triggers a vertical oscillation and, when D
is large, the oscillation is enhanced by the beam-beam
force. This phenomena is known as ‘kink instability’.
Iig. 3 shows an example. The bunch is sliced longitudi-
nally and the vertical coordinate y of the center-of-mass of
each slice (in units of o) is plotted against the longitudi-
nal coordinate s (in units of ¢,). Each graph corresponds
o a different time ¢, which is written at the top-left cor-
ner in units of ¢, /c (downwards from top-left). The ini-
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Figure 3: An example of kink instability.

~

tial offset is 0. 20y (full) and the disruption parameter is
D, =20.

For uniform beam and small amplitude oscillation, one
gets an equation of motion of fluid dynamics (flat beam
version of the equation given in [7];

5 V21 Dy

[6 6]2yi:—w8(yi—y;>, wi=——=L, (1)

2 5

where y4 is the y coordinate of etand e~beams. The
most unstable solution is

1
Y+ = const. X exp [j:i(?wgs - %) + §w0t (2

This solution is in reasonable agreement with Fig. 3 in
various points such as the phase difference 7/3 between
e~and et the growth rate and the standing wave nature.

However, this instability is not always a harmful effect,
because, 1n the initial phase of the instability, the beams
attract each other, which prevents the otherwise rapid fall
off of the luminosity for Jarge initial offset. Fig. 4 shows
the luminosity enhancement factor as a function of the
offset A, (in units of o) for various values of D,. The
dotted line is the geometrical enhancement factor with-
out beam-beam force which is written as exp (—AZ /402).
UGG distribution is used and A4, =0.2 for all. The
up-down symmetry is not enforced except at the point
yOne finds the best value of D, is between 5 and 10
in the sense that a high luminosity is kept up to large
offsets. For these values of D, H is still above unity
even at Ay, = 3o,. Above this region of D, the beam
breakup is serious and below this region the attraction is
not strong enough.

The same data as in Fig. 4 is plotted in Fig. 5 in a dil-
ferent way where the horizontal axis is Dy and each curve
corresponds to different A,. (The region of large D, and
small Ay is not very accurate because of the sensitivity
to computing errors.) Now, one sees a saturation and de-
crease of H as a function of Dy unless A, =0, as in the
stmulation in [5] and [6]. For practical application it will

495



Proceedings of the 1988 Linear Accelerator Conference, Williamsburg, Virginia, USA

H VS. OFFSET SIGZ/BETAY= 0.20

3.0|liylvvvvwvvvx]x|

2.0

N oo

L/L00
(o]
o

H=
©
kS

SO AP USRI BT SRR\ VO
o 1 2 3 4 5
OFFSET/SIGY

Figure 4: Luminosity reduction due to offset. Flat beams.
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Figure 5: Luminosity reduction due to offset. Flat beams.

be safer to adopt the curve for Ay, =0.2 or 0.4, instead of
Ay =0, as the enhancement factor of head-on collision.

Fig. 6 shows the offset effect for round beams but it is
still preliminary, for the large D region has not yet been
investigated because it requires a very accurate compu-
tation (and, therefore, long computing time and many
macro particles).

Disruption Angle

The information of the final direction of the electron
trajectory after collision is necessary for designing the in-
teraction region, especially for the aperture of the final
quadrupole magnets. If the disruption parameter is very
small, the transverse location of a particle during collision
is nearly constant. Then we can estimate the disruption
angle 0, and 8, as functions of the initial transverse co-
ordinates zg and yo. For very flat Gaussian beams we
have

. oo 2
oxz_\ﬁpro—xzm [i/ exp (Z)dt ] (3)
2 o, T J_ooo xo/\/ic'x—t—io
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(4=0.2)

Offset Effect for Round Beam

=L/Loo

Enhancement Eactor H

Figure 6: Luminosity reduction due to offset. Round

beams.

Vo
™ oy 2 Yo/ Vo4 —22/242
= — — — | —== dt 0/ “%% 4
b=\ 2 Dss, [ﬁ/o ¢ ‘ “)

where the quantities in the square brackets can be ex-
pressed by the complex error function w(xo/\/iorx) and

the real error function Erf(yo/v/20y). Here the emittance
is ignored. One finds that the maximum and r. m. s. of
the disruption angle is

bomar = 0765D,2%  (zo=1310,)  (5)
02
a
0y,maa: = W/QDyg—y (£0=0, yo = oo) (G)
gx,rms = 7['/(6\/§)ngi (7)
(28
gy,rms = \/ 7T/(6\/§)Dy Z‘% = gz,rma (8)

(Rigorously speaking, for flat beams with large but finite
R, 8, takes maximum near ypy ~ o, and then decreases
but this is not important.) The distribution functions
of 6, and §, are shown in Fig. 7. the singularities at
0y = 0z mas and 0, = 0 are not so sharp like this for ac-
tual beams because of the finite emittance, various errors
and the disruption but the qualitative difference between
horizontal and vertical angles is still seen in the simula-
tions for not small disruption parameters.

We need a computer simulation for the vertical dis-
ruption angle for finite Dy. (We consider the case of
small D, only.) Fig. 8 shows the maximum(solid) and
r.m.s.}dashed) vertical disruption angle normalised by
Dyoy/o,. The four curves corrrspond to 4, = 0.1, 0.2,
0.4, 6.8 respectively. The dependence on Ay 1s not so sig-
nificant as in the enhancement factor except for small D,
region where the finite emittance appears as it is initially.
(The distribution of initial o is cut at 2.5 standard de-
viation.)

The simulation results can roughly be fitted by

Oy rms ~ | =t Dy (9)
y,rms 6\/§Uz [l+(0.5Dy)5]1/6
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Figure 7: Distribution of the disruption angle for small
disruption parameters. Flat beam.
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Figure 8: Maximum and r. m. s. vertical disruption angle.
Flat beam.

and 0y mar ~ 2.50y rms. Here the contribution of the
initial emittance (= Ayoy /o, for 0y rms) is not included.
The reason that the angle does not linearly increase as
Dy is that the trajectory is bent back and oscillates when
Dy is large.

So far, the collision is assumed to be head-on. For flat
beams, the disruption angle in the presense of vertical
offset is also important in determining the aperture of the
final quads. The deflection angle of the center-of-mass of
the bunch can be written in the form

lo A
0,=-"<D, D, =% 1
Yy 20,1 Yy (y’o,y) (0)

where the weak dependence on A, is ignored. The func-
tion F' is given by [8]

Ay/”y 2
F(D,, =%) :/ e ¥ /4y (11)
0
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for small D,. Fig. 9 shows F' computed by simulations.
UGG distribution is used here.
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Figure 9: Center-of-mass deflection angle. Function

F(DysAy/Uy)-

Roughly speaking, the maximum disruption angle i
the presense of offsets is the sum of the center-of-mass
deflection angle ©, and the maximum angle in the ab-
sense of offsets, 0y maz.

Energy Spectrum of Electron

The energy spectrum is important in two points; the
spread of the eTe~ center-of-mass energy is the main rea-
son to avoid large energy loss collision and the electron
with large energy loss may be bent by a large angle by
the beam-beam force to cause a background. For the first
point the spectrum near the initial energy is important
and the low energy tail for the second point.

The energy spectrum of radiation can be characterized
by the parameter”

(critical energy) _ 37ey?

= 12
(initial energy) 2 ap (12)

where p is the instantaneous curvature radius. Its typical
value during the collision is

riyN 2

oo, Oy + 0y

§1 = (13)

The average of £ is a bit smaller than eq. (13) (by a
factor about 2/3) but we adopt eq. (13) for the better
description of the low energy electron tail which comes
from beamstrahlung with large £.

The number of emitted photons per electron is

. 2
N, = NaUp(&1) with Ny = 1.06ar.N ——  (14)
oz + 0oy

*The notation T = %{ is used in literatures but in some cases
comfused with £. Our notation is after Sokolov and Ternov.
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where N, is the number of photons computed by the
classical formula and Up(€) is the ratio of quantum-
theoretical number of photons to classical. A simple for-
mula for Uy is

1 —0.598¢ + 1.061¢5/3

Vo(€) = 1+ 0.922¢2

(0<€<o0), (15)

whose relative error is within 0.7 percent.

We have developed an approximate formula for the
energy spectrum of electrons after collision. The detail
will be given in [9]. Here, we quote the results only.
The distribution function () (¢ = E/E,) normalized
as [9(e)de =1 can be written as

—y
W(e) ~ e N [6(6 1)+ — 6h(lel/s) (16)
with
1 A+t00
h(z) = o= exp (zp™ /4 p)dp (A >0)
2mi A—i00
o0 xn
-y (1)
e~ nl T (n/3)
and L1
~(=-1
y = 61(6 )
1 &1y
Ny = N, Ny. 18
1 TSy 1+ T3 &0 (18)

(This formula does not exactly satisfy the normalization
condition except for €5 — 0 which leads to Ny = Ny =
N..) The function h(z) can be estimated very accurately

by
h(z) = \/T

with the relative error less than 2% for any z. Fig.10 com-
pares eq. (16) with the simulation results using the pa-
rameters for CLIC[10] and those by R. Palmer[11] (wave-
length 17mm). (The parameters are summarized 1 Ta-
ble.1.) The histogram is the simulation and the crosses
are eq. (16). The agreement is excellent.

The center-of-mass energy spectrum is approximately

calculated by the following way using 1(g). The average
energy spectrum of one of the beam during collision is

z/3

3/4
VTP Zya/4
1+003z—5/6} exp (7)™ (19)

((e)) = / dry(e, 7) (20)
0
where (e, 7) is given by ¢(¢) but with Ny and N re-

placed by 7Ny and 7N, respectively. Then the center-

of-mass energy spectrum function ¥(z) (z = S/4E32,S =
center-of-mass energy squared) is

vo = [ W (W)L ey

This expression is compared with simulation in Fig. 11
using the same parameter sets as in Fig. 10.

498

100 :l T T T | T T T T T T T T T T T T T T T T i
. CLIC88 A

17t = 3
L \ . .

10—2 — M i
E M ]
L ” 1
L o i
L % d

10—3 = X —
L % 4

10—/1 [ S I [ ) [ [ N | [ I [N
o} 0.2 0.4 0.6 0.8 1

E/E0
100 T T T T ! T T T 1 | T T T T T T
Palmer
10—t

[
o
N
T 1111{
S
x
<
X
%
4
A
Y
,__I_LL‘\_LLLLI‘._L,_I_LJ‘IJ_LLLA

1073 =
5
10—4 |‘i1411111x1J41~1l
0 0.4 0.6 0.8 1
E/EQ
Figure 10: Electron energy spectrum for CLIC and

Palmer’s parameter sets.

Deflection of Low Energy Particles

The particles which lost a large fraction of its initial
energy is of our concern because they may be bent by a
large angle and cause backgrounds. Consider an electron
which emitted a hard photon at some time during the
collision and became of energy e Ey (¢ < 1). The effective
disruption for this particle becomes D, /e and Dy /e. One
might think that the eqgs. (5) to (9) apply by replacmg D
by D/e. However, the colllslon of a single particle on a
beam with the dlsruptlon parameter D/e is different from
the collision between two beams with D/e, although the
qualitative feature is the same; i.e., the disruption angle
increases linearly in D for small D and more slowly for
large D.

A simulation was done by putting low energy test par-
ticles during the middle of collision. The maximum dis-
ruption angle for given £ can be written very crudely as

o D/e
0: /14 (0.75D/e)%/3

(e g 1) (22)

Bmar ~
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Table 1: Parameters used in the simulation
CLIC

almer’s

Ey 1 TeV 0.5 TeV

N 5 x 10° 8 x 10°

o 200pum 26pum

Oz 60 nm 190 nm

oy 12 nm 1 nm

€z 1.53x107 12 m 2.58x1072? m

€ 051x1072 m 0.0233x107 2 m

D, 0.667 0.033

D, 3.333 6.27

Az 0.085 (.0002

Ay 0.71 0.60

* L/Lgg 1.84 1.61
x 0 0.25 0.15
* N, 3.0 1.33
& 1.48 3.43

x Ly /L 2.17 0.31
* Le-o/L 1.32 0.53

* quantities computed by simulations.

where D = Do (Dy) and 0 = 0(0y) for horizontal (verti-
cal) angle.

Now, the problem is how small € we have to care. Since
the number of photons N, for linear colliders in the near
future is of order unity, the spectrum function ¥(¢) given
in eq. (16) is always dominated by the factor e™¥ at the
tail y > 1 (in a logarithmic sense). Therefore, if we allow
n particles among N to create backgrounds, the minimum
¢ we have to care is approximately given by y = log(N/n)

> emin = 1/ (1 + &1 log(N/n)). (23)

We can compute the largest disruption angle by eq.(22).
Since the dependence on n is only logarithmic, we may
put n = 1. For example, €pin = 0.03 (0.013), 61 oz =
1.0 (10.) mrad and 8y ma; = 0.4 (0.4) mrad for CLIC
(Palmer’s) parameter set. For CLIC parameter set 0z mar
is considerably larger than the maximum crossing angle
for negligible luminosity reduction, ¢, /0, = 0.3 mrad.

In determining the vertical aperture of the final quads,
the information of 6y mer may not be enough, because
vertical beam offset due to errors can cause larger deflec-
tion angle.
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