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Abstract

Proposed International linear collider (ILC) involves
high average beam power. Dealing with high average beam
power and smaller beam sizes result in stringent tolerances
on beam losses and therefore, extensive studies are re-
quired to investigate every possible scenarios that lead to
beam losses. In this paper we discuss beam losses due to
failure of critical elements in beamline for ILC bunch com-
pressors and main linac.

INTRODUCTION

The ILC [1] is a proposed electron-positron linear (linac)
collider with nominal center of mass energy (Ecm) in range
0f250-500 GeV. It would deliver a beam pulse containing
1312 bunches (Ng) with 2x10! particles per bunch (n,) at
repetition rate (fr.p) of SHz. Thus, average beam power (P)
estimated using equation (1) is about SMW.
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As shown in equation (2), luminosity (L) is inversely pro-
portional to the transverse RMS beam sizes (o, Gy). Thus,
in order to achieve high luminosity ILC would deliver a
beam with smaller RMS size < 100 um.
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Involvement of high average beam power and small
beam size and therefore, high charge density results in
stringent tolerances on beam losses. Consequences of high
beam losses are very severe in ILC like superconducting
accelerators. High beam losses could result in radio-activa-
tion and therefore interrupt hands on maintenance. In some
worst cases localized beam losses could lead to melting of
element’s surface resulting its destruction. Replacing of el-
ements in the cryogenic environment takes a long time
leading to the unscheduled beam interruptions. Thus, a de-
tailed study is required to understand every possible beam
losses scenarios and to quantify in terms of their severity.
This knowledge will facilitate in preparing an advanced
machine protection system (MPS) that will protect the ma-
chine from any potential damage and will assist the ma-
chine to operate in fail-safe mode. In this paper we discuss
potential beam loss mechanisms in ILC linac and assess
them in terms of their severity.
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FAILURES OF CRITICAL COMPONENTS

Total length of ILC is more than 30 km and it is com-
posed of several thousands of beamline elements. Contin-
uous operation of those elements in pulse mode increases
the possibility of their failure. Failure of a quadrupole mag-
net will change transverse focusing period of the beam. It
will result in a beam mismatch with subsequent sections
and eventually beam losses. Similarly a malfunctioned ac-
celerating cavity will cause mismatch in energy with sub-
sequent sections. Failures of elements in beamline can be
placed in two categories, temporary failures and permanent
failures. As name suggests, temporary failures are recover-
able after applying appropriate mitigation scheme. On the
basis of recovery time, temporary failures are further di-
vided into two categories i.e. fast failures that are recovered
at the time scale of microsecond and slow failures that are
recovered within milliseconds. An abrupt jump in operat-
ing phase of the cavity will result in a fast failure. Quench
of superconducting cavities, power trip, and vacuum break-
down leads to slow failures. Impacts of fast failures are
on bunches in a pulse while implications of slow failures
are distributed among pulses. All the beam pulses get af-
fected from the permanent failures of beam-line elements.
Thus, failures of critical components in beam-line are ma-
jor source of beam losses. In subsequent sections we stud-
ies failure modes in ILC bunch compressors and main
linac.

FAILURE MODES IN BUNCH COMPRES-
SORS

ILC deploys two stage bunch compression scheme to de-
liver ultra-short bunches to the main linac. First stage of
bunch compressor (BC1) consists of three cryomodules.
BC1 is followed by second stage of bunch compressor
(BC2) which is composed of 16 RF units. Each RF unit
consists of three cryomodolues. Beam energy at entrance
and exit of BC1 is 5 and 4.86 GeV respectively. Beam en-
ergy at the end of BC2 is 14.83 GeV. Initial bunch length
at the BC1 is 6 mm while bunch length at the exit of BC1
and BC2 is 0.9mm and 0.32 pm respectively.

RF Phase Errors in Bunch Compressors

Operating RF phases and gradients in cavities at BC1 are
-115°% and 18.7 MV/m respectively and at BC2 they are
-24% and 25.5 respectively. A change in operating parame-
ters of the cavities will deviate beam energy from its design
value. Consequently, there will be mismatch in following
dispersive wiggler section. Furthermore, variating in oper-
ating phases may also introduce non-linearity in longitudi-
nal phase space. Thus, these changes in nominal operating
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parameters not only limit possible minimum bunch length
that could be obtained in bunch compressor but eventually
result in beam losses.

A potential source of phase error in beam line is mal-
functioning of master clock. The reference timing signals
are generated using a master clock and therefore, offset or
failure of this system will result in timing error between
beam arrival and RF fields in cavity. Furthermore, failure
of LLRF phase amplitude control system also leads to co-
herent phase shifts in cavities. In order to understand sen-
sitivity of bunch compressor against phase errors, studies
are performed to evaluate RF phase acceptance for BC1
and BC2.

100 16
—~ <
D\o V]
L <)
H %
E B0 e B[ LEVT T T | ] e — 15 s
w
o @
(aa]

So0 -100 0 100 200"

Cavity Phases(deg)

Figure 1: Distribution of beam losses with variation in op-
erating RF phases of cavities in BC1.

To estimate phase acceptance of BC1, beam is tracked
through BC1 and BC2. RF phases in all cavities at BC1 are
varied from -180° to 180°. However, nominal phases are
used in cavities at BC2. Figure 1 shows distribution of
beam losses after performing phase scan in BC1. One can
notice beam losses for the phases ranging from -90° to
120°. A green arrow points out phase acceptance regime
where no beam losses are observed.
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Figure 2: (a) Horizontal and vertical beam size distribution
and (b) a zoomed view of longitudinal phase space at the
end of BC2 for the case when all cavities in BC1 operate
at crest (0° RF phase).

In order to investigate nature of beam losses, we studied
a case when complete beam is lost along bunch compres-
sor. Figure 2(a) shows transverse beam size distribution of
lost beam. It can be noticed that beam transverse sizes are
very large ranging -20 cm to 20 cm in both horizontal and
vertical direction. Figure 2(b) shows longitudinal phase
space of the beam. It can be observed that particles energy
vary from 2 to14GeV. Bunch size is ranging from 60 mm
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to 10 mm. This beam distribution suggests a hollow beam
which implies that beam losses are scattered in beamline.
Consequently, deposited energy density is low that reduced
the possibility of significant damage of beamline elements.
Similar study is performed for BC2 to evaluate its RF
phase acceptance. All the cavities in BC1 are operated at
nominal phases while phases are scanned from -115° to
115%in BC2. It can be observed from figure 3 that phase
acceptance of cavities in BC2 is ranging from -40° to 40°.
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Figure 3: Distribution of beam losses with variation in op-
erating RF phases of cavities in BC2.

Failures of Accelerating Cavities:

Power trip, quenching, failure of low level RF control
system, failure of auxiliary components such as power cou-
pler, tuners and excessive field emission are common situ-
ations that interrupt nominal operation of the accelerating
superconducting cavity. A study is performed to evaluate
implications of cavity failure in bunch compressor.

T
—NMean Losses 405w
| 90% machine Losses [ i

-

=3

o

No, of Linacs
IS

w

s
PR
g S 9

0 200 400 800 1000 1200

600
&DZ 0.04 0.06 008 1 Position (m)
Beam Losses per seed (%)

(a) (b)
Figure 4: (a) Distribution of beam losses and (b) vertical
aperture profile in bunch compressor. Beam losses are
shown using vertical blue lines.
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Figure 4(a) shows the distribution of beam losses in per-
fectly aligned linac for the case when 15 cavities are failed
in BCI. It can be observed that even for worst machine
beam losses are less than 0.15 %. Location of beam losses
are shown in figure 4(b). Beam losses occur at the quadru-
poles located in the end of BC2. However, after including
misalignment errors as specified in table 1, beam losses in-
creases significantly. It is because of fact that a misaligned
quadrupole generates a steering kick. Magnitude of kick is
inversely proportional to particle energy. In presence of
failed cavities, beam energy is lower than design energy
and therefore, beam received even a stronger kick from a
misaligned quadrupole that eventually leads to beam
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losses. One to one steering scheme is applied to correct
beam centroid trajectory. Figure 5 shows distribution of
mean losses with number of failed cavities for three cases
i.e. failed cavities in perfectly aligned beamline, failed cav-
ities in misaligned beamline, and failed cavities in misa-
ligned beamline with correction. It can be observed from
figure 5 that beam losses are negligible even after failures
of significant number of cavities. However, beam losses
increases substantially after including misalignments er-
rors. One to One steering brings them back to lower level.

Table 1: Misalignment Tolerances in Bunch Compressor

Source Amplitude
Cavity Offset 300pm
Quadrupole Offset 300pum
Quadrupole Tilt 300urad
Cavity Tilt 300prad
Cryomodule Offset 200pm
Cryomodule Tilt 35urad
BPM Offset 300um
4 T - o 7 T ! i
. 52:::: with Misalignments * ------- ST | -
" Wt Cmre:mun: :
- W ]

[IFailure with Misalignments
[l <iter Correcton

=

Avergage Losses (%)
Avergage Losses (%)

r

10 20 30 40 50

2 79
No. of failed Elements No. of failed Elements

Figure 5: Average beam losses with failed cavities in BC1
(left) and BC2 (right) for different cases.

Quadrupole Failure

Potential sources of quadrupole failures are quenching
of superconducting quadrupoles, breaking of magnetic
coils and power supply trip.
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Figure 6: Location (left) and energy (right) distribution of
beam losses in bunch compressor after failure of five quad-
rupoles at random locations in BC1.

Figure 6 shows distribution of beam losses and their energy
in presence of failure of five random quadrupoles in BC1.
Nominal misalignment errors were also included. Most of
the beam losses occur at wiggler sections in BC1 and BC2
around energy of 5GeV and 15 GeV. Figure 7 shows dis-
tribution of mean losses with number of failed quadrupoles
in BC1 and BC2. It can be observed from figure that single
quadrupole failure alone (no misalignment) does not con-
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tribute to beam losses. Beam losses increases after inclu-
sion of errors. One to one steering assists to reduced beam
losses but becomes less effective as number of failure inci-
dents increase.
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Figure 7: Distribution of average beam losses with no. of
failed quadrupoles in BC1 (left) and BC2 (right).

FAILURES MODES IN MAIN LINAC
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Figure 8: Vertical beam trajectories in main linac for all
machines after failure of 18 quads.

Failure modes are studied in main linac using same ap-
proach as discussed in earlier section. It is observed that
main linac is robust enough to deal with failure of large
number of cavities. No beam loss is noticed even failure of
1500 cavities in a misaligned linac. Resulting mean loss
after failure of five quads is about 60 %. However, quads
failure results in transverse beam oscillation with large am-
plitude that helps to reduce beam density at impact loca-
tion. Figure 8 shows vertical beam trajectories for all ma-
chines after failures of 18 quadrupoles. Misalignment er-
rors were also included in this study.

CONCLUSION

A detailed study has been performed to understand fail-
ure modes and resulting beam losses in ILC bunch com-
pressor and main linac. Failure of quadrupole magnets re-
sults in significant beam losses. However, beam losses are
scattered and therefore beam density is lower at impact lo-
cations.
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