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Abstract

The beam-beam interaction in electron-positron storage
rings depends strongly on the radiation damping. It has
been shown before that the achievable beam-beam tune
shift (the beam-beam limit) is a function of the damping
decrement (the damping rate per beam-beam interaction).
The LEP collider has been operated and has delivered
luminosity in the range of 45 GeV to 101 GeV. The
beam-beam performance data from LEP is revisited and
fitted with asimple model. The scaling of the beam-beam
limit with the damping decrement is estimated.

1 INTRODUCTION

The LEP collider has explored the beam-beam inter-
action over a wide range of beam energies, from 45 GeV
to recently 104 GeV. Vertica beam-beam parameters &,
of 0.083 per interaction point (IP) were achieved at high
energy without reaching the beam-beam limit. The beam-
beam effect in LEP has been discussed in numerous pa-
pers[1, 2, 3, 4, 5] and it is beyond the scope of this paper
to review the existing literature. Here we compare the
observed functional dependence of £ on beam intensity
with the expected behaviour from a simple stochastic
model. The theory assumes strong radiation damping and
no correlation between the effects of successive beam-
beam interactions. The calculated functional relationship
between & and bunch current is compared to experi-
mental observations at high energy. The functional rela-
tionship is then used to fit for the unperturbed emittance
and the beam-beam limit. Finaly, the scaling of the
beam-beam limit with energy is estimated.

2 THEORY

The vertical beam-beam parameter &, is calculated
from the measured luminosity L, the beta function B, at
the I P, the beam energy E, and the bunch current i:
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The term n, denotes the number of bunches, r,, e and
m, are the classical radius, charge and mass of the elec-
tron, and c is the light velocity. The £ is related to the
vertical beam-beam tune shift AQ, [6,7]. With a typical
value for the vertical tune in LEP (Q, ~ 0.18) the tune
shift is up to 10% smaller than the measured &,.

The maximum value for &, is in practise limited by
intensity dependent beam-beam blow-up. It has been ob-
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served before that the beam-beam limit £ is a function
of the transverse damping time t, the revolution fre-
quency f,,, and the number n of interaction points [8]:
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The damping decrement is denoted by A, The func-
tional dependence is unknown. From experimental data
the following parameterisation was suggested [9]:

& o 2% ®)

With the feasible beam intensities LEP does not reach
the beam-beam limit at high energies. However, the ex-
perimental LEP data can be used to infer the asymptotic
beam-beam limit.

We used a simple stochastic theory of the beam-beam
interaction to derive the following relationship between
the vertical beam-beam parameter and bunch current i:
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This equation does only contain two free parameters A
and B. Their physical interpretation is discussed later. The
theory assumes no correlation between subsequent beam-
beam interactions and is only expected to be true with
strong radiation damping. Resonant beam-beam effects
and the difference between the beam-beam tune shift and
g, are neglected. We note, that beam tails and lifetime
reductions due to resonant beam-beam effects are not
visible during high energy operation of LEP.

The physical interpretation of the free parameters A
and B is now discussed. If there is no beam-beam blow-
up thenB=0and Ais:
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A is a machine and optics dependent number times the
zero current (unperturbed) vertical emittance ey" (if the
horizontal beam-beam blow-up is small). Indeed we can
use it to calculate the unperturbed vertical emittance. The
slope of £, withi is mainly determined by &,

§y=\/%i (6)

Note that & is zero for zero bunch current. This is an
important constraint when analysing the LEP data. &, be-
comes independent of beam current in the beam-beam
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limit. Then B gives the inverse asymptotic vertical beam-
beam parameter:

1 @
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If the term B is not equal zero then £ will start to satu-
rate at some bunch current.

3 LEPMEASUREMENTSAND FITS

During the LEP runs almost all parameters and observ-
ables of the machine performance are logged for the later
analysis. In particular we can analyse the dependence of
€, as a function of beam intensity. Equation (4) can be
fitted to the data and allows extracting the asymptotic &,.
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Figure 1. Measured £ at 94.5 GeV versus bunch current.
The dataiisfitted with (“Model fit") and without (“Linear
fit”) beam-beam limitation.
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Figure 2: The vertical emittance asfitted and cal culated
from luminosity and synchrotron beam size measure-
ments (BEXE).

Figure 1 shows the observed & at 94.5GeV and com-
pares it both with a fit using Equation (4) (“Modél fit")
and a linear fit (B=0) for fill 5259. The beam-beam fit
explains the & dependence on current with an unper-
turbed vertical emittance of 0.19 nm [A = (6.12 + 0.05)
10" uA? and an asymptotic & of 0.122 [B = 8.18 + 0.11].
In order to verify that the observed saturation in £ is
correctly attributed to the beam-beam effect, we consider
the current dependent blow-up of the vertical emittance.
The luminosity data allows calculating the vertical emit-
tance, assuming that the optical functions are known and
that the horizontal emittance has its design value. The
data can be compared with the measured vertica beam

1188

size in the BEXE instrumentation [10]. Figure 2 shows
that the vertical emittance blow-up calculated from the
measured luminosity is consistent with the blow-up ob-
served from the BEXE measurement of beam size. At
lower bunch current the vertical emittance approaches its
fitted unperturbed value.

The asymptotic vertical beam-beam parameter was
constrained to 0.122 and the term A was fitted to average
data of July and August 1998. The result is shown in the
Figure 3. The difference in performance can be explained
by an unperturbed vertical emittance of 0.19 nm in Octo-
ber and 0.27 nm in July and August 1998.

014 I Gived asymptotic x, it
0.12 F
o1l ]
0.08 |- .
006 [ -
0.04 L July A .
0.02 August i

P A R R B B
0 1 2 3 4 5

&

Bunch current mA

Figure 3: Three data sets at 94.5 GeV are fitted with the
constraint of equal asymptotic beam-beam parameter
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Figure 4: Examples of fitted &yversuscurrent for 98 and
101 GeV. The straight line shows the non beam-beam
limited behaviour assuming the fitted unperturbed vertical
emittance.

Beam-beam fits to data from 98 GeV and 101 GeV are
shown in Figure 4. The fits suggest a beam-beam limit of
0.115/0.111 and an unperturbed vertical emittance of
0.108/0.082 nm (98/101 GeV). By applying the described
method, we consistently find a beam-beam limit around
0.11-0.12 at high energy. Note that an alternative origin
of the beam-beam limit was studied in [11]. If the beam-
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beam interaction shifts the horizontal tune towards the
half integer resonance, the horizontal beam size is blown-
up and the beam-beam parameter effectively limited. The
beam-beam limit was estimated to be around 0.111 for
this case. The measurements of vertical emittance blow-
up (Figure2) indicate that this limit has not yet been
reached for LEP. Some beam-beam blow-up in the hori-
zontal beam size has been observed, but measurements
show that it is smaller than the blow-up in the vertical
plane.

The model of the &, variation with beam current allows
estimating the ultimate performance limit of LEP for a
given beam energy and intensity. In Figure5 it is shown
that an ultimate peak luminosity of 1.5 10* cm® s* is pre-
dicted a 98 GeV and 6 mA tota beam intensity in
8 bunches (with vanishing vertical emittance at zero cur-
rent). This must be compared to the achieved peak lumi-
nosity of 10” cm®s™.

250

N

o

o
T

=

a1

o
T

100 No BB limit

a
o
T

Luminosity [1030 cm? s‘l]

0
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Vertical emittance [nm]

Figure 5: Predicted luminosity versus unperturbed verti-
cal emittance (emittance at zero beam intensity). The cal-
culation assumes a beam energy of 98 GeV and a bunch
current of 750 pA. It is based on the fitted beam-beam
limit of 0.115 for 98 GeV (Figure 4, top).

Table 1. Overview of achieved beam energies, £, bunch
currents, and transverse damping timesin LEP.

Y ear Beam Maxi- | Damping Bunch
energy mum time current
[GeV] g, [turns] [uA]
1994 45.6 0.04 721 320
1995 65.0 0.050 249 400
1996 86.0 0.040 107 525
1997 91.5 0.055 89 650
1998 94.5 0.075 81 750
1999 98.0 0.083 73 780
2000 102.7 0.055 63 550

4 SCALING OF BEAM-BEAM LIMIT

Tablel summarises the maximum measured beam-
beam parameter in LEP for different energies and trans-
verse damping times. The beam-beam limit was encoun-
tered at 45.6 GeV and was not reached for the highest
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beam energies. This alowed running with a four times
smaller vertical emittance at 98 GeV, if compared to
45.6 GeV (taking into account beta functions and hori-
zontal emittance).

The LEP data for 94.5 GeV to 101 GeV consistently
suggest a beam-beam limit of around 0.115. Comparing
this to the measured beam-beam limit of 0.045 at
45.6 GeV we find a scaling of the beam-beam limit as:

f; o 2{;0.4

Thisis close to the scaling suggested by Peggs[9].

5 CONCLUSION

A simple stochastic model of the beam-beam interac-
tion was used to determine the expected functional de-
pendence of the vertical beam-beam parameter on beam
current. The derived equation depends on only two free
parameters. the product of unperturbed emittances (at
zero intensity) and the beam-beam limit. The expected
functional dependence was fitted to many sets of LEP
data. The measured saturation of the beam-beam pa-
rameter with current iswell described. The fit was used to
estimate the beam-beam limit for LEP at highest energies
(around 0.11) and the best achievable luminosity. LEP is
not reaching the beam-beam limit at high energy with
vertical beam-beam parameters of up to 0.083 per IP.
Vertical emittance blow-up is, however, observed both in
the measured luminosity and the measured vertical beam
size. The beam-beam limit seems to scale with A, for
LEP, with A, being the damping decrement.
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