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Abstract served before that the beam-beam ligjitis a function
of the transverse damping time the revolution fre-
The beam-beam interaction in electron-positron storaggiency f, and the numberof interaction points [8]:
rings depends strongly on the radiation damping. It has
been shown before that the achievable beam-beam tune g;“ =f [ﬂd]:f {;} (2)
shift (the beam-beam limit) is a function of the damping fev TN

decrement (the damping rate per beam-beam interaction). The damping decrement is denoted gy The func-

fitted with a simple model. The scaling of the beam-beam & o 290 3)

limit with the damping decrement is estimated. With the feasible beam intensities LEP does not reach

the beam-beam limit at high energies. However, the ex-

1 INTRODUCTION perimental LEP data can be used to infer the asymptotic
The LEP collider has explored the beam-beam intebeam-beam limit.

action over a wide range of beam energies, from 45 GeVWe used a simple stochastic theory of the beam-beam

to recently 104 GeV. Vertical beam-beam parameigrs interaction to derive the following relationship between

of 0.083 per interaction point (IP) were achieved at higthe vertical beam-beam parameter and bunch current i:

energy without reaching the beam-beam limit. The beam-

beam effect in LEP has been discussed in numerous pa- gy = ;| (4)

pers [1, 2, 3, 4, 5] and it is beyond the scope of this paper | A+(B-i)

to review the (_axisting literature. Here we compare the This equation does only contain two free parameters

observed functional dependencegpion beam intensity 5,4 Their physical interpretation is discussed later. The

with the expected behaviour from a simple StOChaSt'l.‘ﬁeory assumes no correlation between subsequent beam-

model. The theory assumes strong radiation damping aBgam interactions and is only expected to be true with

no correlation between the effects of successive bea@i’rong radiation damping. Resonant beam-beam effects
beam interactions. The calculated functional relationship. 4 \ha gifference between the beam-beam tune shift and
betweeng, and bunch current is compared to experi , are neglected. We note, that beam tails and lifetime
mental observations at high energy. The functional rel?éductions due to resonant beam-beam effects are not
tionship is then used to fit for the unperturbed emittanc\ﬂsime during high energy operation of LEP
and the beam-beam limit. Finally, the scaling of the rno hhysical interpretation of the free parametars
beam-beam limit with energy is estimated. andB is now discussed. If there i® beam-beam blow-

up thenB=0 andA is:

2 THEORY ,
The vertical beam-beam parametgr is calculated A= (Mj & gg . 83 (5)
from the measured luminosity L, the beta functﬁghat e By
the IP, the beam energy E, and the bunch current i Ais a machine and optics dependent number times the
B 2re mec?-ﬂ*y L (1) zero current (unperturbed) vertical emittanx;‘é (if the

y n-i-E horizontal beam-beam blow-up is small). Indeed we can
use it to calculate the unperturbed vertical emittance. The
The term pdenotes the number of bunches,erand  sjope oft, with i is mainly determined bg/yO;
m, are the classical radius, charge and mass of the elec-
tron, and c is the light velocity. Thg is related to the &, = \/E i

vertical beam-beam tune shitQ, [6,7]. With a typical
value for the vertical tune in LEP (@ 0.18) the tune  nqre thatg, is zero for zero bunch current. This is an

shift is up to 10% smaller than the measuged important constraint when analysing the LEP d&jbe-

The maximum value fog, is in practise limited by c,mes independent of beam current in tieam-beam
intensity dependent beam-beam blow-up. It has been ob-

(6)



limit . ThenB gives the inverse asymptotic vertical beamsize in the BEXE instrumentation [10]. Figure 2 shows
beam parameter: that the vertical emittance blow-up calculated from the
1 measured luminosity is consistent with the blow-up ob-

= (7) served from the BEXE measurement of beam size. At
gyl =) lower bunch current the vertical emittance approaches its

If the termB is not equal zero thef) will start to satu- fitted unperturbed value.

rate at some bunch current. The asymptotic vertical beam-beam parameter was
constrained to 0.122 and the tefnwas fitted to average
3 LEP MEASUREMENTS AND FEITS data of July and August 1998. The result is shown in the

) Figure 3. The difference in performance can be explained
During the LEP runs almost all parameters and obseryy an unperturbed vertical emittance of 0.19 nm in Octo-
ables of the machine performance are logged for the latgg; and 0.27 nm in July and August 1998.
analysis. In particular we can analyse the dependence of

€, as a function of beam intensity. Equation (4) can be 0.14 F fod asvmototion it 1
. . . . L Itted asymptotic X,, lImi
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Figure 1 shows the observeg at 94.5 GeV and com- Figure 4: Examples of fitteg] versus current for 98 and

pares it both with a fit using Equation (4) ("Model fi) 101 GeV. The straight line shows the non beam-beam

and a linear fit =0) for fill 5259. The begm-beam fit limited behaviour assuming the fitted unperturbed vertical
explains thef, dependence on current with an unper- emittance

turbed vertical emittance of 0.19 nrA £ (6.12+ 0.05)

7 2 . _
10 uAland an asymptotig, 0f0.122 B = 8.18+ 0.11]. Beam-beam fits to data from 98 GeV and 101 GeV are

In order tq verify that the observed saturatiorg jris . ,Sshown in Figure 4. The fits suggest a beam-beam limit of
correctly attributed to the beam-beam effect, we con5|d6r115/0 111 and an unperturbed vertical emittance of

the current dependent blow-up of the vertical emittanc%..108/0.082 nm (98/101 GeV). By applying the described

The luminosity data allows calculating the vertical em'thethod, we consistently find a beam-beam limit around

tance, assuming that the optical functions are known a'bqll-o.lz at high energy. Note that an alternative origin
that the horizontal emittance has its design value. Trbef the beam-beam limit was studied in [11]. If the beam-
data can be compared with the measured vertical beam



beam interaction shifts the horizontal tune towards thieeam energies. This allowed running with a four times
half integer resonance, the horizontal beam size is blowsmaller vertical emittance at 98 GeV, if compared to
up and the beam-beam parameter effectively limited. ThE5.6 GeV (taking into account beta functions and hori-
beam-beam limit was estimated to be around 0.111 fapntal emittance).
this case. The measurements of vertical emittance blow-The LEP data for 94.5 GeV to 101 GeV consistently
up (Figure 2) indicate that this limit has not yet beesuggest a beam-beam limit of around 0.115. Comparing
reached for LEP. Some beam-beam blow-up in the hothis to the measured beam-beam Ilimit of 0.045 at
zontal beam size has been observed, but measuremetis GeV we find a scaling of the beam-beam limit as:
show that it is smaller than the blow-up in the vertical £7 oc 1204
plane. y d
The model of th&, variation with beam current allows
estimating the ultimate performance limit of LEP for a
given beam energy and intensity. In Figure 5 it is shown 5 CONCLUSION
that an ultimate peak luminosity of 1.5*16m’ s" is pre- . . .
dicted at 98 GeV and 6 mA total beam intensity in. A simple stochastic quel of the beam-beam. interac-
8 bunches (with vanishing vertical emittance at zero cuP—On was used to determine the expected functional de-

rent). This must be compared to the achieved peak lunfiéndence of the vertical beam-beam parameter on beam
nosity of 1% cm?” s* 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 is well 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 Wijthfor
Figure 5: Predicted luminosity versus unperturbed vertiL EP, with, being the damping decrement.
cal emittance (emittance at zero beam intensity). The cal-

culation assumes a beam energy of 98 GeV and a bunch

curren.t of 75QuA. It is based on th_e fitted beam-beam [1] S. Myers, *

limit of 0.115 for 98 GeV (Figure 4, top).

This is close to the scaling suggested by Peggs [9].
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