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Abstract

Recent experimental results on normal conducting RF
structures indicate that the scaling of the gradient limit
with frequency is less favourable than was believed. We
therefore reconsider the optimum choice of RF frequency
and iris aperture for a normal conducting, two-beam lin-
ear collider with Ecys=3 TeV, a loaded accelerating gra-
dient of 150 MV/m and a luminosity of 810**cm™s™". The
optimisation criterion is minimizing RF costs for invest-
ment and operation with constraints put on peak surface
electric fields and pulsed heating of accelerating struc-
tures. Analytical models are employed where applicable,
while interpolation of simulation program results is used
for the calculation of luminosity and RF structure proper-
ties.

INTRODUCTION

The rational for the use of high frequency, normal con-
ducting linac technology for linear colliders in the multi-
TeV regime like CLIC [1] has been discussed in [2] and
earlier by [3]. However, there it is assumed that the in-
crease of obtainable accelerating fields with frequency as
observed in the 3-12 GHz range [4] continues for even
higher frequencies. This assumption was not confirmed
by recent experiments [5], which indicate rather a satura-
tion of the attainable field for an electric surface field-
strength E of about 300 MV/m independent of frequency.
Another important limitation comes from cavity surface
damage due to pulsed surface heating AT by the magnetic
RF surface field Hs. Recent measurements indicate that
the pulsed heating must be limited somewhere in the
range of 40 to 120 K for copper cavities [6]. Based on
these informations the optimum RF frequency and accel-
erating structure iris opening a/A in terms of costs is
computed for a two beam linear collider like CLIC. The

center of mass energy Ecys, mean accelerating gradient G
and effective luminosity L; in a 1% energy bin are as-
sumed to be those of the present CLIC design, i.e. 3 TeV,
150 MV/m and 3.3-10**cm™s™".

ASSUMPTIONS

The assumptions below are used for the optimisation:

RF- structures

The structure geometry parameters are determined by
the condition that for a given a/A the cell geometry giv-
ing the highest shunt impedance Ry’ for a surface to ac-
celerating field ratio E¢/G<2 should be chosen. To deter-
mine these geometries a large number of cases have been
computed with the code URMEL. The results are com-
piled in table 1 with the definition of the geometry pa-
rameters in fig. 1. It is apparent that for larger apertures
the cell-to-cell phase advance has to be decreased to keep
the surface field small at the expense of reduced Q values.
The cell parameters of table 1 are applied to the middle
cell of the structure and the variation of Rg’ and Q along
the structure is neglected. Although the URMEL calcula-
tions as listed in table 1 are performed for cells without
higher order mode damping, the effect of the damping is
taken into account by applying a fudge factor of 0.8 to O
and a factor of 1.41 to Hs/G. These are typical values for
the CLIC accelerating structures presently under consid-
eration [7]. The length of the RF structure is determined
by the requirements that the group velocity varies linearly
along the structure, fulfilling the constant gradient condi-
tion for half the nominal beam current. The ratio of group
velocity at the structure input to output is fixed to 3.
These choices of parameters seem to be a good compro-
mise for RF to beam efficiency, maximum field at zero
beam current and technical feasibility.

Table 1 Travelling wave structure cell parameters, which give highest Rg’ for E/G<2. The parameters are given for
a synchronous frequency of 30 GHz. The scaling behaviour with frequency is indicated in the 2™ row.

a ¢ d £ B ES/ G| Hs/ G Rs’ Rs’ / Q Q VG/ Cc 1/<W’ S v,
M | deg. | ™M nm 1/kQ | MY m| kQ/m % | kviCnf| GHz
v| 1 v 1l |1v]| 1 1 v v v 1 v v
1.00 | 144 | 0.6 [ 12391 196 | 255 | 1928 | 409 |[4714] 0.6 1.85 46.03
125 144 | 07 14398 197 | 275 | 1650 | 353 |[4675| 1.3 1.39 43.79
150 | 144 | 09 [ 14408 198 | 3.03 | 1377 | 301 [4574] 2.0 1.05 41.68
175 135 | 1.0 [ 14422200 | 324 | 1152 | 267 |4322] 3.8 0.85 39.75
200 108 | 09 | 1.4]438] 200 | 334 | 93.0 253 [ 3681 7.6 0.76 38.13
2250 90 | 09 |1.4]457] 197 | 3.62 | 69.2 222 | 3117 | 105 0.63 36.93
250 | 72 08 14476 198 | 386 | 50.5 19.6 | 2582 | 13.3 0.52 36.12
2751 72 09 [1.8]500] 200 | 421 | 412 16.4 | 2514 | 16.2 0.38 35.28
300 60 | 09 |1.8]530] 2.00 | 484 | 263 13.5 | 1945 | 17.9 0.29 34.48
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Structure geometry used in parameter scan
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Fig. 1  Definition of geometry parameters for table 1.

Bunch charge and spacing

The bunch charge Op and bunch-length 07 are opti-
mised according to the criteria described in [8] with the
constraints that the total energy spread is kept <1% and
the transverse short-range wakefield at a distance 07 be-
hind the bunch center is kept at a constant value taken
from the present CLIC design. A gaussian bunch shape is
assumed and the longitudinal and transverse short-range
wakefields are computed with the formulae given in [9].
The RF phase is fixed at 12° off crest.

The bunch spacing is obtained by the requirement that
the long-range wakefield strength should be kept con-
stant. The rational for this is, that for given linac length
and alignment tolerance the emittance growth due to
transverse wakefields should be approximately constant if
the wakefield strength is kept constant. Since the bunch
charge is already determined as described above, only the
bunch spacing can be adjusted to fulfil this condition.
This spacing is worked out by computing for each geome-
try of table 1 the rms strength v<W > and the 1% syn-
chronous dipole mode frequency of the transverse long-
range wakefield v, with the code ABCI. These values are
listed in the two last columns of table 1. Assuming an ex-
ponential damping in time with a damping time of
r=Q/my, where the quality factor of the first dipole pass-
band Q is assumed to be 20, the bunch distance needed to
keep the long-range wakefield strength constant at a ref-
erence value Wrer given by the present CLIC design can

be estimated as:
2
T <WT >
At, =—1lo
B 2 g Wz

REF

+1

Luminosity

The effective luminosity L; scales in the multi TeV re-
gime like ~Pp /i o,” if the vertical beam size at the IP GY*
is kept constant and the horizontal beam size ox is ad-
justed to an optimum value [2]. Py is the mean power of
the main beam. However, as pointed out in [8] this opti-
mum value cannot be reached for all possible combina-
tions of bunch charge and length due to limitations of the
damping ring and the beam delivery system. Fig. 2 shows
the deviation from this scaling as a function of bunch
charge computed with the program GUINEA-PIG.

2722

-~ 10— _
§ ol e
£z -
s 80 -
2 R4
Q 70+ K4
“N K
4
\E 60 7
4
& s ;
— I‘

= 40r
E s/
= [ 7 *
: 20 / == oxz 20nm
£ ! 0.2 40nm
2 10! X onm |
z g — Oz 00nm
a 0 ‘ :

0 0.5 1 1.5

Q, (nC)

Fig. 2 Deviation from L~Py/0;" scaling due to con-
straints on gy for gy =0.7nm.

Pulse length and repetition rate

The pulse length is determined by the condition that the
maximum pulsed surface heating is kept constant at
AT=80 K and the repetition rate is adjusted in a manner to
keep the effective luminosity L, constant.

Costing

To estimate the dependence of overall costs on Vg and
a/A we assume that the dependency of main linac and
tunnel costs on theses quantities is small, since G and
therefore the total linac length is kept constant. Implicitly
it is also assumed that the strength of focusing systems
and alignment tolerances are kept constant. Therefore the
main cost dependence comes from the RF power source
and here more specifically from the drive beam accelera-
tor. The two main contributions are the costs for electric-
ity and the investment costs for the RF source needed to
power the drive beam accelerator. Supposing that the
drive beam scheme is sufficiently flexible to have con-
stant wall plug to (high frequency) RF efficiency Npigrr
of 40% [1], we compute the electricity costs for a ten-
year period with 5000h of running a year as

CE = PMB / (”Plug-RF '”RF-MB) 5000h : 10y006 SFr/kWh

With grpp the RF to main beam power transfer effi-
ciency computed for each combination of vand a/A. For
the power source investment it is assumed that the source
can be broken up in klystron/modulator units delivering
4 kJ RF energy per pulse each, with a unit cost estimated
from past experience [10] of

Cy = 1.725 MSFr+0.012 MSFr - V,[Hz]

where U is the repetition frequency. Hence the total in-
vestment cost for this power source is given by

C1=Cuy Ecus OpNp/ (Nresp  Mrrpa) /4 KJ
With N the number of bunches per pulse and 77zzpy the
drive beam RF to main beam RF power transfer effi-
ciency. The present CLIC value of 77zrpy=68% has been
assumed. The total cost of the drive beam power source is
given by
Crota = Cg+Cy
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RESULTS

Putting all together we get the drive beam power source
cost as shown in fig. 3 and fig. 4. The curves in fig. 3 are
computed without constraints on o, , while g; =60 nm is
imposed for the case shown in fig. 4. At the present status
of the damping ring and beam delivery system design this
latter case is the more realistic assumption. For each fre-
quency the a// that minimises total costs has been chosen.
In the unconstrained case this leads to a constant a/A of
0.15. In the constrained case a/A increases almost linearly
from 0.15 at 14 GHz to 0.275 at 42 GHz. For the uncon-
strained case Cy is almost constant and C; decreases

vourable for TeV class linear colliders is still valid for
budget reasons. The optimum frequency depends on the
limitations on the achievable IP beam size. In the CLIC
case this optimum is at the present design state at about
22-26 GHz with an a/A of 0.175-0.2. If progress in the de-
sign of the damping ring and beam delivery system allows
for smaller IP beam size, this optimum will shift to higher
frequencies. Further studies are necessary to investigate
the impact of parameters on the other components of the
drive beam complex, the injector chain, damping rings,
main linacs and beam delivery system.

Table 2 Present CLIC and optimised parameters

monotonically with frequency. For the more realistic con- present optimised
strained case a flat cost minimum is achieved for the fre- Ecus (TeV) 3 3
quency range 22-26 GHz. Table 2 compares parameters G (MV/m) 150 150
that correspond to the cost minimum of fig. 4 with the oy’ ./ Oy .(nm) 0.7/60 0.7/60
present CLIC parameters . The improvement in RF source L, (10% em?sT) 33 33
. . .. 1 . .
cost is not dramatic, however, the optimised case has the GH 30 26
additional advantage of reduced electric surface field and Ver (GHz)
pulsed surface heating for the main linacs in comparison /A (averaged) 02 02
with the present CLIC reference design. Qg (nC) 0.64 0.92
2500 &) ‘ —— Total Oz (m) s ha
-4~ Electricity Atg (ns) 0.66 0.77
20001 -@- Klystron & Modulators Tpys (nS) 103 ns 49 ns
Vrep (HZ) 100 150
é isool Pac (MW) 319 280
< Nrrms (%) 23.1 24.6
g ool Cx (MSFr) 890 820
© C; (MSFr) 1270 930
w el eEEE . R S Croal RF source (MSFr) 2160 1750
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CONCLUSION

Although the faith that higher frequencies automatically
lead to higher achievable accelerating fields has vanished
in recent years, the argument that high frequencies are fa-

" Same power source cost model has been applied for both cases.
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