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Abstract

The mmain characlerislbicys of Lhe beam-beam oflecl amd ily consequence on Lhe spenl boam,
lbe boumslrablumy pholoo Jux and Lbe deleclor background are calculaled for Lhe TESLA
paraunclery al 500 GV oand 800 GeV ceolre of maw coergy. The lwuc of lhe boam-boun
shabilily relabed Lo e high verlical disruplion paramcler i alve inveligaled

1 Colliding Beam Parameters and Luminosity Optimization

1.1 Flat beam parameter

Thee beam-beam interaction & very intencze at the collision pomt of any linear collider. To minimee
ite effect, flat beame with large aspect ratio £ = o} /o;, are used at the interaction point (IF). Thie
ic reflected in the current eet of TESLA parameters for the beame arriving at collision (see Table 1).
The large acpect ratio reculic in 2 etrong beam dicruption in the vertical plane. It ie quantified by
the dicruption parameter 2, defined as the ratic of the bunch length & to the vertical beam-beam
focal length f,, and given by
D= T Ar . Nyo,
“=7, T Jorier +03)

where 7, ic the bunch population. As given by Table 1, the dieruption parameter ie about 25 which
indicates that, in a etable ete™ collision regime, the particles undergo several vertical cerillatione
while croceing the opposite bunch.

1.2 Lurmnosity enhancement

Beam-beam sinmulations with GUINEA-PIG [1] indicate that the luminceity 15 a factor 2 larger
than the geometrkc (Gansslan lummceity, a5 a result of the mutual pinching of the et and e—
bunchee. As shown by Fig.l{top,left), the luminceity ie maximum when the bunches are forueed

Center of mass energy [GeV] | /s =2E; 500 300
Lunnnosity [10¥em %1 L 3.4 5.8
Luminoeity per bunch crossing [10% em~# L 2.4 30
Bunch population 10t A 2 1.4
Traneverse bunch eizes [nm] Ty &5 553,50 391,38
Transverse bunch divergences [erad oy, & 37,12 3,7
Normalized emittances [mmanrad] | ez, e, | 10,0080 | &, 0.015
(Geometric enittances [pm.uerad] £r, £y 20,0061 | 10, 0.019
Bela funclions mm]| &, 4 | 16,04 | 15,04
Bunch length [pem] oy 00 00
Dheruption parameters D, Dy, 022,25 | 030,27

Takble 1: Parameters of the incoming beame at the IP.




Center of mace energy [{2eV] | o/ = 2E, 500 300
Traneverse bunch divergences [prad] | ©F, 7 246, 23 150, 17
RMS emiitances [emm. prad) [ 67 ,0.18 | 29, 0.068
Beta functione [rrim] e, 4.5,0.37 | 22 ,0.33
Alpha functione gy Ly 1.7,0.68 | 1.7,0.67
Relative energy loee %] | {dEY/Ey 3.2 4.3
Relative BMS energy cpread  [GeY] &g 13 28

Takble 2: Spent beam parametere for head-on collieions. The Twies parameters § and & are calou-
lated at the IP peeition.

to vertical wakte located about 0.63 % & ~ 250 pm in front of the IP (o] = —0.63 at the IP).
The two ciher linear optice parameters which can mematch the vertical IF beam cige and affect
the luminceity, namely the vertical dispersion and the zy-coupling, are ehown on Fig.1i{left} to ke
optimized when at zero (see aleo Ref.[2]}). The right cide of Fig.l chow that these optinume can be
accurately reached by counting the et e~ paire impinging a luminceity monitor (LUTMON}. This ie
dicussed in more detaik in Section 3.

At 300 GGV c.m. energy, the optimization ic very similar and the cptimum waikt w, ic found
at the came peeition

2 Spent Beam Parameters for Head-on Collisions

During collicione the beam particles experience strong deflectione and lose energy by emitting beam-
girahlung photons. Therefore the trancverce emittances and energy dictribution of the outgoing
beame are degraded compared to the incoming ones. The reculimg average parameters calkulated
from the beam distributione aseuming perfect head-om collisione (zero relative offeet and angle) are
given in Table 3. Compared with Tablke 1, the traneverce emit tances blow up by about & factor 3 in
both planec for both c.m. energies. The trancverce phase epace dietributions for TESLA 500 Gev
are ploited in Ref.[3]. The angular and energy dictributions are chown in Fige.2-4 for 500 Gev
c.a. energy and m Fige.5-7 for 300 GeV c.m. energy.

The lumimceity enhancement diecussed in Sect.l.? & compencated by the dilution of the lu-
minceity epectrum 42 fd+ /& towards lower centre of mass energies, coneomitant with the energy
degradation of the beam pariiclee due to beametrahlung photon emigsion. Still, 2= chown by
Fig.8, about §0% of the total luminceity ic produced at energiec higher than %5.5% of the nominal
C.M1. ETErgY.

3 Beam-Beam Backgrounds

3.1 Background sources

Beamstnahlung, 1e. emiesion of synchrotron radiation in the coherent ean. field of the oppeeite
bunch, ie considerable at these high beam energies. It ie usually characterized by the Upsilon
parameter given by

2 {-Ec} _ 51‘3"]"*“"?5

T =
i Ey i Ta [0’;+f-’;}

where {E,} ic the average photon critical energy and Ey is the beam energy., With a photon yvield of
about 1.6 per electron, beametrahlung degrades the epent beam energy distnbution, with a 3-4%
average energy lees, and the lumincsity spectrum 40/ dy /s, as discussed in the preceding section. A
emall fraction of the beametrahling photone are converted into low energy et e~ paire which form
the moet numercue background ecurce to the detector.

The main charactenietice of the beam-beam background are given in Table §. The charged
particle background whoee energy epectrum i plotted in Fig. 9 for 500 GeV c.m. energy, ie escentially
the result of three bask procesees :

1. beametrahlung emiesicn : the energy -degraded epent beam dominates the epectrum of charged
particles above 100 GeV. It ie discuseed in Section 2. The extraction of the electren and
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Figure 1: Luminceity optimization relative to vertical waist poeition w,, (top), vertical dispersion
ity (muddle} and coupling &, (bottom) [2] for TESLA 500 GeV can. energy. Solid lines ehow the
parabolic fite through the 11 data pointe.
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Figure 2: Spent beam angular distribution in the hormontal plane for 500 GeV c.m. energy.
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Figure J: Spent beam angular dietribution in the vertical plane for 500 GeV c.m. energy.
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Figure 4: Spent beam energy dietnbution for 500 GeV c.m. energy.
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Figure 5: Spent beam angular dietribution in the horeontal plane for 300 GeV c.m. energy.
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Figure §: Spent beam angular dietribution in the vertical plane for 800 GeV c.m. energy.
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Figure 7: Spent beam energy dietnbution for 300 (GeV c.m. energy.
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Figure §: Luminceity epectra for 500 GeY (top) and 300 GéY (bottom) centre of mase energy



Center of mase energy [GeY] | /8 =2E, 500 300
Lumincoeity per crogsing [10% em—4| £ 24 3.0
peilcn parameter T 0.06 0.09
Average energy loes [ ig 32 4.3
Spent beam power (MW - 11 17
Beamstrahlung Photons
Number of photone /electren ., 14 1.5
Beametrahlung photon power %] P, +60 TE0
Beametrahlung photon divergences [rad] | ©F, OF | 151,35 | #,21
ete~ paire (both sidez)
Number of particles Np 125 000 | 153 000
Average particle energy [GeV] {Ep} 2.3 5.3
4 particles on LUUMON1 per bunch crossing - 36 000 | 36 000
Average energy on pair LITMON1 [GeV] - 1.5 17
Radiative Bhabfias [both sides)
Zt particles on LUMONZ per eide per bunch croesing - 1150 1700
Average energy on LUMON2 [Gev] - 36 57

Table §: Background parameters for head-on collisions.

poeitron beame ie deecribed in Ref.[3].

2. pair creation : £ and e~ pair particke dominate the epectrum below 20 GeV. Their profile
dercity along the firet 2.4 m of free epace after the IP ic plotted in Fig 10 chowing their
mpact on 2 lnminceity monitor (LUMONL) located at £ = 2 m and with an aperture radiue
of 12 mm (see Fig.11l). Their rate ic g0 large that they can be ueed to monitor refaiive
variations of the luminceity on 2 bunch to bunch basie for machine tuning purpoce.

3. (beam-beam) bremsstrahlung : thie incoherent process creates eame sign low energy etor
&~ particke, called radiative Bhabhas, moving along with the beames. While the bremestrahlung
photone escape through the beam pipe at very low anglee, the radiative Bhabhas in the in-
termediate energy range around 40-50 GeV can be collected after the doublet. Their rate
on a luminceity monitor (LUTMONZ) at & = 8.5 m and 34 mm radiue, provides a signal
proportional to luminceity which, although lese powerful than the pair eignal, can aleo be
ueed for machine tuning[3].

In addition to thic charged particle background, beametrahhing photone carrying 3-4% of the beam
power are emitted in a narrow forward cone of lece than 20.15 mrad openmg angle. Their angular
and energy dietributione are plotted in Fige.12-15 for 500 GeV c.m. energy, and in Fige.16-19 for
B00 GeV c.m. energy

3.2 Bacdckground extraction

The extraction and dispceal of theee background partides neede epecial attention eince, with the
gero croeeing-angle geometry, they are travelling backward along the opposite final focus beam line,
depicied in Fig.20. Due to their low energy, the par and radiative Bhabha pariicles {below 100
{3V} are overfocuesed by the final doublet and etopped within the first 10 m of the cutgoing beam
line. Their average power depeeition, shown in Fig21 for both c.m. energies, does not exceed the
3 W, m hmit allowed by the cocling of the superconducting doublet [5] ranging from £ = 3m to
&=.7Tm (see Fig.11).

In contrast, the eafe extraction of the very high beametrahlung power requires dedicated ool-
limatore to intercept tolerable fractione of thie power. Fortunately, this fraction drope very fast
with the echd-angle span by arcular collimatore a= ehown by Fige.15,19. The present layout usee
two circular collimatore located at 8 = 130m and & = 240m. The average power intercepted by
theee collimatore a= well as by closer elemente in the beam lines i& given Fig.20. The power, about
40 W, which pasees through the aperture of the second collimator & dumped m a eclid beam
dump located directly after the firet C-dipole of the chromatic correction eection.
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Figure §: Energy epectrum of charged partick backgrounde for 500 GV cm. energy.

4 Beam-heam deflections

Beam-beam deflection ecans are an escential tocl to tune et e~ colliders. Thie will be also true for
TESLA for tuning the horwontal parameters eince, 25 shown by Fig.22, the beam-beam deflection
curve followe very closely the analytical prediction for rigid bunches. Therefore, the measurement
of the beam-beam deflections will allow an accurate measurement of the quadratic average £, =

{e2 "} + (27 Y2of the electron and peeitron horizontal beam eizes, and aleo of the beam relative
horizontal offeet. The smooth dependence of the luminceity on the relative honzontal offset ie
ghown i Fig.23. and that of the beam relaiive energy loee in Fig.24.

Drue to the large vertical disruption parameter 73, the eame is not true in the vertical plane:
the vertical beam-beam deflection ie very different from the analyiic prediction for ngid bunch,
ae ehown by Fig25. Moreover it ie ako wealdy dependent on the vertical beam eize iteelf which
predudes using this method to tune the quadratically averaged epot eizes X,. Fortunately, as
dicussed zbove, the luminceity can be directly monitored which ie uenally facter and more accu-
rate than relying on beam-beam deflection ecane. As far 2z the fast IP crbit feedback eyetem ie
concerned, the vertical beam-beam deflections are etill large encugh to provide o powerful signal
to tune cut the beam relative offset. Aleo related to the large vertical disruption, the limmeeity
decaye very rapidly with vertical offeete: Fig.26 chowe that the luniineceity ie 5 times more senti-
tive to emall offeet errcre than in the caze of rigid bunches (zero dicruption parameter). Finally,
contrary to the horizental case, the beam energy loss increazes for emall vertical offeete, 22 ehown
by Fig.27, and reaches 2 maximum of about 4.6% at about 3o, relative offeet.



x {cm)

Figure 10: Traneverce profiles [4] of the £t and £~ pair particles (500 3V c.m. energy} along the
IP drift epace up to the forward mask at 8 =2 — 2.4 m. The aperture (v = 12 mm} of the maskie
drawn on the lower plet. Particles cuteide of this aperture are collected and ueed for monitenng
the luminceity.
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Figure 11: TESLA interaction region with detector mask and superconducting doublet.
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Figure 12: Beametrahlung photon angular dietribution in the horizontal plane for 500 GeV cam. en-
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Figure 13: Beametrahhing phoion angular dietribution in the veriical plane for 500 GeV o, en-
ETEY.
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Figure 14: Beametrahlung photon energy dictribution for 500 (GeV cam. energy.
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Figure 15: Fraction of beamstrahluing photon energy cuteide of 2 cone of angle & arcund the beam
axde, for 500 GeV c.m. energy.
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Figure 1§: Beametrahlung photon angular dietnibution in the horizontal plane for 800 GeV can. en-
EIEY.
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Figure 17: Beametrahhing phoion angular dietribution in the veriical plane for 800 GeV cam. en-
ETEY.
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Figure 23: Hornzontal beam-beam deflection for 500 GeV c.m. energy. The dached curve i the
analytic prediction for rigid bunchee.
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Figure 23: Luminceity enhancement factor versue beam relative horizontal offet for 500 GeV
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Figure 27: Relative energy lose versue beam relative vertical offet for 500 GeV c.m. energy.

The luminceity loes ie even aggravated when coneidering the effect of emall vertical angle errore
at the IP : ac chown by Fig.28 the luminosity i 10 times more gensitive to angle errore than in the
cace of rigid bunchee. The beam energy lose aleo increaces eteadily to 4.6% for angle errore up to
20 mrad, ac ehown by Fig 24,

Although not diecuseed it here, the same conclusions apply for the beam-beam deflections at
300 GeY c.m. energy.

5 Improving the vertical heam-beam stability

The ctrong effect of global vertical IP orbit errore i corrected within a emall fraction of the TESLA
bunch train by the fast IF feedback eyeteme which inchude both IF offeet and IF angle corrections.
The resuliing luminceity loes ie ept within 10% even for large offiet and angle errore at the head
of the bunch trains.

It hae however 2 lece direct but detriment al impact on the luminceity : bunch internal defor-
matione in the vertical phase space {y,3") such as induced by linac single-bunch walefields, the
go-called “banana effect”, mduce an additional and cizeable luminosity lose when trancporied at
the IP. These deformations are described by vertical translatione {4} (2} and {3} () of the beam
centroide along the bunch, proportional to the wale potentiale. They cannot be corrected by orbit
and angle global correctione which cancel only the average errore. If cufficiently eiable in time, they
can be compencated by a different optimmzation of the colleion parameters leading to an almost
perfect recovery of the luminoeity. The impact of thie beam-beam inetahbility ic diEcuesed in more
details in Ref.[T].

It ie worth invesiigating how to improve the vertical beam-beam etahbility of the TESLA ool-
liciome. Decreacing the bunch kength ie an obvioue way to reduce the dierupiion parameter in
proportion. Fig.30 compares the decay of the luminceity with IP offeet and anglk errore for the
nominal bunch length o; = 300 pm and the caze where o; =200 gm. The mprovement in lumince-
ity etability i quite important , especially for the angle errcre. The price to pay ie in the increazed
performance of the bunch compresscr syetem, the larger energy spread at linac injection and, alec
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Figure 28: Luminoeity enhancement factor versue beam relative vertical angle for 500 GeV c.m. en-
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Figure 30: Comparieon of the decay of the luminceity with vertical IP offset (left} and vertical IP
angle (nght} for the nominal TESLA parameters #; = 300 pm and two other sete of parameters
with a reduced bunch kngth ¢; = 200 pgm and a emaller vertical dEruption parameter.

the larger beametrahlung energy epread, 4.1% inctead of 3.2%. The beametrahlung energy epread
can be recovered by colliding beame with a larger acpect ratio. Fig.30 aleo compares the lumincesty
for §40nm < 4.2nm beam epot cizes at the IP obtained by reducng 4 from 400 ym to 300 pm and
keeping the came trancverce croge-cection e the nominal cne. Ae expected the pmch enhancement
factor ie emaller for the flatter beam but the energy loee ie reduced to 2.4% and the lumincesty
decaye much elower. The price ic then m the more difficult correction of the vertical chromaticity.
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