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Abstract

Our objective is to demonstrate, via a proof-of-principle
experiment, particle acceleration by crossed laser beams
in a single dielectric accelerator cell in vacuum. We
expect to observe a laser-induced energy modulation of
15 keV on an electron beam with an initial energy of 32
MeV.

1 INTRODUCTION

Crossed laser beam acceleration shares several common
aspects with RF linear acceleration: the acceleration
occurs in vacuum and both schemes rely on a structure
that provides a longitudinal electric field responsible for
the acceleration. The design of the structure is chosen to
prevent a change of sign of the phase of the longitudinal
field. The damage threshold from the electric field of the
structure is the limiting factor for the acceleration gradient
for both schemes. One important difference between the
two schemes is the choice of material for the accelerator
structure. While RF structures are typically constructed
from conductors, laser structures can be fabricated from
dielectric materials that are capable of withstanding
higher electric fields before breaking down.

With ultra-short, near-infrared laser pulses, dielectric
materials show a very large damage threshold [1],[2]. For
laser pulses of 100 fsec they can tolerate peak electric
fields of 10 GV/m, allowing for a structure capable of
supporting an average energy gradient of 1 GeV/m. In
addition, the structure design is chosen such that the
electron beam never traverses any material, preventing
beam loss and emittance growth. This makes crossed laser
beam acceleration a very promising scheme for reaching
the high-gradient of the next generation particle
accelerator. The mechanism of crossed laser beam
acceleration has been described by several authors in the
past [3],[4],[5] and accelerator structure designs have
been proposed [6],[7] but to our knowledge no
experimental verification for this acceleration scheme has
been carried out so far.

We have been working on a proof-of-principle
experiment at the SCA-FEL facility at Stanford
University. Table 1 summarizes the laser and electron
beam characteristics at this facility. The overall
experimental setup is described in previous publications

(81.[9].
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Table 1:SCA-FEL beam parameters

Wavelength 800 nm
laser Typical pulse width 2 psec
beam | Maximum energy per pulse | 0.15 mJ

FWHM spot size 160 um

Energy 32 MeV

electron | Expected bunch length 1-2 psec
beam | Electrons per bunch 107

Here we will report on the recent progress and describe
the modifications carried out during the last year. Figure 1
shows the current interaction region layout. The electron
beam interacts with the laser beam pair over a distance of
1.5 mm inside a dielectric accelerator cell. A high-
resolution energy spectrometer located downstream from
this layout records the energy spectrum of the electron
beam.

2 RECENT PROGRESS

2.1 Spatial and temporal overlap diagnostics

In the past we lacked a precise monitor for spatial
overlap between the electron and the laser beam as well as
a precise absolute timing diagnostic. A major redesign of
the accelerator cell was performed in order to
accommodate these diagnostics. Figure 1 illustrates the
the modified accelerator cell and its arrangement with the
spatial and temporal diagnostics.
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Figure 1:The modified accelerator cell and the spatial
and timing monitors described in the text

To monitor absolute timing overlap a cell containing
aerogel for Cherenkov radiation can be moved
immediately downstream of the accelerator cell such that
both the electron beam and the laser beam traverse the cell
and reach a Hamamatsu C-1587 streak camera through
the same optical path. The time difference between the
laser and the Cherenkov radiation can be monitored with a
resolution of ~ 20 psec.

The spatial overlap between the laser and the electron
beam is monitored with a XYBION ISG350 intensified,
gated camera which observes a YAG fluorescent screen
that can also be placed immediately behind the accelerator
cell. Both the Cherenkov cell and the YAG screen are
mounted on a common platform that can be translated
laterally in order to select the diagnostic to be located
downstream of the accelerator cell. Both diagnostics can
be moved out of the electron beam trajectory.

2.2 Tungsten electron beam collimator

The large position jitter of the electron beam at the
accelerator cell location forced us to insert a tungsten
mask with a 100 um slit aligned to the laser beam at the
exit of the accelerator cell to remove electrons that would
not experience the laser fields. The nearly m/2 betatron
phase advance between accelerator cell and dispersive
plane would otherwise fold these “spectator” electrons on
top of the accelerated electrons.

2.3 Laser optical phase monitor

In order to produce an accelerating field component a
phase shift of  between the split laser beams is required.
The optical phase between the lasers is controlled with a
piezo crystal-mounted retroreflector and monitored by
observing the laser field that exits the accelerator cell.
Minimum brightness of this field corresponds to the laser
beams being out of phase by © . This monitor also allows
us to confirm that the relative phase between the laser
beams has no significant short-term or long-term jitter.
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Figure 2: The laser-optical phase control and monitoring
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2.4 Accelerator cell damage monitor

The selected laser power depends on the damage
threshold of the accelerator cell, which varies from
sample to sample. When damaged, the dielectric surface
and interference pattern deteriorate, and the acceleration
field is destroyed. A device that detects damage of the cell
has to be present in the experiment. An effective scheme
for this purpose is to monitor the laser beam that is
reflected back from the accelerator cell. A diagram of the
damage monitor is depicted in Figure 3.
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Figure 3: The cell damage monitor

Preliminary tests have shown varying damage threshold
values for the multi-layer dielectric coated fused silica
accelerator cell under vacuum. The lowest observed
damage threshold value corresponded to a peak fluence of
0.27 J/em® at the bright fringes of the interfering laser
beam pattern. The published fluence value at damage
threshold for fused silica in air is 2 J/em® .

3 SELECTION OF PARAMETERS

Evidence for laser-acceleration will manifest itself as a
broadening of the energy spectrum. A summary of the
parameters that optimize the broadening of the energy
spectrum for a 32 MeV beam is presented in Table 2. A
discussion for the choice of these parameters can be found
in reference [9].

Table 2: Selected experimental parameters

Laser : e-beam interaction length | 1500 um
Laser pair crossing angle 32 mrad
Accelerator slit width <10 um
laser pulse duration 2 psec

The spot size of the interfering laser beams at the
accelerator cell is 160 um FWHM, corresponding to a
Rayleigh range of ~ 7cm. The slippage distance is 1.5
mm. At a fluence of Y J/em® the average gradient is 10
MV/m, and an energy gain of 15 keV is expected.



4 OBSERVED ENERGY SPECTRUM

The SCA beam shows shot-to-shot jitter as well as
various types of long term drifts. Large fluctuations in the
intensity and energy of the profiles forced us to perform
some numerical processing to the individual energy
profiles in order to be able to compare them. The peak of
each profile was normalized to unity and was centered on
the energy scale. Figure 4 shows the processed energy
profiles of 1000 successive shots.
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Figure 4: Energy spectrum of 1000 successive shots

As observed in Figure 4, in addition to the energy and
intensity fluctuations an asymmetry in the profile is
clearly visible: a long low-energy tail with large shot-to-
shot fluctuations and a sharp high energy edge only a few
keV wide. The asymmetric shape and overall width of the
profile do not depend on the slit width of the accelerator
cell, indicating that wakefield effects are negligible. With
a standard deviation of 7 keV the high energy side of the
energy profiles is the clear choice for observing a laser
induced energy broadening.
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Figure 5: Expected laser induced energy broadening

The difficulty of the experiment becomes evident from
figure 5, which shows a histogram of the fitted widths on
the high-energy side of the distribution with (“Laser on”)
and without (“Laser off”) laser acceleration. At a laser
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power level near the damage threshold of the accelerator
cell an energy modulation of 15 keV is expected and an
overall system resolution of < 0.05 % is required..

5 FUTURE DIRECTIONS

With the small energy modulation induced by the laser
fields, it is important to reduce the number of “spectator”
electrons present in the measured energy profile. We hope
to implement bunch length monitoring to permit direct
monitoring of the pulse shape to permit maximum overlap
of the electron and photons. By modulating the crossed
laser beam relative phase and using synchronous detection
techniques, we expect to further enhance our detection
sensitivity.

Beam transmission through 5 wm slits has proven to be
straightforward, allowing us to move from an adjustable
gap cell to a fixed gap cell. This simplification will permit
lithographic techniques to be used to produce highly
precise, simple accelerator cells, and to try several
different cells in a single experiment and to relax concerns
about laser damage.
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