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The X-Band linac of the Next Linear Collider (NLC) will acceler- 
ate bunches of about 100 p m  rms length to energies of 250-750 GeV. 
The task of the NLC bunch compressor is to reduce the initial bunch 
length of 4-5 mm, at extraction from the damping ring, by a factor 
of 40, to the desired value. This task is accomplished in two separate 
stages. The first stage at 2 GeV consists of an rf section and a wiggler. 
The second stage at 10 GeV is formed by an arc, an rf section, and 
a chicane. The system is designed such that the final bunch phase is 
insensitive to initial phase errors and to beam-loading in the intermedi- 
ate S-band pre-linac. Additional decelerating rf sections are employed 
to comDensate significant longitudinal aberrations. 

INTRODUCTION 

The design of the Next Linear Collider (NLC) calls for short bunches of 
about 1O'O particles to  be accelerated in an X-Band linac to energies of 250- 
750 GeV, at which point they are collided (1). A short bunch length is required 
in order to control the emittance growth caused by transverse wake fields in 
the X-Band linac and to avoid the luminosity reduction due to the 'hourglass 
effect' at the IP. The purpose of the NLC bunch compressor is to reduce the 
rms bunch length of about 4 mm at extraction from the damping rings to a 
value of 100 pm, which is suitable for injection into the main X-band linac 
and is equal to the vertical beta function at the IP. 

In addition, to simply compressing the bunch length, there are a number of 
other requirements on the compressor. One of the most difficult is that the 
bunch compressor will have to compensate bunch-to-bunch phase errors due 
to beam-loading in the damping ring. This requires a net rotation of ?r/2 or 
3n/2 in the longitudinal phase space so that the phase errors are converted 
into energy errors. Similarly, the compressor also must compensate for beam 
loading effects originating in its various accelerating sections. Finally, the 
compressor should provide a trombone-like arm, reversing the direction of the 
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beam before injection into the main linac. This gives space for abort systems, 
allows feed-forward from the ring to the linac, and facilitates future upgrades. 

The proposed bunch compressor comprises two stages and an intermediate 
S-band pre-linac which accelerates the beam from 2 GeV to 10 GeV (2,3). 
Furthermore, the bunch compressor includes a spin rotator system and it 
provides tuning elements and diagnostics to correct dispersion and coupling. 
The design is illustrated in Figure 1. 
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FIG. 1. Schematic of the NLC bunch compressor. 

The parameters of the compressor system are chosen such that, first, the 
energy spread at the end of the X-band linac is smaller than the bandwidth of 
the final focus system, second, no significant energy tails are generated, and 
third, both the mean energy and the energy spread at the end of the linac 
are insensitive to  the phase and energy errors resulting from beam loading in 
damping rings and pre-linac, respectively. 

The phase error at extraction from the damping ring may be as large as 
f20° S-band (or f6 mm), while at the end of the pre-linac the energy variation 
over the bunch train due to multi-bunch beam loading is about 0.15% (4). The 
tolerance on the phase at the exit of the second compressor is lAzI <lo-20 
pm in order to limit the relative energy change at  the end of the main linac 
to 0.1%. 

The following section describes the design of the two compressor stages. 
The origin of longitudinal nonlinearities and their impact on the performance 
are discussed in Section 11. Section I11 presents a compensation scheme based 
on additional rf sections. Section IV describes the final beam distribution 
according to simulations. Some conclusions are drawn in Section V. 

I. LAYOUT 

The first compressor stage (BCl), at 2 GeV, consists of an rf and a wiggler 
section. It rotates the beam by 90 degree in the longitudinal phase space, such 
as to convert initial phase errors due to beam loading in the damping ring 
into energy errors, and reduces the bunch length by roughly a factor of 10, 
from about 4 mm to 500 pm. This is realized by an rf section which generates 'Work supported by the Department of Energy, contract DEAC03-76SF00515. I 
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a 6-2 correlation, followed by a bending section with energy-dependent path 
length. In this case, the bending section is a wiggler consisting of four 90° 
cells with quadrupoles at zero dispersion points (2). For a given rf frequency 
(here L-band), all other parameters are determined by the incoming beam. If 
the initial energy spread is 6 = the desired bunch length is obtained with 
R56 = 0.5 m. Parameters are listed in Table I; in the table, the superscript c 
refers to the compensating rf system discussed in the next section. 

After BC1, a 500 m long S-band pre-linac accelerates the beam to  10 GeV. 
Following the pre-linac, the second compressor stage (BC2) performs a 360 
degree rotation in phase space, and reduces the bunch length to 100 pm, 
appropriate for injection into the main X-band linac. A 360 (or 180) degree 
rotation is required to prevent bunch-to-bunch energy errors, caused by beam 
loading in the pre-linac or phase errors in the damping ring, from translating 
(back) into phase errors in the main linac. 

The second compressor consists of an arc, a second S-band rf section and 
a chicane. In this case, two parameters may be selected independently, for 
instance, the rf frequency and the E56 of the chicane. We have chosen to 
use S-band rf because the waveform is more linear and transverse wakefields 
are much less severe than for X-band. The disadvantage of S-band is the 
additional length required; assuming similar gradients, one needs four times 
more S-band than X-band. 

To reduce the nonlinearities in the longitudinal transformation (T566 term 
in TRANSPORT notation (5)) the R.56 of the chicane is rather small, namely 
36 mm. The necessary rf voltage is then 3.87 GV and the length of the 
accelerating section is large: 200 m. The arc comprises 80 FODO cells using 
separated function magnets and it does not include distributed sextupoles, 
the alignment tolerances for which would be severe. Its R56 (and thus the 
final bunch length) can be easily adjusted with the horizontal phase advance; 
see Fig. 2. The chicane is constructed from four 10 m bending sections (2). 
Additional parameters are given in Table I. Where two values are listed in 
the table, the first refers to the arc, the second to the chicane. 

11. LONGITUDINAL NONLINEARITIES 

The parameters are chosen as described, and thus the system has the de- 
sired linear transfer matrix for the longitudinal phase space. Unfortunately, 
tracking simulations still show a large variation of rms-energy-spread and 
mean energy at the end of the main linac as a function of initial phase error. 
For instance, a f 6  mm initial phase error changes the final beam energy by 
roughly 0.2%-0.3% and the FWHM of the energy spread varies between 0.3% 
and 0.8%; these variations are too large to be tolerable. 

The most important aberration of the system is the quadratic dependence 
of the final longitudinal phase on the incoming energy (the so-called 2-566 
transfer-matrix element in TRANSPORT notation ( 5 ) )  for the different sub- 
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FIG. 2. R56 of the compressor arc and emittance growth due to synchrotron radi- 
ation in the arc as a function of horizontal phase advance per cell (in units of 2%). 

systems. 
To estimate its magnitude, let the trajectory of an arbitrary particle be 

described by a general dispersion function q as x = 76, where S is the relative 
momentum deviation. The dispersion function may be expanded as a power 
series in 5: 

q6 = 706 + r]# + . . . (1) 
For a system of bending magnets and quadrupoles with bending radius p and 
gradient k, the functions qo and 71 fulfill the differential equations (6) 

1 
V I + ( ; + k ) q o = -  P 

vY+ ($ +k) 31 = -1 P + (A+ f )  
which, for qo << p,  may be further approximated by 

1 
P 

q; + kqo = - 

The R56- and Ts66-matrix-elements may be expressed in terms of 7 0 , ~  as 

c x 
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TABLE 1. Parameters of the two compressor stages. The R50 of the arc, together 
with the rf voltages V,f and V,C of BC2, is adjustable, which facilitates bunch-length 
changes by a factor of 2; see afso Fig. 2. 

1st stage (BCI) 
2 GeV 

2nd stage (BC2) 
10 GeV 

4 mm -+ 500 pn 
0.1% 1.0% 

136 MV 
1.4 GHz 

9 m  
0.5 m 
100 m 

6.9 MV 
2.8 GHz 

0.5 m 
110 m 

500 pm -+ 100 pm 
0.25% -1.5% 

3.85 GV 
2.8 GHz 
200 m 

-21.1 cm, 36 mm 
370 m, 210 m 

274 MV 
11.4 GHz 

8 m  
750 m 

In case of wiggler and chicane kq0,1 = 0 and, therefore, ~1 = -qo .  Since 
T,$' zr; l / p ,  the second term in the expression for T566  can be integrated by 
parts, with the final result 

3 
2 (8) T566  zr; --&6 (for wiggler and chicane) 

We note that, in order to reduce the T566-matrix element, the value of the 
second order dispersion would have to be reduced. Unfortunately, this is 
difficult since changes to 71 tend to adversely affect the transverse emittances. 

For an arc, kqo,1 # 0 and there is no unique relation between R 5 6  and T566 .  
In case of the bunch-compressor arc we find T566  % 1.9 . R 5 6 .  Since energy 
variations and energy spread in the arc are quite small, its T566 is insignificant 
compared with the T566  coefficients of wiggler and chicane. It is the latter 
two which cause the large sensitivity of final energy to initial phase. The 
sensitivity arises as follows. Initial phase errors cause energy errors 61 after 
the first compressor rf, which in turn, due to the T566 of the wiggler, give rise 
to  a phase offset in the pre-linac. The result is an additional energy change 

which may either add to or cancel the energy error 51, depending on 
the sign of the offset. The second compressor further enhances the energy 
error and, due to the T566  of the chicane, generates a significant phase error 
in the main linac. A second effect, that is not very important for the NLC 
parameters, is that the T566 will cause the bunch to be asymmetric in z .  This 
effect can be much more significant when compressing a greater amount. 

111. COMPENSATION 

Because the T566  in the wiggler and chicane severely degrade the perfor- 
mance of the compressor, we need to compensate for the effect. There are 
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three possible approaches: (1) directly reduce the T 5 6 6 ,  (2) compensate for 
the effect globally, or (3) compensate locally. As mentioned, the direct re- 
duction is difficult. The simplest approach is to utilize sextupole magnets. 
Unfortunately, in the NLC, the beams are flat with an emittance ratio of 
1 O O : l .  Thus, to prevent vertical emittance dilution due to skew coupling, the 
sextupoles have very tight vertical alignment tolerances. Alternately, one can 
try to modify the ql without changing the 70 with the quadrupole lattice. 
Unfortunately, this breaks the simple symmetry of the wiggler and chicane 
systems and it becomes difficult to minimize the higher-order chromatic emit- 
tance dilutions. 

The global compensation method relies upon choosing the parameters of the 
two compressors so that the second compressor cancels the effect of the T566  

in the first compressor. While this is possible, and is similar to the first-order 
compensation scheme proposed for the LCLS bunch compressor (7), such a 
scheme is not satisfactory. Unfortunately, the global schemes are much more 
sensitive to the detailed parameters of the compressors and would inhibit the 
tuning flexibility during operations. Furthermore, the system would have to 
be retuned when changing bunch currents since the longitudinal wakefields 
are significant and must be considered. 

For these reasons, we have adopted a local compensation technique where 
the compensation is performed with an additional decelerating rf, located in 
the compressor before the bending magnets of the wiggler of chicane. The 
purpose of this rf is to cancel the quadratic dependence of the final phase zf 
on the longitudinal position (the phase error) at the compressor rf. Consider 
the main compressor rf 

V sin( -kz) 

and a compensating rf 

-Vc cos(-kcz) 

(9) 

with Vc small compared with the beam energy E ,  Vc << E ,  followed by a 
chicane or a wiggler. The phase z f  at the exit of this system depends on the 
initial phase zrj  at the rf as 

(11) 1 c c 2  zf = (1 - R56f)zr.f + T 5 6 6 f 2 z : j  + Z R 5 6 . f  k Zrf 

Here, f" is the value of V C k C / E  for the compensating rf, and f E Vk/E the 
corresponding value for the main compressor rf; k E 2n/A being the wave 
number. The sum of the quadratic terms in Eq. (11) is zero if we choose 

where we have used Eq. (8). The required voltage V c  is about 7 MV and 
300 MV for an S-band and an X-band compensation in the first and second 
compressor stage, respectively. 
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TABLE 2. Four different NLC scenarios considered in the bunch-compressor sim- 
ulations. 

8 

NLC-Ia NLC-IC NLC-IIa NLC-IIc 
rms bunch length 100 pm 150 pm 125 pm 150 pm 
Nlbunch [lo1'] 0.65 0.85 0.95 1.25 

Ern,, [GeVl 267 233 534 473 

The residual longitudinal aberrations are now of third and higher order. An 
initial phase error or multi-bunch beam loading may cause an energy offset 
of the entire bunch at the entrance to  BC2. In addition, the longitudinal 
wakefields in the pre-linac induce a (mainly) quadratic 6-z-correlation, where 
z is the longitudinal position of a single particle with respect to the bunch 
center, and 6 the relative momentum deviation of a single particle at the end 
of the pre-linac. Due to the R56 of the arc, this energy error translates into a 
position error a t  the two rf systems of BC2, which is transformed once more 
into energy by the rf, and back into longitudinal phase by the T566 of the 
chicane. The final phase zf of a single particle at the exit of BC2 is 

zj az - bz4 - cb2a2 - d6z2 - e6z4 + . . . (13) 

where a w 115-1/7 is the desired linear compression ratio, and the four non- 
linear terms on the right-hand side are about the same size (10-20 pm), for 
typical values 6 % f0.004 and z 500 pm. These four terms would be 
negligibly small if the pre-linac wakefields were absent. 

IV. PERFORMANCE 

To determine the optimum parameters of the system, we have considered 
four NLC scenarios, corresponding to different bunch lengths and energies (see 
Table IV). In all scenarios, computer simulations of the longitudinal single- 
bunch dynamics have been performed using a modified version of the code 
LITRACK (8). In these simulations a distribution of particles, as extracted 
from the damping ring, is tracked through the different compressor subsystems 
and the main X-band linac. 

In the simulation, studies the phase of the X-band linac was adjusted to 
obtain a final full-width-half-maximum energy spread of about 0.8%. This 
energy spread is slightly smaller than the energy bandwidth of the final focus. 
Figures 3-5 illustrate tracking results for NLC-Ia (Table IV). The figures 
show the longitudinal and energy profiles at the end of the main linac for 
three different injection phases, AZ = 0, +6 mm, -6 mm, demonstrating the 
insensitivity of the final beam distribution to initial phase errors. 

In Figure 6, the average energy is plotted as a function of the initial phase, 
for four different NLC scenarios (Table 2). Figures 7 and 8 show equivalent 
pictures for the rms and full-width-half-maximum energy spread, respectively. 

These figures illustrate that average energy and energy spread at the end of 
the main linac vary by no more than 0.1% for initial phase errors up to f20° 
S-band (or f6 mm). 
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FIG. 3. Longitudinal position and energy profiles at the end of the NLC main linac 
for Ne = 6.5 x lo9 particles per bunch and a final bunch length of 100 pm (NLC-Ia); 
the initial phase error was zero. 
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FIG. 4. Longitudinal position and energy profile at the end of the NLC main linac 
for Ne = 6.5 x lo9 particles per bunch and a final bunch length of 100 pm (NLC-la); 
the initial phase error was +6 mm. injection phase error. 
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FIG. 5. Longitudinal position and energy profile at the end of the NLC main linac 
for Ne = 6.5 x lo9 particles per bunch and a final bunch length of 100 pm (NLC-Ia); 
the initial phase error was -6 mm. 
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FIG. 6. Variation of the average beam energy at the end of the NLC main linac 
with the initial phase error for the cases: NLC-Ia, NLC-IC, NLC-IIa, and NLC-IIc; 
the nominal beam energy i s  roughly 250 GeV in NLC-I and 500 GeV in NLC-11. 

V. CONCLUSION 

A design of a two-stage bunch compressor for the NLC has been described. 
To minimize the impact of nonlinearities in the longitudinal phase space, the 
compressor parameters had to be carefully chosen, and, specifically, large com- 
pressor voltages were required. In addition, it proved necessary to compensate 
the dominant longitudinal aberration. We use a local compensation which is 
provided with dedicated rf sections. The performance of the final scheme 
surpasses the design goals. 
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