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The most critical issue for the feasibility of high-energy e +e~ linear colliders is obviously 
the development of intense microwave power sources, which was described by M. Allen 
in the preceeding talk. Remaining problems, however, are not trivial and in fact some of 
them require several order-of-magnitude improvement from the existing SLC parameters. 

The present talk is a summary of the study status of the beam dynamics problems of 
high energy linear colliders (i.e., excluding low energy ones such as B-factories) with an 
exaggeration on the beam-beam phenomenon at the interaction region, which the audience 
of this conference are mostly interested in. 

Tab. 1 Typical Parameters of Next Generation Colliders 
Energy per beam 200-500 GeV 
Luminosity (1 bunch per pulse) 1 x lO^cm-'sec - 1 

Number of particles per bunch (0.5-2) xlO 1 0 

Acceleration gradient 100-200 MeV/m 
RF frequency 10-30 GHz 
Repetition rate 200-2000 Hz 
Beam size at interaction point height 2-20 nm 

width 50-300 nm 
length 50-400 /im 

There are four laboratories having linear collider plans, SLAC(ILC,TLC), CERN(CLIC), 
Novosibirsk/Protovino(VLEPP) and KEK(JLC,JLLC). The parameters of these projects 
scatter in some range but seem to converge slowly if one recalls the status five years ago. 
The recent typical parameters are summarized in Tab. 1. The beam energy will be below 
500GeV. CLIG and VLEPP assume ITeV but it will be lower in the first stage. 

Damping Ring 
The basic requirements to the damping ring are the short damping time and the small 

equilibrium emittance. All the proposed designs make use of tight focusing optics and 
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strong wiggler magnets to meet these requirements and seem to have no major problems 
at least compared with other problems in the colliders. The beam energy is 1.5 to 2 GeV. 
Relatively tight problems are impedance requirement of <0.3f2 for the bunch lengthening, 
vertical alignment tolerance cf ~ 50/im, the stability of the extraction kicker a few times 
10~4 and the design of wigglers with high field and short period. It is possible to relax these 
problems, if too tight, by using two successive damping rings, one for the fast damping 
and the other for the small emittance. 

Since a very short bunch length which cannot be realized by the longitudinal emittance 
of the damping ring is assumed in the designs of TLC and JLC, an intermediate linac upto 
the energy ~10GeV with lower if frequency will be needed. 

Linac 
One of the major problems in the linac is the transverse beam blow-up due to the wake 

field created by the head of the bunch and, in the case of multiple bunches per pulse, by the 
proceeding bunches. The sigle bunch effect is proportional to the number of particles per 
bunch (N) and to the fourth power of the rf frequency (/,/) if the accelerating structure 
is scaled to the wave length. In this respect the effect is most serious in the CLIC design 
which adopts /,/=30GHz and the VLEPP design with N = 1 0 u . (Instead, TLC and 
JLC resort to a smaller beam size at the collision point for a high luminosity.) The effect 
can be minimized by making large the iris aperture of the cavity at the expence of lower 
accelerating efficiency but it is still serious. 

All the designs rely on the BNS damping named after Balakin, Novokhatsky and 
Smirnov. The blow-up can be suppressed, if there is a sufficient difference in the be
tatron oscillation frequency within a bunch (lower at the head, higher at the tail). The 
required diffference is of the order of 10% in the CLIC and the VLEPP designs and is less 
than 1% in TLC and JLC. It is created by the energy difference within a bunch in TLC, 
JLC and VLEPP and by radio-frequency quadrupole in the CLIC design. 

Another problem is the tight tolerances of the alignment and vibration of the quadrupole 
magnets and cavities. Those for TLC are listed in Tab. 2. 

Tab. 2 Tolerances for TLC 
static alignment random vibration 

quad displacement < 30/im < 0.02/im 
quad roll angle 3mrad 
transverse rf kick (Apj./6pn) 3 x 10 _ B 

cavity tilt angle < 0.3mrad 

The CLIC design has a looser tolerance for the vibration than the TLC does by one order 
of magnitude because of the larger emittance but requires a tighter tolerance for the static 
alignment by one order of magnitude due to the large betatron frequency spread for the 
BNS damping. 

Final Focus 
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During the last year designs of the final focus system have been improved considerably 
to the smaller beta function, larger momentum acceptance, larger aperture of the final 
quads and shorter total length. Consequently, the requirements for the final quads is not 
far from the existing technology of constructing quadrupole magnets. 

A new phenomena found last year is the Oide limit [1] which is the lower limit of the 
possible beam size due to the synchrotron radiation in the final quadrupole magnet. It 
depends only on the normalized beam emittance e„: 

3nm x (€ B/10- 7m) 6 ' 7 . 

It does not help to make the beta function smaller than the present designs since this 
formula gives values close to the present design beam sizes. Therefore, exotic lenses such 
as the lasma lense will not be needed at least upto ITeV (cm). 

The tolerances for the vertical vibration, relative field error and the roll angle are ~lnm, 
10~* and O.lmrad respectively for the last two quadrupole magnets and are larger by one 
order of magnitude for other quads in the TLC design. CLIC and VELPP will call for 
looser tolerances owing to the larger beam sizes at the collision point. 

There are still a number of problems such as the beam collimation to eliminate large 
amplitude particles and the development of the beam size monitor of the order of nanome
ters. 

Beam-Beam Interaction 
Design study of the interaction region has also been changing since last year due to 

electron-positron pair creation processes. The constraints on the interaction region design 
coming from the beam-beam interaction had been : 

• The beam after collision must go through the beam hole of the final quadrupole 
magnet, i.e., (disruption angle) x (drift length) < (aperture of the final quad). 

• The energy spread due to the beamstrahlung AE/E must be smaller than ~20%. 

The second point was not a problem at SLC because of the low energy. At high energies fiat 
beams are preferred since AE/E is proportional to the beam aspect ratio height/width. 

More constraints came in because 

• the disruption angle can be large due to the energy loss by the beamstrahlung and 
bremsstrahlung and 

• interaction of used- bunches and fresh bunches must be avoided in the case of multiple 
bunches per pulse. 

These constrains led us to adopt very flat beams such as height/width ~ 1/100 and 
to make the crossing angle finite. Flat beams are also preferred because of the easier 
chromaticity correction in the final focus system. The crossing angle makes a channel for 
the exhausted beams going outside the yoke of the final quads. The possible crossing angle 
without significant reduction of the luminosity is about (beam width) / (length) and is a 
few milliradians at most. 

A new constraint now came in because of 
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• low energy particles due to pair creations 

because the unlike-charge particles, i.e., electrons (positrons) created to the forward of 
positron (electron) beam, can be deflected by large angles owing to the defocusing beam 
field of the on-coming beam, whereas the like-charge particles are focused and oscillate. 
For example, the deflection angle of a lGeV particle can be as large as several tens of 
milliradian. 

Let us summarize the creation processes of low energy charged particles. 
Photon emission processes can cause low energy electrons/positrons when the energy 

of the photon is large. The most important process is the beamstrahlung, which is the 
synchrotron radiation in the field created by the on-coming beam. The energy spectrum is 
characterized by the parameter T = (critical energy) / (beam energy E0) whose maximum 
value during the collision is given by 

Tmax ~ 2rlNrt/our,<rx 

where r e is the classical electron radius, 7 the beam energy in units of rest mass, a the 
fine structure constant, <rm and uz the beam width and the length. The number of photons 
with energy above TmaaEo is exponentially small (proportional to exp —E1/(Eo — E^)/T). 
The total number of photons per electron is given by 

artN f 1 (T - • 0) 1 
n T ~ ~ X \ T - 1 / J ( T - » o o ) / 

and is of order unity in all the designs. Therefore, the number of photons per bunch 
collision is JV7 = Nny ~ 10 1 0. 

Another process of photon emission is the bremsstrahlung e+e~ —* e+e~f. The total 
cross section is o- ~ 10 _ 3 6 cm 3 almost independently of energy, giving the number of photons 
per collision La ~ 10* where L is the luminosity per collision ~ lO^cm - 2. Although the 
total number of bremsstrahlung photons is much less than that of the beamstrahlung, the 
spectrum is harder and proportional 1/E^. Therefore, the bremsstrahlung creates more 
low energy particles. 

A very high energy photon can create a e+e~ pair in a strong field (coherent pair 
creation). The importance of this process in linear colliders was pointed out by Chen and 
Telnov[2). To make a real pair the energy-momentum must be provided by the field. The 
threshold is given by e(EyB/m) • A^m, E^B/m being the electric field in the rest frame 
of the pair and A« the Gompton wave length, or, equivalently, 

x = (Ejm){B/Be) = Ei/Eo>l 

where JBc=m3/e=4.4x lO'Tesla. For small x the creation rate is exponentially small (oc 
exp(-8/3x))- The incident photon can be beamstrahlung or bremsstrahlung. In the case 
Tma,t<l (x~l)i the number of pairs per bunch collision is found to be 

N(areN/<rm)* exp(-16/3Tm„) ~ 10 1 0 expi-lB/ST^) (via beamstrahlung) 
LtTbrem, exp^-B/Tnam) ~ 10* exp(-8/3T,„a») (via bremsstrahlung). 
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When T ^ ^ l , the number of pairs is 108 to 10 1 0 . Thus, a large T^ must be avoided. To 
make the number of pairs less than that from incoherent processes which is discussed next, 
one has to choose Tmax<0A. This will become a severe constraint above Ea„ ~lTeV. Even 
above ITeV, however, the coherent pair creation may not be serious because the energy of 
the created pair is mostly high. 

Incoherent pair creation processes (scattering by individual electron/positron) are more 
important. The dominant processes are e +e~ —» e +e~e +e~ and fe* —• e ± e + e~ with 7 by 
beamstrahlung. The cross section of these processes is ~ 10 - a a cm 3 almost independently 
on energy. The number of pairs will be ~ 10* per bunch collision and the spectrum has a 
low energy tail E^T and E^f, respectively. 

The deflection angle of a low energy particle with energy Ey = eE0 can be estimated 
by 

0.~(<rm/vM)(Dm/e)lla 9 , ~ K M ) ( W (like-charge) 

* . „ * , „ _ _ ( _ j ~ [ ^ ^ ] (unhke-charge). 

Here, Dm<v is the disruption parameter. The horizontal deflection is much larger than 
vertical for like-charge particles but they are comparable for unlike-charge particles. The 
TLC parameters give 15mrad (like-charge, horizontal) and 35mrad (unlike-charge) for 
lGeV particles. 

These deflected low energy particles will hit the surroundings such as the yoke of the 
last quadrupole magnets and produce photons and neutrons backscattered toward the 
detector. If these backgrounds are not below the tolerable level, we have to consider cures. 

A method, called crab crossing, which makes large crossing angle possible without 
reduction of luminosity, has been proposed by R. Palmer [3]. It employes a radio-frequency 
deflecting cavity before the collision point in each final focus system in order to deflect 
the head of the bunch one way and the tail the other way. If the head-to-tail tilt angle so 
produced is equal to half the crossing angle of the beamlines, the bunches collide head-on 
causing no luminosity reduction. (The collision is exactly head-on if seen in the Lorenz 
frame boosted transversely.) 

If the erasing angle is large enough, say 50mrad, then particles above lGeV, for example, 
go to the exaust beam channel. Those below lGeV can be trapped by the detector solenoid 
field and will not hit the surroundings. But the design of the interaction region is very 
complicated and needs more study. For example, the deflection and the emittance growth 
due to the solenoid with a large angle against the incident beam have to be investigated 
carefully. 

A radical cure is to make the number of particles per bunch much less than the present 
designs so as to make the deflection angle much smaller. The luminosity must be kept 
high by a much higher repetition rate. This might be possible by CW operation using 
superconducting linacs but presumably it is not for the 'next' generation. 

Another idea is to give up e+e~colliders but to make a 77 collider. Soviet physicists has 
been proposing a method to convert electron beams into photon beams using Compton 
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back-scattering by laser beams just (a few cm) before the collision of e~ and e~. This may 
be included in the talk on VLEPP in this conference. 

Anyway, we have to study to what extent the back ground due to low energy particles 
can be tolerated, for which a close colaboration of particle and accelerator physists is 
urgent. 
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