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Abstract

Lasers have recently been used in many applications to
H- beams, including laser charge exchange, laser wire
scanners, and laser temporal pulse patterning [1]. The H-
beam in these applications has a wide variation of micro
pulse length dependent on the focusing of the RF cavities,
the energy spread of the beam, and the space charge forces.
Achieving the required laser pulse length for complete
overlap with the H- beam can be challenging in some sce-
narios when available laser power is constrained. The
scheme proposed here utilizes a crab-crossing concept be-
tween the laser and the ion beam to achieve overlap of a
short laser pulse with an arbitrarily long H- beam pulse. An
experiment to test the hypothesis in the context of H-
charge exchange is described.

INTRODUCTION

Lasers have recently been used in many applications to
H- beams, including laser charge exchange, laser wire
scanners, and laser temporal pulse patterning [1]. The de-
tails of the applications differ from case to case, but all re-
quire efficient interaction between ions and photons. The
technique described below is being developed for the laser
assisted charge injection at SNS but can be used for other
applications as well.

The charge exchange injection is the technology of
choice for injecting beam of protons in circular
accelerators. Typically, a thin foil is used to convert
accelerated negative ions of hydrogen to protons. Passing
a high intensity high power beam through the foil leads to
foil heating and particle loss through scattering.
Eventually, the foil performance and lifetime can be the
limiting factor for further increase of the injected beam
power [2].

An alternative charge exchange injection scheme, so
called laser-assited charge exchange, or in short laser
stripping, is being developed at the Spallatoin Neturon
Source (SNS) [2]. The scheme uses two magnets to remove
two electrons from the ion. A laser is used to excite the
second electron from the ground state to one of upper
levels in order to reduce the required magnetic field
strength of the second magnet. The required laser power is
the main limiting factor of the method. A number of laser

*This manuscript has been authored by UT-Battelle, LLC, under contract
DE-AC05-000R22725 with the US Department of Energy (DOE). The
US government retains and the publisher, by accepting the article for pub-
lication, acknowledges that the US government retains a nonexclusive,
paid-up, irrevocable, worldwide license to publish or reproduce the pub-
lished form of this manuscript, or allow others to do so, for US govern-
ment purposes. DOE will provide public access to these results of feder-
ally sponsored research in accordance with the DOE Public Access Plan
(http://energy.gov/downloads/doe-public-access-plan).

+ sasha@ornl.gov

04: Hadron Accelerators

power reducing techniques have been proposed and some
tested experimentally [3,4]. With all the advances in laser
stripping development, practical implementation seems
feasible for the SNS accumulator ring after the upcoming
linac energy upgrade to 1.3GeV [5].

One of the reamining problems to be resolved is
mitigation of the ion bunch longitudinal expansion in the
long beam line between the linac exit and the laser-ion
interaction point. In this paper we propose a simple method
of providing efficient temporal overlapping of short laser
pulse with long ion bunch using a crab-crossing collision
scheme.

BUNCH SIZE COMPRESSION
The efficiency of the laser-ion beam interaction is pro-
where Q is the

portional to the laser power density —
xAyQaz

laser pulse energy and a; are the laser spot size in horizon-
tal, vertical and longitudinal dimensions. The power den-
sity can be increased by increasing the pulse energy or by
reducing the spot sizes. The laser spot size cannot be
smaller than the ion bunch size to ensure good overlap for
efficient interaction. In practice, the ion bunch size is the
limiting factor. The SNS accelerator layout is shown in
Fig.1.
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Figure 1: A layout of the SNS accelerator.

The transverse bunch size can be compressed to the limit
determined by the ion bunch emittance using the quadru-
pole magnets in the transport line. A vertical RMS size of
100um was achieved during the laser stripping demonstra-
tion experiment [4].

Unfortunately, there are no longitudinally focusing ele-
ments between the linac exit and the interaction point. The
energy spread of the particles causes the longitudinal
bunch size to increase in the ~240m long drift. The longi-
tudinal bunch size evolution for the nominal linac tune is
shown by the blue line in Fig.2. The SNS superconducting
linac has independently powered and controlled RF cavi-
ties. Several RF cavities in the end of the linac can be tuned
to focus the bunch longitudinally at the interaction point,
as shown in Fig.2 by the red line.

This solution works only for low beam current because
the space charge effect does not allow the bunch to remain
compressed over a long distance. The bunch size profile
evolutions for the zero-beam current and the nominal beam
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current of 30mA are shown in Fig.3. Because of this, the
most recent laser stripping demonstration experiment was
conducted with a low beam current of 0.6mA [4].
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Figure 2: Evolution of the longitudinal bunch size in the
SNS linac and HEBT for the nominal (blue) and the longi-
tudinal compression (red) tunes. 1° ~ 3.45ps @805MHz .
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Figure 3: Evolution of the bunch size from the linac exit to
_z the interaction point with bunch compression tune for zero
g beam current (blue) and 30mA (gold).
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Other methods of longitudinal bunch compression we
considered were: 1) beam optics with negative momentum
compaction factor (trajectory length is shorter for lower en-
E ergy particles); and 2) dedicated RF cavities in the beam
£ line closer to the interaction point. We have not been able
Eto find a solution within the constraints of the existing
£ beam line magnets for the first option. The second option
~ requires adding several RF cavities with the associated in-
= frastructure to provide a total energy gain of about 15MeV,
! which is cost prohibitive to incorporate to the existing real
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Alternatively, we propose a technique of arranging inter-
action region beam optics in such a way that efficient over-
> lapping between a short laser pulse and the nominal length
ion bunch is provided without the need for longitudinal
bunch focusing.

CRAB-CROSSING COLLISION SCHEME

The bunch expansion in the long drift is caused by the
energy spread in the bunch: particles with higher energy
move faster and arrive to the interaction region earlier than
particles with lower energy as illustrated in Fig.4.
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Flgure 4: Tllustration of longitudinal bunch expansion in a
= long drift due to ions energy spread, with the low energy
£ particles shown by the blue, the nominal energy by the

green and the high energy by the red circles correspond-

£ ingly.
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The transport line has dipole magnets to bend the beam
over a 90° bend. Particles with different energies have dif-
ferent trajectories inside the bend area in accordance with
the dispersion function of the beam line. The nominal beam
line optics is designed to provide zero dispersion function
from the bend exit to the injection point. The beam line
magnets have enough tuning range to change the disper-
sion function and its derivative after the bend exit. If there
is non-zero dispersion function at the interaction point, the
bunch rotates in the horizontal plane as shown in Fig. 5:
the higher energy particles are shifted to the left of the cen-
tral trajectory, the lower energy particles are shifted to the
right.

Figure 5: Illustration of bunch rotation with non-zero dis-
persion function at the interaction point. The color scheme
is the same as in Fig.4.

With proper angle of the bunch rotation, a short laser
pulse will interact with all ions, though at different time,
without need for full overlap at any given moment. Kine-
matics of the process are shown schematically in Fig. 6.
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Figure 6: llustration of crab-crossing collision kinematics.
The color scheme is the same as in Fig. 4.

It is important to note that all ions in the bunch move in
the same direction along the central trajectory, maintaining
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the correct angle with the laser pulse direction. The scheme
is dubbed “crab-crossing” because the bunch tail-to-head
direction is different from the ion motion direction, resem-
bling a crab’s side-wise walk.

Figure 7: Geometry of the crab-crossing collision. ¢ is the
bunch rotation angle, 0 is the angle between the laser and
ion beam.

The angle of the ion bunch rotation is chosen to ensure
synchronous motion of the laser pulse and the ion bunch.
It is easy to derive the synchronicity condition using the
geometry shown in Fig.7:

sin @

tan ¢ [+cos B
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where o is the bunch rotation angle, 0 is the angle between
the laser and ion beam, B is the ions velocity to speed of
light ratio.
The dispersion function required to achieve that bunch
rotation is
D

_ Az sinf L sin @
~ AW/, B+cos6 = y(y+1) B+cos8 ’
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where @W/,,, is the ions energy spread, y is the ions relativ-
istic factor, and L is length of the drift from the linac exit
to the interaction point. An approximation of bunch expan-
sion in a drift is assumed in the last part of the formula.
For the case of SNS with the linac upgraded to 1.3GeV
and using laser with 532 nm wavelength as proposed in [3],
the required dispersion function is ~4.6m. This value is
close to the design dispersion function in the SNS HEBT
(~6.8m) and the SNS Accumulator Ring (4.0m). It is cer-
tainly achievable with the existing beam line hardware.

EXPERIMENTAL VERIFICATION OF
CRAB-CROSSING SCHEME

To verify efficiency of the crab-crossing collision
scheme, we intend to repeat the last laser stripping experi-
ment at SNS with 1GeV beam. No longitudinal focusing
will be applied at the end of the linac but the appropriate
dispersion function will be created at the interaction point.
The required dispersion function for the 1 GeV experiment
parameters of ~9.5 m is rather high but achievable with the
existing HEBT magnets. Figure 8 shows a beam optics de-
sign with the required dispersion function. The maximum
beam size in the HEBT bend is rather large for this solu-
tion, as shown in Fig. 9, therefore some beam loss is pos-
sible. The goal of the experiment is to achieve the stripping
efficiency as high as in the previous experiment (>90%)
with the nominal beam current of 30mA or maybe slightly
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lower if some beam will be scraped in the highest disper-
sion region.
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Figure 8: A solution for the dispersion function in the SNS
HEBT required for crab-crossing collision at the laser
stripping experiment interaction point.
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Figure 9: The horizontal (magenta), vertical (blue) beam

sizes (4 times RMS) and the beam pipe aperture (gold) for
1GeV crab-crossing experiment.

CONCLUSION

A novel scheme of laser-ion beam interaction using crab-
crossing collision geometry is proposed to mitigate the ion
beam current limitation due to longitudinal size expansion
in a long beam line. The scheme implementation requires
creating non-zero dispersion function at the interaction
point but no special hardware. An experimental verifica-
tion of the scheme is in preparation at SNS.
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