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Abstract

An important issue for a next generation e*e~ high energy lin-
ear collider is the preservation of the beam quality through the
acceleration inthelinac. Recent design studies at different |abo-
ratories adopt very flat beams at the collision point to minimize
beamstrahlung. Therefore most problems are related to the ver-
tical single bunch dynamics which is determined by chromatic
effectsin the quadrupoles and wakefield effectsin the accelera-
tor structures dueto the misalignment or vibrations of theselinac
components. Almost al linear collider designs consider mul-
tiple bunches in each rf pulse to raise the luminosity. The cu-
mulative beam break-up instability due to long range wakefields
(HOMs,higher order modes) is a severe problem for all multi-
bunch schemes. Only the damping and detuning of the HOMs
in the accelerator structures can reduce the long range wakefield
effects. This report reviews severa topics with respect to the
preservation of the longitudinal and transverse beam quality in
next generation linear collider designs. Single and multi bunch
issues are covered.

Introduction

Severa linear collider designs are being considered to achieve
ete™ collisions at a center-of-mass energy of 500 GeV with
upgrade potentials to the TeV range. These collider studies
include the following international collaborations: TESLA (co-
ordinated by DESY), alinac using 1.3 GHz super-conducting
cavities, the SBLC (also coordinated by DESY), based on
S-band rf-technology, the JL C (coordinated by KEK), including
3 approaches with accelerating structures operated at S-, C- and
X-band frequencies, the NL C (coordinated by SLAC), aX-band
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linac, VLEPP (coordinated by BINP), also using an rf-frequency
in the X-band, and CLIC (coordinated by CERN), a two beam
accelerator with 30 GHz rf-structures. An overview of these de-
signscan befoundin[1, 2].

A schematic layout of alinear collider complex is shown in
Fig. 1. The actual layout of alinear collider differs from design
to design. Some designs use atwo stage bunch compression sys-
tem, others use the spent e~ beam for an undulator based e™
source, to mention only two possible differences to the shown
schematic layout. The electrons and positrons are injected into
damping ringsto produce very small emittance beams, which are
accelerated to 250 GeV inthemain linac. The beamisdelivered
to thefinal focus system which focuse the bunchesto avery tiny
spot at the Interaction Point (optional two I.P’s). The different
linear collider designs are aiming at luminosities in the range of

L£~5.0...10.0-10% em 2571,

with a vertical beam size of o, ~ 3 — 20 nm at the (I.P). To
achieve thisgoal it is necessary not only to produce beams with
very small emittances of

ver A~ 330...1400 - 10~%m vey ~5...25-10"%m
but to preserve this emittance during the accel eration in the main
linac. The most critical planeis obviously the vertical. A com-
parison with the 1995 data from the SLC [3], where the emit-
tancedilutionin the vertical planeis controllableto < 60% (ini-
tial ve, = 200...300-10%m at 1.2 GeV), demonstrates clearly
the challenge of the design goals of a future linear collider.
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Figure 1: Linear Collider, schematic overview.
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The increase of the transverse emittance of the beam is ulti-
mately due to the misalignment or vibrations of the linac com-
ponents, i.e. mainly the accelerator structures and the focusing
magnets. When a bunch traverses an accelerator structures off-
axis, wake field effects kick the tail of the bunch even more off-
axis. Fig. 2 shows schematically how abunch devel opsabanana
shape while it is passing through several accelerator structures.
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Figure 2: Wake field effects in the accelerator structures.

Furthermore, chromatic effects will affect the focusing of
the bunches in the quadrupole magnets since the bunch is not
monochromatic. Quantum excitation in the damping ring will
produce an initial uncorrelated energy spread in the bunch.
Additionally, a correlated energy spread of the bunch isinduced
by the rf-fields (acc. mode and wakes) in the accelerator struc-
tures.

Almost all existing linear collider designs, except VLEPP,
consider the acceleration of a bunch train in one rf-pulse. The
acceleration of multiple bunches has the advantage that the
efficiency (AC power to beam power) of thelinac islarger com-
pared to a linac operated in a single bunch mode producing
the same luminosity. Additionally, less synchrotron radiation is
produced by beamstrahlung during the bunch collision, which
improvesthe conditionsfor the high energy physics experiments
with respect to the width of the luminosity spectrum and the
backgrounds. Furthermore, the single bunch wake fields can be
less severe since alower single bunch charge can be used. Unfor-
tunately, several complications are added due to transient beam
loading and long-range transverse wake fields. The cumulative
beam break-up instability, first investigated at SLAC [4], due
to higher order dipole modes (HOMs) is a severe problem.
These HOMs have to be damped and/or detuned to avoid this
instability.

Single Bunch Dynamics

First consider the longitudinal dynamics of asingle bunch. The
bunch length is determined by the bunch compressorsand is al-
ready frozen at injection into the main linac since the injection
energy is at least 3 GeV. Longitudinal short-range wake fields
will add to theinitial uncorrelated energy spread acorrelated one.
Furthermore the slope of the rf-wave will influence the energy
spread of the bunch, i.e. part of the wake-induced energy spread
can be compensated if the bunch is properly placed off the rf
crest. An energy spread will give rise to chromatic filamenta-

558

tion of betatron oscillations and dispersive effectsin misaligned
quadrupoles.

Fortunately, a correlated energy spread can be used to reduce
the filamentation of the emittance when the bunch performs co-
herent betatron oscillations. This technique, called BNS damp-
ing [5], isbased on the increased focusing of the low energy tail
of the bunch. Since only thetail is driven off axis by transverse
wakes, these effectswill partly cancel. But randomly misaligned
quadrupoles will still cause an increase of the emittance due to
dispersion. Sophisticated orbit correction methods are needed to
minimize these effects.

The bunch is focused by quadrupole magnets which are ar-
ranged inaFODO lattice, characterized by the scaling of the beta
function and the phase advance with the energy. Almost al de-
signs use a constant phase advance of about i ~ 90° and ascal-
ing of the betafunction 5 ~ E®witha = 0...0.5. Theaverage
of the betafunctionsin the focusing quads (G...x) and in the de-
focusing quads (Bmin) is related to the FODO cell length Leen
and the quadrupole strength K in the following way:

ﬂmax +ﬁmin _ Lcell o 1 2

= 1
2 sing  |Klg| cosp/2 )

(I, isthelength of the quadrupol€). The choicefor thelattice pa-
rameters depends on the balancing of transverse wake field and
dispersive effects. The scaling constant a is mainly determined
by the BNS-damping condition. TESLA usesa = 0...0.2,
while most other designs use a = 0.5. Actually the lattice is
changed in steps which follow approximately the 5 ~ E° scal-
ing law. Fig. 3 shows as an example the beta function of the
SBLC design.

BETA FUNCTI ON ALONG THE LI NAC
200

[
o
o

BETA FUNCTI ON/ (m)
=
o
o

4]
o

0 T T T
0 4000 8000 12000
POSI TI ON/ ()

16000

Figure3: Scaling of the betafunction along thelinac. (Example:
SBLC, a = 0.5).

Suppose that uncorrelated random kicks 6,, are applied to the
bunch along the linac. The rms orbit change at the end of the
linac (index f for final) is given by

Wy 1 )
1, =5 2 o B (O, @
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Thekicks at different positions n are transformed to an offset at
the end of the linac viathe R, transport matrix element. Adi-
abatic damping is included using the relativistic factor ~,, =
E,/(mc?). Thekicks give rise to an emittance dilution if dif-
ferent parts of the bunch are affected differently.

This is indeed the case for dispersive effects. The kick de-
pends on | K [,| and the energy spread 6 = Ap/p in the bunch:

0(6) = |Klq| (1-9) Yq €)

(The bunch goes through the quadrupole with an offset y,.) The
relative emittance growth due to dispersion depends on the en-
ergy spread, the rmsvalue (y?), acceleration gradient and aver-
age FODO cell length (L) in the following way:

Aey <U§> & 4)
EN (L)? gradient ey
The kicks dueto transver se wake fields are given by:
N e? ,
0(s) = PR Wi(s)la Ya, ®)

where N isthe single bunch population, /, the length of one ac-
celerator structure, y, the offset of the bunch with respect to the
axis of the structure and W/ isthe transverse wake potential per
length at the tail of the bunch (measured in V/(C m?) ) depend-
ing on the longitudinal position s in the bunch (see Fig. 2). The
transverse wake potential scales with the third power of the rf-
frequency f,; of the accelerator structure and with the square
root of the bunch length ¢,. Using the equations (2) and (5) the
scaling law for the relative dilution of the normalized emittance
is obtained:

AEN - (6)
EN

Using the parameters from references[1, 2] the transverse wake
field effects are compared in Fig. 4. Theright hand side of equa
tion (6) is calculated for each design and the results are normal-
ized to values obtained for the TESLA parameters. All designs
but VLEPP are using multiple bunches. Thelarger bunch popu-
lation (VLEPP N = 20 - 10'°) explains the difference between
the NLC and the VLEPP designs, both using a rf-frequency in
the X-band.

To limit the emittance dilution to reasonable limitsal so for the
high rf-frequency linear collider designsit is necessary to align
the accelerator structures with higher precision. NLC acceler-
ator structures have been built with a3 um precision. Further-
more, at SLAC S-band accelerator structures have been aligned
with a precision of 13 pm with respect to the beam using sig-
nals from higher order modes [6]. Furthermore one can gain
from a stronger focusing and a higher gradient. Additionally, it
isl, ~ 1/gradient, i.e. the length of an accelerator structure,
will be shorter and the emittance growth smaller:

N2 f6f o,

T

gradient ey

Aex ) N2 Wi2
~ log ———7—.
. (ya) <50> gradient ey

™

The filamentation of the bunch emittance due to betatron os-
cillations can be significantly reduced by the BNS-damping tech-
nigque, which was already mentioned together with the correl ated
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energy spread dueto longitudinal wakes and the slope of the rf-
wave. Consider the orbit difference of the head and the tail of
thebunch Ay = 4141 — Yneaqa- The difference dueto transverse
wake fields is Ayyake ~ [ dsB(s) N W/ /~v(s), while the ef-
fect duetodispersionisgivenby Ay, ~ [ ds B3(s) 6(s) K(s).
Both effects cancel if the following BNS-damping / autophas-
ing energy spread is maintained during the passage of the bunch
through the main linac:

8(s) = épns (7(s)/70)** 1, (8)
with I (3
Spns ~ NW, ta(;i ;; )

The required BNS energy spread is constant along the main
linac when the beta function is scaled with the square root of the
energy. BNS-damping is not needed in the case of the TESLA
design since the wakes are small due to the relative low rf-
frequency of 1.3 GHz.
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Figure 4: Comparison of the transverse wake fields effects for
the different linear collider designs.

The quadrupole magnets and the accel erator structures can be
aligned with a precision of about 100 ym rms by a careful sur-
vey. Thelength of the “ideal” reference lineis about a betatron
wavelength at the end of the linac (say 500 m). The beam po-
sition monitors (BPMs) can also be aigned with a precision of
better than o pas = 100 wm rms with respect to the magnetic
center of the quadrupole magnet. The usual beam steering (one-
to-one correction), which zeros the BPM readings, is not suffi-
cient to avoid a dispersive emittance dilution in a future linear
collider. The situation can be significantly improved by special
orbit correction techniques, often called beam based alignment.
Thebasicideaisto usedifference orbit measurementsin addition
to the absol ute orbit measurements. The precision of difference
orbits depend only on the resolution of the BPMs, which is bet-
ter than (say)o.s = 5 um. Especialy the DF steering algorithm
[7] minimizes:
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The orbit and difference orbit measurements enter into the equa-
tion with weight functions which are inversely proportional to
their precision. Thedifference orbitsaretakenfor different beam
energies or equivalently with different quadrupole strength set-
tings. Furthermore, different bunch charges can be used. The
stability of the linac during the measurements has to be much
better than the BPM resolution.

Multi Bunch Dynamics

The accel eration of multiple bunchesin onerf-pulse adds severa
complications to the beam dynamics. Strong transient beam
loading will causes a bunch-to-bunch energy spread, which will
amount to 20 % (SBLC, NLC, JLC) if not compensated. In a
traveling wave accel erator section thefirst bunchesof atraingain
more energy than the later ones. Thetransient beam loading can
be significantly reduced by the following methods:

— staggered timing

— klystron drive power control
— klystron phase control

— SLED pulse shaping

Using these techniques the problem of bunch-to-bunch energy
spread can be completely cured for the price of providing addi-
tional rf-power for the control.

Staggering thetiming of the klystron pulseswith respect to the
bunch train is anon-local method to reduce the bunch-to-bunch
energy spread. Theother methodsare morelocal onesbased ona
control of the amplitude or the phase of the rf. The drive power
of the klystron can be used to ramp up the output rf-amplitude
asthe bunch train passes the accelerator section. Thismay have
the disadvantage that the klystron is not always operated at sat-
uration. An almost local method is achieved by a control of the
rf-phases of two accelerator sections, which can be mutualy in
or out of phase with oppositesign. During the passage of thefirst
bunches the two sections are out of phase and the transient beam
loading iscanceled. A SLED system is an rf-pulse compression
technique which transforms a longer rf-pulse into a shorter one
using aspecia cavity to storethefirst part of the rf-pulse. After
a phase switch the second part of the rf-pulse is combined with
the pulse from the cavity. The SLED pulse decreases during the
beam pulse. Therate of the decrease can be adjusted to minimize
the energy spread [8]. This SLED pulse shaping can be achieved
by an rf amplitude modulation or a programmed phase variation.

Another very severe problem arising from a multiple bunch
operation is the cumulative beam break-up instability. The
transverse long range wake potential is the sum over several
modes characterized by the frequency w,, = 27 f,,, the Q-value
@y, and the transverse shunt impedance:

wn
Z 2k, sin(wy, s/c) exp(fQOn s/e),

modes

WL(S) =

(kLn ~ (R/Q)y is transverse wake amplitude of the n-th
mode.) These modes are excited by the bunches when the pass
through the accel erator structure off-axis due to misalignment of
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the structure or injection error. The excited fields drive subse-
guent bunches of the train even more off axisleading to an even
stronger excitation of the modes in the next accelerator section
(seeFig. 5). Thebunch offsetsfrom the axisgrow exponentialy:

Yend ~ CXP(\/ ]pulse WL Tpulse) [9]

Figure 5: Cumulative beam break-up of a bunch train due to
HOM's.

The instability can be suppressed by a specia design of the
accelerator structures. The cures are:

— detuned structures

— HOM dampers

— iris coating with lossy material
— choke mode cavity.

A detailed discussion of the subject can befoundin [10]. The
strongest damped structure is the choke-mode cavity, proposed
for the JLC-C design and already tested at S-band [11]. For the
TESLA design alight damping of the HOMsto Q ~ 10*...10°
is sufficient due to the large bunch spacing of 0.7 us.

Special Issues, | deas, Activities

Mechanical motion of the quadrupole magnets due to ground
motion can significantly degenerate the beam collision condi-
tionsinalinear collider. Diffusive ground motion processes can
be described by the so-called ATL - rule:

ol =A-t-1,

the rms displacement o of two points separated by the distance
1 growth with v/#. A is nearly constant over a large frequency
range. Measurements for A are site dependent (4 ~ 1.0 -
1078...1.0 - 10~°um?/(m s)). This type of random ground
motion can a so deteriorate the performance of beam based align-
ment techniques. Systematic geological motion of the bedrock,
which can be dominant at some sites, islessimportant since the
effects can be corrected. Even quadrupole jitter can be reduced
by feedback systems.

Feedback systems are of general importance for linear col-
liders. At the SLC the orbit and the energy of the beam are con-
trolled by feedback loops [12]. A feedback system can trans-
form atolerance on (|y(t)|?) (say a vertical position) into one
on {|y(t) — y(t — 7)|?), where 7 isthe delay between two mea-
surements. Due to this delay the feedback works only for fre-
quencies f < frep/6 N the spectrum of the motion/jitter of y, i
the sampling rate 1 /7 isthe repetition rate of thelinac. 1t isdiffi-
cult to operate a feedback loop on the beam even at frequencies
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greater than f,.,,/20. Generally one may distinguish orbit feed-
backswhich correct the average orbit operated at alow sampling
rate and fast orbit feedbacks using fast kickers.

Fig. 6 shows the principle of a dlow orbit feedback. The av-
erage bunch position of the train is measured and corrected for
the next pulse (or later pulses), which can never be perfect due
tothedelay 7 = 1/ f,.p. Thisisespecialy aproblem if the rep-
etition rate of the linac islow. Therefore another variant of feed-
back loop is needed for the TESLA design (f,.., = 5Hz). Fig. 7
showstheprinciple. Theoffset of thefirst bunchismeasured and
the offsets of thetrailing bunchesin the same pul se are corrected
by afast kicker. The effective repetition rate for the TESLA de-
sign will be 1.4 MHz. The bunch-to-bunch offset fluctuations
dueto long range wake fields are small for the TESLA design.

Different from the feedback shown in Fig. 7 would be afeed-
back |oop which samples from pulseto pulse but affectsindivid-
ual bunches. A multi-bunch pattern which is stable from pulse
to pulse could be corrected by avery fast kicker.

Quadrupole jitter causes beam position jitter at the I.P. and
degenerates the luminosity. Mechanical quadrupole motion can
be measured by a geophone and corrected by a mover on the
quadrupol e support. A feedback system running with asampling
rate of 2 kHz has been successfully tested at DESY [13]. It was
possible to stabilize the quadrupole motion to about 20 nm.

The contribution of resistive wall wakesto the wake field ef-
fectsisusually small. Nevertheless, these wakefields areimpor-
tant for very short bunches (o = 25um), which are considered
for Free-Electron-Laser facilities with very small tolerances for
the energy spread. Furthermore, resistive wall effects have to be
taken into account for collimators with small apertures.

Q,.,!,.,Q,.,.,,.,.,o,.,,’ —

Next shot

Figure 6: Schematic presentation of an orbit feedback system.
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Figure 7: Fast orbit feedback system. Example: TESLA.
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