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Abstract

A physics experiment for laser-driven, electron acceleration in a structure-loaded vacuum is being carried out at
Stanford University. The experiment is to demonstrate the linear dependence of the electron energy gain on the laser field
strength. The accelerator structure, made of dielectric, is semi-open, with dimensions a few thousand times the laser
wavelength. The electrons traverse the axis of two crossed laser beams to obtain acceleration within a coherence distance.
We predict that the demonstration experiment will produce a single-stage, electron energy gain of 300 keV over a 2.5 mm
distance. Ultimately, acceleration gradients of 1 GeVm ™! should be possible. © 1998 Elsevier Science B.V. All rights

reserved.
PACS: 29; 42.55.Tb
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1. Introduction

The demonstrated acceleration gradient of an
RF accelerator is limited to ~ 100MeV/m due to
field emission from the copper cavity wall. At op-
tical frequencies, the acceleration gradient can be
enhanced by using dielectric materials for the accel-
erator structure. At 1 um wavelength, a dielectric
sustains 10-times higher damage fluence than cop-
per [1]. With the rapid advance of laser technology,
it appears that future accelerators driven by effi-
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cient diode-pumped solid-state lasers could meet
the requirements for next generation high-gradient
particle acceleration.

In addition to high gradient operation, a laser-
driven accelerator should produce ultra-short elec-
tron bunches whose bunch length is several orders of
magnitude shorter than those from an RF acceler-
ator. The short electron bunch length, on the order
of subfemtosecond, is desirable for generating high
power coherent radiation in single-pass-type undu-
lators. Recent theoretical studies on GeV-per-meter
gradient, laser-driven electron accelerators have
shown the potential for ultra-compact, table-top,
free-electron lasers in the short wavelength range [2].

Two types of high gradient, laser-driven particle
accelerators, structure-based and plasma-based,
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have been proposed. A structure-based laser-driven
accelerator employs solid accelerator boundaries in
a vacuum. The distance between two adjacent ac-
celerator cell boundaries is less than a m-phase
slippage distance or coherence distance. The accel-
erator cell length, scaled with the driving
wavelength, is many orders of magnitude smaller
than a conventional RF accelerator, but can be
many times the driving laser wavelength. On the
other hand, a plasma-based accelerator, which ac-
celerates electrons using laser-excited, electrostatic
waves inside a plasma, does not have solid bound-
aries. For this type of accelerator, up to 100GeV
per meter acceleration gradient over a submil-
limeter distance has been experimentally demon-
strated [3]. To become a practical device, the
plasma-based accelerator has yet to demonstrate
high-average-gradient acceleration over a macro-
scopic distance with a reasonable efficiency.

A structure-based accelerator, with a gradient
limited by laser damage, employs direct laser fields
to accelerate electrons in a relatively efficient
fashion. A dielectric structure at optical frequencies
sustains a higher damage threshold. For example,
given a 1 um wavelength and a 100fs laser pulse,
the threshold damage field in dielectric materials
like fused silica or magnesium fluoride is about
10GV m™ ! [1]. The high damage threshold suggests
the potential of GeVm™' average acceleration
gradient by cascading a series of accelerator cells.

The laser-driven electron accelerator project,
termed LEAP, is being carried out at Stanford
University under a joint effort among the Edward
Ginzton Laboratory, the Hansen Experimental
Physics Laboratory (HEPL), and the Stanford Lin-
ear Accelerator Center (SLAC). The goal of the
experiment is to verify linear electron acceleration
from properly phased laser fields in a dielectric
accelerator structure. The project is to set a theoret-
ical and experimental foundation for future laser-
driven particle accelerators. We report in the fol-
lowing the supporting theory, the experimental
setup, and the predictions for the experiment.

2. Theory

Fig. 1 illustrates the crossed-laser-beam acceler-
ation scheme, where an electron is accelerated

along the axis of the crossed laser fields. The two
linearly polarized laser beams are phased such that
the transverse fields cancel and the longitudinal
fields add along the electron axis. The inset defines
the coordinate system used in this paper. The elec-
tron experiences the acceleration field until the op-
tical phase slips ahead of the electron by m. The
n-phase slippage distance or the coherence distance
is the maximum acceleration distance in an acceler-
ator stage. A series of crossed laser beams can be
arranged in successive dielectric boundaries to pro-
vide continuous acceleration. In our previous
study, a 0.7GeVm ™' average gradient can be ob-
tained by using a 1um wavelength pump laser
operating at a 100 fs laser pulse length. The acceler-
ator cell length is 390 um and the single-stage en-
ergy gain is about 280keV [4].

To demonstrate laser-driven acceleration, we se-
lected a design that gives the maximum single-stage
energy gain. For a highly relativistic electron mov-
ing along the z-axis, the electron energy gain AW (z)
along the electron direction z is given by [5]

X 1 20 7. [ 202
AW (Z) = 88 P? exp|:1 n 22]Sln[1 n 22], (1)

where P is the total laser power, 0 = 0/0, is the laser
crossing angle normalized to the laser far-field
diffraction angle 04, Z = z/z, is the electron axial
location z normalized to the optical Rayleigh
range z,, and z = 0 is chosen at the crossing point of
the two laser beams. The maximum single-stage
energy gain AW .. = 30./P(TW)MeV occurs at
the crossing angle 0 = 1.37 and the interaction
length 2/ = 0.92z, or 2] = 0.92 for the normalized
coordinate [6]. The condition 0 =137 and
21 = 0.92 corresponds to a m-phase slippage dis-
tance in a single accelerator stage. Given a Tiisap-
phire laser operating at a 1 ps pulse length and 1 mJ
per pulse, the maximum single-stage energy gain
for a highly relativistic beam is 0.67 MeV.

For a finite 7, the laser field along z seen by
on-axis electron is given by [4,5]

1+ )12 £20?
EZ(Z) = -2 2nImax6W6Xp —W COS

202 Z
[m + 2tan" 12 + 0(21 "/2:|, 2)
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laser beam

Fig. 1. The crossed-laser-beam electron acceleration scheme.
The two linearly polarized laser beams are phased such that the
transverse fields cancel and the longitudinal fields add along the
electron axis. The inset defines the coordinate system used in this

paper.

where 7 is the wave impedance, I,,,, is the max-
imum laser intensity that can be tolerated by op-
tical components located at Z= + I The
maximum single-stage energy gain is the integra-
tion of the electric field over the m-phase slippage
distance. Fig. 2 shows the single-stage energy gain
and the maximum acceleration distance versus the
electron injection energy y with design parameters:
0=13721=0921.=5Jcm % for 1ps laser
pulses [1] and 1 GW laser power. Both the energy
gain and the coherence distance, as expected, grow
monotonically with y. As the electron injection en-
ergy increases to several hundred MeV, the single-
stage energy gain converges to the predicted value,
0.67 MeV. The superconducting accelerator at the
Stanford Hansen Experimental Physics Laborat-
ory provides a beam energy of 35MeV or y = 70.
At this energy the single-stage energy gain and the
coherence distance are reduced from its maximum
value by a factor of two to three.

The condition § = 1.37 and 2/ = 0.92 used in
Fig. 2 may not maximize that for a finite injection
energy. With a fixed laser intensity I, = 5Jcm ™2
for 1ps laser pulses, the maximum acceleration
distance 2! and the maximum single-stage energy
gain AW ,, can be determined numerically from
Eq. (2) by knowing the laser far-field diffraction
angle and the laser crossing angle. Since the laser
power P... ~ 1GW and I, = 5Jcm ™2 the rela-
tionship Ppax = Imax@w(l)?/2 gives the laser spot
size¢ w(l) =80um at the optical component. As
discussed in Refs. [1,6], the laser field ought to
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Fig. 2. The dependence of the single-stage energy gain and the
maximum acceleration length on the electron energy. For highly
relativistic electrons, the maximum single-stage energy gain can
be 0.67 MeV and the coherence distance can be 14 mm along.
One GW laser power is assumed.

be terminated within a Rayleigh range, and there-
fore the laser spot size remains approximately a
constant along the accelerator axis. To a good
approximation, the laser waist at z=0 is
wo & w(l) = 80 um. From the definition for the far-
field diffraction angle 04 = i/mtw,, one obtains
04 = 4mrad for a 1um laser wavelength. Given
Inoe=5Jem™2 P, = 1GW, 03 = 4mrad, and
y =70, Fig. 3 shows the numerical results of the
single-stage energy gain and the maximum acceler-
ation distance versus the laser crossing angle.
A large laser crossing angle causes more phase slip,
which reduces both the energy gain and the coher-
ence length. On the other hand, a small crossing
angle reduces the acceleration field, but gives a bet-
ter phase velocity matching. At the maximum
single-stage energy gain 330keV, the laser crossing
angle is 13 mrad, and the corresponding maximum
acceleration distance is 2.5 mm.

3. Experimental setup

The Stanford Hansen Experimental Physics La-
boratory provides both the electron injector
and the pump laser for the LEAP experiment.
The superconducting accelerator at the HEPL
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Fig. 3. Single-stage energy gain and the maximum acceleration
distance versus the laser crossing angle, subject to the system
parameters I, = 5Jcm™ 2, P, = 1GW, 04 = 4mrad, and
7 = 70. A large laser crossing angle causes more phase slippage,
which reduces both the energy gain and the coherence length.
On the other hand, a small crossing angle reduces acceleration
field, but gives a better phase velocity matching.

generates a 35 MeV electron beam at a 11.8§ MHz
micropulse repetition rate over a macropulse
length of ~ 3ms. Currently, the electron macro-
pulse is being upgraded from a 10Hz repetition
rate to a continuous wave mode. The electron beam
parameters are: energy spread =~ 0.1%, normalized
emittance =~ §mmmmrad, micropulse length
~ 2ps, and 10% electrons per micropulse. The
mode-locked Ti:sapphire laser generates 0.1 ~ 1 ps
laser pulses with a mJ pulse” ' energy at a 1kHz
repetition rate.

Fig. 4 shows the experimental setup for demon-
strating the laser-driven electron acceleration. The
LEAP beam line is at the end of the HEPL FEL
beam line. To synchronize the Ti : sapphire laser to
the electron pulse, the cross-correlation signal of
the Ti : sapphire laser and the FEL is fed back to
a PZT that adjusts the Ti : sapphire laser cavity
length. We assume that the FEL pulses are in
synchronization with the electron pulses.

A “rogue” pulse at the Ti : sapphire laser repeti-
tion rate of 1kHz is inserted between the regular
11.8 MHz electron pulses. The rogue pulse does not
interact with the FEL and retains its original beam
quality after the FEL wiggler. A fast kicker then
deflects the rogue pulses to the LEAP experiment.
The rogue pulse scheme permits the operation of

the FEL for synchronization purpose while avoid-
ing the background noise from 11.8 MHz regular
pulses.

The laser optics at the interaction region is depic-
ted in Fig. 5. Each Ti : sapphire laser pulse is split
into two identical pulses in the Mach-Zehnder
beam splitter. The prism sliding in the horizontal
direction provides adjustment for the relative phase
between the crossed beams. The prims sliding in the
vertical direction provides adjustment for the laser
crossing angle.

The emittance filter is to remove the electrons
that may not transit the accelerator stage for
a given electron transit aperture. The acceptance is
determined by the electron transit aperture size and
the accelerator stage length. The aperture can be
a rectangular shape with a long dimension in y. For
an interaction length of 2.5mm (see Fig. 3) and
a rectangular aperture of um x 1 mm, the accept-
ance is approximately 10 *mmmmrad. Given
a normalized emittance of 8mmmmrad for the
35MeV beam from the injector, approximately 1%
of the whole electron beam of 10° electrons s~ in-
teract with the laser beam, if a 1 kHz electron pulse
repetition rate is assumed. Our study shows that
a 4um wide electron aperture in the accelerator
reduces the single stage energy gain by 20% and
a 6 um one reduces the gain by 40%. The energy
gain reduction is due to the laser field leaking from
an aperture larger than the laser wavelength.

The maximum energy gain, as calculated in the
last section, is about 330 keV, which is ~ 1% of the
electron injection energy. An energy spectrometer
with 10™* resolution after the emittance filter
allows the detection of ~ 1% energy modulation.
The energy measurement will be carried out over
a wide range of parameters, including laser power,
laser crossing angle, laser waist size, interaction
length, electron transit aperture size, and relative
phase of the crossed laser beams.

4. Summary
A physics experiment for demonstrating laser-
driven electron acceleration is being carried out

at Stanford University. The project is a joint effort
among the Ginzton Laboratory, the Hansen
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Fig. 4. Experimental setup for the LEAP experiment. The synchronization between the Tiisapphire laser and the electron pulse is
provided by the sum frequency generation of the FEL and the Ti:sapphire laser mixed in AgGaSe,. The rogue pulse at 1 kHz, unaffected
by the FEL, is deflected into the interaction chamber by using a fast deflector.
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Fig. 5. The optical configuration at the interaction region. Each Ti : sapphire laser pulse is split into two identical ones at the

Mach-Zehnder beam splitter. The prism, sliding in the horizontal direction, is to provide adjustments for the relative phase between the
two pulses. The prism, sliding in the vertical direction, is to provide adjustments for the laser crossing angle. The emittance filter

collimates electrons.
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Table 1

System parameters for the pump laser and the electron injector

Laser system Pulse width Energy/pulse Repetition rate Wavelength

Mode-locked 0.1 ~ 3ps 1 kHz 0.8 ~ lpum

Ti : sapphire laser

Electron injector Pulse Energy Number of Repetition Energy Normalized
width electrons rate spread emittance

Superconducting ~2ps 35 MeV 10%pulse ! < 1kHz 0.1% 8mmm

accelerator mrad

Table 2

The accelerator design parameters for maximizing single-stage energy gain

Laser crossing Laser far-field Laser power Electron energy interaction Accelerated

angle diffraction angle gain length electrons

13 mrad 4 mrad 1 GW 330 keV 2.5 mm <10%7!

Experimental Physics Laboratory, and the Stan-
ford Linear Accelerator Center. The goal of the
experiment is to achieve electron linear acceleration
in a structure loaded vacuum. The accelerator,
made of dielectric optical components, is driven by
a mode-locked Ti : sapphire laser. We intend to
measure the electron energy gain versus laser
power, laser crossing angle, laser waist size, interac-
tion length, electron transit aperture size, and rela-
tive phase of the crossed laser beams. The system
parameters for the laser and the electron injector
are listed in Table 1 The accelerator design para-
meters are summarized in Table 2.

The LEAP project is expected to demonstrate
vacuum laser-driven electron acceleration in a
semi-open dielectric structure that is a few thou-
sand times larger than the driving wavelength. The
success of this project may, in the future, lead to
efficient short-wavelength undulator radiation as
well as to compact TeV-class linear colliders.
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