Proceedings of the 1999 Particle Accelerator Conference, New Y ork, 1999

BEAM LOADING COMPENSATION FOR THE LOW FREQUENCY
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Abstract structure is shown in Fig.bl The acceleration reaches

. .. maximum after a structure fill-time, and then decreases due
The low frequency rf linacs and bunch compressors in tht% the drooping rf power input. The loaded voltage seen

NLC are h.eaV|Iy loaded by beam currents up to OgAb the bunch train is the sum of the rf voltage and the
Beam loading generates bunch-to-bunch energy deviation

) . gam loading voltage and is generally not constant along
Wh.'Ch .need tq be compensated to operate Wlth long bun?ﬁe bunch train; it depends on the structure, klystron, and
trains in the linear collider. There are two basic compe

sation techniques, namelyT’ andAF schemes. Tha F beam parameters. The energy deviation along the train will

) ! ) . have a direct impact on beam transport and luminosity of
scheme is operationally straightforward but requires addj- . . R
: i . ) he collider and thus compensating the energy deviation is
tional rf systems which are powered at slightly different _ .". . ; ) . .

; .~ a critical requirement in the linear collider design.
frequencies. In contrast, th®7T' scheme does not require
any additional rf and is thus expected to be less expen- Table 1: NLC Low rf frequency linacs
sive. Here, the loading compensation is realized by earyLinac Fred E @ I BLC
injection combined with rf phase and amplitude modula (GeV) | (10'%) | (A)
tion. The phase/amplitude modulation is performed with e™ capture| L(1) 0.250 | 7.9 45 | AF
fast phase shifters at low rf power before amplification by e booster| L(1) 1.75 1.6 0.91| AT
the klystrons. With combined phase and amplitude modu-e™ drive S(1) 6.0 1.45 0.83| AT
lation, theAT scheme can be applied to both the accelera-e~ booster| S(1) 1.98 | 1.45 |0.83| AT
tor and compressor linacs. In this paper, we present simue—, ¢T pre | S(2) 8.0 1.15 | 0.66| AT
lations of theAT" compensation scheme for the NLC low rfl EC BC1 L(2x2) | ~0.1 | 1.45 0.83| AT
accelerator and compressor linacs. We discuss different rf
configurations using thA7 scheme as well as some issues

related to phase/amplitude modulations in such layouts. * ‘@] 0| ‘ ‘ Y
2200t 4 L 300f Vaee |
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1 INTRODUCTION 300l | g“z
The Next Linear Collider (NLC) is ante collider based o000 oo 9900 s
on “high-frequency” X-band (11.4 GHz) rf power. The col- L) t (us)

lider will be capable of achieving a luminosity in excess of

10%*cm~2sec™! at a center-of-mass energy of 1 TeV [1, 2]Figure 1: The pulse profile of a SLED-I system and the ac-

and will have the capability to be expanded to 1.5 TeV. celeration and beam voltages generated by a traveling wave
Thee™ ande™ injector complex for the NLC produces Structure. a) SLED-I amplitude; b) generator and beam in-

the low emittance bunch trains to be accelerated in the Xuced voltages.

band linacs. The complex includes six L-band (1.428 GHz)

and four S-band (2.856 GHz) linacs and compressors, listed2 BEAM LOADING COMPENSATION

in Table 1, which accelerate the beams to 10 GeV and oper- ) .
ate heavily beam-loaded. All these “low-frequency” linacd" the SLED-I driven systems, both the acceleration and

will be powered with klystrons using SLED-I rf pulse com-P€am loading voltages are transient. The goal of compensa-
pression systems [3]. In a SLED-I pulse compression Sygpn is to obtam a uqurm loaded voltage. In the folloyvmg
tem, the SLED cavities are charged by a long kIystroﬁeCt'O”S we will describe thAT and AF' compensation
pulse. The stored energy is then extracted by reversing tRg"€mes.
klystron phase and, for typical parameters, power gains of
roughly 3-4 can be attained. 2.1 AF scheme

Atypical SLED-| OUtPUt 'S ;hown n Fig.d. The power The beam voltage is compensated using additional rf struc-
of the pulse has a maximum immediately after the kIyStroﬂjres operating at slightly different frequencies. The
phase reversal and then decays exponentially. The accelgﬂ'nches in a bunch train are accelerated on different rf

ation voltage generated by such a pulse in a traveling Wa%%ases in these structures and the compensation that can

*Work supported by the DOE, contract DE-AC03-76SF00515. be attained is prlopo'rtional to the.frequency diﬁere.ﬁdé-
T Email:lizh@slac.stanford.edu However, to maintain a roughly linear compensation along
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the train, the frequency differenc®F is limited by the S-band klystrons are assumed to produce 66 MW of power
bunch train length. For the NLC bunch trai,F' should in a 5us pulse, similar to the SLAC 5045 klystrons. The
not be more than a couple of MHz. SLED-I cavity is assumed have an exter@al,; = 2 x 10*

The advantage of thA F' scheme is that it is quite flex- with a coupling constant = 5 yielding a compression fac-
ible. The input power to the compensation structures cdnor of approximately four.
be scaled to compensate different beam loading conditions.
However, the disadvantages of thé” scheme are the extra 3.1 AT scheme for the™ drive and prelinacs

off-frequency rf systems required and the non-local corre%- power station consists of a pair of klystrons, each feed-

tion since the compensation sections are distributed alon
the linac. Finally, the residual energy spread in this scherﬁgg a SLED-l system [5]. The SLEDed rf power from

is proportional taA 2, and it adds in phase throughoutthet e klystron pair is com'bmed and POWETS SIx 4-meter ac-

linac regardless of the sign afF celeratpr strL.Jctl_Jres.. With the pre-linac beam paramgters,
' the optimal fill-time is 625 ns. The SLED-I pulse profile

and the energy profile of the beam for the pre-linac com-

2.2 AT scheme pensation are shown in Fig. 2(a) yielding a loaded gra-
The AT compensation scheme uses the “natural” risingiént of 17 MV/m. The beit energy deviation using the
slope of the acceleration voltage as the structure fills t9LED pulse alone ig x 107, This can be further min-
cancel the beam loading voltage. Complete cancellatiditized with a 35||ght amplitude modulation yielding better
requires, during the beam time, than1.3 x 10~

w

AVace _ dVy

— f T A‘M modljlaled ‘ — AM nlodu\ate‘di
dt dt

[ — — No AM modulation | [
The profile of the acceleration voltage, Fig. 1, shows that 1h ;[/\/_\L;

the rising slope of the acceleration voltage decreases withg T L
time. This indicates that for a given beam loading current, ,J
there is an optimal fill-time for the structure such that con-
dition Eq. (1) is satisfied. For thAT scheme to operate
efficiently, the optimal fill-time of the structure should be
much longer than the bunch train length. Atvery highbeam ™[ ! 1
currents, the efficiency of thdT scheme can be poordue ™ o5 o5 o8 — o0 o3 o6
to short optimal fill-times—in such cases, thé" scheme t(us) t(us)
should be considered. () (b)
There are number of advantages of thg scheme.
First, the scheme does not require additional rf systemSigure 2: a) Compensation for the S-band pre-linacs. The
Second, the compensation is local and the energy devidakED-I amplitude can be modulated to further reduce en-
tion is minimized at the end of every structure. Finallyergy spread. b) Compensation for the booster linac.
the residual error of the compensation is uncorrelated afnplitude modulation is needed to enhance the slope of
does not accumulate. However, the structure design for offre acceleration.
timal compensation is tightly coupled to the beam and rf
parameters. Once the structure is optimized for a given cus-2 A1 scheme for the™ booster

rent, the compensation at other loading conditions will nothe beam current in the= booster linac i25% higher
be perfect. To compensate at different loading conditionghan in the pre-linacs. Since the structure is optimized
amplitude modulation of the SLED-I pulse is needed to reor the pre-linacs, amplitude modulation is necessary to
shape the acceleration profile. Similarly, in the compressgbmpensate the loading in the booster. Fig. 2(b) shows
linacs where the beam loading voltag®i¥ out-of-phase the SLED-I pulse and the compensated energy deviation
with the acceleration voltage, phase modulation is need@glthe e~ booster. The loaded gradient in the booster

to produce a component in phase with the loading voltaggs 15.3 Mv/m and the residual energy deviation is about
Amplitude modulation is also required to obtain a flat comg 5 x 103,

pression voltage.
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4 BEAM LOADING COMPENSATION IN
3 BEAM LOADING COMPENSATION IN THE L-BAND ACCELERATORS

THE S-BAND ACCELERATORS . . .
The four L-band linacs will use a 5-meter structure opti-

All the S-band linacs will use the same structure design [4inized for thee™ booster linac [4]. The L-band klystrons
The parameters of the structure are optimized for the maare assumed to produce a peak power of 75 MW at a pulse
imum pre-linac beam current since the 8 GeV pre-linadength of 5.5us. The SLED-I cavities are simply scaled
constitute more tha60% of total S-band acceleration. The from the the S-band SLED systems.
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4.1 AT scheme for thet booster g1 77—

T T
----- SLED-l input |
= = SLED-I emitted

—— SLED-I output

An accelerator module for the" booster linac consists of 02
six structures powered by a pair of SLEDed klystrons. The u%
optimal fill-time obtained foAT compensation is 1010 ns
yielding a loaded gradient of 13 MV/m. Without additional
amplitude modulation, the minimum energy deviation is
1 x 10~3. Figure 3(a) illustrates the energy profiles for
thee™ booster.

#(EsLep)  (degree)

4.2 AF scheme for the™ capture

In theet capture section, the beam loading is too large to
be compensated with th&7T'" method alone. Additional
compensation is performed using tief’ scheme. The
capture linac consists of four 5-meter accelerator structures
and twoA F' structures operating &428+1.14 MHz. Each

AF structure is driven by a single klystron at 50 MW of

peak power with SLED-I pulse compression and the loaded ' ' 04 T 8;2) 08 10
gradient in the capture is about 12.7 MV/m. The residual

energy deviation is aboutx 10~2 as shown in Fig. 3(b).

= SLED output |

T T T T T T T L—]
«++ Klystronl
= = Klystron2 _|

Figure 4: Compensation for the L-band compressor linacs:

100 loaded gradient: 13 MV/m; energy deviatiof:11/E,.

] ¢"booster @)~ AE;CCE. B | Both amplitude and phase are modulated to compensate the

E ol L Commaetes o Ae=1x107) | beam loading and compression voltages.

g

E o ’ ./" frequency offset induced by the phase modulation. Simu-

4 LT T | lation shows that thé\ 7" induced by the phase modulation
s L1 ‘ -7 ‘ ‘ ‘ ‘ is small in thg SLED-I output, thus the effect of this fre-
200 — ‘ ‘ ‘ ‘ guency offset is expected to be small.

L e capture (b) - ﬁgaccel |

3 . AEpemaang . 5 SUMMARY

=100 - -, — Compensated (7 Ag=1x107)"

2 e e 1 The AT scheme has been shown to be effective in the

§ 0 — "/~ .:/——"' NLC low rf frequency linacs, except for thet capture

4 e )l linac whereAF scheme is required. Once optimized for
100 L1 -7 oy the nominal beam current, th&T scheme can be used

0.6 08 10 to compensate at different beam loading regimes, such as

the beam loading in the~ booster, with proper amplitude

modulations on the SLED-I pulse. Similarly, the scheme
Figure 3: Compensation in the L-baatl booster and cap- s applicable to these linacs when operating at “zero” beam
ture linacs. The fill-time is optimized for the booster linacrrent. In the future, we need to calculate the tuning toler-

with AT compensation. Extra beam loading in the capances and verify that the dispersive effects are minimal.
ture linac due to higher current is compensated by using

the AF scheme. Loaded gradients for both linacs are about
13 MV/m. No amplitude modulation on SLED-I. 6 REFERENCES
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pression voltage is withii% deviation. One of the issues

with the AT compensation for the compressor linac is the
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