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Abstract

This paper describes time-domain simulations of single-
pass transverse beam-breakup (BBU) effects in the TRI-
UMF/ARIEL E-linac. Using dipole-HOM parameters for
the 9-cell cavity obtained with CST Microwave Studio, we
evaluate the r.m.s. bunch orbit offsets at linac exit as a func-
tion of the average beam current. This allows to evaluate
the effectiveness of the HOM absorbers for two different
modes of machine operation.

INTRODUCTION

This paper presents the results from our simulations
of single-pass transverse beam-breakup (BBU) effects in
the electron linear accelerator, E-linac, which is the cen-
tre piece of the ARIEL[1] facility under construction at
TRIUMF. For the initial operation of E-linac, a 300 KeV
electron beam will be injected into a 9-cell cavity (op-
erated at gradient 10 MV/m) followed by a beam trans-
port line — quadrupoles and a magnetic dipole chicane,
and then accelerated in the main linac section consisting
of four such cavities to a final energy of 50 MeV. At the
time of writing, a 1.3 GHz 9-cell modified TESLA-style
cavity, but with asymmetric end cells and beamline ab-
sorbers rather than hook couplers, is proposed. The layout
and lattice are shown on Figure 1. The multi-bunch BBU
is expected to cause amplification of the trajectory jitter,
which translates into an equivalent growth of the phase-
space area swept out by the beam (i.e. effective emittance).
Because every bunch feels the accumulated effects of the
long-range wakefields of all the preceding bunches, the am-
plitude of oscillation of the bunches increases as the bunch
train travels down the linac. The conditions for this or-
bit growth to occur are injection errors or cavity misalign-
ments, combined with the presence of dipole high-order
modes (HOMS) in the cavity field with high quality factors
@ and shunt impedances R4. In particular, a D3 TE-like
dipole HOM with frequency around 2.58 GHz and a high
Q (> 10°) is known to exist — TESLA design report [2]),
and it has also been found in the present study with CST.

The paper describes our procedure for evaluating the
effectiveness of the HOM absorbers. The BBU effect is
damped by the random HOM detuning provided by cav-
ity manufacturing errors, but enhanced by bunch-to-bunch
charge fluctuations [3]. We assume pessimistic values for
both these quantities: small detuning 0.1 MHz, and large
(5%) bunch-charge fluctuations.

A special feature of E-linac with regard to BBU is the
continuous (cw) beam with bunch repetition rate either

650 MHz (fission beam) or 100-110 MHz (high-brightness
beam) for the same average current (10 mA). We study
both modes of operation and show that the high brightness
regime is more affected by the BBU.

E-LINAC OPTICSAND BBU TOOL

The BBU tool must model correctly both the accelera-
tion and transverse focusing. Further, because of the strong
HOM deflection at low-energy injection, it was found im-
portant for the first 9-cell cavity that the HOM kick describ-
ing the long-range wake field effect may be applied at an
arbitrary longitudinal location inside the cavity.

We have adapted the basic block of TALOBBU [5], origi-
nally designed for beamlines composed of thin cavities and
quadrupoles, to work in a (matrix — HOM-kick — matrix)
scheme, where the matrix represents the lumped focusing
action of all optics elements to and after the kick, including
the rf focusing. The HOM Kkick is taken in its relativistic
approximation [4], [5]. It combines the action of all modes
present in the cavity and, being inversely proportional to
the beam momentum, is strongest for the first cavity. There
we have chosen to apply the kick at the midpoint where
8 = 0.987, considered sufficiently relativistic.

An optics code that includes standing-wave accelerating
structures as optics elements was created by inserting the 9-
cell cavity matrix in MadX. The matrix is derived by inte-
grating numerically the equations of motion in a standing-
wave structure [6] (see Appendix). The procedure is pre-
ceded by an ASTRA run [7], which serves to optimize the
cavity phases and also provides bench-marking for bend-
free lattice sections.
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Figure 1: E-linac lattice used in BBU simulations
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BBU MODEL

Assume that, due to injection errors and/or misalign-
ment, the beam is off-centered in the cavities. The dipole
HOMs in such case cause individual-bunch orbit offsets
with respect to the average orbit. When combined with
corresponding orbit angle variations, these translate into ef-
fective emittance dilution. The r.m.s value of these offsets
computed over a long tracking pulse are required to be only
a small fraction of the unperturbed beam size. Our goal
here is to estimate this fraction.

In the simulations, we assume an injection error at the
first cavity entrance zo=1 mm equal to one-third of the
r.m.s. beam size. A zero-emittance beam, aligned to the
beam ellipse at this point, is tracked in the presence of
the 26 dipole HOMSs described in the next section. The
beam consists of 10° bunches, equally spaced, i.e. a track-
ing pulse duration 1.4, or 10 msec, depending on the mode
of operation. The cavity-to-cavity HOM frequency spread
is assumed to be random Gaussian distributed with r.m.s.
value oa¢ = 0.1 MHz. A bunch-to-bunch charge jitter is
also imposed with an r.m.s value 5% of the nominal bunch
charge g (caq/q = 0.05). In absence of HOM excitations,
the beam exits at a distance z,;=0.14 mm from the cham-
ber axis. With HOMs, and for a fixed random seed, the
exit coordinate 2% varies over the entire bunch train as it
performs a coherent betatron oscillation. It can be shown,
[4], that under the HOM action only, and assuming stable
conditions with regard to BBU, the beam centroid tends to
a steady state, whose value we denote with 55, Anr.m.s
bunch-orbit offset (deflection factor) may be defined as the
r.m.s. over the pulse of [xH% — 25| /2. In practice 255

out out out

is found approximately as the average of x5 over the last

10% of the pulse. In E-linac, the steady state deflections
are small; thus 233, ~ xgyus.

out

DIPOLE HOMS

For a cavity loaded with fundamental mode power input
couplers, the parameters of 70 HOMs have been computed
with Microwave Studio [9] for two cases: with and without
HOM absorbers. A set of 26 modes (those for which R/Q>
0.01 ohmand Q, > 10%) are used in the BBU simulations.
Their R/Q values depending on mode frequency are shown
in Figure 2. For the modes with largest R/Q (> 0.1), the
quality factors @@, are shown in Table 1. It is clear from
this table, that for the case with HOM absorbers the BBU
effects will be smaller.

Further, most of the BBU effect is due to modes whose
frequency is close to machine lines, i.e. integer multiples of
the bunch repetition frequency. Figure 2 shows the R/Q val-
ues (blue) on both the 650 MHz mesh (red) and the mode
dense 100 MHz mesh (green). The figure suggests that the
high-brightness beam will be more affected by HOM.
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Table 1: Dipole HOM parameters for modes that satisfy the

condition (Rd/Q> 0.1 ohmand Q, > 10°. A larger set (26
modes) is used in BBU tracking.

f, GHz R/Q, 0 Q‘z o absorber Qibsorber
1.878 | 0.133 189000. 189000.
1.881 1.03 522000. 521000.
2.326 | 0.738 5.92x10° 12800.
2.558 14.1 187000. 76300.
2.562 64.2 1.91x106 114000.
3.016 | 0.614 576000. 287000.
3.065 | 0.191 6.78x108 3.38x107
3.069 | 0.741 139000. 138000.
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Figure 2: The 26 R/Q values shown on both the 650-MHz
mesh (red) and the more dense 100-MHz mesh (green).
The blue points have a larger chance to fall in the vicin-
ity of a green line than red.
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Figure 3: Sample tracking-pulse shape at linac exit: o a ¢ =
oaq = 0 (green); oay = 0.1 MHz and oa4 = 0 (black);
oay =0.1and oaq/q = 5% (red).

The orbit pattern at exit for a single random seed is
shown on Figure (fission regime, a cavity without ab-
sorbers, the first 10° bunches). Without any spreads, i.e.
HOM action only, there is a resonant growth (green). A
mode frequency spread of 0.1 MHz provides sufficient ran-
dom detuning to reduce the growth (black), however the
pulse partially recoheres over a certain period. When both
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frequency spread 0.1 MHz and charge jitter of 5% are ap-
plied, random oscillations are seen, with nearly constant
amplitude over the whole pulse (red).

Rms Bunch Orbit Offsets

Figure 4 shows the rms orbit growth calculated from 20
random machines (10 frequency seeds combined with 10
seeds of random charge jitter): average (top) and maxi-
mum (bottom). The corresponding steady state shift is al-
ways below 1% (not shown). The high-brightness beam is
more affected by BBU, which is explained by the higher
bunch charge (factor 6.5), and hence stronger HOM Kkick,
and the larger chance for a HOM to get near a machine
line (Figure 2). Including randomly misaligned cavities of
0.5 mm rms did not change this result. For the worst case
of random machine, at the top current 30 mA, and without
HOM absorbers the beam emittance may double. How-
ever, the emittance dilution is negligible for cavity with ab-
sorbers for both fission and high-brightness. Even with the
very pessimistic assumptions for the stability of the source,
the initial E-linac operation at 10 mA is practically not af-
fected: the emittance dilution is well below the diagnostic
resolution of 5%.
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Figure 4: Average (top) and maximum (middle) rms bunch
orbit offsets depending on the average current for 20 ran-
dom machines.
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APPENDI X

We follow [6] to integrate numerically the equations of
motion (EOM) with longitudinal coordinate 2’ as the in-
dependent variable. In what follows, prime denotes con-
ventional, non-normalized variables: coordinates z’ and 1/,
velocity v’, energy E’ and time ¢’. Introduce normalized
quantities: 2 = %, v = Yoy= Lt =2 r=1"and
s = 7 = transverse velocity/c (dot means d/dt’). Here
A =c¢/f, f =13 GHzand c is the speed of light. Given
a z-F, table for the longitudinal electric field E, at the
symmetry axis, we compute ten Fourier coefficients A,,
(m = 1,3,...,19). The (normalized) rotationally sym-
metric field of the standing wave is then represented as:

E, = ZNA Io(kmr ) cos ¥
E. = Z'm.Amk L, I (kpr') sin @
By = Z Amk L1 (k') cos W
L/
U= %(z’ — )i k= /7 = @273,

Here L’ is the cavity length. For a particle with zero az-
imuthal velocity component, the EOM are:

d_’y _ dE, dt 1 dr s ds

dz dz ' dz v’ dzr v’ dz

dE, .
= —% E_;é_’y (E, sin[2mt 4 ¢o] — vBy cos[2mt + ¢y))
dE, .
2, =@ (E, sin[27t + ¢o] + sBg cos[2mt + ¢p)) ,
z

where o = 22 and E(=10,20 MV/m. These equations
have been solved and single-particle trajectories compared
with Astra for the same E, table and initial phase ¢¢. The
agreement is excellent for relativistic particles, while for
the first cavity some small deviations (several %) have been
observed.
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