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Introduct ion

™e davelogment of electron-pogitron linear
collidere ia the TeV encrgy range will bde
facilitated by the developmant of high-power rf
sources &t frequanciss above 2856 3. Present
S-band tachmology. repressented by the SLCt,
would require a lengih in excass of 50 km per
linac to accslerate particles to energies above
L TeV. By raiging the rf driving frequency, the
rf Dreakdown limit {8  increased, thereby
allowing the length of the accelerators to de
raduced. Currently available rf powar sources
sat the resalizadble gradient limit in an rf linac
at frequancies abcve S-dband®,?,

This paper presants & mndal for the frequancy
scaling of linsar colliders, with luminoeity
scaled in proportion to the square of the
canter-of-aass ensrgy. Sinca wekefisld effects
are the dominant deleteriocus effact, a separate
single-bunch sisulation modal i3 descridbed which
calculates the evolution of the deam bunch with
specified wakefields, including the affects of
using prograxmd phase positioaing and Landau
dasping. The rssults presentad here have besm
obtainsd for a ILAC etructure, ocaled In
proportion to wavelangth.

Scaling Mode

The beam parammters® at the interaction potat
of the collidar determine its usefulnews or
experimants. There are eleven such pariasters:
the dunch size (gg, Oy, Og), the number of
particles par bunch (N), the number of bunches
per rf pulse (d), the rf rapetition frequency
(£), the particie energy (y), the totsl
luminosity (Lg), the beamstrahlung ensrgy loss
(%as), the disruption paramster (D), and the
average beam power (Pp). Thase paramsters nust
satisfy the four defining relationships,
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L * "‘W(‘"y’x’ (1)
D= Zr.lw‘/twy(a‘or cy)l (2)
Opg * (U:)r.’(l'y/(cxeyc')lmnl. Ity
7, = weymc® (¢

vhere rg 18 the classical electron radius, g 18
the pinch enhancomant factor, Mg is the quantuR
corvection factor for bDeamstrahlung, and P is
the correction to beamstrahlung for flat beams®.

I? seven of tha quantities are specified, the
remaining four typically can be cosputed. There
are 330 such mcdel “scenarioe™, somo of which
are nonaanse ¢ince they overspecliy one or sore
of the paraswters. For exaaple, cannot be
freely spascified along with ¥, ¥, b, and f.
E2ch of the msaningful ccmbinations can provide
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the basis for a scaling study. Por the present
study the paramiter set (Lp, v, b, 8as, Oy, Oy
og) is specified, and the model computes N, £,
D, amd to eatiefy Eqs. (1) - (4). An
itsrativé nuserical procedure 1is used to
evaluate Hg, theredby eself-consistentiy including
the trangition between classical and quantum
beamstrahlung.?

T™he interaction-point model is independent of
the details of the acceleration process. Having
solved this model, 2a rf linac model s then
utilized to specify the required accelerator
paramsters. Starting with the average beam
power, for example, the linac model works
backwerds through the energy flow chain to
cotain the average ac and zf pover required?,
Pac = Bre/nee = Po/(nceiemur). The efficiency
for each stage is either apecified or calculated
in the acdel. 7The ratio of the beam energy to
the rf anergy stored iAn the accelerating
structure is the beam efficiency, myp, which i
computed from the longitudinal wakefields, a®
dascribed delow. ThHe ratio of the erergy stored
in the structure to the incident yf energy i
the structure eificiency, ng, which iz specifisd
in terms of the attenuation factor, T = wtp/2Q,
wvhere W i the rf frequancy, tp 1is the fill
time, and Q 1c tha cavity quality factor. Ueing
T = 0.59, ng = 0.99 418 obtainad. The rf
efficiency, nye, 18 the ratio of the average rf
power incident at the accelerator to the average
ac power, and 16 assumsd to be ngg¢ = 0.34.2 T™ha
paramaters ng, € and np¢  have been assumed to
b8 independant of frequency.

The longitudinal and transverse wakefields of
the accelerating etructurs are requirwi by the
scaling model. The present etudy has utilized
the known SLAC monopole (WglV/C-ml) and dipole
(WilV/C-m?)) S-function wakefields which are
ecaled in lrequency®. The lransverse wvakefieids
are used in a single-burch etmulation model, to
compute emittance growth and Landau damping, as
described in the next section. The longitudinal
wakefields are usad to compute® the average
accelerating gradient, the energy spread, and
the beam efficiency.

™e longitudinal wakefield alters the
effective gradient experierced by a particle at
phase @ within the bunch, relative to the crest
cof the r{f wave, to £(@) given by

B(o) = loeoc(O) - Mﬂ(.). (s)

whare Eg 18 the peak gradient, and Wen( @) L8 the
integrated longitudinal wvakefield? at phasec o,

™e single-bunch beam efficiency 18 definsd
as the ratio of the kinetic enarzy gained by the
bunck to tha rf energy stored iIn the
accelerating structure,

Ty = MK/ (8
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where wgalal/(4ik,) is the zf energy stored per
unit length, k, is the loss factor for the
fundamental accelerating mode, #and EZg 18 the
average Jaccelarating gradient acting on the
tunch.

In the study described here, the rf sources
are assumed to just compensata for the snergy
sag betwesn dunches.? The total beam efficiency
for b bunche® is then given by

Np = DN/ (14BN D . &)

The owver-all efficiency of the rf 1linacs 14
given by “roraTprTylrea"yr/5, which is typicilly
<33,

During accalsration an energy spread develops
within the bunch because of the finite extent of
the bunch on the rf wave and because of the
effects of the longitudinal waxefields. These
two effects can be made to counteract each other
by placing the bunch ahead of the crest of the
wave. Then, the head of the burch will ride
lower on the rf vave than the tail, but the tail
will experience the decelerating waxefield due
to the head. The anergy spraad is defined here
as three times the standard deviation, Ty of
the snergy distribution.

A model acenario for & 1 TeV collider can be
examined assuming a total luminoeity, Lp=10%7
wig"s, and Spy=30% energy loss to
beamstrahlung. The beaz® are asmumed round with
Ox = 0y = 10°7m. The longitudinal dunch size is
asrumed to be ogmugol{uws/uw), wWhere ws=2m(2856
MIZ) is the SLAC opsrating frequency. Thad peak
accelerating gradient is assumsd to scale with
frequency A& Zo=(SONY/m){uw/us). with themse
paramster#, the model has bdeen numerically
computed for various values of Jgg. Pigure 1
shows the regulting curves of averag? &C powsr
per linac ve. frequancy. POT Tppn > 15, the
curves all display a broad minimss in the
frequency range &-1% GEx, and shov only small
variations in the power required over the entire
frequency range. With oggsl mm, the average ac
power i approximately 360 MW/linac s 10% over
the entire frequancy interval studied. Bunchee
with ogo>ixm suffer large emittance growth
because they are long enough to span the peak of
the transverse dipole wakefield. Tha rasults
below, therefore, correspord to 0gg = 1 TH.
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Figure 1. Average AC Power vs. Fraquency

fot Variocus Bunch Lengths, azo

when 3caled to X-band (®-12 Qr), the length
of each linac will be 7.6-4.0 km, and the nusbder
of rf foude per 1insc will b ip the range
6300-3000. The number of parcicles per bunch
(N) is nearly independent of frequency, while
the repetition trequency (f) increases
monatonically with £ N [ ] ie
approximately 1.39 x 10:° and f lies 1in the
roange 2W0-4350 "3,

The total efficiency of the accelerator for
these paramsters is 2-3%, and the mimimm enargy
spread is 30,./7-0.5! at 6g®#d-5°. At this small
phase advance, the average accelerating gradient
i® asesentially the paak gradient. The peak rf
power Tequired to generate this gradient iz 325
M/ feed.

The fin2l {ocus® will require a norssliized
emittance «10°% rad-®, which will require
improvemsnte in the dampting rings over SIC, as
well tha control of emittance growth due to
transverse wakefields, as described in the next
section.

Single Bunch wWek=zgield Effecty

Using a agimple model wa have investigated
wakefizid effects for & specific TeV 1inac
deaign, ueing vzlues for bunch size anmd charge,
accalerator oparating fraquency, gradient and
length obtainad from the scaling model described
above.

A bunch 1is divi“ded into n slices of equal
thickness, nusbersd from the front of the bunch,
1 =1,...n. The distance of glice i from the
head of the dunch ie denoted ¢5) the charge of
®lice 1 18 Q4. MNeither {4 nor Qi is allowed to
change in the modél. The centroid X; and energy
mciy; of slice 1 satisyy
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where a prims denctes a derivative with respect
to distance 3 along the accelerater. Yy ie the
phaze location of the bunch head on the
accelerating wvave and k§ represents the external
focusing, in the #mooth approximation. Both v,
and k§ are specified functions of s.

In addition to the centroid quantities X; and
Y1, internal degress o! freedcm of elice 1 are
followed by tracking the VAriances Cyy.{,
Ox'g’sir AN Oy’ 4 Wakefields do not act
directly on these variances and the normalized
emittance of sach slice 13 conserved.

One ssy express the normalized smittance of a
R-V distribution as

2 -a 2
O'DlC ’t tcua. . au. ) (10)
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whare oxx = Oxx,1 *+ X3 - X%, etc. and an
overbar msans a (charge weighted) average over
slices. We have taken (10) as a definition for
the genaral casse.

W have considered a single Gaussian bunch
with ¢y = 0.37mm, truncated 1in the forward
direction &t 4g3g and in the backward direction
at 20x, of tetal chargs -2.2nC traveling through
& linac operated at 7.79GHs with & peak gradient
of 133 MaV/m over its length of 7.57 km. The
bunch length is chosen so that it doss not
extend bayond the peak of the dalta function
transvarde wtke. The bunch is divided inte 18
slices, each initially upright and displaced 1liu
from the axis due to injection error with an
initial energy of 1.21 Gav (which s the
location of the damping rings 1in SIC). ™ha
initial radius of each slice 18 110s and the
initial normalized emittance of each slice, ard
the bunch, 13 1.x10"% rad-m. The wake poten-
tialw used are those of a SLAC structure, scaled
appropriately to operation at 7.79 GHs-? ™he
focusing in our example has been chosen so that
a phase shift of 0.1°/m is asintained up to an
energy of 22GeV, bdeyond which the quadrupole
glrenglhs arm assuped fixed at their maximal
valuves; these taximal values are taken to be Sx
those currently in use at SLAC.® The betatrom
phase shift gradually decrenses to 1.2°/m at the
and of the accelerator.
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Figure 2: Osntroid position, enargy spread and
@nittance of a Gaussian bunch versus
distancs along a 1 TeV linac.

Pigure 2 showe plots of X3, 3oy, and ay
versus 8 for a cass ewmploying & (non-cptimized)
isplemsntation of Landsu dasping.® During the
first half of the sccelerator the bunch is
placed at -20° with respect to the rf crest,
thereby gensrating & large energy spread, and,
consequently, a large spread in batatron wvave-
lengtha. This spread renders the transverse
wakes lase effective eince laading slices no
longer drive trailing slices exactly at their
resonant bstatron frequency. when tha energy
spieas LelLs very la:tge uue can, after a while,
actually nee the emittance decrease for a time
as the slicas cecillate in nearly opposite phase

and the wvakefields of 4 leading slice opposs the
motion of a trailing slice. The result iw that
cantroid displacement and emittance growth are
reduced.

During the second half of the acceleration
the bunch 1is shifted to 26.53°, giving the
correct average graiient in the accsleration
field teo minimize the energy spread. The final
Tesult is that the final beam emittance is only
A fartaor of = 1.4% groater than the 1intttal
eaittance while the energy spread, vhich had
been as large as 7.2% during accelaration,
achieves a final value very close to that for
the case without Landau damping, namely O,.SS%.
This final beam quality has boen achieved at a
cost of 7% in finsl ensrgy. When Landau damping
in not used, the emittance is found %o grow by a
factor of 19 from ite initial value.
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