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Laser-driven electron accelerators (laser linacs) offer the potential for enabling much more eco-
nomical and compact devices. However, the development of practical and efficient laser linacs requires
accelerating a large ensemble of electrons together (“‘trapping”) while keeping their energy spread
small. This has never been realized before for any laser acceleration system. We present here the first
demonstration of high-trapping efficiency and narrow energy spread via laser acceleration. Trapping
efficiencies of up to 80% and energy spreads down to 0.36% (1) were demonstrated.
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Using laser light to accelerate electrons to relativistic
energies offers the potential for building more affordable
high-energy accelerators. Laser-driven acceleration gra-
dients >1 GV/m have been demonstrated [1], which
means compact, table-top-sized accelerators for usage in
industry, medicine, and academic research may be also
possible. Advances in laser technology, such as the devel-
opment of high-efficiency diode-pumped lasers [2], fur-
ther enhances this effort.

Despite this exciting promise and the tremendous
progress made in laser acceleration research, there has
been little work to address the pragmatic problem of
devising ways to make a useful laser-driven accelerator
(laser linac). The >1-GV/m gradients have generally
accelerated only a small fraction of the total available
electrons and the energy spread of the accelerated elec-
trons tends to be very large.

For efficient acceleration the electrons must be grouped
together (i.e., microbunched) within a small fraction of
the accelerating wave phase (e.g., <7/2). This is impor-
tant in order for a large percentage of the electrons to be
captured (“‘trapped’) within the laser field ponderomo-
tive potential well (““bucket”) or laser-induced plasma
wave, such as in plasma-based laser acceleration schemes
[3]. During the acceleration process, the trapped electrons
need to maintain a narrow energy spread (i.e., monoen-
ergetic) so that in subsequent laser acceleration devices
(“stages”) the electrons can continue to be efficiently
trapped and accelerated. This staging process whereby a
laser beam(s) repeatedly accelerates the electrons is fun-
damental for achieving high net acceleration.

It was the goal of our experiment, called staged elec-
tron laser acceleration (STELLA), to demonstrate all
these features in a single system. To accomplish this we
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chose as our basic approach the concept of imparting
a sinusoidal energy modulation on the electron beam
(e beam), thereby leading to microbunching, and fol-
lowed by monoenergetic acceleration with high-trapping
efficiency. Thus, this experiment is fundamentally about
validating a specific process for making a practical laser
linac; it is not about further developing a particular laser
acceleration mechanism.

Figure 1 illustrates the outcome of this microbunching
process using a model simulation for the conditions of the
STELLA experiment. Since the e-beam pulse length is
much longer than the accelerating wavelength, the elec-
trons initially enter uniformly distributed over all phases
of the acceleration wave [Fig. 1(a)]. Exposing the elec-
trons to an oscillating electromagnetic field causes sinu-
soidal energy modulation of the e-beam energy [Fig. 1(b)].
If these electrons are allowed either to drift or be sent
through a bunch compressor device, then the fast elec-
trons catch up with the slow ones [Fig. 1(c)] resulting in
the creation of an =3-fs long [4] microbunch [Fig. 1(d)].
These microbunched electrons are sent through a second
laser accelerator device at the proper phase with respect
to the accelerating field in the second device to trap and
accelerate the electrons while maintaining a narrow en-
ergy spread.

During a precursor experiment [4] of STELLA we
demonstrated for the first time the microbunching and
staging aspects illustrated in Fig. 1. This Letter describes
the culmination of the STELLA experiment where high-
trapping efficiency and monoenergetic laser acceleration
are confirmed for the first time.

The basic STELLA concept can be applied to many
different laser acceleration schemes. For experimental
expediency and simplicity we chose to use inverse free
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Model simulation for STELLA showing the microbunching process. (a) E-beam energy shift from initial energy versus

phase distribution relative to accelerating wave. (b) Energy-phase distribution after energy modulation by the first laser acceleration
stage. (c) Energy-phase distribution after traveling through the bunch compressor (chicane). (d) Microbunch longitudinal density

distribution of (c).

electron lasers [5] (IFEL) as our laser acceleration
mechanism. An IFEL is a free electron laser operating
in reverse. The laser beam copropagates with the ¢ beam
within the gap between a pair of parallel-facing magnet
arrays called an undulator. Depending on the sign of the
laser field seen by an electron, the electrons will be
accelerated or decelerated.

STELLA is located at the Brookhaven National
Laboratory Accelerator Test Facility (ATF). Figure 2
shows a schematic layout of the experiment. The ATF
features a conventional microwave-driven linear accel-
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erator [E, =45 MeV, AE,=0.03%(10), eg,=
1.5 mm-mrad(yoa’), ¢ = 0.1 nC, 7. = 3 ps(lo)] and a
>100-GW peak power CO, laser [A = 10.6 um, 7 =
180 ps (FWHM)]. The long wavelength of the CO,
laser offers experimental advantages over the order-of-
magnitude shorter wavelengths of solid-state lasers be-
cause the resynchronization requirements between the
electrons and light wave are less stringent.

The e beam and the CO, laser beam are directed
through the center of the first IFEL undulator (IFEL1),
travel through a magnetic bunch compressor (chicane),

VACUUM

VIDEO CAMERA

H:u = QUADRUPOLE MAGNET

CHAMBER
CHICANE  £BEAM PARABOLIC
FOCUSING MIRROR WITH
LENSES CENTRAL HOLE

FIG. 2 (color online).
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Schematic layout for the STELLA experiment.
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and finally are focused in the center of the second IFEL
undulator (IFEL2). The purpose of IFELI1 is to impart the
aforementioned sinusoidal energy modulation.

The chicane has both a fixed magnetic field (i.e., per-
manent magnets) and a variable magnetic field (i.e., elec-
tromagnets). The fixed field forces the electrons to travel
through a “V-shaped” trajectory in which the faster
electrons generated by IFELI1 traverse a shorter path
than the slower ones, thereby causing the electrons to
bunch at the entrance to IFEL2. This creates a train of
microbunches (=80 for a 3-ps e-beam pulse) separated by
10.6 wm with individual bunch lengths of =1 um as
predicted by our model [see Fig. 1(d)]. Control of the
phase delay between the microbunches and the laser field
in IFEL2 is achieved by adjusting the variable field of the
chicane. This enables resynchronizing the microbunches
with the accelerating portion of the laser field by slightly
delaying when the electrons exit the chicane. Usage of the
chicane also makes the entire system more compact with
a total length of 1.2 m from IFELI1 to IFEL2.

IFEL?2 used a tapered [6] undulator in which the gap
separating the magnet arrays is smaller by 11% at the
output end of the device (equivalent to 12% energy taper).
Tapering is the key for achieving high-trapping efficiency
and sufficient energy gain to separate the accelerated
electrons from the background electrons. The laser field
nominally accelerates the trapped electrons by the
amount of energy taper of the undulator. Although the
theoretical maximum amount of electrons in the micro-
bunches produced by IFEL1 and the chicane is =50%, as
explained later with high enough laser intensity driving
IFEL?2 it is possible to trap much more than 50% of the
electrons [7].

Downstream of IFEL2 is an electron energy spec-
trometer with a resolution of 0.14%(1¢), which is in-
cluded in the model. Reference [8] has further details of
the STELLA hardware specifications.

Two illustrative energy spectrum experimental results
are presented along with model comparisons with the
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FIG. 3 (color online).

chicane phase delay set for maximum acceleration. The
model [9] is a relatively simple, but comprehensive, PC-
based 3D code. (Separate analysis and modeling results
[10] show that space charge and coherent synchrotron
radiation effects are not significant for the STELLA
conditions.)

Figure 3(a) shows an example of high-trapping effi-
ciency. Plotted on the abscissa is the energy shift from the
initial e-beam energy. The ordinate represents the number
of electrons of all the microbunches within a single 3-ps
e-beam pulse, where the areas under the data and model
curves have been normalized to each other. A large num-
ber of electrons have gained 7-9 MeV; in fact, an inte-
gration of the data curve indicates that = 80% of the
electrons have been trapped and accelerated with an en-
ergy spread of =1.2%(10).

The estimated laser intensity at the center of IFEL2
is 1.7-2.7 TW/cm?. This agrees with the model simu-
lation shown in Fig. 3(a), which used a laser intensity of
1.7 TW/cm?. The predicted peak of the accelerated elec-
trons agrees well with the data and has a similar amount
of trapping efficiency, but has a narrower energy spread
and two peaks near zero energy shift.

Figure 3(b) is the energy-phase plot for the
prediction given in Fig. 3(a) and provides clues for the
differences between the model and data. The double
peaks near zero energy shift arise from untrapped
electrons slipping over phase. The amount of slippage
depends on a number of factors including the initial
e-beam energy and the exact trajectory of the e beam
relative to the undulator magnetic field. These affect
the resonance condition and, therefore, how much
phase slippage occurs while the electrons traverse
through the undulator. The single peak of the data at
zero energy shift seems to imply the actual resonance
condition of the experiment was slightly different than
in the model caused by, perhaps, misalignment through
the undulator. This may also help explain the wider energy
spread.
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(a) Example of electron energy spectrum for high-trapping efficiency case with the chicane phase delay set

for maximum acceleration. The solid curve is data; the histogram (for 5000 electrons) is the model prediction with 1.7 TW /cm?
driving IFEL2. (b) The energy-phase plot predicted by the model for simulation in (a).
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FIG. 4 (color online). Example of electron energy spectrum
for narrow energy spread case with the chicane phase delay set
for maximum acceleration. The solid curve is data; the histo-
gram (for 5000 electrons) is the model prediction with
1.3 TW/cm? driving IFEL2. The two dips on the data curve
designated as fiducial lines are caused by scribe lines on the
spectrometer output screen.

Figure 3(b) also helps elucidate the high-trapping effi-
ciency process. The microbunches initially start at the
beginning of the undulator with zero energy shift. The
deep laser potential well captures electrons neighboring
in phase with the microbunch electrons and sweeps the
ensemble up in energy as the electrons travel through the
undulator resulting in the dense collection of electrons at
7—-8 MeV seen in Fig. 3(b).

Figure 4 shows an example of a very narrow energy
spread. The accelerated electrons still gained >7 MeV,
but with an energy width of =0.36%(10) and a smaller
trapping efficiency of =~14%. The lower trapping effi-
ciency appears to be caused by a significant number of
electrons lying between zero energy shift and 7 MeV.

A comparison with the model gives clues on the origin
of these partially accelerated electrons. In Fig. 4 the laser
intensity in the model was reduced to 1.3 TW/cm?. This
lower laser intensity primarily results in a narrower en-
ergy spread for the trapped electrons because the tapered
undulator is being driven just above the threshold inten-
sity for trapping [6]. However, the model also indicates
that the partially accelerated electrons are due to a com-
bination of an asymmetric e-beam focus within IFEL2
and an ~300 wm drift in spatial overlap between the
e beam and the laser beam inside the tapered undulator.
Essentially, the electrons start to interact with the laser
beam at the beginning of the undulator in IFEL2, but
later travel out of the laser beam towards the end of the
undulator. Hence, they experience only partial energy
gain. With symmetric e-beam focusing and good spatial
overlap of the beams, the model predicts high-trapping
efficiency with an energy spread of <1%(10).
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During the experiment, the pulse-to-pulse energy fluc-
tuation of the laser was =12%, which had a significant
affect on the spectrum because the experiment primarily
operated near threshold for trapping. As a first demon-
stration of high-trapping efficiency and monoenergetic
acceleration, the experiment was not designed to explore
the issue of stable injection and trapping.

For the 1-TW/cm? laser intensity and 45-MeV ini-
tial e-beam energy, analysis indicates the electrons enter
near the bottom of the ponderomotive bucket, experience
~1/2 a synchrotron period movement inside the bucket
while traveling through the undulator, and exit near the
top of the bucket, thereby yielding additional acceleration
beyond the amount of energy taper.

As a side benefit of this work, we have also shown that
despite IFELs having certain scaling limitations, they are
still useful devices for other applications. For example,
they offer a convenient method for creating micro-
bunches. Compact IFEL systems for producing ~1 GeV
e beams may also be feasible [11].

In conclusion, we have successfully validated the basic
approach of energy modulation, microbunching, trap-
ping, and monoenergetic acceleration and, in doing so,
demonstrated the crucial elements needed for a practical
laser linac.
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