PHYSICAL REVIEW ACCELERATORS AND BEAMS 19, 021305 (2016)

Ultrashort laser pulse driven inverse free electron laser
accelerator experiment

J.T. Moody*

Department of Physics and Astronomy, UCLA, Los Angeles, California 90095, USA
and Max Planck Institute for Physics, Munich, Bayern 80805, Germany

S. G. Anderson, G. Anderson, S. Betts, and S. Fisher

Lawrence Livermore National Laboratory, Livermore, California 94550, USA

A. Tremaine

Lawrence Livermore National Laboratory, Livermore, California 94550, USA
and SLAC National Accelerator Laboratory, Menlo Park, California 94025, USA

P. Musumeci

Department of Physics and Astronomy, UCLA, Los Angeles, California 90095, USA
(Received 17 July 2015; published 29 February 2016)

In this paper we discuss the ultrashort pulse high gradient inverse free electron laser accelerator
experiment carried out at the Lawrence Livermore National Laboratory which demonstrated gradients
exceeding 200 MV /m using a 4 TW 100 fs long 800 nm Ti: Sa laser pulse. Due to the short laser and
electron pulse lengths, synchronization was determined to be one of the main challenges in this experiment.
This made necessary the implementation of a single-shot, nondestructive, electro-optic sampling based
diagnostics to enable time-stamping of each laser accelerator shot with < 100 fs accuracy. The results
of this experiment are expected to pave the way towards the development of future GeV-class IFEL

accelerators.
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The field of advanced accelerators focuses on finding
solutions for high gradient acceleration techniques that
could replace traditional radio frequency-based accelerat-
ing structures which are limited by breakdown to
~100 MeV/m fields [1]. In laser-based accelerators, short
wavelength sources such as high power lasers are employed
to exploit high achievable fields while avoiding breakdown.
In practice, for a given available energy in the pulse,
extremely high laser intensities (and accelerating gradients)
can be obtained using ultrashort laser pulse lengths, thereby
posing stringent requirements on timing and synchroniza-
tion with the accelerating electron beams.

Among many different laser-based accelerator schemes,
the inverse free electron laser (IFEL) interaction is attrac-
tive as the energy exchange between photons and electrons
is direct, i.e., occurs in vacuum and far from any boundary
(far-field), eliminating the risk of material breakdown
altogether. The IFEL scheme accelerates relativistic elec-
trons by drawing power from a laser pulse as the electron
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beam and laser pulse copropagate in a periodic magnetic
field provided by an undulator magnet.

First investigated by Palmer [2], the IFEL was later
proposed for use in high energy physics by Courant,
Pellegrini, and Zakowicz [3]. Nearly a decade ago, the
STELLA experiment at BNL staged a microbuncher
and gap tapered linear undulator to demonstrate high
efficiency monoenergetic acceleration with energy gain
of up to 9 MeV [4]. The Neptune IFEL experiment at
UCLA achieved 20 MeV energy gain and 70 MeV/m peak
gradient with a period and magnetic field tapered undulator
and a strongly focused high power CO, laser [5]. More
recently Duris et al. [6] demonstrated 100 MV /m gradients
and high quality beams from an IFEL using helical
geometry. Even though due to synchrotron radiation losses,
it is widely accepted that the energy reach of the IFEL is
limited to < 5 GeV, the renovated interest in this laser-
acceleration scheme comes from the many light source
applications in the 1-2 GeV range where scaling is very
favorable.

One common element for all these high gradient high
gain IFEL accelerators is that they were driven by high
power CO, laser pulses at 10 ym wavelength. This is not
a mere coincidence as relatively long laser wavelengths
are associated with larger transverse spots (mm-size) and
longer pulse durations (a few to hundreds of ps) easing the
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alignment and synchronization tolerances in these proof-of-
principle experiments.

In this paper we discuss a near infrared ultrafast laser
pulse driven high gradient IFEL experiment carried out
at LLNL where using a strongly tapered planar undulator
a 75 MeV beam from an S-band electron linac was
accelerated to 125 MeV by a 100 fs 500 mJ Ti:Sa laser
pulse. There are two unique elements in this experiment
when compared to previous high gradient IFEL. First, this
experiment used the shortest pulse length and the highest
laser peak power among all other IFEL experiments to date.
As a consequence, we were able to establish new records
for energy gain and gradient in IFEL acceleration taking
advantage of the order of magnitude larger peak power
employed in the experiment. Second, this was the first high
gradient IFEL driven by a 800 nm wavelength commercial
Ti:Sapphire based laser system. Due to the large bandwidth
of the gain medium, this particular kind of laser technology
allows for very short pulse lengths and high peak powers
and is now the mainstream for scientific lasers, much
more common and compact than high power CO, lasers
employed in previous IFEL experiments.

There is also a more fundamental reason to prefer shorter
wavelength laser for high energy IFEL acceleration. In an
IFEL maximum energy exchange occurs when the radiation
slips over the electron beam by exactly an integer number of
cycles every undulator period and the resonant condition is
satisfied. For a planar undulator, tuned at the fundamental
resonant frequency, this relation can be written as

, A1 +E)

14 _2—/1 (1)

where A and A, are the laser and undulator period and
K = 0.93B(T)A,,(cm) is the undulator normalized vector
potential. Given a maximum magnetic field on the order of
1.5 T, typical of permanent magnet undulator technology, itis
easy to see that scaling IFEL accelerators to GeV energies
will require the use of < 1 um laser wavelengths in order
to limit the period length to less than 10 cm (see Fig. 1).
While adopting a different undulator technology might
alter some of these considerations [7], one should note that
shorter undulator periods result in small trajectory offsets
(~KA4,,/2my). Since the laser spot size must be at least a
few times larger than the particle trajectory wiggling ampli-
tude to ensure good coupling, it follows that shorter period
undulators allow tighter focusing and higher laser intensity,
and thus maximize IFEL gradient making < 1 um laser
wavelengths the preferred choice for GeV IFEL applications.

The paper is organized as follows. First we describe the
experimental setup and the original design of the experi-
ment followed by the acceleration results. In the laser
section we discuss the implementation of a single shot
nondestructive timing diagnostics which was necessary
during the optimization phase of the experiment. Due to a
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FIG. 1. Resonant energy scaling for fixed magnetic field

amplitude.

lower than expected transverse mode quality the energy
spectra of the IFEL accelerator were poor and characterized
by a rather large energy spread. This is discussed in detail
and the measured energy spectra are found in agreement
with particle tracking simulations. In the conclusion we
discuss the impact of the outcome of the experiment on
future IFEL designs.

I. THE LLNL IFEL ACCELERATOR

The experiment took place at the LLNL BLDG 194
beamline [8]. The electron source used is a standard SLAC/
UCLA/BNL 1.6 cell S-band photogun. The beam was
generated illuminating the cathode with a small portion of
the same ultrashort laser system used to drive the IFEL and
thus operating the photoinjector in the blowout regime [9].
The beam was then accelerated to > 70 MeV by three 3 m
long SLAC style accelerating sections and finally com-
pressed through a magnetic chicane before focusing into
the undulator.

A layout of the interaction area can be seen in Fig. 2
where the magnetic chicane is also shown. The chicane
serves also the purpose to couple on the beamline axis the
high power laser pulse. The final focus quadrupole magnets
bring down the spot size of the electron beam at the center
of the undulator to 100 gm rms. Spatial overlap between
the electron and laser was achieved by monitoring their
transverse profiles using standard DRZ Gd,0,S: Tb fluo-
rescent screens [10] located before, at the center, and after
the undulator. A rough temporal overlap within 2 ps is
obtained by observing optical transition radiation from the
electrons and the laser light on a streak camera. A wide
acceptance spectrometer was used after the undulator to
measure the beam energy after the interaction. The exper-
imental parameters are summarized in Table L.

The 50 cm long UCLA/Kurchatov undulator magnet is
the same one that was previously used in the Neptune IFEL
experiment [11]. In this strongly tapered planar undulator
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FIG. 2. Diagram of interaction region for the UCLA-LLNL IFEL experiment. The high power Ti:Sa laser (in red) is focused in the
OAP chamber, goes through a periscope that preserves its horizontal polarization, and is sent down the beam line using an on axis mirror
located the center of the chicane compressor. The electron beam from the S-band linac approaches from the left, is compressed in the
chicane, and is focused to a waist at the center of the undulator by two quadrupole triplets.

both the period and magnetic field are increased along
the axis to maintain the IFEL resonant condition with a
violently accelerating beam. The reduction in the driving
laser wavelength (from 10 pum for the Neptune experiment
to 800 nm) results in a 1/10/0.8 factor higher resonant
energy. The design resonant energy along the interaction
assuming a 800 nm central wavelength driving laser is
shown in Fig. 3.

In order for the beam to follow this resonant curve a
relatively large (> 5 TW) laser power is required. With the
aim of minimizing the experimental costs, the laser system
for this experiment was specified right at the limit of this
threshold. Unforeseen inefficiencies due to power losses in
the transport and higher order transverse mode content in
the laser transverse profile pushed back the available power
by more than a factor of two, effectively preventing full
capture and acceleration even for the smallest fraction of
the beam.

For a given laser intensity profile, we can calculate the
ponderomotive gradient [12] and the undulator tapering

TABLE I. LLNL IFEL design parameters.

Electron beam

Injection energy 50 MeV
Charge 50 pC
Normalized rms emittance 2 mm-mrad
Pulse length after compression (rms) 100 fs
oms at focus 100 ym
Laser

Wavelength 800 nm
Pulse length (FWHM) 100 fs
Pulse energy 500 mJ
Rayleigh range 7 cm
Focal spot size 120 ym
Repetition rate 10 Hz
Undulator

Undulator period 1.5-5 cm
Magnetic field amplitude 0.116-0.686 T
Normalized undulator K 0.2-2.8
Gap 12 mm
Total undulator length 50 cm

gradient [i.e., derivative of Eq. (1)] along the undulator. In
order to have a nonzero area for the trapped region of phase
space, the first has to be always larger than the second one.
As shown in the Fig. 4, for the actual experimental
parameters this is not the case and IFEL resonant accel-
eration can only be obtained over a distance shorter than
the full undulator. Particle tracking simulations confirm that
for laser intensities lower than design, particles injected at
50 MeV detrap early in the undulator resulting in modest
energy gain and large energy spread.

II. IFEL. ACCELERATION RESULTS

In order to demonstrate high energy IFEL acceleration
of particles, we chose to increase the input beam energy
and inject particles further along the resonance curve. This
allowed us to verify IFEL acceleration and still measure
significant gradient and energy gain even with the smaller-
than-design laser intensity delivered to the experiment.

Design Resonance Curve
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FIG. 3. Evolution along the undulator of the design resonant

energy (red-dashed) and of the simulated maximum energy for
57 MeV (green-dotted) and 77 MeV (blue-solid) injection as used
in the experiment.
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FIG. 4. Ponderomotive gradient using design parameters from
Table I and gradient from the undulator resonance condition. The
experimental case corresponds to a laser pulse with 50% lower
intensity due to losses in the optical transport and with significant
higher order modal content (M2 factor = 1.6).

The evolution of the electron beam in the entire
system has been simulated starting from the cathode,
through the linac and along the IFEL accelerator using a
combination of Parmela [13] for the rf gun and linac,
Elegant [14] for the chicane and general particle tracer
[15] for the final IFEL interaction. In Fig. 3 we show
the evolution of the maximum particle energy for two
different input energies (57 and 77 MeV) as employed
in the experiment.

Because the injection energy is higher than the resonant
value at the undulator entrance, the energy exchange
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FIG. 5.
Integrated lineouts of the spectra are also shown.
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is minimal in the first part of the undulator or more
specifically until the longitudinal position where the
injection energy intersects the design acceleration curve.
For the 77 MeV case we recorded a final energy of
120 MeV. According to the simulation > 90% of the
acceleration took place from 20 cm to 35 cm, resulting
in a peak accelerating gradient of 200 MeV per meter. The
average gradient over the entire acceleration region can
be estimated at approximately 130 MeV per meter.

The measured energy spectra recorded on the spec-
trometer are shown in Fig. 5 together with the simulated
energy spectra. There is fair agreement with the simu-
lation considering the uncertainty in the alignment and
in the transverse mode profile of the amplified laser pulse.
A log scale is used to better show the particles at the
high end of the energy spectrum. The number of particles
accelerated to the maximum energy is smaller than 5%
of the injected electrons, mostly due to the insufficient
laser power available and the steep undulator tapering
design. Future IFEL experiments should include a
prebuncher and a more optimized tapering to maximize
the efficiency of energy transfer between laser and
electron beam.

III. SYNCHRONIZATION AND TIMING

With the electron beam and laser pulse lengths on
the same scale as the slippage of the electron beam
with respect to the laser along the interaction (i.e.,
100 fs time scale), the time of arrival (TOA) jitter
between the electron and laser beams can have a signifi-
cant effect on the performance of the accelerator. To
successfully characterize the temporal overlap, the elec-
tron beam’s TOA with respect to the laser must be
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IFEL spectra for 57 MeV (left) and 77 MeV (right) injection energies. (a) no laser, (b) laser on, (c) GPT simulation results.
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FIG. 6. Diagram of interaction region with details of electro-optic sampling timing diagnostic.

determined for each shot. Therefore we implemented an
electro-optic sampling based diagnostic to provide this
measurement.

In electro-optic sampling (EOS) a crystal is used to
sample the near field of the electron beam which induces a
birefringence in the crystal via the Pockel effect. A portion
of the main drive laser that powers the optical accelerator is
used to probe this index change, resulting in a polarization
shift that can be then detected by an analyzing polarizer.
There are many ways to read out in a single shot the timing
information encoded in the signal [16—19]. In our case, we
used the spatially encoded time stamping geometry devel-
oped by Scoby et al. [20] for timestamping of pump-probe
ultrafast electron diffraction experiments.

The TOA measurement setup is shown in Fig. 6. A small
portion of the main drive laser was picked off from the
bleed through one of the dielectric mirror, spatially filtered
and routed to a ZnTe crystal located just above the electron
beam line axis. A delay stage was used to adjust the
temporal overlap of the electron beam and the probe EOS
laser at the crystal.

For coincident EOS and IFEL measurements to be
captured, the electron beam must be as close to the crystal
as possible. Indeed Scoby e al. [20] measured 100 kV/m
with the electron 1 mm from the surface of the crystal. In
the LLNL case, however, the separation between the
crystal edge and the electron beam axis must be larger
due to the main interaction laser co-propagating with the
electron beam to the IFEL undulator. The scattering off the
crystal from the transverse distribution tails of the main
500 mJ pulse is sufficient to saturate the camera. Since the
1/€? transverse spot size of the laser at the crystal plane is
w = 3 mm, the crystal must be kept at a distance larger
than zw/2 = 5 mm from the axis to prevent saturation of
the image and damage of the crystal.

For a relativistic Gaussian electron beam, the radial
electric field amplitude at a distance r away from the beam

sE, = qucor' For a 100 pC, 200 fs electron beam this

gives an estimate for the field at 5 mm radius from the beam
axis of ~1 MV/m which can induce an easily detectable
polarization change.

A representative image from the camera looking at
the probe laser after the analyzer is shown in Fig. 7a.
The signal shows the characteristic Cherenkov angle
of a relativistic electron beam driven wave propagating in
the dielectric [20]. The timing information is extracted by
determining the position of the peak in a thin slice of the
image as shown in 7c. The calibration from pixel to time can
be obtained by scanning the delay stage of the diagnostic
laser. The injection energy was 57 MeV in this case. The
amount of electrons accelerated to energies larger than
65 MeV is strongly dependent on the temporal overlap
between the laser and electron beam in the undulator.

Keeping the delay line fixed, we can then acquire
multiple images and characterize the time of arrival jitter
of the electron beam with respect to the interaction laser
prior to running the IFEL experiment. The time of arrival
jitter of the electron beam was measured to be > 1 ps,
mainly caused by the fluctuations in the amplitude and
phase of the high power rf system.

When the diagnostic is online at the same time of the
laser acceleration experiment, we can use the EOS signal
to obtain a time-stamp for each of the IFEL energy
modulated electron beam spectra. Two representative
shots are shown in Fig. 7. Only when the laser and
the electron beam are temporally overlapped inside the
undulator a large fraction of electrons are accelerated by
the IFEL accelerator. The spectrometer images have been
analyzed to extract the maximum energy gain observed
by the electrons. Over two hundred correlated images
were examined and binned into 200 fs bins. The results
of the time of arrival study are reported in Fig. 8§ showing
the effectiveness of the EOS to capture the timing of the
laser accelerator.
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FIG. 7. Coincident EOS images and raw IFEL spectrum images (a and b). Temporal profile of the EOS signal (c) and lineouts of the

spectrum images for > 65 MeV electron energy.

A simple cross-correlation model can be used to under-
stand quantitatively the results. Assuming Gaussian pro-
files for the laser pulse and electron beam temporal profiles
with rms duration of 50 fs and 240, respectively, the model
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FIG. 8. Results of time of arrival study. Over 200 correlated

relative time of arrival and spectrometer images were sampled
and binned to provide the temporal overlap profile of the IFEL
interaction. The solid curve is the result of the cross-correlation
model assuming Gaussian laser and electron temporal profiles
with 50 fs and 240 fs rms durations, respectively.

predicts a Gaussian timing curve with 250 fs rms duration
in good agreement with the measured timing curve for the
IFEL interaction.

IV. CONCLUSIONS

In conclusion, we observed significant IFEL acceleration
using a commercial ultrashort pulse 800 nm laser system
resulting in 40 MeV energy gain over approximately 25 cm,
with a peak accelerator gradient of 200 MeV/m, paving
the way to the use of IFEL accelerators for compact GeV
accelerators for advanced light sources [12].

Due to high peak power and short laser wavelength the
demonstration of high energy gain/high gradient acceler-
ator driven by a Ti:Sapph laser system in the UCLA-LLNL
IFEL experiment is a key-step along the way of future
compact IFEL accelerators. The experiment was mainly
aimed at demonstrating high gradient in an IFEL accel-
erator using short wavelength laser driver. The lack of a
prebuncher, the mismatch between design and actual laser
parameters prevented full capture and higher efficiency
energy transfer.

The LLNL IFEL experiment was not targeting energy
transfer efficiency. Among other laser accelerators the IFEL
is actually one of the most efficient scheme as no structures
and no medium (plasma) can absorb the laser energy. One
possibility to improve in efficiency is to accelerate trains of
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electron bunches by recirculating the laser pulse embedding
the IFEL in an optical cavity. This possibility originates
from the recent results of a recirculated inverse Compton
scattering source at the ATF [21] and is subject of active
research. In order for a single pass IFEL accelerator to be
efficient in transferring the energy from the laser to the
electrons as discussed in [12] a much larger (> 1 kA) peak
current and a prebunched beam must be employed.

Since the laser pulse length was of the same scale as the
electron beam slippage with respect to the laser, the
temporal overlap was a critical parameter in the experiment
and was monitored shot-to-shot using a spatially encoded
nondestructive EOS-based diagnostics. As expected, the
performance of the IFEL accelerator was observed to be
strongly dependent on variation of the relative timing on a
scale comparable with laser pulse duration and electron
bunch length (< 100 fs). Monitoring and controlling the
relative timing between high intensity laser pulses and
electron beams is a crucial step in improving the reliability
of high gradient laser-based accelerator schemes. The
timing method employed in this experiment can be easily
ported to other laser-based advanced accelerator setups.
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