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Abstract

The primary  goal of preseat and  futeee  Jinear
colliders s to maximice the mntegrated luminosity for the
expenimenial pregram  Beam dynamies plays a central role
w the maxmmization of integrated luminosity It is the
major issue in the production of small beam sizes and low
cxpenimeatal backgrounds and (s also an imporlant factor
in the production of pargticle aumbers. & U acceleration
process. and in the aumber of buaches. The beam
dynamics effecis on bunches which arc extracted from inc
damping rings, acceleraied in  the dinac. collimated.
momentum analyzed. and finally delivered to the final
focus are reviewed.  The effecis of bunch compression.
transverse  and  longitudinal wakeficids. BNS dampurg,
caergy dcfimmmon.  dispcrsion. cmiuance. bunch  aspecs
raue. fcedback, and stbduy arc oll :mporiant

Introduction

Acnve  avestipations  of the  cffects of beum
dynamicy on linear cofliders have been pursued for abour
2 decade {1.2.3]. This work has been carricd out in many
laboratories around the world, including institutions such
ay CERN, Comell. DESY, Frascan, INP. KEK, Orsay. SAl. SLAC.
UCLA. and others  Significant progress has becn made cn

the theorencal  L-Zersianding of the  vwverious  cffects
Experimental confirmations are now  starting ie appear
coming from the first lincar collider, the SLC at SLAC

[4.5.6]. and from other loboraiorics. Many ncw constraims
have bheen discovered which must be incorporated in the
design of futwre colliders.

There arc many beam  dymamues issucs. A st of
many of them 1s shown in Tablg I As a full discussion,
complete with cquations and denvations, would requirc far
more spacc than available, the issues will be described
anly in terms of their physics aspecis, their motivanoa.
and imcrdependence.  Issues  concerning the final  focus
are mosily wnique to jnat region and are covered in othicr
papers in tms conference.

The cross-coupling ameng the various beam
dynamics cffects is very strong. Herc is one cxample The
longitudinal lcngth of ¢agh bunch affects the energy and
energy spccirum. The Jength and energy spectrum of each
bunch zffcct the cmittance enlargement from  curren:
dependent cffects. The eminance cnlargement contributes
to the minimum beam diameter at the final focus and to the
detcctor backgrounds. Many other intcrdependencics cxist.

Linear Collider Goals

The beam paramelers which are wsed 1o gencrate
luminosity for physics tie directly 1o the phasc space
volume of the beam as it is accclerated. The bunches enicr
the system with an encrgy of one 10 three GeV and cxit
with encrgics of 50 10 1000 GeV depending an the design.
The RF phasc of thc linac is adjusied 10 produce cnergy
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spectra of about 0.2 1o (G35 percent. The bunch lfeagth s
shortened 50 that wansverse wakeficlds do not enlarge the
cmittance bul not toe shart as 1o producc cxcessive
longitudinal bearn  fouding. ach lengths of 50w 3000
microns are requited,  The  unsverse beam sives are on
the order of 5 o 120 miur tagma) in the accalerator.
The mvariant emittances of the twnches (3 X 10**-7 rrm 10
3 X 10**.5 r-m) push the fronters of damping nngs and
ransport  systems  {7] in rder 10 obtsin maximal
luminesity as  many bunche  as  pussible muest  be
accelesated which introduces m ubunch RF loading, long
range  wokeficlds, and instrumcidaton  problems. A bcam
dynamicist must satisfy all these requircments  when
opcrating or designing a collder.

Bunch Length Prej ration

bunch in 3 dawmptng
~y one o two orders
stated in the mamn

The rclativety long length of
nng (6 w 1) mm) must he shonenc
of magnitudc before it can he o
collider linac. This task is performec v a non-isochronous
bend in conjunction with an RF uv .pressor’. The bunch
pusses through the comnptessor at the zere amplitude phuse
such that the head of the bunch is accclerated and the 1ail
is deceleraled. If the ampliude of the RF is adjusied
property, the bunch head, tail. and center arnive at the
linac entrance at the same time. The bunch length is then
dciermined by the cnergy specirutn of the beam leaving
the damping ring. A langer bunch can be produced by
using @ lower RF amplitude.

The beam in the nom-isochropeus bend 15 quite
large  transverscly in ordeér to  provide path  length
gifferences. As a result. the first and sccond order oplics
must  be carefully analyzed to  rcduce  cmiftance
enlargements, Some of the possible crrurs arc  residual
dispersion  (cnergy-position  corrclialions), hclatron
mismaiches, horizontal-verlicai  coupling, transverse RE
deflections, and non-gaussian transverse and longitudinal
deasily  disiribuions.

There are  possibilitics of shaping he longitudinal
profile of he bunch by careful collimation at sclected
posiuons in the non-isochronous bend. Shaping has the
putential  of reducing  the  strength of  transverse
wakeficlds in the linac. This possibility has not beep fully
studicd.

In order 10 produce lengths on
microns the bunch must pass through 1wo
scgions  with  significant (10 to 20 GcV) acceleration
between, This  multiple  compression  provides  both  the
opporiunity to reduce  errors of a single sysiem and the
possibility of gemcrating more  complicaled correlated
crrors. A completc  analysis of lhis double compression
schemc is prosently under analysis.

When eclectron polarization is used with x lincar
collider the bunch compression becomes more complicared
as spin rotating soleno.ds must be wscd. The solcnoids have
strong (ocusing and coupling propertics. When flat beams
arc desired as well, spin rotators force the usc of additional
skew quadrupoles and special betairon matching.

the order of 50
compression
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Table 1 Liat of Beam Dynantics Issues

I Bunch  Jength preparaton,

s Int and 2aé order optics
b Non-gaussian  dianhetions
¢ Pessible  tength  shapmng
di Correlated  errors Junng
multiple  compressions
[ Spin rotatnrg
i Trajectiory  cortcchon:
ai Correction  algonthms
b Quadrupole  musalignments
c) Beam posiien monitor effsels
d) Multiple  bunches
c) Long range phase advance crrors
] Failed componcnis
1 Detector  backprounds
a) Tail parucles
b1 Collimater  plicement
(] Collimator deam  hcating
d) Callimator beam  steering
¢) Beta mismatch changes
with encrgy changes
f Transverse hcam  dimensions
IV, Emittance enlargement [rom  single
particlc effects
a) Beclta mismaich (inttial)
b) Becla mismatch (quad errors)
<) Beta mismatch (cnergy crrors)
d) Drivén betatron mismatch
el Dispersion  mismaich  {initial)
f) Dispersion mismatch  frem

quad and BPM misalignments

Trajectory Correction

The beam must have a trajectory ncar the center of
the irises of the RF structure in order to avoid transverse

wakeficld effccts and ncar the magnetic center of lLhe
quadrupoles 1o avuid chrommic emittance cnlargement.
The Irajectory correction algorithm can takc many forms
including ¢ms reduction, closed bumps. one-la-che
steering, two  beam sicering, harmonic reduction, and
others. For a system withowt broken hardware and
mfinitely strong correction  dipoles, most  algorithms
producc identical results. However, with missing monitors
(a few w:ll always be broken) and finite strength
cortectors, different algorithms produce different final
irajectorics. The key is cxception handling. The errors
remaining  im the  linal 1rajectory  determanes  which

dynamics issuc dominatcs. If cohcrent tragectories remain.
systematic emiitance blowup occurs. If random crrors
remain. stochastic enlargement occurs. Often both appear.

With muliiple bunches in each RF pulse, the
correction  of cach bunch may be impossible and an
averaging  process must  be  used. This  will  tighten
tolerances.

Errors in the transverse placemeni of quadrupoles
and errors 1n the effective centraid of the poasition
monitors will affcct the frajectory cacrection The fesult of
these efrors 15 a stochastic process. These offsel errors can
be siudicd using the beam and  corrected.

Tsajectlory  cosrection  over  many  beiotron
wavelenpgths can be difficult as small quadrupole strength
errors  relative 10 the local bearn cnergy can causc large
betatron phase errors  over the eatire  maching.  The

g RE deflcctions

h) Multipole ficlds
1 FHameniation  retc
Il Mulupheative  ceffects
ho Aduitive cffeas
v) XV coupling
v Emsttance  cnlargement  from  current
dependent  cffects:

al Transverse wakefelds

1) Pnsition  juter tolerance
2) BNy damping (L spectrum)
3y BNS damping (RF focusing)
4) Latticc choice
51 Injectiva  dispersion
6) Tail  gencration
71 Core distoriion
8} Head-Tail offsets
93 Collimator  deflecuons
b) Trajectory Jiuer:
1) Accelerator  vibration
2} Quadtupoie  vibration
kD] Quadrupole strength  jiter
41} Dipole amplitude itter
5] RF deflection jiner from

amplhitude and phase

Vi. Energy and cnecrgy spectrum:

a) Longitudinal  wakefields
b RF acceleration

¢) Bunch length

d) Mulliple bunches

<) Kiystron phasc jiuer

6 Kiystron amplitude jitcr

g) Overall RF phasc

h) BNS damping

i) Encrgy fecdback overhead

§) Accelerator temperature  stability
k) Momentum collimation

in the various linacs that have becn
1000. This allows only small
strength  errors  before oscillations can not be predicied
over a long fange. Scparating the linac inta multiple
correction  rcgions improves the convergence  but
increases the trajeciory correction t(ime.

number of oscillations
discussed ranges from 30 10

Detector Backgrounds

Doicctor backgrounds which nlerfere  with  physics
data collection can come from many sources. Particles at
large 1ransvesse  amplitudes can  strike  the  vacuum
chamber near the dcieclor and produce shower debris.
Muons can be gencrated  upstream  and  are  difficult (o
remove or deflect. The large beam sizes in the strong final
focus quadrupoles produce synchrotron radiation which is
hard o mask. Backgrounds from beam-bcam effects arc
also expected. Many of the heam dynamics issucs discussed
below contribuie o particles at large amplitudes.

Codlimasion is not casy. The placcment of collimators
must  be carcfully planned as intcnse beams ncar
collimator jaws can bc dcflected with angles comparable o0
theasr natural divergeace. Small intcnse beams can crack
collimater jaws on single strikes. The power in the bcam is
large and avcrage power limits for collimators can casily
be cxceeded. A subsiantial iatensity loss of a beam on a
coMlimaiyr will change how 1hai beam is maiched 10 he

transpory  latuce.
Mismatches in the beam shape with respect (0 that
expecied from the natural quadrupole lattice can lead 1o

’
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background seositivities to machine changes. Collimation
i3 semsiive 1o changes in the betauon phase advance.
energy  pan profiles, beam shape i collimawors. and
transverse  1ail proftle. Thus, collimator placement  must
diciate some cuau.tions on the overall layour of the
accelerator,

Emittance Enlargement from Single Particle Effects

Singic particle dynamics determine the first and
sccond order propertics of the beam transport from the
damping nng 1o thc final focus. The design process must
incorparate all of chese effects as they determine the

baseline emittance on which current dependent effects
add.
Betatron (ilamentation

Il the belatron phase space is mismatched to the
accelerator transpont laltice. the phase space will filament
duc to the finitc encrgy spectium in the beam. Scveral
causes for belatron mismatcheés ore enors in ahe damping
ring lattice, the length compression process, thc linac
gquadrupoles, or he ecnergy gain proflile. The encrgy
spectrum varics depending on BNS damping and on the
distance along the linac. The filamentation for belalron
mismatches will occur at twice the rate as for cobcrent
bewatron osciliations because of symmetry. This process
increases the emintance of the beam but maintains the
transversc gaussian  profiie. The emittance growth is
quadratic in the mismatch for small eccrors but becomes
lincar with large offsets. In practice, matching the
betatran phasc space to the fautice is expensive as e¢laborat
¢quipment is needed and substantial beam time is required.
Furthermore, unraveling the causes of filamentation afier
the fact is difficult as several unrelatcd causes can
contribute.

A beam that is launched off-axis or is given a
transverse defiection will execute a betatron oscillalion.
Because of these oscillations thc phase space will filament.
The extent of [ilamentation depends lincarly on the
encrgy spectrum in the bunch and the pumber of betatron
pscillations. A fuily filamented bunch will have a shape
which maitches the quadrupole lattice bur will not have a
gaussian profile. The cmittance will be larger. A panially
filamenied bunch will have a centroid posijion that is off-
axis. Iis effective berawron function will not maich the
quadrupole lattice and the effective emittance will lie
between the initial and the fully filamented value. The
shape of a panially filamented bunch will tend 10 change
with time as the locations and amplitudes of the
deflections will change.

The allowed deflcctions will depend on 1he betatron
function and the bcam ecnergy at the location of the
deflection. The combined effect of the deflections are added
statistically if they arc random and linearly of they arc
systematic. The combined cffecets are propagated
downstream. The tolerance level is set by the emiltance of
the beam and the allotted growth.

Coupling

Coupling of the horizontal and vertical belatron
molion via skew ficlds can cause an »aclual or an apparcnt
emittance growth. This places tolerances on quadrupole
rotations and trajeciorics in sextupoles. This constraint is
usually not difficult to satisfy except for colliders with
very flat beams.

Dispersion

Encrgy position correlations (dispersion)  will
enlarge the emiuance if allowed to filament or is
unpcompensated. Dispersion  enters the bpeam cither by
unintentionral leaking of dispersion from the bunch

fength compression section, through ‘lrajectory bumps’, or

by free belatron ascillationy. The trajectary bumps  are
lecal and are cowsed by beum posinon monmor errors o
quadrupole  offsvis. The trajeciory corzcction  algprithm
generates these local bumps as as a matter of course, The
bumps arc  unebscrved in  a trajeclory  measurement
because the 1irgjectory appears 1o be cemiered.
Filamenlanon from dispersion is different from b

of betatron mismatches because the partcle  position
offscis depend on  the local encrgy spectrum  which
changes rapidly along the linac. For cxample, an

anomalous dispersion which cxits the compression section
will  produce transverse offscts  deicrmined by the
incoherent energy spectrum  at that poinl. However, the
wncoherent  Spectrum, which  does  not  depend  on
longiudinal position, is very rapidly changed aiong the
linac to @ coherent spectrum, which does depend on

longitudinal  position The cohcrcot  specttum s
determined by BNS damping. The amplitude of the paricle
offsets do not change rapidly leading to dircct emattanee
growlh,

RF Deflections

RF deflcctions atso cause emiaace growth. The RF
structure is designed 10 provide longitudinal acceteration.
Duc to small crrors in construction, the fields are rotated a
small amount and (ransverse avccleration or deflection
occurs. The ratio of transverse 1o longiludinal acceleration
is not more than 1/1000 and is difficult 10 measure.
Observations of these deflecting ficlds show that they need
not bhe in phasc with the longitudinai ficlds. A 35 degree
phasc difference is not uncommon. Since the beam has a
finite bunch length, the deflection will vary for particles
at different positions along its length. A ncarby dipole will
remove the net deflection during the course eof trajectory
correction, leaving opposite deflections for the head and
tail. This is a direct emittance cnlargement or an
anomalous dispersion if there is a hecad-rail  energy
correlation. This form of phase spacc dilution grows with
the random dcflections along the linac. The most sensitive
location for RF deflections is the compressor accelerator
near the damping ring where the bunch dength s
rclatively lomg. lis  deflecrions appcar as  anomalous
dispersion.

Muliipole fields

Multipole ficlds in general arc  unimporiam  for
lincar coflider linacs as “he beams arc so small. Howcver.
the bunch length compression sections must have second
order optics correclions and necd multipole magnets
because of the large beams sizes and the large cenergy
spectrum.  Downstream in the linac the bcams arc dense
and very encrgelic. A beam strike on a linac iris caused by
a component maifunction upstream would damage the RF
structure on a single pulse. [I is possible 1o prolect the
irises by using multipoles 10 cxpand the beam as it deviales
far from the axis, Finally, collimation is difficult with
metallic surfaces and a multipole <ollimation system may
be 2 good compromise,

The variows single parucle cffects discussed above
add to the natural cmitnance of the beam in diffcrent ways.
Betatren  mismaiches  after  filameniation multiply the
initial natural bcam emittance. Dispecrsion  and
filameneation due 1o oscillations produce increases jn the
emittance which add in quadrature.

Current Dependent Emitlance Enjargement

Transverse  wakeliclds produced By 2  bunch
travcling off-axis in an RF structure change the dynamics
of the individual pariicles in that bunch. In order 1o make
maximuin luminosity the hcam inicnsities are incrcased
until  these cffects produce emitlance cenlargements



comparable woowther effeers Ulnmately, all Biocar celhders
will be linited by these eftevts. A bunch can pass off-aus
threugh an aceclerating stuctare fram hetacron
ovcrdations, Jocal bemps, head-tnl fansverse offsets, or

cailimator  detlections The results of  these pernturbations
VA
Seufees of off-avis buniches

A buach  will exhitit a beration  oscillation  if
Taunched anywhere along the transport  system with  an
offsel m posinon ot angle from the aceeloann axis. State

ach  errors can o originate fram sescral o sources.
damping  ning  extraction h:ckers,  dipale correction
magnets, RF Jdeflecnons, transverse  shiflts ot quadrupoles.

or actting changes of an off-axus quadrupole. Static crrors
0 jaunch can be  corrected  ugsing  standard  rajector
correciion  metkads,  eacept  that the correcion s morte
ditficult when wakefields  ckange he  obdserved  betatron
phase  advangee  drem what v eapected. Trareciery
cotiea et wineh divides  the himae ey secnons 1ends 1o
capture local betatton oscillations of  frae fenpgth because
tke beam moves between  ditferem sieps of the correction
prowess. This results in Cfrozen oscillatons' in the laice.
The vonsequences of a betatron oscillation depend on the
number of escillabons, the local lastice, the energy o1 the
beam. and the strength  of the wakebelds. The best
guadrupole Jattices 10 reduce wakefield effects bave phase
advances of around DD degrees per cell. Time dependent
irajeciors changes  are more  difficult 10 deal  with.
bFeedback  sveiems can he devised 1 seduce cerrors which
accur slower than abowt one sizth the muching repetition
f beam feedback is used. VYery fast trajectory jiuer
only  be reduced by scnsing the actual changing
compansnt o by minimizing itx impact Time dependent
Jivter  tvpuoetly comes  from  kicker jiuer, accelerator
vibration, guadrupele  vibranen, dipole or quadrupole
powes supply vanations, RF amplitude and phase changes
coupled with RF deflectiuns, or feedback chatter.

Local trajectory crrors can also occur. A mis-aligned

rate
Ldn

accelerator scction generates local wakcficld cffects which
du not c¢hange the head of the bunch but drives the core
and the 1wl inte oscillatiens, The core opscillation then
drives the wakefield enlargement of the 1ai' throuphout
the remainder of the accelerator. A sccond kind of beam
displacement  occurs  when  guadrupoles  or itien
menitors  have offsets.  {n  this casc the tory
carrection  program  makes  local  trajectory s 10
correct  the  error. These focal bumps cause  ~axeficld

effects which add stadsticaily along the linac.

Head-tail teansverse offsets of the bunch about the
sceckerater  axis will drive  wakefield emittance  dilution
unless {ocal cancellation can be achicved. These offsets arc

such that the longisudinal head of the bunch is on one side
el she axis and the ]l on the other. The core is centered.

Thess offsels tan nol be corrected by simple dipole
carrections  Some of the possible causes are RF deflections
frum cithtr  the compressor  accelerator or the man
accclerator,  angle misalignments of aecelerator scctions,
anomalous  dispersion  cxiting the compression  region (o
comjunciion  with non-minimum  bunch lengths, and
chromauc  steering cffects from misaligned components in

conjunction with head-1a1l energy diflfcrences.
Cancellation can be obtaincd by using special steenng in
the acceletator if 1he crrors are known. The consequence
of these headaail offsers is what a finne emittance increase
1» unavoidable,

Bunched beams passing  very close 1o metallic
surfaces such as a2 collunator wii) be transveesely deflected
at asymmetnc  transivons. This cffect causes the core of
the beam to be deflected mare than the tails which directly
increases the emittance and drives wakeficlds downsircam
For hinear collider beams of very low cmanznce s effecr
wdn be severe.

Lrtects of transvense  wakeliefd
Transverse

caliargement

wakelields praduce cmltanee
Off was particles generne wakehelds in the

aceeterating  structure which deflect all traling  particles
The detiecnons accumulate  coherentiy  (for example  {or
free  baatron  oscitlavonrs) ar incoherentdy  (for  example

for reswits of gquadrupole offsews), The growth 15 very rapid
for bunches which have the same oscillatton  frequency
for all paracies. A ypical e is a free betatron
oscillatzon Th= bunch is launched off-axis. The head of the
Funch  driv_. the core and il w0 cver  increasing
amphiudes.  [he poswion of the core eventually has a 90
degrees phase lag from the head as deflections must turn
wto posivens. The il of the beam evenwally is driven
hardest by ih¢ core which has most of the charge of the
bunch and a iwrge posion offset and  develops a 90 degree
phase lag from it The head-tail phase lag 1x abom 1RO
degrees O course, 3 carelul integranon is  necded to
detenmne  the enact phase space posimon of cach particle.
Tolerances on the size of the above mentivned accelerator
features can be computed with a simulation progeam
constramed by an  acceptable emutance enlargement.

Reduction of transverse wakeficlds:

The resonany enlargement of beams by wakeficlds
con bc reduced by a scheme cafled BNS damping named
afier Balakin, Novokhatsky, and Smirnovy Fsom Novosibirsk
[8). Their cffect is 10 redoce the ceffective defocusing
aature of the wakeficld force hy providing eoxtra focusing

for the core and (ail particles, This is accomplished by
lowering the e¢neegy of the trailing particles relative ta
the head so that the quadrupole lattice focuses them more

strongly. The tail particics are lowered in energy by back-
phasing klysirons carly in the accelerator and forward-
phasing downstrcam klystron to keep the emergy spectrum
small ar the muximum energy. The best configuration
depends  on many machine parameters  and  mu be
calculated for each case, Tests of BNS damping at the SLC
collider have been very success{ul {9] and BNS damping is
used routinely.  Another form of wakeficld compensation
using a similar scheme was invented a1 CERN where RF
focusing is used 1o provide the extra focusing for Ihe core
and tail of the beam [10]. Somc form of BNS damping has
been incarparated in all future collider designs.

If muliplc bunches arc used in the collider 10
wmcrcase the luminosity. long range wakeficlds must be
carcfully ceduced. The reduction can be obtained (1) by
removing the higher moade power left by carlier bunches,
(2) by making cach ccll different se that the higher ordet
modes decobere. or (3) by mamimizing the distance
hetween  bunches.

Energy and Energy Spectrum

Longuudinal  wakeficlds affect the acceleration and
cncrgy spectrum of the beam. At low currents the bunch
rides on the crest of the RF sinc wave and bas a small
encrgy spectinm ( about 0.2%) for shon bunch lenpihs. At
high currents the  longiwwdinal wakeliclds depress the
encrgy of the 1ail,  The overall RF phasc must be advanced
50 that the bunch rides ahcad of thc crest where the
curvature of the sine wave cancels 1o firsi order the
longitudinal wake. The shorer the bunch the sironger the

longitudinal  wakeficlds arc. The longer the bunch the
stronger the ransverse wakeliclds, A compromise must
always be reathed.

There are several contributions e the required KRF
aceeleratzon. The  particles must be aceelerated 10 the
desired  energy, Advancing the phase o compensale the



lontudinal wakehelds also cvosts RF wvoliage Forexample,
woike SLC a1 & X 10Pei partdles per buach the
acceierstor meal provide whout 1@ perc more ant
gradie st cpen tRe owiput energy would  ind
Lurthermure, BNS Jampimg  with phases adjusted e provide
« cuherent  cpergy  spectrum  glong  the  Linac costs
additions] ntegrated  gradient, Any  overhead  required  for
the enerpy lecdback system must be provided. Fhe phases
ot iadnadual kbysirons and of e subboosters doft slowly
ané
Finally, the temperature of the accelerating  structire  miust
be kept <onstant so that phase criors do now ccumulate
mside  the  structure.

Muluple  bunch  ecccleration poses  the  problem  of
Aeepiag  the of all the bhunches equal and therwr
CHergy  spectra By staggenng in time the RE tithng
af the accelerstor sectiuns mase of these prablems can be
sobver byt mere RE voltage is agisn necded.

Cunclusions

In the note many sssues of bheam  dynanucs have
heetr diaussed  Most of them do aot alfect 2 given colhider
destgn Nevertheless, cach of these effects surfaces m onc
evpn or another  Care must be tken 1o look at them all
tefere  dotermiming  the mare mmparant poinis

The topics of sntease snterest at the moment [111 arc
nelaple  bunch  operayion, wectizon mismaltches
idispersion,  betatren functions),  transverse  waketicld
reduction. vy couphing. collmauon, and RF deflections
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