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Abstract

We explore the possibility of laser-based postlinac beam
collimation in future linear colliders. A laser employed as
a spoiler can neither be “‘destroyed’ by the beam impact nor
generate collimator wakefields. In addition, the postlinac
collimation section, presently the longest part of linear-
collider beam delivery systems, can be shortened. In this
paper we investigate different types of laser modes for use
as spoiler. Suitable laser beam parameters and modes are
discussed for collimation in both CLIC and ILC.

INTRODUCTION

The collimation system of future linear colliders should
fulfil two main functions: reduction of the background in
the particle detectors by removing beam halo particles, i.e.,
particles at large betatron amplitudes or energy offsets, and
protection of machine components against mis-steered or
off-energy beam pulses. The design of a collimation is not
trivial, as it has to obey a number of often conflicting con-
straints: the system should not produce intolerable wake-
fields which adversely affect the beam stability or degrade
the nominal luminosity, and it should withstand the impact
of a full bunch train in a failure scenario. This last condition
determines usually the length of the conventional collima-
tion systems, which are based on spoilers and absorbers.
Alternatively, following some pioneering studies [1], we
here explore the viability of laser-based collimation in lin-
ear colliders. A laser collimation system could have the
following advantages: a laser employed as a spoiler can
neither be destroyed by the direct beam impact nor gener-
ate collimator wakefields. In addition, the postlinac colli-
mation section could be shortened.

LASER COLLIMATION LAYOUT

Laser collimation consists in Compton scattering of elec-
trons (positrons) in the transverse halo tails off a high
power laser beam. The laser beam can enter the vacuum
pipe through a dielectric material, and a ‘quasi’-head-on
collision between the electron beam and the laser beam
may occur, as is illustrated in Fig. 1. We consider very
small collision angles (6y ~ prad).

LASER _ \
| on \
> — = Dielectric material
e~ VACUUM PIPE

Figure 1: Schematic of the electron beam-laser collision
region.
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The energy distribution of the scattered electrons extends
over a wide range. Figure 2 shows the energy spectrum of
the unpolarized Compton cross section, 1 /o .do./dy [2], as
a function of the fractional energy of the scattered electron
E/Ey =1—y = 1—hw/Ey (Where fiw/ Ey is the scattered
photon energy). This curve has been given for the value
x = 4Eghwo/(m?2ct) = 4.5. If x > 4.8 pair production is
possible and, therefore, this regime should be avoided.
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Figure 2: Energy spectra of scattered unpolarized electrons
for x=4.5.
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The scattered halo particles, which are off energy, would
be intercepted by downstream absorbers placed in a re-
gion with nonzero horizontal dispersion D . As indicated
in Fig. 2 the energy distribution of the scattered electrons
peaks at the lower final energy of 6. ~ 20 %. The rms
width of the distribution is of similar magnitude. The hor-
izontal spot size of the scattered beam at a downstream
absorber is approximately o, ~ D_d., assuming that the
dispersion is generated downsream of the laser-beam colli-
sion point. If 8, denotes the average angle of the scattered
electrons the vertical size at the absorber can crudely be
estimated as o, ~ Ry 405, where RS, 4 is the transport
matrix element from the beam-laser collision point (I) to
the absorber position (A). For example, if the dispersion is
generated by a chicane of length L and no other elements
exist between collision point and absorber, o, ~ L.

In order to avoid the fracture of the absorber upon
beam impact, the transverse density of the scattered beam
must stay below a certain limit. Assuming Gaussian
beams, this condition can be expressedas N /(2wo,0,) <
N/ (2707 ), With N the number of scattered beam par-
ticles, and o, min the minimum rms transverse spot size at
which absorber fracture does not yet occur for the incident
beam intensity IV, and depends on the material. This trans-
lates into the following constraint: o,0, = Dgd.L0s 2
O'E,min'
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Another constraint for the dispersion function and the
length of the chicane comes from the tolerable emittance
growth due to synchrotron radiation [3]: A(ye,) ~ (4.13x
10~8 m? GeV ®)ESI;, where I; is a radiation integral
(Is = [ H/|p|3ds; see [3]). In the case of CLIC, for exam-
ple, Is ~ 10~ 12 m~! is about the tolerable limit.

Laser modes for collimation

Our aim is to investigate appropriate laser modes for
electron (positron) beam collimation. They should effi-
ciently clean the transverse beam halo, while the impact
on the beam core must be minimized. The laser beam spot
size w (twice the rms size) is conventionally given by [4]:

w(s) = \/AZn/w(1+ 52/23) = woy /1 + 2/Z% . (1)

with A the laser wavelength, Z i the Rayleigh length, s the
longitudinal variable, and wo = (Zr\/7)*/2. In addition,
the laser pulse energy is given by A = It;nw? = Py,
where I is the intensity of the laser mode, 7, the full laser
pulse length, and P the peak power of the laser beam. The
figure of merit is the conversion efficiency [2, 5]:

K.=1—exp(—k.)=1—exp <—O'CI£> , @

hwo
which depends on the incoming photon energy hw o and the
laser intensity 7, and represents the probability that an elec-
tron (positron) in the beam will Compton scatter. The in-
tensity I in Eq. (2) can be computed from the Helmholtz
wave equation using an appropriate coordinate system. We
have studied different types of laser modes which can ful-
fil the collimation requirements. The transverse collima-
tion depth in units of the rms spot size o is denoted by n.
The target value for n is normally quite different in the two
transverse planes, namely n, > n,. In order to obtain
an efficient collimation we adjust the laser parameters so
that k.(no) = 1, which corresponds to a conversion effi-
ciency K. ~ 0.63. We have explored three possible laser
mode scenarios for collimation, which are described in the

following.
Hermite-Gaussian (HG) laser mode intensity:

2 2 2 _2%4y?
Iy, = IOﬂHZQ <Q> H? <\/—y> e< w(s)yQ) .

w(s)? w(s) ™\ w(s)

A Hermite-Gaussian mode (¢ = 1,m = 0) was already
considered in earlier laser collimation studies [1]. Another
possibility here considered is the HG mode (¢ = 1,m =
1). As an example, Fig. 3 shows the corresponding coeffi-
cient K (x,y) estimated for collimation in CLIC.
Laguerre-Gaussian (LG) laser mode intensity:

wi 20!

S i oL @)l

Iy = 1o
where p = (22 + y?)/w(s)?. Figure 4 shows the factor
K.(z,y) for the LG laser mode (¢ =1, m = 1). A hollow
laser beam will scatter the particles with larger amplitude,
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Figure 4: K.(z,y) using the I;; LG mode.

while smaller amplitude particles (core) are not affected at
all.

Bessel laser mode intensity: Another hollow laser beam
for collimation can be created from Bessel laser modes.
The intensity of this mode is

Io(z,y,s) = Iycos®(0)J7 (kor) .

where 6 is the angle between two plane waves which pro-
duce the Bessel mode [6]. As an example, K .(x,y) for the
Bessel mode ¢ = 1 is shown in Fig. 5.
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Figure 5: K.(z,y) using the I; Bessel mode.

As is known, the transverse profile of a Gaussian laser
beam grows during propagation because of its inevitable
diffraction characteristics, and this effect would weaken
the efficient interaction of the electron and the beam laser
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beam, especially in the part of the interaction region which
extends beyond the Rayleigh length. The Bessel beam may
preserve its transverse distribution while it is travelling [4].
A Bessel beam can be obtained from a Gaussian laser beam
by using an axicon which consists of a prism and a focusing
lens. Radially and circularly polarized Bessel laser beams
have longitudinal electric field components, which can ac-
celerate or decelerate the electron beam. For collimation
purposes, an azimuthally polarized Bessel beam should be
used instead, which has zero longitudinal electric field. An-
other way to obtain Bessel beam is to use a combination of
two incident electric plane waves with an incidence angle
0 [6].

The transverse size of the laser beam can be tuned for
optimum collimation using a mirror system. The horizon-
tal and vertical beam size may be optimized by varying the
two beta functions. The Rayleigh length Z  in (1) is given
by Zr = (4/7)\F%, where F can roughly be defined as
the ratio of the focal length to the diameter of the focus-
ing mirror. We considered this kind of optical system for
the case of HG and LG modes, denoting by d the distance
between the mirror and the laser beam waist. For Bessel
modes it is not necessary to use focusing mirrors to obtain
the desired Rayleigh length.

The laser modes considered above are circularly sym-
metric, while the electron beam for linear colliders is flat
(0y/ox < 1). Nevertheless, the betatron functions at the
collimation point could be matched to perform simulta-
neously horizontal and vertical collimation using a single
laser, in particular since the vertical collimation depth in
units of oy, ny, is typically about 10 times larger than the
horizontal one, i.e. n, ~ 10n,.

APPLICATIONTOILCANDCLIC

Assuming the electron beam parameters of Table 1, we
have calculated some example parameters for laser colli-
mation in ILC and CLIC. Table 2 summarizes the results
for the different modes considered in the previous section.

Table 1: Electron beam parameters for ILC and CLIC at
250 GeV.

parameters ILC CLIC
beam energy E [GeV] 250 250
ez /ey [Mm rad] 10/0.04 | 66 x 1075/10~°
By /85 [mm] 20/0.4 7/0.09
o, [pm] 300 30.8
repetition rate fyop, [Hz] 5 30

# particles/bunch 2 x 1010 2.56 x 107
# bunches/pulse 2625 220
time separation of

bunches in a train ¢; [ns] 369.2 0.267
hor. coll. depthn,, [0] 9.6 9
vert. coll. depth n,, [o,] 74 69
Bz/ 0y [m] (at laser IP) 23.8/100 89/100
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Table 2: Laser beam parameters.

laser collimation in ILC

parameters HG LG Bessel
mode (¢, m) @) | @1 | ¢=1
power P [TW] 1.2 0.038 0.02
pulse energy [J] 2.84 | 0.0074 | 0.08
intensity I [10"W/cm?] | 3.5 | 0.0058 | 0.01
Rayleigh length Z [mm] | 0.14 0.7 0.24
wavelength A\ [um] 23.6 95 91
F [cm] 5 15 -
Fn 1520 | 1033 -

d [cm] 0 0 -
Bessel 6 [mrad] - - 0.9
71 [ps] 2.4 0.4 4
wg [mm] 32 0.145 83
# photons/pulse (101°) 14 0.22 0.04

laser collimation in CLIC

parameters HG LG Bessel
mode (¢, m) @) | @1 | ¢=1
power P [TW] 0.4 0.4 0.12
pulse energy [J] 0.82 0.77 0.4
intensity I [10'"W/cm?] | 0.75 | 0.082 | 0.13
Rayleigh length Zi [mm] | 0.115 | 8.15 0.12
wavelength A [pm] 5 0.014 0.13
Flcm] 19 20 -
Fn 163 169 -
d [cm] 1 1 -
Bessel 6 [mrad] - - 4.7
71 [ps] 2 5.6 2
wo [pum] 41 39 17
# photons/pulse (10'8) 4.1 11 0.4

SUMMARY AND OUTLOOK

We have studied different laser modes to be used for
beam collimation in future linear colliders. Hollow laser
beams based on LG and Bessel modes offer the possibility
to simultaneously collimate the transverse beam halo in all
directions. Laser beam parameters for postlinac collima-
tion in ILC and CLIC at 250 GeV beam energy have been
calculated. In principle, the parameters are within the reach
of present laser technology. Nevertheless, further studies
are needed on the detailed optical system, laser stabiliza-
tion and laser failure scenarios.
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