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Abstract the accelerator. If the power is distributed in low-loss
waveguides_opposite to the direction of the electron

In this paper we discuss a new approach to two-beapeam, a single RF pulse can power several widely spaced

acceleration. The energy for RF production is initiallysections in the linac. It is necessary to overlap several of

stored in a long-pulse electron beam which is efficientlfhese systems to completely fill the linac.

accelerated to about 1.2 GeV by a fully loaded, With two-beam accelerators, the methods discussed

conventional, low frequency (~1 GHz) linac. The beanabove are also extremely useful, but in this case the

pulse length is twice the length of the high-gradient linacompression and distribution are done with electron

Segments of this long pulse beam are compressed uslhgpms that later generate RF locally in a decelerator

combiner rings to create a sequence of higher peak povaructure just before the high-energy electron beam

drive beams with gaps in between. This train of drivarrives.

beams is distributed from the end of the linac against the

main beam direction down a common transport line so 2 CLIC PARAMETERS

that each drive beam can power a section of the main .
linac. After a 180-degree tum, each high-current, low- Several sets of RF parameters for the CLIC design are

enerav drive beam is decelerated in  low-im edancsehown in Table 1[3]. To illustrate the drive beam issues
gy P sider only the 3 TeV set. The total stored energy in

decelerator structures, and the resulting power is usedct%n
' gp each high-energy beam is 144 kJ per pulse. With a 27%

a_tccelerate the Iow—currel_’lt, high-energy beam in the MAF to beam transfer efficiency, the necessary RF energy
linac. The method discussed here seems reIauv;I%/
!

. T . er pulse is 540 kJ. With about 67 % transfer efficiency
inexpensive, is very flexible and can be used to acceler 8m the drive beam to RE. we need 800 kJ in the drive
beams for linear colliders over the entire frequency arBj . '

eam for each linac, each pulse.
energy range.

Table 1: RF parameters for CLIC designs

1 INTRODUCTION Beam param. atIP |0.5 TeY1TeV |3 TeV |5 TeV

The CLIC study focuses on high-gradient, highiRep. Rate (Hz) 200| 150 75 50
frequency (30 GHz) acceleration for multi-TeV lineari0°e* / bunch 4 4 4 4
colliders. Unfortunately, there are no conventional higBunches / pulse 150| 150 150 | 150
peak power RF sources at 30 GHz. This leads naturallyj#Rinch spacing (cm) 20| 20 20 20

the exploration of the two-beam acceleratiomcce|_gradient (MV/m 100 | 100 150 | 200
technique[1,2], but many features of conventional Rffyg |inac length (km) 7 14 | 275 | 35

systems can be used in two beam accelerators. Accelerating Sections| 108021604 | 43736 {54802
In conventional methods of RF power production, thigg a1/ section (MW)| 116 116 | 231 | 386
dyatrons proauce about 65 MW at 2.656 GHiz withas P 0 beam effic. (6| 142|142 [ 106 | 75
pulses. The NLC klystrons operate at 11.424 GHz auéjc power (MW) 68 102 206 | 310
produce about 75 MW with about 1uS pulses. In both
cases, RF pulse compression is necessary to achieve the 3 TWO-BEAM CONFIGURATIONS
higher power necessary for high gradients. It is possible The simplest configuration for a two-beam accelerator
to compress the RF pulse by delaying the earlier part obnsists of a single low-energy, high-current drive beam
the pulse to create a shorter pulse that is higher in pow#navelling parallel to, and transferring energy to, a high-
This can be done with a SLED system (LIPS at CERN), energy, low-current beam[4]. The length of the drive
SLED Il system with delay lines, or a binary compressiobeam is equal to the length of the desired RF pulse. To
system. have the correct stored energy, a 10 GeV beam with a
Another method of compression (developed at KEK)pulse length of 120 ns would need a current of 670 A. If
the Delay Line Distribution System, uses a differenthe beam were comprised of 1800 bunches spaced by
approach. After 3-dB combination, the power of severa cm; each would have 45 nC of charge. It is quite
klystrons can be switched, by using the relative phases difficult to create and accelerate such a beam because all
the klystrons, to different waveguides for distribution td¢he energy is stored in a 120 ns time interval.
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To consider an alternative approach, let us first imagine~————. |nitial pulse train

that we use multiple beams rather than one beam to store g < S,
the energy[5]. For example, consider using 20 beams for ——

the 3 TeV design. In this case if each beam has an energyintensity - B I
of about 1.2 GeV and a bunch spacing of 2 cm, the bunch ™ - -
charge is quite reasonable at 18 nC. However, it would™ N
be quite complex and expensive to create 20 separal
drive beam accelerators.

An alternative can be found by considering the tim 1 2“ 3( “ 4
and location where each drive beam is needed. Consider SN
a layout in which the drive-beam generation complex is Final pulse train |l B 'R -
located at the center of the linear collider near the final N

focus system. Imagine the drive beams being distributed
to the linac in a direction opposite to the direction of the

main beam. In order for the drive beams to arrive at th@f the ring, and the process begins again with the next set
appropriate time to accelerate a high energy beaaf four bunches. This process is a kind_of frequency

travelling in the opposite direction, they should be spaceayultiplication that is not possible with RF compression.

in time by twice the length of the linac section which they
will power. Therefore, if we produce one drive beam

Figure 1: Times-four combination in a ring

. - Stepl -e._
with an energy of 1.2 GeV with an accelerator system e
that powers a lengtisec of the main linac, we can 1stdeflector .-~ gag —n 2" deflector
produce the next drive beam at a times@c/clater with — e -

the same hardware. The total length of this sequence of Deflector fieldy, ~"""57"""

drive beams, consisting of 20 pulses of 120 ns duration, is /b\/\/\/
twice the length of the high-energy linac. However, the
current in each pulse is still very high, and it is difficult to
accelerate a beam with this pulse structure and intensity.
It would be much more convenient to first accelerate — me
lower-current pulses that are longer in time, and then

compress them. local

inner orw
4 ELECTRON BEAM COMBINATION

Figure 2: Injection region in the times-four combiner.

Electron beams are routinely combined or stacked to
produce higher intensity bunches in the injection process

to storage rings. In our case, we cannot use conventiona THE DRIVE BEAM ACCELERATOR
stacking as this would dilute the emittance, however, if

the bunches are to be used to generate RF, there idhe process of bunch train combination described
another possibility that is very useful[5]. above allows the possibility of creating the high bunch

If we use an RF deflector to inject into a ring, we Car{rain current and the gap in time between the different

for example, stack 4 trains of bunches longitudinally anffiveé beéams with a combination system consisting of

then immediately extract them. Consider the input puldd9s or delay lines. Thus, one can create a continuous
and the process shown in Figure 1. The pulse consists (N of bunches with a pulse time equal to twice the linac

trains of bunches separated by equal spaces. If we inj&fdth. then use the bunch combination described above
into a ring with a circumference equal to the periodicitf® Créate higher current, higher power pulses with larger
of the bunch train, then as one train of bunches com@&pPs between them.

around, they fall on top of the bunches in the next train. 1NiS long-pulse beam can be accelerated using a
If the circumference is increased hj4, wherek is the conventional travelling wave linac at low frequency very

bunch spacing, it is possible to interleave four bunchfficiently. The parameters for such an accelerator are

trains at the quarter points of the bunch cycle to achieve®10WN in Table 2. All of the energy to power one linac is
factor of four pulse compression. stored in a continuous electron beam with a pulse time of
The injector region is shown in more detail in Figure 2Wice the linac length, 9@s in the 3 TeV case.

In this case two RF deflectors are used to create an RF N€ accelerator operates at a relatively low frequency
bump in the combiner ring. The sequence of trajectoridat is related to the amount of bunch combination and
in the bump allows the bunches to avoid the septuffeduency multiplication given by the combiner ring
during the stacking process. After injection, the higﬁomplex, in this case a factor of 32. The.bunches each
current bunch train is extracted on the opposite side ~ nave about 18 nC of charge and are nominally on every
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other cycle of the RF. Each structure is fed by two 6 OVERVIEW OF THE SYSTEM

50 M.W klystrqns that can be phased to provide RF An overview of one of the two 3 TeV RF power
amplitude tuning. Because the filling time of the

structure is short (300 ns), the accelerator operates in @/stems Is shown in Figure 3 and is discussed in detail in

steady state for essentially the entire pulse It consists of an injector, a long pulse, normal
y y P ' conducting, fully loaded Ilinac, a times-two

Table 2: Drive beam accelerator parameters. delay/combiner, two combiner rings in series for pulse

Frequency: 937 MHz compression, a distribution beam line with deflector
- . magnets, and finally a set of 20 decelerator linacs.

Acceleration Gradient] 3.8 Mv/m The first element to discuss is the times-two combiner.
Structure Length 3.1 m As discussed earlier it is very useful to have a continuous
Number of structures | 99 train of bunches so the drive beam accelerator can run in
Power per Structure 100 MW the steady state, fully loaded. On the other hand, we need
Klystron Power 50 MW to have a gap to allow for a kicker rise time during the
Number of Klystrons | 198 extraction process in the first combiner ring. But, with a
Beam Current 8.2A gap in the beam, there would be small transients in the
Final Energy 1.16 GeVv beam energy that would have to be corrected. The gap
Pulse Length 92us could be created using a pulsed magnet, but that would
RF to beam efficiency| 97% result in some lost efficiency, since we would have to
Energy/pulse 875 kJ throw away all the charge in the gap.

Copper Losses/meter 6.5 kW The times-two combiner gives us an alternative.

Imagine that we place bunches on every other RF cycle in

The drive beam accelerator is run ‘fully loaded'. It ighe drive beam accelerator, and that we switch from even
designed to run at a particular current and gradient so tHatodd buckets at the desired RF pulse width. In this case
essentially all of the power is transferred to then RF deflector at one half the drive beam frequency can
accelerated beam and almost none flows out to the lodwe used to separate the bunch trains on the even cycles
This condition is a broad optimum and the efficiencyrom those on the odd cycles as shown in Figure 4. This
changes little when the accelerator is slightly under a@llows us to delay one of the trains and recombine with a
over loaded. It is straightforward to keep the beam stabt®@mplimentary RF combiner so that a times-two
in this accelerator by detuning and damping the higheeompression is obtained with a bunch now occupying
order modes of the accelerator structure. every cycle of the drive beam frequency.

Comblner Ring
86 m

20 Drive Beams
262A ey CLIC RF Power Source

140 ns

Drive Beam Accelerator- 99 Accelerating Structures

Drive Beam 937 MHz - 3.8 MV/m - 3.1 m

Injector

X4
Combiner Ring
344 m

Drive Beam Decelerator Section
550 Transfer Structures- 30 GHz

L e 3

Main Beam Accelerator Section: 1100 Accelerating Structures - 30 GHz - 150 MV/m

150 MeV

Figure 3: The 3 TeV RF Power Source.
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7 DRIVE BEAM DECELERATOR

The Drive Beam Decelerator is a critical aspect of the
two-beam  concept. The configuration of a
deceleration/acceleration module is shown in Figure 6.

X 2
Combiner
Delay

Drive Beam Decelerator

[ Decel. structure ]:(QUADmH Decel. Structure QUADY]
462 MW | 462 MW |

[ 1 [ 1
e HACe- Struck]HACe: Struci]-{Ace. Strud=[-ce. Struck]

Main Linac Accelerator

even buckey

odd buckets—> -

Figure 4: The first times-two combiner.

The net effect is to produce a train of pulses with gaps 223 cm
appropriate for the next step of the combination process. . .
To create the odd/even coding we can use two Figure 6: A module of the 3 TeV linac.

conventional thermionic guns as shown in Figure 5. One€ go.n  decelerator structure feeds two accelerator

gun produces pulses of bunches on the even cycles whilg,, .y res with RF. As the beam is being decelerated, it
the other gun produces pulses of bunches on the ofgelops an energy spread due to the finite bunch length

cycles. The two trains are combined with an RE,q4 4e to the transient effects as the structures are filled.

combiner, with the pulses from one side filling in thegjyce the beam is decelerated to about 10-15% of its
gaps from the other side to create a continuous bun tial energy, the total energy spread at the end of the
train with a constant current. A short overlap of the OdErocess is around 90%. To focus such a beam. it is
and even trains is allowed to maintain a constant curren ecessary to scale the lattice carefully to keep the lowest

Subharmonic Buncher energy particles from being over focussed. If this is
Buncher done, the entire beam is stable and confined. In the
Capture Sections decelerator we must use an RF structure design that has

Acceleration to 50 MeV the correct impedance and group velocity to provide the

_ necessary deceleration and power output. This results in

relatively low shunt impedance and a rather large group

RF Combiner velocity. There are several possible choices of structure;

Figure 5: The drive beam injector. but the transverse stability of the decelerating beam also

requires that the structure be damped and favors lower

The Drive Beam Accelerator described earliefmpedance structures. A good choice is a four-channel
accelerates the long drive beam pulse. After about 2@ycture, which has relatively low transverse
MeV of acceleration, the beam is collimated to clean Upakefields[7]. A similar design, shown in Figure 7, is

transverse and longitudinal phase space. The bunchegi@sently installed in CTF2 and has supplied up to 30

the train are compressed once at low energy to a bungiyy to a 30 GHz accelerating structure.
length of about 2 mm. After acceleration, the train is

ready to enter the times-two combiner described earlier.
The combiner rings accomplish the energy
compression, each by a factor of four, but they must be
isochronous and have circumference tuning. This tuning
can be accomplished with two small magnetic chicanes
integrated into the ring lattice as shown above in Figure
3. After compression, the sequence of drive beam trains
is transported down a common transport line. The first
train is delivered to the first 700-m long section with an
isochronous turn around, which has path length tuning to
provide relative control of the phase in the 20 sections of
the linac. The drive beam bunches are compressed to less
than 500 pm just before entering the Drive Beam Figure 7: A four-channel decelerator structure.
Decelerator. The Decelerator extracts RF power for main5nsverse stability is especially critical because of the
beam acceleration for the entire section. At the end of t'l“&rge stored energy in a drive beam. Losses in the
Decelerator, the beam is dumped while the next drivSecelerator could result in damage to decelerator
beam is deflected into a 180-degree turn to continue th&ctyres. Extensive simulations have been done to check
acceleration process. This process continues until “i}?e stability in the Decelerator[8]. Provided the magnets

main beam reaches the end at full energy, and it ige zjigned with beam based alignment, and the beam is
repeated each cycle of the collider.
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steered with the average offset of the entire train, it seertts1 GeV of energy to a test beam accelerated at 30 GHz

possible to decelerate the drive beam to 10-15% of itgith the nominal gradient and pulse length.

initial energy. Since the beam is most sensitive at the

lowest energy, it can be made more stable, if necessary, 9 CONCLUDING REMARKS

by sacrificing some e_ff|C|ency. In Figure 8 you see the The entire RF system described here acts like a

full beam envelope in the decelerator for a one sigma . . .
: ; transformer of the acceleration gradient and frequency in

offset. Damping the decelerator structures wit) af

about 50 keeps the beam stable down to low ener the drive beam accelerator to the main beam accelerator.
P 9 The transformer ratio is about 40 for the gradient and 32

Aperture for the frequency. In order to increase the gradient in the
12 ywakes — ‘ main linac, first we increase the gradient in the drive
10+ Q=50 beam accelerator, and then increase the current so that it
"""" ‘ ; is once again fully loaded. This higher energy beam can

: be transported and compressed with scaled magnetic
settings. In the drive beam decelerator, the beam
provides more power due to the higher current so the
main linac gradient increases proportionally to that in the
drive beam accelerator. The amount of deceleration of
the drive beam also scales so that the higher energy drive
beam still powers the same length of linac.

A list of efficiencies for the design discussed here is
shown in Table 3. It is too early to know precisely the
efficiencies of all of the subsystems; however, this type of
Figure 8: The beam envelope in the Decelerator with adrive beam system should have an efficiency comparable

one sigma offset for several differeps. to the RF systems contemplated for other designs.

Table 3: AC to RF efficiency

8
6
4
2

three sigma envelope [mm]

100 90 80 70 60 50 40 30 20 10
lowest energy [%]

8 TEST FACILITIES

ltem Assumed Target
In order to have confidence in any power source the Modulator 90% 92%
method must be tested at some reasonable scale that wilKlystron 65% 70%
address key issues, for example, the use of bunchDrive Beam Acc. 92% 94%
combiner rings, fully loaded acceleration and substantial Decelerator 69% 80%
drive beam deceleration. We have examined the power extraction 95% 97%
possibility of a test facility, shown in Figure 9, that would | power Transfer 95% 97%
have the key features of the design just described. Overall 34% 46%

8 Modulators/Klystrons with SLEP=
Drive Beam 3 GHz - 40 MW - 45,LS
Injector

To conclude, it is important to note that this type of
two-beam design is applicable to linear colliders using
any frequency of acceleration. In particular, the drive

Drive Beam Accelerator 5 beam complex is rather insensitive to this choice and
%AGC}ie'erl"J‘zt'RﬂgV?”UCiUfes X5 depends more on the necessary energy stored per pulse
z- m-Lm Combiner Ring and the repetition rate.

8.2 A -100 MeV
1.4pus

................

It is even possible to use

86m essentially the same drive beam for different but

Drive Beam Decelerator
7 Transfer Structures - 30 GHz

56 MeV - harmonically related frequencies.
1.0GeV, . Main Beam 82 A-100 MeV
Main Beam Accelerator !
14 Accelerating Structures Injector 140ns REFERENCES
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