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Abstract—The Accelerator Test Facility at Brookhaven National Laboratory (BNL ATF) offers to its users a
unique combination of research tools that include a high-brightness 70-MeV electron beam, a mid-infrared
(A = 10 um) CO, laser of terawatt power, and a capillary discharge as a plasma source. These cutting-edge tech-
nologies have enabled us to launch a new R&D program at the forefronts of advanced accelerators and radiation
sources. The main subjects that we are researching are innovative methods of producing wakes in a linear
regime using plasma resonance with the electron microbunch train periodic to the laser’s wavelength and so-
called “seeded” laser wakefield acceleration (LWFA) that is driven and probed by a combination of electron and
laser beams. We describe the present status of the ATF experimental program, including simulations and pre-
liminary experiments; in addition, we review previous ATF experiments that were the precursors to the present
program. They encompass our demonstration of longitudinal- and transverse-field phasing inside the plasma
wave, plasma channeling of intense CO, laser beams, and the generation of e-beam microbunch trains by the

inverse FEL technique.
DOI: 10.1134/S1054660X06020095

INTRODUCTION

The BNL ATF provides a setting to search for new
methods of electron acceleration. For this purpose, the
ATF is equipped with a high-brightness electron linac
and high-power lasers that include a Nd : YAG laser
used primarily to drive a photocathode gun for injecting
picosecond electron bunches into a linac and a CO,
laser used for laser-beam interaction tests that are set in
linac beamlines in a fully equipped experimental hall.

Several world-class experiments and breakthrough
results obtained at the ATF over the last decade put this
facility among the leading ones in research on advanced
accelerators and radiation sources. BNL ATF has dem-
onstrated inverse Cherenkov and inverse FEL electron
acceleration, including the first staged laser accelera-
tion experiment STELLA, has advanced visible FEL
research, explored the first High Gain Harmonic Gen-
eration FEL, and attained the highest yield in Thomson
X-ray scattering. Other recent research has focused on
demonstrating nonlinear Thomson scattering, along
with pioneering work in RF injectors and accelerator
diagnostics.

A newly acquired plasma-channel technology fur-
ther broadens the ATF capabilities, thereby allowing
the research program to expand into plasma-based
methods of electron acceleration. The recent integra-
tion of the plasma source into the electron beamline,
together with the demonstration of laser channeling and
plasma wakefield generation with electron beams, built
a foundation for next-generation plasma-based electron
acceleration experiments that include seeded self-mod-
ulated LWFA and resonant multibunch plasma wake-
field acceleration (PWFA).

TERAWATT PICOSECOND CO, LASER

The terawatt picosecond CO, laser is perhaps the
most unique component of the ATF and deserves spe-
cial attention here. CO, lasers have at least two invalu-
able features, both based on the their wavelength,
which is ten times longer than that of solid state lasers.
The first advantage is that the CO, laser wavelength
offers a viable compromise between conventional low-
emittance RF accelerators and high-gradient optical
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Fig. 1. Optical diagram of a terawatt picosecond CO, laser.

laser drivers. The first staged laser acceleration
STELLA [1] used this feature to advantage. A con-
trolled energy gain for a large percentage of electrons in
a bunch has been achieved since the electron bunch
length, as well as mechanical and thermal jitters in the
setup, is much less than the laser’s 10-um wavelength.

Let us take into account one more consideration.
The degree to which physics is relativistic is deter-
mined by a ponderomotive potential. At a given inten-
sity, a 10-um CO, laser reaches a ponderomotive poten-
tial 100 times higher than do the 1-um solid state lasers:

W, = ¢ E,2mo’, (1)

where e and m are correspondingly the electron charge
and mass and o is the laser frequency ® = 21c/A; A is
the laser wavelength.

This implies the possibility of attaining a propor-
tional increase in the throughput of such processes as
electron acceleration and X-ray generation. This fea-
ture, again, was demonstrated at the ATF, where the
brightest ever Thomson X-ray source was achieved [2]
and recently extended into a nonlinear regime [3].

Nevertheless, CO, lasers are underutilized for
advanced accelerator research due to inherent technical
problems. The main difficulty with building ultrafast
CO, lasers is that their gain spectrum is modulated with
a molecular rotational structure that impedes the ampli-
fication of short picosecond pulses. Fortunately, this
bandwidth limitation can be alleviated by pressure
broadening at or above 10 atm of laser gas pressure or

by using multiisotope gas mixtures [4]. The ATF’s CO,
laser system incorporates such high-pressure-gas laser
technology.

The principal elements in the ATF laser start with a
conventional 1-atm pulsed 100-ns CO, oscillator (see
Fig. 1). A mode-locked 10-ps Nd : YAG laser selects
10-um pulses of equivalent duration by rotating their
polarization in a Kerr cell. To improve contrast and
increase the intensity of a seed pulse going into an
amplifier, we use several intermediate pulse-chopping
techniques. First, a 10-ns pulse is cut from the oscilla-
tor’s output with a Pockels cell, and this signal is ampli-
fied in a preamplifier that does not need to be of criti-
cally high pressure. Next, we use a split portion of the
YAG beam on a semiconductor optical switch to select
a 200-ps pulse due to the 10-pum reflection from natu-
rally decaying free carriers produced by the 1-yum irra-
diation. Only after this is the 10 ps CO, laser pulse cut
in a Kerr switch.

A 10-atm regenerative amplifier traps the seed pulse
for several double passes and releases it when the
power reaches a several GW level. Finally, another
high-pressure amplifier with a bigger aperture boosts
the energy to 10 J and the peak power close to the 1 TW
level. The ATF plans upgrades to 3 ps pulses and later
to 1 ps pulses to attain multiterawatt laser power.
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Fig. 2. Channeling of a high-power CO, laser in a capillary discharge plasma: (a) principle diagram; (b) laser beam image 18 mm

behind the focal point, free space propagation; (c) compressed laser beam after the 18-mm-long capillary discharge, no attenuation
adjustment to compare with (b); (d) same as (c) but with an attenuation increased to show an unsaturated image with wy = 160 um

FWHM.

CAPILLARY DISCHARGE:
A PLASMA SOURCE

A plasma source was developed for guiding a CO,
laser in the LWFA and similar experiments that require
a long laser focus. Using plasma as an optical guide
necessitated building a radial electron-density distribu-
tion with the minimum at the axis. Then, the refraction
index profile resembles one observed in a gradient
index optical fiber. The laser beam is trapped along the
axis of such a plasma fiber due to the total internal
reflection. One way to produce such a plasma profile is
by providing an actively triggered vacuum discharge
inside a polypropylene capillary tube. The hydrogen—
carbon plasma is generated by the ablation of a plastic
wall. Simulations show that electron density distribu-
tion is controlled primarily by the Joule heating and is
suitably profiled for guiding CO, laser beams. This
scheme was first developed and tested at Hebrew Uni-
versity, Jerusalem [5], and refined at the ATF, where we
added the necessary sophistication to accurately align a
capillary along the electron and laser beams.

We reported CO, laser channeling in a capillary dis-
charge [6]. A laser beam was focused at the capillary’s
entrance with a parabolic mirror (Fig. 2a). The laser
beam is picked up from the capillary’s exit for imaging
on an IR video camera.

Figures 2b—2d show the resulting images. The first
one, Fig. 2b, illustrates how the laser beam diverges
from the focus over the 18-mm distance in a free space.
Then, after the 18-mm-long 30-kV capillary discharge,
we observe a guided beam of 160 um FWHM (Figs. 2c,
2d) that is much smaller than the capillary’s 1-mm
physical diameter. This was the first experimental dem-
onstration of guiding the 10-um laser beam in a plasma
channel.

Vol. 16  No. 2

LASER PHYSICS 2006

(a) (b)

60.6 MeV 60 MeV 59.4 MeV 60.6 MeV 60 MeV 59.4 MeV
1.0

xxx Data points
----— Charge profile
- -Fz

— Fr

© 7N\

e

|91
T
~

Arb. units
o
in o
T
A
- .
e ~
s .
é |
X 5
- - - 7]
~ ~ -

N

-1.0

0 2 4 6 8 10
t, ps

Fig. 3. Electron density distributions on a spectrometer
reveal the 90° phase shift between the longitudinal and
transverse components in the plasma wake. Horizontal and
vertical directions on the spectrometer screen correspond to
the energy spread and angular spread of the e beam: (a) e-
beam distribution obtained without plasma; (b) e beam after
passing plasma; (c) theoretical and experimental temporal
plots: dotted line—e-beam pulse (experimental), dashed
line—longitudinal wake field (theoretical), solid line—
transverse wake field (theoretical), crosses—experimental
points.
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Fig. 4. Simulations of the e-beam bunching: (a) initial uniform energy distribution; (b) energy modulation at the wiggler exit;
(c) energy distribution at the entrance to the second wiggler; (d) longitudinal density distribution at the entrance to the second wig-

gler.

PLASMA WAKEFIELD STUDY

Next, we transmitted a relativistic e beam through a
plasma channel to observe and study plasma wake-
fields.

Figures 3a and 3b show the electron distributions
recorded with an electron spectrometer placed after the
capillary. The horizontal axis shows electron energy
span, and the vertical axis represents transverse e-beam
size that is proportional to an angular divergence in the
e beam. Figure 3a was obtained with the plasma off and
shows the e beam’s natural energy spread and trans-
verse dimensions. Figure 3b was obtained with the
plasma on and shows that parts of the beam loose
energy, while other parts gain energy. At the same time,
the e beam is focused or defocused in a peculiar pattern
that is correlated with the energy gain. This pattern is
explained in reference [7]. The leading edge of the elec-
tron bunch excites a plasma wake. It was predicted, but
never experimentally proved, that the transverse force
in the plasma wake has a 90° offset from the longitudi-
nal force, as is shown in Fig. 3c. Then, depending upon
the wakefield phase, electrons with the same longitudi-
nal momentum can form two groups: focused and defo-
cused. This explains why the best fit to corresponding
vertical slices from the spectral distribution in Fig. 3b is
a superposition of two Gaussian distributions. From the
width of the individual Gaussian distribution for each
group of electrons, we reconstructed the transverse
force and obtained a perfect fit to the theoretical depen-

dence (crosses on Fig. 3c). This finding confirms the
prediction of a phase offset between the accelerating
and focusing components of a plasma wake.

These first ATF experiments on manipulating laser
and relativistic electron beams through a capillary dis-
charge, which is integrated into the linac’s beamline,
opened an opportunity to launch an experimental pro-
gram on advanced methods of electron acceleration in
plasma. A “microbunch factory,” described in the next
paragraph, added further distinction to the ATF’s
research program.

ELECTRON MICROBUNCHING TECHNOLOGY

A periodic permanent magnet array placed into the
linac’s beamline causes electrons to oscillate or wiggle.
A linearly polarized laser beam, co-propagating with
the electrons, gives an additional kick to them at each
turn of their trajectory when the phase-matching condi-
tion is satisfied:

-0

a2 )

where A, is the wiggle period, v is the Lorentz factor,
K, is the wiggle strength parameter K,, = eBy\,,/2mmc,
and By is the peak magnetic field. The outcome of such

energy modulation imposed on the e beam by a laser
inside the wiggler is microbunching.

(@3]
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Fig. 5. STELLA II experiment: (a) diagram of a setup; (b) comparison of experimental spectra observed after the 2nd wiggler (line)

with simulations (histogram); (c) simulated electron phase space.

The process of microbunching is illustrated by mod-
eling on Fig. 4, which assumes practically achievable
parameters for the e-beam and CO, laser. If the e-beam
energy is sinusoidally modulated by the laser inside a
wiggler and electrons are allowed to drift, they group
together into 3-fs-long microbunches, exactly periodi-
cal to the laser wavelength. Such bunches, which are
ten times shorter than the CO, laser wavelength, can be
used for monoenergetic laser acceleration, as was dem-
onstrated at the ATF in the first staged laser electron
acceleration experiment (abbreviated to STELLA),
wherein two wigglers were placed in-line and injected
with electron and CO, laser beams.

In the initial STELLA experiment, the CO, laser
beam was split between two wigglers; the first one
introduced bunching, while the second directed accel-
eration of the microbunches [1].

In the second version of the same experiment,
STELLA 1I, a more compact configuration was used
(Fig. 5a), with a single 30-GW laser beam penetrating
both wigglers; this afforded better phase control
between stages and used the laser energy more effi-
ciently. Microbunched electrons trapped in the laser
field produce a sharp peak in a spectrum (Fig. 5b). The
experimental result matched simulations [8]. A more
spectacular result could be expected with the terawatt

LASER PHYSICS Vol. 16 No.2 2006

CO, power now available. However, the ATF users, uti-
lizing the unique capabilities of the microbunched e
beam in a different way, have turned their attention to
plasma acceleration, as discussed next.

E, Ey+20 MeV

Fig. 6. Simulated witness spectrum for the resonant PWFA
after passing 3-mm-thick plasma. Arrow labeled E, corre-

sponds to the initial e-beam energy.
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Fig. 7. Focusing of a bunched e beam in a plasma: (a) no plasma, no laser; (b) plasma, no laser; (c) no plasma, laser; (d) plasma and

laser.

RESONANT WAKEFIELD EXCITATION

A new spin-off from the ATF’s microbunching tech-
nique is a novel idea on resonant wakefield excitation.
This study builds on the recent success of the ATF’s
work on wakefields and those for STELLA, where the
ATF provides the necessary components to investigate
a PWFA scheme wherein a train of bunches is fed into
a high-density (n, = 10" cm™) plasma. Another prede-
cessor to this project is the E162 experiment at SLAC,
which demonstrated the acceleration of both positrons
and electrons in meter-scale plasmas driven by the
30-GeV linac [9]. That experiment is related to the
afterburner concept, which uses two separated bunches
as the driving and accelerated beams. It is now believed
that realization of the promise of plasma wakefield
accelerators will require employing multiple bunches.

When the periodical bunch train enters a plasma that
has a resonance wavelength

nm)”2~ 33%x10"°

Jne (em )

equal to the separation distance of the bunches, a strong
wakefield will be driven to an amplitude that is at least
one order of magnitude higher than that of a non-
bunched beam.

The simulations in Fig. 6 depict the modulation of
the electron bunches’ energy, starting from the initial
narrow energy spectrum, after 3-mm propagation
through the plasma. As electrons primarily lose their

y (um) = <[ 3)

e

energy, it goes into exciting a plasma wake. The amount
of the deceleration increases as the wake’s amplitude
grows. We note that the particles that are accelerated are
background residual electrons spread between
microbunches, where they serve as probes of the wake-
fields. The maximum acceleration reaches 20 MeV,
which is equal to the 60-MeV/cm peak field multiplied
by the plasma’s length.

In the first run of the ATF’s PWFA experiment, the
resonance condition was not reached. Meanwhile, we
observed an unexpected effect due to the strong focus-
ing of the bunched electron beam (Fig. 7). The beam’s
vertical compression increases with the stronger elec-
tron-energy modulation caused by the laser beam in a
wiggler. The expression for the focusing strength in a
plasma wave

K = eEk,

= )

yme’ (k,G,)
where E| is the wakefield amplitude and ©, is the initial
e-beam rms radius, implies that this additional focusing
effect is due to the amplitude of a plasma wakefield that
is proportional to the extent of modulation of the elec-
tron energy. This tentative conclusion awaits confirma-
tion.

SEEDED LWFA

Finally, we discuss the LWFA experiment initiated
at the ATF by the STELLA collaboration. The

LASER PHYSICS  Vol. 16 No.2 2006
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STELLA-LWFA experiment will attempt to make sev-
eral first observations. In fact, this will be the first dem-
onstration of the LWFA process using a CO, laser beam
as a driver of the wakefield. The 10-um wavelength of
the CO, laser beam is 10 times longer than that of solid
state lasers typically used in LWFA research. As men-
tioned above, one of its advantages is the hundredfold
increase in ponderomotive potential, or the tenfold
increase in the laser-strength parameter

ap=eE,/omc=48x10"° J}TL%, 5)
0
which directly benefits the LWFA process
2 2
max /2
Eqec [GV/m] = nii_nao—zllz
€ Ap(1+ayl2) (6)

~2.8x 10" (Mw,)’P, [TW]/A, [pml],

where P; and w, are, correspondingly, the laser power
and the focal spot’s radius.

This will probably be the first attempt to perform the
LWFA in a plasma channel—an approach considered
very advantageous for developing the next-generation
LWFA.

In a standard resonant LWFA, the laser pulse’s

length typically is very short in order to resonantly
excite a plasma wave

1, =\, /2¢. €

The self-modulated regime (SM-LWFA) differs from
the resonant LWFA in that the laser pulse’s length is
intentionally relatively long but very intense, with

®)

That characteristic allows for relativistic self-focusing
and Raman instabilities that modulate the laser pulse in
the resonance with the plasma wake. This, in turn,
enhances the wake’s amplitude to the wavebreaking:

P.(GW)>P,=174(A,/0)".

max

2
2%
g = MEIm Ay

e TN & ®

p

The laser pulse used in the STELLA-LWFA experi-
ment is considerably longer than 7\,17/20, and the laser
power is below P.. To improve the efficiency of pro-
ducing the wake, an e-beam pulse will act as a seed to
generate a wakefield that will then be enhanced by the
laser pulse in the fashion used in the SM-LWFA exper-
iment. This mechanism, called seeded self-modulated
LWFEFA [10], affords better control over electron accel-
eration, since it runs in a linear regime well below
wavebreaking. Another bunch with a variable delay
will be sent to probe the wakefield; this, too, is a new
feature in LWFA experiments.

Figure 8 shows the model’s predictions for the
seeded LWFA process. The seed e-beam pulse initiates
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Fig. 8. Model predictions for a seeded LWFA experiment:
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ness e-beam pulse for a plasma acceleration length of 2 mm
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e-beam pulses.

the formation of a longitudinal wakefield, whose ampli-
tude is increased by the laser pulse (see Fig. 8a). This
wakefield interacts with the laser field, thereby modu-
lating the laser beam’s envelope. The model simula-
tions show that performance is better when the wakes
produced by the seed e-beam pulse encounter the high
laser fields present near the peak of the laser pulse.
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Therefore, the laser pulse will actually arrive slightly
before the seed e-beam pulse. A second “witness” e-
beam pulse will probe the wakes that reach the maxi-
mum amplitude near the tail end of the laser pulse. The
witness electrons experience energy modulation caused
by the wakefield, which can be measured by an energy
spectrometer.

Simulations show that, to generate a strong longitu-
dinal wakefield with the available 10-ps CO, laser, the
plasma density must be n, ~ 1 x 10'7 cm™ and the seed
e-beam pulse length must be very short (<200 fs).
Sending the ATF e beam through a chicane, which com-
presses the e beam’s pulse length, will generate this
femtosecond e-beam pulse. Generating the second e-
beam pulse was demonstrated at the ATF by splitting
the UV-laser pulse into two pulses and sending them
into the linac’s photocathode gun in series.

The simulated wakefields are fairly regular
(Fig. 8b), indicative of a linear wakefield regime.
Indeed, for the STELLA-LWFA experimental parame-
ters, ao = 0.5, whereas the wavebreaking laser strength

obtained from Eqgs. (6) and (9) is a; = 2. JA, Ik =4-5.

The strongest wakefields extend to a radial distance
of ~50 um. Thus, we plan to focus witness bunches
within G, = 20 um.

Figure 8c plots the simulated energy spectrum of the
witness bunch separated by different time intervals
after the seed. There is a classic double-peak energy
spectrum for an acceleration length L,.. = 2 mm corre-
sponding to sinusoidal modulation of the e-beam
energy similar to one observed with an IFEL buncher.
The peak modulation appears to reach a steady-state
value for separations greater than ~10 ps. For L .. =
3 mm, modulation is higher, but it becomes asymmetric
as the dephasing length is passed:

L, = X;Hf. (11)

Note that the LWFA modulator can be suitable for mak-
ing microbunches. These microbunches can be subse-
quently trapped and accelerated in a second LWFA
acceleration stage. This second LWFA stage will be
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investigated in future phases of the STELLA-LWFA
experiment.

CONCLUSIONS

The high-brightness 70-MeV linac, picosecond TW
CO, laser, plasma channel, and microbunching tech-
nique all available at Brookhaven’s ATF will allow
researchers there to initiate a one-of-a-kind program on
advanced plasma accelerators. Our preliminary experi-
ments resulted in such milestone achievements as the
first staged IFEL accelerator (STELLA), the demon-
stration of phasing between the wakefield components,
and the channeling of a high-power CO, laser beam in
a plasma. Next-generation experiments on seeded and
probed LWFA and resonant multibunch PWFA are
already in progress.
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