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Abstract g ‘

) o 1Af>6t, !
The NLC low frequency (S and L band) rf linacs are heav- for reasonable linearity
ily loaded by a beam of about 130 ns in macropulse length |
(90 bunches) and a current up to 2.75 Amps. Beam loading 1
generates a large energy spread along the bunch train. For | !
these linacs, the bunch train is much shorter than the filling * :

time of these linac structures, and the energy of the beam |
drops approximately linearly with time during the pulse as
a result of beam loading. For such a case, there are two nat- !
ural choices for beam loading compensatiy¥ (which ‘
achieves compensation by injecting the beam before the .
accelerator structure is full) andF" (which compensates

by having some accelerator Se,Ct'O”Sff@& AF). There Figure 2.1: Compensation voltagg(¢) of a AF section.

are, however, disadvantages with these methods: non-loca

compensation in th& F' method (except using many short

AF sections) and low efficiency in thAT method due The seven S-band and four L-band low rf frequency
to short filling time and amplitude modulation required fofjnacs in the NLC complex each accelerates a different
compensation. In this paper, we will discuss a combinegeam cyurrent. For example, in phase-l operation, current
AT + AF method. In this scheme, the filling time of ;, the S-bande*-drive linac is 1.5-A while in thee—-

the structure is optimized fak7T compensation for phase-I prelinac is 1.0-A. Further more, the currents will 5&%
operation. In phase-Il operatiod\ /" sections are used 10 o6 in phase-Il operation. This requires the compensa-
compensate the extra Z(beam loading due to higher cur- j5 schemes to be capable of compensating beam load-
rent. Simulations have shown that up td786f power can ing of wide range of beam currents. BothF and AT

be saved by using this method. schemes have been proven to be effective with NLC oper-
ation parameters [2]. However, there are advantages and
1 INTRODUCTION disadvantages with thA F and AT methods. While the

The NLC [1] S-band L-band linacs are heavily loaded byAF scheme has high efficiency (for high currents), it yields
a beam of about 130 ns in macropulse length (90 bunche®)POOr energy spectrum along the accelerator. &he

and a current up to 2.75 Amps. Energy compensation fheéme, on the other hand, gives a good energy spectrum,
required in order to obtain a small energy spread along ti!t is low in efficiency for high beam currents. To solve
bunch train. The pulse length of the bunch train in these at€ problem, we present, in this paper, a hybrid approach
celerators is much shorter than the reasonable filling tim&§ing AT + AF. Under high beam loading conditions,

of the structures which are in turn shorter than the ringingompensation is distributed betwe&¥" and AF". Both

time, 2Q /w, for the structure. In this situation, the energy>7 @ndAF are operated to compensate a lower beam cur-
of the beam will drop approximately linearly with time dur-"€nt, which improves the efficiencyM/’) and reduces en-
ing the pulse as a result of beam loading. For this cagd9y spreadAF). The machine parameters used in this
there are two natural choices for beam loading compens@@per are for the present design. They may evolve in the
tion: 1) AT (early injection and amplitude modulation), future.

i.e., inject the beam before the structure is full and mod-

ulate the amplitude of the input power to produce a slope 2 AF COMPENSATION

in the acceleration voltage that cancels the beam loading;

2) AF, i.e., having one or more accelerator structures ruiR an compensation accelerator section powered by rf at
ning at a frequency 1 to 2 MHz above or below the nominak frequencyFy + AF, the bunches see a field which ap-
frequency and roughly in phase quadrature from the accglears to vary with the difference frequen&yF as shown
erating phase. Thus the beginning of the pulse can be de-Fig.2.1. If the beam pulse length satisfies the relation
celerated by the off frequency section(s), while the end gf < G_Al_ and is phased as shown, the energy gain will

the pulse is accelerated. vary quite linearly with time.
*This work was supported by the U.S. Department of Energy, under The frequency offsef I’ of the Comp?nsation sections
contract No. DE-AC03-76SF00515. need to be chosen between the requirement of compen-

0-7803-4376-X/98/$10.00 [J 1998 IEEE 599



Energy spread

Figure 2.2: Energy spread in an accelerator module with

AF compensation in the middle. i t ; t
Beam@&fww vamax

sation power ¢ 1/AF?) and the residual energy spread i

(< AF?). We have chosen AF (1.4 MHz for S-band) | t |

such that the phase spread of the bunch train inAlié

section is about 60 The maximum compensable beamgigyre 3.3: AT beam loading compensation using early

loading voltage in this case is equal to the maximum agpjection,

celeration of theA F’ section. With 25, maximum beam

loading at nominal operation, odeF’ section can compen- 3.00 —T — -

sate beam loading of a module of four regular sections. SLED-I output
Within each module, with the\F' section in the mid-

dle, the beam energy spread reaches half of the compen? 2.00

sation voltage of a single off-frequency section as showrp

in Fig. 2.2. The compensation section then over correct%

by a factor of two which reverses correlation of energy= 1 00

with time during the pulse. In order to maintain a small €

enough energy spread to achieve an acceptable emittance

growth it appears necessary to distribute the power from 0 Lo R B Lo .

one klystron running off frequency to a number of short ~~ -2.4e-07 0.0 2.4e-07 4.8e-07 7.2e-07

accelerator sections, so that each correction is acceptably Time (sec.)

small. However, the high power microwave distribution

system to many shorhF compensation sections becomesigure 3.4: SLED-I wave forms for compensating 1, 1.5,

Unreasonably Complicated and eXpenSiVe. In addition %d 2.2-A beam currents USiM Compensation scheme_
non-localness ofAF' compensation, the residual energy

spreads (difference between the sine and “linear” beam

loading curves) of all modules in an accelerator have thglitude modulations in different modules of an accelera-

same distribution along the bunch train and they add up. tor is independent and the residual energy spread can be
made random. The residual energy spréaf at the end

3 AT COMPENSATION of the accelerator will be/ NAE,,,oqui.. The relative en-

ergy spread is proportional i/ v/N.

The way AT compensation works is shown in Fig. 3.3 in  For 1.5-A current with optimized filling time, the effi-

which the voltageV; (¢) produced by a step function rf ciency of AT is comparable taAF'. For 1- and 2-A cur-

pulse is plotted as a function of time for a traveling waveents, the efficiency is about 30lower due to amplitude

linac section. Also plotted is the beam induced voltagenodulation, Fig. 3.4.

V(). The resultant sum dfy(¢) andV;(t) is plotted for

the case where the beamiis turned on before the linac strug; | vgRID AT + AF APPROACH FOR POWER

ture is full. . . SAVING
For SLED-I driven structures, the input power to the

structure decreases exponentially [3]. As a result, the slopew efficiency with AT compensation is mainly due to
of the acceleration voltage decreases with time. To conamplitude modulation of the SLED output. One can im-
pensate at high beam currents in the NLC, it is preferabjgrove the efficiency of thé\T' compensation scheme by
to used a reasonably short filling time. In addition, theoptimizing the filling time of the structure for each given
power profile needs also be modulated to change the slopeam loading current to avoid amplitude modulation. It is
of the acceleration voltage, which enables to compensatffective at relatively low beam currents, fails at high beam
beam loadings of different currents. The advantagA®f currents where the filling time of the structure would be-
compensation is that the compensation occurs in every amame too short. For the later case, a compromise can be
celerator section, so that the energy spectrum can be gofedind between energy spectrum and efficiency by combin-
through out the linac, thus minimizing emittance growthing AT and AF. With the combined scheme, the filling
from dispersion and chromatic effects. In addition, the antime of the structure is optimized to compensate a lower
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Figure 4.5: A sketch oAT + AF compensation scheme. [3] Z. D. Farkas andet al, “SLED: A Method of Doubling

Table 4.1:AT andAT + AF results for the NLC prelinacs

Phase-I Phase-I|
Current (A) 1.0 15
Eyccer/module| 310 (244) 305 (254)
(MeV)
AE/Eqccel 1.1x107% | 9x10~*
(3.2x107%) | (1.1 x 1079)
Par/module | 0.0 5
(Mw)
P saved 38% 30%

beam currentusindT’, andAF' sections are used to com-
pensate the extra beam loading when operating at high cur-
rents. In this case, thAF' section compensates only a
small fraction of total beam loading, non-localnesg\of

is less a problem. A sketch of an accelerator module with
AT + AF compensation is shown in Fig. 4.5.

In the NLC, The current in phase-Il is Z0more than in
phase-I. With the combinefiT + A F' concept, it is natural
to optimize the filling time of the structure fakT com-
pensation for phase-I. In phase-N\}" sections are used to
compensate the extra beam loading, which is onf 20
the total phase-Il beam loading.

A comparison betweedT and hybridAT + AF in
power requirement is shown in table 4.1 for the S-band
prelinacs operating in phase-l and phase-Il. The numbers
in parentheses are for pufel’ compensation. More than
30% of power can be saved with the hybrid approach in
both phase-I and Il operations for the prelinacs. Similar
results were found for other NLC low rf linacs with the
AT + AF approach.

5 SUMMARY

In this paper, we have discussed the advantages and disad-
vantages of using7" andA F' beam loading compensation
schemes in term of efficiency and local energy spectrum for
SLED-I driven disk-loaded waveguide structures. Compro-
mise between efficiency and energy spread was found by
using a hybridAT + AF approach. With the NLC S-band
prelinac parameters, overZ®f power can be saved by us-
ing the hybrid scheme as compared with piE scheme
(filling time optimized for 1.5-A current). Similar power
saving can be obtained for other low rf frequency lincas in
the NLC complex.
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