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Abstract

Four markedly different concepts bhear colliders are
presently under investigatioithey may be characterised
by the keywords ‘X-band, S-band, two-beam, and
superconducting’. Both the essentdifferencesand the
common problems are pointed outtlivis paper. As &asis
of discussion, parameter sets of six collidardy groups
working on JLC/KEK, NLC/SLAC, VLEPP/BINP,
CLIC/CERN, SBLC/DESY, and TESLA will be used.

1. INTRODUCTION

This paper deals with theoncepts ofinear colliders (LC)

in the 300GeV to 1 TeV center-of-mass enemgyge as
they are presently under discussidiney are based on
four distinct approacheshe conventional S-band @Hz)
approach, the X-band (11 to BHz) approachthe two-
beam accelerator approadmd thesuperconducting L-
band approach. Except fthe X-band approach, each of
them is represented by a single linear collgtedy group.
This does not mean of coursleat importanR&D work is
not done elsewhere. These grouppe TESLA as an
internationaleffort for the superconductingavity concept,
CLIC(CERN) for the two-beam approach, and
SBLC(DESY) putting forward the S-banbdased design.
Use ofX-band cavities is proposed by three studies named
NLC(SLAC), VLEPP(BINP),and JLC(KEK). Note that
JLC also considers an S-baadd aC-band version of
their collider. Themain parameters dhese six linear
collider studies are compiled in table 1.

The information on the status of thespective activities
lies beyondthe scope ofthis paper. Itmay be useful,
nevertheless, to point ouwsome problems which are
common taall of the designsand tocompare the different
ways proposed to solvéhem. This comparison iall the
more possible since anternationalcommitteehas been
founded to work out a detailed comparisortha various
linear colliderschemes [1]The emphasis in thellowing
discussion will be on the optimisation lméam power and
vertical beam sizeThe reason ithat, in order tayet the
desired luminosity, one unavoidably needsry high
average beam power, Huat power efficiency becomes an
essential parameter. Depending on whatfeeks to be the
optimum assumption on these parameterschuice of rf
frequency will have to be different. lBddition, since the
achievablggradient is connected with thefréquency, the
energy upgrade scenarimaybe considered an issue,
especially ifthe total length of the collider will b&rictly
limited.

2. HOW TO GET THE LUMINOSITY
Due tothe smallcross-sections dhe processes dhterest,
high energy electron-positrorinear colliders need a
luminosity L of the order of ™ to 16* cm? s*. It is
instructive to realize that L can be represented by
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For the meaning of symbols, see Table 1.
Apparently, there arenly threefree parameters at a given
collision energy: B N, and the beam size at the
interaction point (IPp ", 0d'y .
The bunch population N cannot be increabegiond the
10" level because of wakefieldsting on the tail otach
bunchandbecause of excessive bedimruption caused by
the interaction with the largeCoulomb-field of the

opposing bunch. The vertical disruption parametgr D
scales as
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Thus, onecould - at least in principle - compensate the
effect of alarge N on beam-beam interaction by a large
beam sizeand a shorbunch length. Thiswould be
favourable only if one operates atsmall rf frequency,
because onlyhen areboth the longitudinahndtransverse
wakefields tolerable even #&rge N. In fact, as iseen
from Table 1all high f; designs except VLEPP use bunch
population numbersbelow 13° With VLEPP, one
intentionally puts up with both wakefieldsd a large
disruption factor D= 215, because tH&NS danping with
‘autophasing’ [4Jand the ‘travellingocus’ [5] techniques
are consideregowerful enough tananage theespective
effects. Also, VLEPP considetie y-y collision option in
the first place, where disruptiand beamstrahlung is not
an issue. Inthis scheme[6],two electron beams are
collided with very intense laser beams judbefore
interaction thus transferring most of the electron
momentum to Compton gammas. These anléded then
instead of the electron beams, which are separated by an
external magnetic fieltbeforecollision. Discussion of the
challenge of generating the required intense lasams is
beyond the scope of this paper.

A further restriction on parameters is due to the intense
synchrotron radiation called beamstrahlung which
accompanies théeam disruption. It is characterized by
the parameteY which scales a¥ 0 D, o'y / 0% . This
limits the possible reduction of os , besides technical
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aspects, in the bunch compressor. Sifarea flat beamy
depends only oay and not oro, , B, is decreased so far
that the rm<ollision energy is smeared by beamstrahlung
by just atolerable amounfsaydp/p afew %,see Table 1).
Afterwards,B', is decreased as far as possiblee limit is

given by the bunch length, because a beta function smaller
than thebunch lengtidoesnot increase luminosity (hour-
glass effect). In fact, as seen from TablallLL C schemes
usef’y close toos . Another limit onf’, that comesinto

play at very high beam energies is due to the synchrotron

General parameters Units Symbo| TESLA SBLC JLC(X) NLC VLEPP CLIC
Initial c.m. energy GeV E 500 500 500 500 500 500
Luminosity 13 cm?s™ 3.6 2.2 5.1 5.3 12 0.7-3.4
total two-linac length km i 131 36 15 20 10 12.4

rf frequency of main linac GHz +f 1.3 3 11.4 11.4 14 30
Linac repetition rate Hz o |5 50 150 180 300 2530-121
Number of particles/bunch| 10 N |3.6 2.9 0.63 0.65 20 0.8
Number of bunches/pulse n 1130 125 85 90 1 1-10
Damping ring energy GeV E |4 3.15 1.98 2 3 2.15
Main Linac TESLA SBLC JLC NLC VLEPP  CLIC
Avg. beam power/beam MW pP 8.2 7.26 3.2 4.2 2.4 0.8-3.9
Bunch spacing ns T, | 708 16 1.4 1.4 -- 0.66
Bunch train length ns T, | 8dc0 1984 118 125 - 0-6
Unloaded Gradient MV/m g |25 21 73 50 100 80
Loaded Gradient MV/m g |25 17 53 38 91 78-73
Length of sections m s |1.04 6 1.3 1.8 1.0 0.27
a/A range aX |0.30 0.16-0.11 0.20-0.14 0.22-0.15 0.14 0.2
Section filling time ns T 510 790 110 100 110 11.6

rf pulse length at cavity ps T, |1315 2.8 0.23 .24 0.11 0.0116
Pulse compression ratio -- -- 2 3.6 4.5 --
Number of klystrons n | 604 2517 3400 3940 1300 ‘2'
Peak rf power from klystrop MW P 17.1 150 135 50 150 700
Avg. total AC power for r

generation (both linacs) MW & | 88* 142 114 102 57 100?
Beam parameters

at interaction TESLA SBLC JLC NLC VLEPP  CLIC
Horizontal invariant

emittance 10 tm " | 1400 1000 330 500 2000 300
Vertical inv. emittance 10%mm ey |25 50 4.8 5 7.5 15
Horizontalp at IP mm B, |25 22 10 10 100 10
Vertical B at IP mm By [0.7 0.8 0.1 0.1 0.1 0.18
rms beam width at IP nm oy | 845 670 260 320 2000 247
rms beam height at IP nm oy, |19 28 3 3.2 4 7.4
Bunch length mm os |05 0.5 0.09 0.1 0.75 0.2
eff.beamstrahlung paramejer Yerr | 0.03 0.04 0.12 0.09 0.07 0.07
rmsdp/p from beamstrahlg| % Ospip| 2.9 2.8 3.2 2.4 13.3 3.5
vertical disruption P |11 8.5 8.2 7.3 215 9.7
Crossing angle mrad 0 3 6.1 20 0 1

Table 1: Main parameters of linear collider studies at a c.m. energy of 50JX58) For the JLC, there is also a C-band

(5.7 Ghz) and an S-band (2.8 GHz) version under consideration. The choice will depend on the maximum beam energy desire
in the final stage of upgrade, given a fixed total length of the tunnel. Also, a change of frequency during a later upgrade stage
is possible. The luminosity is calculated in accordance t¢1¢gNo enhancemerue to the pinch effect has been taken into
account, and no loss due to the crossing angler. flat beams, the combination of both effects yields a luminosity
enhancement factor of typically 1.5.

For TESLA and for CLIC (drive beam) the cryogenic power is included? For the single bunch version.



radiation in the finaffocus quadrupole magnets [7]. The
increasingdifficulty with chromatic errors when reducing
B*y is less a problem sindfe development of a broad-
band final focus optics [8].

If one combinesll these scalingandrestrictions with eq.

(1), it now reads
L=A & 1l MD (3)

n
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with A= 10°cm?s™, if P, is measured in MVénde",
in radm. As op/p is limited by the experiment’s
requirements, there are ortlyo freeparameters left in the
luminosity formular: the averageeam power fPand the
normalized vertical emittanas, .

In principle, €y is determined in the dampingng by
misalignment tolerances or, ultimately, by intra-beam
scattering. In practice, however, it could bevain to
achieve, with big technical effort, ery small "y at the
exit of the dampinging because it will eventually grow in
the linac due tavakefield effects ifits valuewas chosen
unreasonably small.

One concludethat, withreasonable numbers og'y and
op/p, Megawatts of average begmwer are needed to
keep L abovehe 18*cm™?s™ level. Thus, theefficiency
of beam powepgeneration from wall plugower becomes
an important issue. Facing tifeect that there issurely an
upper limit of tolerablepower consumption, it is aon-
trivial statementhat the parameteptimizationandeven
the choice of fundamental technical parameters tie rf
frequency could haveeery much differentoutcome if the
required luminositywould besmaller bysay a factor of
ten.

2. THE CHALLENGE OF HIGH BEAM
POWER

Realization of high beam power involves two problems:

1.

2. One has to generate a large amount @orfer with
high power efficiency.Then, again withhigh effi-
ciency, this rf power must be transmitted to the
electron/positron beam.

3. When thébeam extractshis largeelectric power from
the accelerating cavities, there will be longitudinal and

transverse field distortions induced, called wakefields.

They will, in turn, act on the tail of each bunch and
may still be present tesome extent whenhe next
bunch arrives, thereby causing both single burezm
break-up and multi-bunch instabilities.

The design netfficiency n,; for production of rf power for
the variousschemes is listed in Table 2. It is sd¢bat all

of these values lielose by inthe 25 - 40 % range. It
should be noted, howevehat therespective values are
much closer to the present-day state ofatiéor the lower

rf frequency schemes TESLand SBLC thanfor the high
frequency onesThe machinesliffer over a widerrange
concerning theefficiency nac of converting ac power to
beam power, see TableThe reason ighat theefficiency
of rf powertransmission to thbeam is best ithe rfpulse
is much longer than the cavity filling time, i.e.
acceleration of a long bundhain isfavoured. Inthis case,
power transmission is in a quasi steady-state. While now
most collider schemes foresé® multi-bunch mode, it
leads to severe difficultiesith CLIC. One concludes from
all that, that it is hardefor high frequencymachines to
achieve high beam power.

TESLA |SBLC| JLC | NLC| VLEPP| CLIC

N« /% 35 36 | 30 | 30 39 26

Nac /% 19 10 | 5.6 | 8.2 8.4 1.6

Table 2: Net rf system efficiency for production of rf
power [1]. For TESLA and for CLIC (drive beam) the
cryogenicpower isincluded. For CLIC the single bunch
version is meant.

With respect tavakefields,the difference is much bigger.
The short-range longitudinaltake field causes an energy
spread within the bunch, which is undesirable due to the
chromaticeffects of focusingalong the linac. Foscaled
accelerating structures this spread is proportional to the
square of thefrequency f. This is plausible if one
considers théact thatfor fixed gradient the storednergy

per unit length in anaccelerahg cavity is inversely
proportional to . The easiest curéoreseen forthis
higher order mode excitation is to increase the aperture-to-
wavelength ratio &/ when increasing the rfrequency.
Unfortunately, this measurealso injures the shunt
impedance, i.e. one needs mq@ewer to generate the
accelerating field (a superconducting linac IIKESLA
doesnot have thiproblem, so it canse a large a/value,
anyway). Thus one cannot gtoo far in thatdirection.
What also helps is just to increase the accelerating
gradient g, because the stored energy scales wfthvbile

the extracteghower only scales linearkyith g,. This is of
cause the mostfavourable way,but it is limited by
efficiency considerations. Thus, or@s toconcludethat

low frequenciesare preferable also with respect to
longitudinal wakefields [9].

The frequency scaling behaviour of transveveakefields
is even more pronounced as they increase thi¢h third
power of f; and linearly with the bunch population N. This
is illustrated in Figure 1, where (N is plotted in
arbitrary unitsversus N for those frequencies which are
considered by theespectivdinear colliderschemesNote
that a logarithmicscale is used. Although TESLA and



SBLC use N considerablgrger than theX-band designs
and CLIC do (againexcept for VLEPP)the transverse
wakefields would bestill smaller by up tawo orders of
magnitude if the other parametessere unchanged.
1/2

However, ED scales witlo; 4, and the beams suffer on a
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Figure 1: Transverse wakefieldED as a function of

bunch population N for scaled structures with frequencies
as considered by the respective linear collider schemes.
The hatched area indicates the regiomhere BNS
damping techniques will be indispensable, while for the
dotted region good alignment of quadrupole lenses and
cavities (in the 10 to 500m range) may be sufficient.

longerway if the accelerating gradient is smallatso,

the cavity shapeand theaveragef function enter. If all
theseeffectsare taken into account, the relative transverse
emittance growth scales roughly as [10]

Aele O [N, ((fr Ma)/g)’le] B Ay cay

if cavities are misaligned By..,. Figure 2 illustrateghat

the relative vertical emittance growth fact differs by
orders of magnitudebetween variousmachines if no
counter-measures likBNS damping are taken. The
hatched area in Figure 1 indicates the region where BNS
damping will be indispensable.

Besidesshort rangewakefieldsthere are also long range
effects that canlead to multi-bunch instabilities. These
long-lasting distortions are driven by Higher Ord&sdes
(HOM) which are excited by bunches ithe front of the
bunchtrain andact on subsequent bunches. A significant
reduction of HOMs has been achieved with the
development ofthe ‘ChokeMode Cavity’'[11], which
allowsthe HOMs topropagate out of theavity whileonly
the acceleratingnode is trappedRecently a method has
been proposed tdamp HOMs by stainless steel coating
the iris [12].
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Figure 2: Relative vertical emittanggowth (in arbitrary
units) from transverse wakefields if cavities are misaligned
by Ay.a.and if no BNS damping is applied.
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To summarize this paragraph, it is sélestlow frequency
linacs can more easily achielrigh beam power whilstill
suffering much less from wakefields. In other words, in
spite of higher beam power and significantly relaxed cavity
alignment toleranceghey can preserve smalletbeam
emittances. Additional advantages are
» only one stage of bunch length compressor is required
* in case of SBLCthe existingSLC in Stanford/USA,
with all its experience, may be considered an existing
20 % prototype of an S-band collider.

There arehowever, serious drawbacks if one concentrates
on the technology for high beam power alone:

» For accelerating gradienthove some 30AV/m, the
power efficiency of aaormal conductindgow frequency
collider drops, because rf pulse compression is required
(i.e. ns gets smallerand thebunch train will be
shorter). Thus, an optimizédgh beam power collider
will be very long. This mightbe, ifnot an economical,
at least a political disadvantage.

» Concerning TESLA, considerable progresss been
made with achieving the design accelerating field of 25
MV/m in 5-cell cavities [13]andrecently in a TESLA
Test Facility series production 9-cell cavifi4].
However, itremains still to be seen #ven higher
gradients (although not excluded from bagfyysics)
can be supplied routinely in a long linaod ifcosts
can be reduced sufficiently.

» It seems likelythat dark currents armmore serious at
lower frequencies, since they havaigher probability
to get trapped there.

» Multi-bunch operation is essential for high bepawer
operation, and it involves all the complications of
multibunch-instabilities. Meanwhile no schemecept
VLEPP (and maybeCLIC) is completely free ofthis
complication, but one should be awdhat it has ist
roots in the requirements of high power efficiency.



3. SMALL VERTICAL EMITTANCE

The verticalbeam size achieved withe FinalFocus Test
Beam installation aBLAC [15] wasg'y = 70 nm ag", =
200010°%m radth and N =0.6510". Comparing with the
respect values dhe LC plangsee Tablel), one readily
seeghat all of thermeed ‘small’ vertical beam size at the
IP. Some go, however, moteanone order of magnitude
belowthe present state of tlaet. Interestingly, thisdoes
not necessarilymean, that alignmentolerances in the
respectivedamping rings are muctifferent, because the
TESLA and SBLC damping ringshave to be much longer
due to the longer bundhain, i.e.more focusing elements
are involved.

Techniquesbeyond well-proverways of alignment and
orbit correction will be needed. As a means of improving
the effective beanposition monitor alignment, theam
basedalignment’ technique habeen devised [16]. To
improve cavity alignment, mechanicalmicro-movers,
controlled by signals frorHOM antennas, are under
construction [17]. Allbeam-based correction techniques
are applicableonly for misalignments changinglowly
compared to . In this respect, thdow £ , low fep
machines have clearly a disadvantage.ti@nothehand,
especially TESLAcan tolerate a muchorse cavity
misalignment(few tenths of a mm compared kessthan
10 pum for X-band) and position monitor resolution
becausghe wakefieldsare weak enough. Also, its large
bunch spacing allowssing the first bunch in &ain to
correct the subsequent ones.

Name | upgrade scenario wtl for 1 TeV
c.m.

TESLA | double the length 60 km
can still very much reducg,

SBLC | rfpulse compression 30 km
(reduces)ac)

JLC start with S-band (?), 22 km
upgrade with X-band

NLC increase both length ap&0 km
gradient

VLEPP | double the length? 20 km?

CLIC | double the length 14 km

Table 3: Energy upgrade scenarios of LC schemes

4. UPGRADE POTENTIAL
The most essential upgrade of a 56@V c.m. linear
collider will be a program to increase the collisemergy.
Table 3 illustrates the variowenergy upgrade scenarios
proposed [1]. It is seethat most groupglan toincrease
the total length, nobnly the low f schemes. Only the
high f; machines, howevecanstaywithin 20 kmfor a 1
TeV collider. Also, they havthe potential tevenfurther
increase the gradient, at tlexpense though of further

reducing nac. By learning from operational experience
how to preserve extremegmall €"y, they might then still
be able to providéhe required luminosity. It is unclear yet
if this is realisticand ifsaving total lengthpays off
compared to thénigher power efficiency of, say, &ong
TESLA collider.

5. CONCLUSION

It is the lesson from many theoretical agell as

experimentaktudies performed ovéhe lasttwo decades,
that a linear collider providing the requiredhigh

luminosity can be built. It remains to be learnecl\vever,
from the various test facilities under constructioow,

what the mosteconomicalway and themost reliable
technique will be.
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