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Abstract 2 LUMINOSITY - FIGURE OF MERIT

Design studies of a future TeVeeLinear Collider The luminosity of an’ée linear collider is given by:
(TLC) are presently being made by five major laborato- |, N2 f N H o NenAS, RFp
ries within the framework of a world-wide collaborationl. = — _b* —F - blib* —=-20D b/7RFTTb "AC (1)
A figure of merit is defined which enables an objective #70x0y  4meU;o4oy 4reUsoyoy

comparison of these different designs. This figure Gfherep UACRF and TIRFD are the AC power, the AC-to-

merit is shown to depend only on a small number %F andAEF—to—beam efficiencies.. P. andN. are the
parameters. General scaling laws for the main be L b

m .
parameters and linac parameters are derived and provaé’?é‘m energy, beam power and number of particles per

be very effective when used as guidelines to optimiZ&Nch, o, and &, are the rm.s. beam sizes at the
the linear collider design. By adopting appropriate pdnteraction Point (I.P.) after being pinched by the beam-
rameters for beam stability, the figure of merit becoméseam interaction, anid, is the corresponding luminosity
nearly independent of accelerating gradient and RF frenhancement factor. Each particle is decelerated by the
quency of the accelerating structures. In spite of thg§eam-beam interaction losing on average an endrgy
strong dependence of the wakefields with frequency, thgd emittingn, y-rays. At c.m. energies < 2 TeV the
single bunch emittance preservation during acceleratigfyrameters are chosen such thatoes not exceed a few
along the linac is also shown to be independent of the BE. this is the so-called low beamstrahlung (LB) regime.
frequency when using equivalent trajectory correctiopt higher energies, to get adequate luminosity, the
schemes. In this Situation, beam acceleration USing hi%rameters are chosen in the h|gh beamstrah|ung (HB)
frequency structures becomes very favourable becauseeiéime [3]. In the HB regime, where= 3.55,, choosing
enables high accelerating fields to be obtained, whigh . 2 ensures a reasonable compromise between the
reduces the overall length and consequently the total c@siction of total luminosity contributed by particles with
of the linac. energies within 1-2 % of the maximum, and the number
1 INTRODUCTION of € pairs which appear as background in the detector.
In both regimes thereforey, is an essential design
Srameter. The assumption of flat beams>f ) to

A lot of progress has been made in the last ten ye

on 'des'lgn and develppment gtud|es towards . higfihance the luminosity and to decreasdeads to the
luminosity TeV-range Linear Colliders (TLC). Var'ousfollowing expressions in the LB and HB regimes:
options for efficient beam acceleration have been U. N2 0 U3 «2/3
explored and periodically compared within the 5g f ™ and Sg =— o oz~ Np )
framework of a world-wide collaboration [1]. Two basic Oz Gy 35 u¥3523
technologies have been developed for beam acc_elerati%@:mg (1), (2), and assuming in the LB regime a vertical
TESLA proposes to use 1.3 GHz super-conducting (S ?eta function at the I.P. equal to the bunch length to
structures whereas SBLC, JLCc, JLQX' NLC’VI‘_EPP anl%inimise the “hourglass” effect, the luminosity scales as:
CLIC have chosen normal-conducting travelling-wave —_;,, AC. RE 3/2 AC_RF

(NCTW) structures operating at the very different .. 28 HDy7RFb Pac o\ 98 "HoyTRF76™ Pac 3)

frequencies of 3, 5.6, 11.4, 14 and 30 GHz, respectively. Ufs:&’z Uﬁlzﬂ;llzayzg%lz

General scaling laws have been derived [2] for multiy poth cases, the luminosity only depends on a small
bunch TLCs which use NCTW structures, taking intqumber of parameters. For objective comparisons, a

account the basic physics processes which have b?@ﬂjre of meritM. is defined as normalised tcP, . 5.,
used to optimise the different designs. For completenes ACt B

the graphs also include data points for both TESLA a du, N(;glecti?g the .\llar'.a“oI?Z M.D (smallbfor a flaj[
VLEPP in spite of their respective SC and single buncfEa™) and o7 (similar in all designs)M becomes:

operation. The motivation for the scaling study is two-é/I U e g uy2 £F @
fold. First, by comparing the parameters adopted by the' == —_1755 * x5 ANOM=L—op— o5
y paring P P y og “Pac  ¢ny %ZPAC z Gy

various design studies which cover a decade in operating

frequency, the study provides an insight into the way thde TLC design optimisation consists of selecting beam

different optimisations have been achieved. Secondly,Rgrameters, and choosing a technology that is able to

provides a logical strategy based on objective, physicgccelerate, at a reasonable cost, a high power beam with

based arguments for designing or re-optimising any nedt optimum AC-power to beam-power conversion

or presently-proposed linear collider. efficiency (Sections 3 and 4) while preserving a very
small vertical normalised beam emittance (Section 5).
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3 RF POWER TO BEAM EFFICIENCY 4 THE NORMALIZED BEAM CURRENT

The RF-to-beam conversion efficiency is directly To optimise the design of a linear collider, the beam
related to the choice of the RF frequency and the beand linac parameters are therefore chosen to maximise
parameters. In order to obtain a high RF-to-bearthe J parameter while preserving the initial vertical
transfer efficiency, all TLC designs (except VLEPPhormalised beam emittance. All four parameters in the
have chosen to operate with a large number of bunchespression ford, (eq. 6) are directly related to the RF
In the extreme case of an infinite number of bunches, tfirequency,», of the accelerating structures. This is why
formulation of the RF to beam efficiency becomeshe different TLC designs are mostly frequency driven.
extremely simple [2] with a dependency on only two e The well known scaling with frequency Bf, when
parameters: the field attenuation constant of thking into account the iris to wave-length ratidi, is

structuresy, and the normalised beam curreht, well verified in the TLC designs (Fig.2):
nRF _ 219(r)J . (5) R'=r'Quw a)llz(a/l)_l (10)
14912 e :-E:mo 172
2 g(T) g R’ (a/h) =« @
-g /’r/'(m’:
1} 4 FY o
where 3=Rab _Rib 6 = 10 e S Q-
Gao ~ Ga i /\%
gnd RY I, q, 4, G, G, are respectively the shunt T 5 Qo o?
impedance per meter, the beam current, the charge |aé .| 7 o
bunch, the interval between bunches, the unloaded aE = 109 100
loaded accelerating gradient. For a givknthere is a g . o P i& o [*riaamba)
valuer ptWhich maximises the RF to beam efficiency: =« R @ ] oy o |"a
0| - 4] = s> O | a R'{aflambda)
S T R @) o RF frequency (GHz)
opt = Rqp - J(1-9) 4 y

Figure 2: Accelerating structure parameters.

Using accelerating structurgs with an optimum field , The minimum distance between bunches is limited
attenuationg,,, following equation (7), and for the morepy the transverse wakefield level that can be obtained at
usual range of beam parameteeh<J <2, where the ihe second and subsequent bunches by damping and/or
beam loading paramet@ris limited to 50% (Fig. 1), the detuning. For a given type of structure the number of RF
scaling ofnRFb andr,, is approximated by: periods needed for the same relative wakefield reduction

R 1/2 is constant. This is reflected in Fig. 3 which shows that
nEF oc(J)ll2 =[ﬁ] and Topth—gllo (8) in spite of the different structure designs, the distance

asb between bunches adopted in the various TLC designs
Here,« is the approximate proportionality implied by scales with the RF wavelength:

the straight line fit in Fig. 1 over the range of parameters Ar o) (11)
considered. The figure of merit then becomes: b
mE 12 12 The J parameter then becomes:
' R P
Mot ol 3| | _R%b ) 3= o 320 1) a5Ny (12)
*1/2 * * G.A GaAb
Eny €ny &nyalp . .
100 The charge per bunch is therefore made as high as
nfF o U172 possible to maximis@. Its maximum value is limited by
beam stability considerations as developed in section 5.
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Figure 1. Optimum RF to beam efficienay,,, field RF frequency (GHz)

attenuationz, and beam loading parametsr, Figure 3: Time interval between bunches.
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5 BEAM EMITTANCE PRESERVATION 11| T |
Very small vertical normalised beam emittances of
few 10° rad-m are expected from state-of-the-art damg
ing rings presently under development. During acceler:
tion along the several-kilometer-long linacs however, th

beams suffer a transverse blow-yp,, which is espe-
cially important in the vertical plane because of thi'g (a) o 115

particularly small initial emittance. One of the primary LG
causes of emittance blow-up comes from the transver * CLIC
i i isali . JLCx
W:_;\ke fields induced by the mlsallgnment of thg apcele\ FEALA 50 '\ VLEPP
ating structures and by the beam trajectory deviations. BLC
0.1

5.1 BNS damping RF frequency (GHz)
Figure 4: Iris to wavelength ratio.

()

The single-bunch beam stability is greatly improved . . .
by so-called BNS damping [4] using a correlated energy-4 FOcusing optics of the linacs

spread which is introduced along the bunch such that: |y order to limit the BNS momentum spread needed
(BYLcELL) for beam stability (eq. 13), the focusing strength along
Ap/p=8 N AL A 13 . '

P/ P=3ens o= No(Wr) u (13) the linac is usually increased with the operating
where <> is the mean betatron amplitude of thefrequency as shown in Fig. 5. This is possible at higher
focusing optics along the linac, aWd is the short range frequencies because of the reduction in size of the linac
transverse wakefield averaged over the bunch with semponents. Assuming the inneramheter, D, of the
r.m.s. lengthg,, and scaling as: guadrupoles is scaled inversely with frequency in the

<Wr>ocW}o—Z ocw“(a//i)’”zo—z (14) same way as the inner radius of the. ||% of the RF
structures, then for the same magnetic field on the poles,

Under BNS damping conditions when taking into h h q 4 th
account equation (14), the vertical blow-up induced b?' the same phase advance per c&fl,and the same

the transverse wake-fields [5] shows a stronguadrupole filling factorF, the FODOcell length,l .,
dependence (to the eighth power) on the frequency: scales as follows:

2 2 7 8~-1 2
(Agny)RF oc NbO'Z (a//I) TONCN </5'0>L5<AYR,:> (15) Lcell o S = (Bo) = Locell OC(a/ﬂv)1/2w—1/2
but the other parameters in equation (15) also scale cell
strongly with the frequency as shown hereafter. 5.5 Pre-Alignment tolerances of the RF structures
5.2 Bunch length Since the size of the accelerating structures becomes

smaller with increasing frequency, the accuracy with
The bunch lengthg,, is made as small as possible inyhich they can be made and pre-aligned is expected to
order to decrease the average transverse wakefield in Hgroximately scale with the inverse of the frequency.
bunch according to equation (14). However, th@s seen in Fig. 6, the variation of the pre-alignment
minimum acceptable bunch length is determined by thelerances of the RF structures in all TLC designs is well
need to compensate, towards the end of the linac, thgproximated by the following scaling law with

energy spread associated with the longitudinal wakerequency, which indeed is very close to expectation:
fields, by positioning the bunch off the crest of the <AyRF>ocaf3’4 (19)

accelerating RF wave. Thus:

NpWL
a

where W, is the short range longitudinal wakefield and < B > o (/)12 o712

Drr is the off-crest RF phase which is limited to small E SBLC

values for the sake of beam acceleration efficiency. A 1D

< NLC

v

100

x o ,mSIN@RE) =0, < NGz Ha/ 1) 2w (16)

o

5.3 Ratio of iris radius to RF wavelength oS

As shown in Fig. 4 for the different TLC designs, the
ratio of iris radius to RF wavelength/i, increases with
increasing frequency in order to minimise the effect of 1

: : _ 1
the transverse wakefields (equation 14): (am_m @li2

10

alaxwll® (17) Figure 5: Focusing optics at injection into the linac.
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Figure 6: Pre-alignment tolerances of RF structures. i
Figure 7: Charge per bunch.
5.6 Accelerating section length 1000
+500 GeV
The length of the accelerating sectidn, is adjusted 'TTESLA_ VLEPPa 1TV
to obtain an optimum field attenuation parametgf, to ,SB'C
maximise the RF-to-beam efficiency (equation 7) JLCe
2Qvyt 2Qv = 6, o 23 (a/h) 16 G -1/
Lg= 97Ot 9 (20) § 100}~ ? .LC
@ ®I(1-5) i JLCx oLic
Neglecting the variation of the beam loading
paramete$ , for small § values, and introducing the
scaling forJ (eq. 6) as well as of the quality factQr
and the group velocitwg, the optimum length of the 10
; . . o 1 10 100
accelerating sections, in the fextreme case of an infini 023 (a/)-116 G_113
number of bunches, becomes: _ a
L oca)_3(a/ﬂ)4GaN61 21) Figure 8: Bunch length.
10
GeV
5.7 Charge per bunch SBLC a1tV

. - . . . o B e 1
Finally, it is possible to derive the scaling of the Ly 0™ @110 6,13

maximum charge per bunch. This is the charge whic NS
produces a tolerable and frequency-independent be:g | TESLA JL%\
" s VLEPP

blow-up during acceleration. It is deduced by™, 110 100

L . . _ 1000
substituting the relations for the scaling of all the CLIC s

different parameters (eq. 16, 17, 18, 19 and 21) in eqg. 1

(Agny)RF =Const =

0.1
Np o 0 3@/ A )¥0G213% « o ¢/5G2/3 (22) o3 (an)-116 g 173

After substitution of eq. 22 foN,, in eq. 13, 16, and 21, Figure 9: Length of the accelerating structures.

_ 1000
o , L, ands ;g become:
o 00 23(al V0 GRY3 o 236, Y3 (23) ;:“ y
20v i 100 1S
T
Lg= TxTgvopt af4/3(a//1)11/66§/3 oc a)flG;IS (24) § Sgng = 023 (@) 18 G 173 -AE;(
@ = /&LC
Sens * 023l 2) VOGY3 « ?/3GY® (25) ‘%, 0—— .
o i TESLA
As shown in Figs 7, 8, 9 and 10, the charge per bunc* . o
the bunch length, the length of the accelerating structu i " TeV
and the theoretical momentum spread for BNS dampir 1 10 100
adopted in the TLC designs compare favourably with th @23 (an)-16 G 173

above scaling laws. Figure 10: Momentum spread for BNS damping.
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The strong dependence on frequency of the verticderived for both the linac and beam parameters for an
blow-up induced by transverse wakefields is thereforiafinite number of bunches, stable beam operation and
cancelled by an appropriate choice of the otheaninimum energy spread at the linac end. Under these
parameters and reduced to an acceptable level in all ttenditions, the main beam parameters are fully
TLC designs, independently of the RF frequency: determined. Using them, and choosing an optimum field

g;ymgny:gnyoJrAgny with  Ae,, =Const  (26) attenuation for the RF structures in order to obtain an

i o ) optimum RF-to-beam efficiency, it is found that:
There is also a contribution [5] tAg coming from the The RF-to-beam efficiency is a weak function of the

beam position monitor (BPM) misalignments. The same frequency and accelerating gradieqEq.28)
condition (26) on the emittance growth produces foI |n gspite of the large increase of the wake-field

Aygpy the generally expected dependence with amplitude with frequencythe wakefield effect and
(Section 5.5), the corresponding beam emittance blow-up are
<AprM>OCCO_1/4Gé/6<AyR|:>OCCO_]'G%/G (27) independent of the RF frequencyEq. 26), for

equivalent beam trajectory correction techniques.

In the low-beamstrahlung regimegenerally adopted
for intermediate-energy TLC designs (0.5 to 2 TeV),
the luminosity slightly increases with RF frequency
and slightly decreases with accelerating gradient

5&/ 277 élg 01/30651/ 6

Finally, by introducing the frequency laws obtained_
up to this point, the normalised beam current and the
RF-to-beam efficiency become roughly independent of
the RF frequency and accelerating gradient,

nRF o 3112 ocw—l/l2(a/ﬂ)7/l2Ggl/6 < /3016 (28)

Pac
12
6 SENSITIVITY TO GROUND MOTION Ut 3he aepy lengo)

The slow ground motion, modelled by the standarei In the high-beamstrahlung regimeusually adopted
ATL law [6], causes all linac components to move with ~ for high-energy TLC designs (3 to 5 TeVthe
time. If uncorrected, the resulting trajectory variation luminosity increases with RF frequency but is
will lead to emittance dilution [7]. The dominant effect ~ independent of accelerating gradient

comes from the quadrupoles with a contribution 55/2 ﬂél(:: o3
AgnQUAD o« ATN§e||6éNS (29) Lo U 1/2 ﬂ*1/2 1/2 /12 PAC
. . . . f y gnyo +A{;‘ny/6‘nyo
whereN,,, is the number of focusing cells in the linac,

which is proportional toL_, and G, Thus, using the Finally, the use of high frequencies in accelerating

above scaling laws, the time interval required betweetiructures for main linacs of future TeV'e Linear
corrections to limit the emittance growth is Colliders is particularly appropriate, since they allow
7/3 operation with high accelerating gradients, which
Ga' “eny {AgnyJ
ATL

T 30) Minimise the overall length and therefore the cost of
QUAD * 5, (30) . . ,

Ao the linacs. Provided that the beam and linac parameters
) . , ) are chosen to fulfil beam stability criteria and optimum
The equivalent time interval related to cavity drift ShOW$ = 11 heam transfer efficiency, high frequency designs
a similar dependence:G;'%»>'3. Finally, the high benefiting from high accelerating gradients result,
frequency vibration of the focusing magnets induces \ehen compared to lower frequency designs with lower
pulse-to-pulse trajectory variation which cannot be cogradient and similar beam quality, with the same or
rected with beam-based feedbacks. In local beam-sigetter RF efficiency and figure of merit.
units, this induced beam jitter is [5]:

2 o
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where Yousp is the focusing magnet movement. As
consequence, the vibration tolerance scales as:
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