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Abstract

We discuss tolerances and correction schemes needed to con-
trol single- and multi-bunch emittance in the NLC main linacs.
Specifications and design of emittance diagnostic stations will
be presented. Tragjectory correction schemes appropriate to si-
multaneoudly controllingthe emittance of amultibunchtrain and
the emittance of individual buncheswithin the train will be dis-
cussed. We discuss control of bunch-to-bunch energy spread
using a ramped RF pulse generated by phase-modulating the
SLED-II input. Tolerances on ions, wake fields, quadrupole
alignment, and accel erating structure alignment will be given.

|. INTRODUCTION

The X-band linacs in the NLC will accelerate low emittance
electron and positron bunch trainsfrom 10 GeV to 250 GeV in
the initial phase of running, and from 10 GeV to 500 GeV &f-
ter upgrades to the rf system. For initial (upgraded) operation,
trains of 90 (75) bunches with 0.65 x 101° (1.1 x 10'°) parti-
cles per bunch, and a 1.4 ns spacing between bunches, will be
accelerated at arepetition rate of 180 (120) Hz. The X-band ac-
celerator structuresthat will providethe high accel eration gradi-
ent (50 MeV/m unloaded duringinitia operation and 85 MeV/m
after upgrades), will aso heavily load the beam (25% by the
last bunch) and producestrong long-rangeand short-rangetrans-
verse wakefields when the beams are off-axis. The preservation
of the emittance of the beams (nominaly ve, = 3 x 10~° and
vey = 3 x 107®) and the energy spread (~0.1%) will require
tight alignment and rf control tolerances. Meeting these toler-
ances will require that various beam-based corrections schemes
be employed during operation. Inthefollowing sections, wedis-
cuss some of the tolerances and correction schemes after giving
abrief description of the linac layout.

1. LINAC LAYOUT

The main linac will be basically an array of X-band accel-
erator structures interleaved with a FODO quadrupole lattice
and interspersed with beam diagnostic devices. In order to
provide maximum flexibility for using beam-based methods to
control beam emittance growth, the accelerator structures and
guadrupolemagnets (quads) will contain beam positionmonitors
(BPMs) and will be supported on remotely controlled mechani-
cal movers.

The current design for the NLC main linac accel erating struc-
ture incorporates both detuning and damping, where the damp-
ing is accomplished by coupling all cellsin the structure to four
paralle manifoldg2][3]. The @’s of the modes in the lowest
dipole passband are lowered to about 1000, which is sufficient
to control multibunch beam bresk-up. The manifolds will aso
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serve as BPMs that provide measures of the beam position rel-
ative to the structure axes. The 1.8 m long accelerator struc-
tures will be supported in pairs on a common strongback, and
the strongback itself will be supported by moversthat haveinde-
pendent horizontal and vertical positioning control at two points
along the strongback. The structuremoverswill attach to acom-
mon girder, which itself will attach to the beam line support
pedestal viamanually adjustable supports. These girder supports
will beused to set theinitia positionand orientationof the struc-
turepairs.

At the beginning of the linacs, a quadrupole magnet will be
located after each structure pair. The separation of the quads
will increase in two-structure increments along the linacs, from
one pair of structures to five pairs at the end of the linacs. The
magnet lengths will likewise increase, from about 0.1 mto 1 m.
Each quad will contain a stripline BPM in its bore, and each
quad/BPM unit will be mounted on a magnet mover, which in
turnwill be mounted on amanually adjustabl e support. Together
thissystem will have the same adjustment capability asthestruc-
tures.

1. ALIGNMENT AND TRAJECTORY
CORRECTION

Misalignments of the quadrupole magnet centers about the
nominal linac axiswill produce dispersion and hence beam emit-
tance growth because of the non-zero energy spread. Methods
that are generally used to align the quads have accuracies that
depend on the distance scale of the alignment, so it is useful to
characterize the alignment tolerance in terms of the wavelength
of the misalignments. In computing these tolerances, we as-
sumethat the quad offsets are sinusoidal withwavelength A, and
that bunches are steered to zero in the BPMss, which themselves
are centered in the quads. Figure 1 shows the tolerance on the
misalignment amplitudefor a 3% vertical emittance growthasa
functionof A. Therapid riseinthetol erance above 160 m occurs
since A becomes larger than the longest betatron wavelength in
the linac, so the dispersion averages out.

Theinitia placement of the quads and structureswill be done
with conventiona surveying techniques. Most likely, triangu-
lation and leveling methods will be used in combination with
Global Positioning System (GPS) datafrom satellites. Thelong-
range alignment accuracy will be within the dispersion related
tolerances shownin Figure 1. However, at wavel engthslessthan
afew hundred meters, the accuracy will level off to values that
approach 100 microns on a20 m scale. At these wavelengths,
beam-based methods will be used to control the quad alignment
(these methodstend to be sensitiveto systematic errors at longer
wavelengths and hence it is better to rely on placement accu-
racy to achieve these tolerances). The quad aignment correc-
tionscomputed by these methods aregenerally highly correlated,
so one does not usually refer to the absolute level of quad align-



ment, but instead totheresidual dispersionremaining after align-
ment, which is a function of the BPM resolution and the align-
ment accuracy of the BPMs relativeto the quad centers.

The quickest and simplest beam-based quad aignment a go-
rithm is one that uses only the beam trgjectory data taken with
the nominal linac lattice. Having readings from N BPMsin N
guads alows one to determine N-1 quad offsets, with the align-
ment end-pointsbeing the beam positioninthefirst quad and the
BPM zero of the last quad: the outgoing beam angle is uncon-
strained. One would align N-1 quads at atime, one group after
the next, using the magnet movers to control the quad positions
to the micron level. Vaues of N that would be practica range
from 50 to 100, or /14 to 1/7 of the total number of quadsin
each linac.

Althoughthis method would only requirethat the quad BPMs
have resolutions of afew microns, it also requires that their me-
chanical pluselectronic offsetsrel ativeto the quad magnetic cen-
ters be known to thissame level. These offsets can be computed
in a beam-based manner as well, but this requires changing the
linac quad settings and would slow down the quad aignment
process and disrupt colliding beam operation. To minimize the
impact of such measurements, the BPM system will be designed
to either insure that any driftsin the offsets after measurement
will be accurately monitored, or that the changes will not be sig-
nificant on at least a 24 hour time scale so that at most one mea-
surement a day would be needed. Achieving stable BPM off-
setswill be especialy important if the quad aignment algorithm
needs to be implemented as afeedback loop in order to keep up
with the effect of ground motion changes on short (hourly) time
scales.

Another potentialy large contributor to beam emittance
growthinthe NLC linacsisthetransverse wakefield that is gen-
erated as the bunchestravel off-axisthrough the structures. The
wakefield degrades both the beam emittance (i.e, it generates
bunch-to-bunch orbit variations) and the bunch emittances (i.e.,
it generates differentia kicks along the longitudinal bunch pro-
files). Although the structure detuning and damping will signif-
icantly suppress the strength of the long-range wakefield, and
BNSdampingwill effectively cancel theeffect of the short-range
wakefield on betatron motion, the alignment tolerances for the
structures are still tight.

In computing theses tol erances, we supposethat the quads and
BPMsare perfectly aligned, and that the net wakefield kick to the
beam isremoved locally by steering the beam centroidto zeroin
theBPMs. Asinthedispersion case, we consider misalignments
ondifferent length scales, athoughin this case we assume piece-
wise misalignments as opposed to sinusoidal, where the piece
lengths vary from sub-structure sizes to multi-structure groups
[4]. Using conventiona optical alignment techniques, it would
be extremely difficult to achieve the required tolerances (of or-
der 10 microns) at scales greater than afew structurelengths. In-
stead, the structure mover system will be used to align the two
structures as awhol erel ative to the beam trgjectory based on the
dipole mode signals from the structure damping manifolds. Sig-
nals from two modes near the ends of the structure will be se-
lected with filtersand measured so that both the positionand ori-
entation of the structure rel ative to the beam can be determined.
The average of the measurements from thetwo structureswill be
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Figure 1. Misalignment tolerance for a 3% vertical emittance
growth as a function of misalignment scale A.

used to remotely adjust the mover positionsat themicronlevel to
better center the pair about the beam trgjectory. This procedure
will beiterated with the quad alignment algorithm if significant
orbit changes occur.

The difference in the measurements from each structure pair
will be used to monitor the relative structure alignment on the
strongback. This aignment and the interna alignment of each
of the two structures will be established prior to installation by
optical means. There will be six supportson each structure that
can be adjusted to meet the required tolerances; the tolerances
on shorter length scales will be achieved by precision assembly
of the cells prior to brazing. Adjustmentsto the six supports on
each structure will gill be possible in-situ, athough not easily
given the precision required.

V. ION EFFECTS

IntheNLC linacs, ionsare created by collisional ionization of
the residual gas. Light ions, such as hydrogen, are overfocused
and lost between bunches, while, in the first part of the linac,
heavier ions are trapped within a bunch train. Trapped ions &f -
fect the beam dynamics in three different ways. First, the addi-
tional focusing of thetrailing bunches duetotheionswill lead to
an increased filamentation which isinsignificant only for avac-
uum pressure below 10~2 Torr [5]. Second, theionscause anon-
linear octupole-like coupling of horizontal and vertical betatron
motion, whose effect is greatly reduced when the horizontal and
vertical phase advances are separated by about 5% [5]. Third,
the coupled motion of beam and ions may result in a fast trans-
verse multi-bunch instability of the electron bunch train in the
linacs. If the pressure is 10~3 torr, the expected instability rise
time at the start of the main linac is about 160 ns [6], assuming
90 bunches of 6.6 - 10° particles each and carbon monoxideions
(CO). The beam-ion instability disappears when the ions are no
longer trapped within the train. The distance at which this hap-
pens depends on the beam current and on the ion mass. As an



example, for abunch train of 90 bunches and 6.6 - 10° particles
per bunch, CO ions are trapped up to abeam energy of about 38
GeV, which correspondsto adistance of about 800 minthemain
linac. For an average CO pressure of 2 - 10~2 torr and an ini-
tial bunch-to-bunch offset of 0.01c, the expected total dilution
of the vertical emittance due to the beam-ion instability is then
about 4%. At 5 - 10~8 torr the dilutionwould exceed 100%. For
higher beam intensitiesfewer ionsare trapped over ashorter dis-
tance, and the pressure tolerance is looser.

V. MULTIBUNCH ENERGY CONTROL

The method of multibunch energy compensationisto linearly
ramp the input RF pulse during one filling time just prior to in-
jection of thebeam [7]. Without such compensation, therewould
be a drop of energy of about 25% from the head of atrain to the
tail, due to beam loading of the accelerating mode. The band-
width of the present NLC fina focusdesignis=4-0.7% [8]. Thus,
the multibunchenergy spread and thevariationintheaverage en-
ergy of the beam must both be controlledto afew tenthsof a per-
cent. Thesimplelinear ramp givesquitegood compensation, but
the RF pulse could be further corrected to improve the compen-
sation (and maintain it viafeedback as conditionsvary).

Parameters used in the simulations are as follows: RF fre-
quency, f,; = 11.424 GHz, section length = 1.8 m, attenuation
7 = 0.505, fundamental mode @ = 7107, fundamental mode loss
factor x; = 203.75 V/pC, filling time, 7'y = 100 ns, bunch spac-
ing =16\, ; ~ 42 cm, bunch charge =1 x 10'°. We model the
linac as made up of CG sections, with 27 /3 phase advance per
cell.

The bunches must be placed ahead of the RF crest (by about
13° for the parameters used here), to compensate the intrabunch
energy spread. When the energy spread is optimized, thereisa
residual rmsfractional energy spread (including both intrabunch
and bunch-to-bunch spread) of about 0.2%.

We examined the sensitivity of the rms energy spread and the
mean energy of the multibunch beam to bunch length, bunch
charge variations, and rippleof theincoming RF pulse. The opti-
mum energy compensation isnot very sensitiveto bunch length.
A 20% change in bunch length away from the nominal value of
100 pzm produces an additiona rmsenergy spread of about 0.1%.

The compensation is quite sensitive to systematic changes in
bunch charge, i.e., changes that are similar for al bunchesin the
train. Changing all the bunch charges by 2% from their optimum
value increases the rms fractiona energy spread from 0.2% to
0.3%. Changing all the bunch charges by 0.3% from their opti-
mum val ue produces a shift of about 0.1% inthe centroid energy
of the beam.

The sensitivity to RF phase and amplitude ripple was studied
asafunction of time scale and amplitude of theripple. Thetight-
est tolerances occur for ripplethat haslarge variationson atime
scale comparable to the 100 nsec filling time, i.e. if therippleis
taken to be sinusoidal, the tightest tol erances occur for sinusoids
with periods of 200 to 400 nsec. For shorter time scales, therip-
ple partly averages out over a filling time, loosening the toler-
ances. For longer time scales, the rms energy spread tolerances
loosen somewhat, while the centroid energy tolerances remain
about the same. Thetolerances al so depends on whether therip-
pleissimilarin all accelerating sections— if it israndom from

section to section, the tolerances are of course looser. The most
pessi mistic estimate, assuming atolerance of 0.1% increment to
the rms energy spread, is+0.5° for the phase rippleand +0.3%
for thefield-amplituderipple. The most pessimistic estimate, as-
suming atolerance of 0.1% energy centroid shift, is +0.3° for
the phase rippleand +:0.3% for the field-amplituderipple.

References

[1] T.Raubenheimer, et.dl.,” Parameters for the SLAC Next Lin-
ear Collider”, this conference.

[2] N.Kroll,et.d.,“Manifold Damping of the NLC Detuned Ac-
celerating Structure”, 6th Workshop on Advanced Acceler-
ator Concepts,, Lake Geneva, WI, 12-18 June 1994; SLAC-
PUB-6660.

[3] K.Ko, et.d.,"Design Parameters for the Damped Detuned
Accelerating Structure”, this conference.

[4] K.Kubo, etd., “Alignment Tolerances of Acceerating
Structures and Correction Schemes for Future Linear Col-
liders’, this conference.

[5] T. Raubenheimer and P. Chen, “lonsinthe Linacs of Future
Linear Colliders’, presented at LINAC 92, Ottawa,(1992);
SLAC-PUB-5893.

[6] T.Raubenheimer and F.Zimmermann, “A Fast Beam-lon In-
stability”, this conference.

[7] K.A. Thompson and R.D. Ruth, Proceedings of the 1993
Particle Accelerator Conference, May 17-20, 1993, Wash-
ington, D.C.; SLAC-PUB-6154.

[8] FZimmermann et.d., “A Final Focus System for the Next
Linear Collider”, this conference.



