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SECTION 1
EXECUTIVE SUMMARY

The original goals of the Staged Electron Laser Acceleration — Laser Wakefield
(STELLA-LW) program were to investigate two new methods for laser wakefield acceleration
(LWFA). The first method is called pseudo-resonant LWFA (PR-LWFA) in which a laser pulse
experiences nonlinear pulse steepening while traveling through the plasma. This steepening
allows the laser pulse to generate wakefields even though the laser pulse length is too long for
resonant LWFA to occur. For the conditions of this program, PR-LWFA requires a minimum
laser peak power of 3 TW and a relatively low plasma density of order 10'® cm™.

The second method is a hybrid one that combines LWFA with plasma wakefield
acceleration (PWFA) and is called seeded self-modulated LWFA (seeded SM-LWFA). In this
method, an ultrashort (~100 fs) electron beam (e-beam) bunch acts as a seed in a plasma to form
a wakefield via PWFA. This wakefield is subsequently amplified by the laser pulse through a
self-modulated LWFA process. In order to cause the self-modulation effect, a minimum of 1
TW laser power is needed. Furthermore, for a ~100-fs bunch, a plasma density of order 10" cm
% is required.

STELLA-LW was located on Beamline #1 at the Brookhaven National Laboratory
(BNL) Accelerator Test Facility (ATF). The ATF TW CO, laser served as the driving laser
beam for both methods. For PR-LWFA, the plan was for the ATF linac to provide its standard
bunch to probe the wakefield produced by the laser beam. For seeded SM-LWFA, the plan was
for the ATF linac to produce two bunches where the first bunch would act as the seed and the
second bunch would serve as a witness bunch. These two bunches can be created by sending
two laser pulses to the photocathode e-gun of the ATF linac. A chicane would also be used
during seeded SM-LFWA to compress the first bunch to enable it to generate wakefields via
PWFA. The plasma source was a short-length, gas-filled capillary discharge in which the laser
beam was tightly focused in the center of the capillary, i.e., no laser guiding was used. This was
done in order to obtain the required laser intensity to drive the LWFA process.

During the course of the program, we had to make several major changes to our
approach. First, it became clear due to funding limitations that the ATF could not complete
within the time period of the STELLA-LW program the upgrade of the CO; laser to the 3 TW
peak power needed for the PR-LWFA experiment. Therefore, the PR-LWFA experiment had to
be abandoned and all efforts focused on performing the seeded SM-LWFA experiment.

Second, when the ATF tested the chicane for creating the compressed bunch, it was
discovered that the incoming bunch bifurcated into two compressed bunches with comparable
bunch lengths, but separated in time (~1 ps) and energy (~1.8 MeV). It appears this is caused by
a complex interaction between the chicane and two dogleg dipoles located between the chicane
and the STELLA-LW experiment on Beamline #1. Moreover, it was found there is no simple
way to prevent the double bunches from being formed, and the separation distance and energy
difference could not be changed.

Separate experiments demonstrated that the double-bunches are capable of generating
wakefields, but in a complex manner where the wakefield from the second bunch can interfere
constructively or destructively with the wakefield from the first bunch. In an attempt to still
deliver a single compressed bunch to the experiment, it was decided to use a slit located at a high
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dispersion point along the linac to block one of the bunches. However, this slit would also block
any witness bunch.

This brings us to the third major change. The loss of the witness bunch meant we had to
find a different method for detecting the effect of the laser beam on the wakefield produced by
the seed bunch. Coherent Thomson scattering (CTS), whereby Stokes and anti-Stokes sidebands
of the fundamental laser beam are generated by scattering of light off the wakefield, can give a
indirect indication of the presence of the wakefield and its strength. Thus, a CTS diagnostic was
designed and assembled for the seeded SM-LWFA experiment.

Unfortunately, further tests with blocking one of the double-bunches showed that
wakefield generation was unstable and difficult to control due to the nonlinear nature of the
double-bunch formation process and the inability to reliably reproduce the same compressed
bunch characteristics. Luckily, it was found that the e-beam optics along Beamline #2 at the
ATF could be tuned so that the leading edge of the 1-ps bunch produced by the linac is sharpen
to a rise-time of order 50 fs. This fast-rising leading edge is capable of generating wakefields
and does not require using the chicane. Moreover, this pulse steepening process yields a much
more stable bunch than from the chicane. Model simulations indicated using this type of bunch
for PWFA generation would still enable demonstration of seeded SM-LWFA.

Therefore, as the fourth and final major change in the experiment, the entire STELLA-
LW apparatus, including the CTS diagnostic, was moved from Beamline #1 to Beamline #2.
Because this move occurred near the end of the program, there was only enough time for a single
2-week run that would have to include completion of the move, realignment of the optics, and
performing the integrated experiment.

During the experiment on Beamline #2, the laser beam transmission passing through the
capillary discharge was monitored. We found the transmission was severely degraded when the
plasma was on. This loss of transmission appeared to be due to defocusing of the laser beam
most likely caused by laser-induced ionization creating a lens effect inside the capillary.
Defocusing could also cause laser light to strike the capillary wall, thereby producing ablation
and localized changes in the plasma density. Any changes in the plasma density would disrupt
the plasma resonance condition for the wakefield. It was also discovered after the run that the
ATF laser was producing multiple output pulses. The leading pulse could have caused
ionization that interfered with transmission of the following pulses. Worse yet, the peak power
in each of the pulses was several times smaller than if all the pulse energy was in a single pulse.
This meant each pulse had less than 1 TW power.

Wakefield formation with no laser beam present was confirmed by observing energy loss
of the fast-raising seed bunch passing through the capillary discharge. When the laser beam was
sent into the plasma, no CTS signal was detected probably because of defocusing of the laser
light, changes in the plasma density due to laser-induced ionization, and insufficient peak power
in the individual pulses. It is for these reasons we were not able to validate the seeded SM-
LWFA predictions.

As mentioned, the Beamline #2 run occurred at the end of the STELLA-LW performance
period and, hence, no further experimental work was pursued. It should be emphasized that the
failure to detect CTS radiation does not imply the seeded SM-LWFA theory is invalid. The
aforementioned major changes in the experimental approach ultimately forced us into conditions
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that deviated too much away from the modeling work. Hence, the experiment as finally
performed was not a true test of the theory.

In principle, one way to address the problem of laser-induced ionization would be to
design the capillary to guide the laser beam. Unfortunately, it is unlikely this would have helped
us. The on-axis plasma density is dictated by the seed bunch rise-time and had to be relatively
low (~10' cm™). The depth of the parabolic density profile for guiding the laser beam is
affected by the on-axis density and becomes shallower at lower densities. The matched laser
beam waist for guiding tends to become larger as the depth becomes shallower. In our case, the
required matched laser waist for the available laser power would yield too low of a laser
intensity inside the capillary to drive the SM-LWFA process. The only way to rectify this
situation is to have higher laser peak power, which was not available.

In summary, the STELLA-LW experiment was not able to demonstrate seeded SM-
LWFA or PR-LWFA primarily because of limitations of the ATF CO, laser, both in its
deliverable peak power and its ability to provide a single laser pulse.

One outcome of this experiment is that improved capillary discharges are needed whose
parameters allow more flexibility in the capillary design and, in particular, offer designs that are
able to guide tightly-focused laser beams at relatively low plasma densities. This need was part
of the impetus for a new proposal that has been submitted to the U.S. Department of Energy to
develop advanced capillary discharges. These advanced capillary designs utilize two new,
innovative approaches that may enable better operation at low plasma densities and relieve the
problem of gas-loading of the linac beamline vacuum from gas emitted by the discharge.

The next section, Sec. 2, reviews the entire STELLA-LW program in more detail,
including the theory, description and results of the experiment, collaborations with other
experiments, and briefly reviews the proposed ideas for improving the capillary discharge as
mentioned above. Section 3 lists the publications and presentations associated with the
STELLA-LW program and our collaborations with others.
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SECTION 2
STELLA-LW EXPERIMENT

2.1 INTRODUCTION

Laser wakefield acceleration (LWFA) has demonstrated very high acceleration gradients
in numerous experiments [2-1]. LWFA is typically initiated by sending a few tens of terawatt
(TW) laser pulse into a plasma to create longitudinal plasma waves or wakefields [2-2]. These
waves travel at near the speed of light and can accelerate electrons trapped within their potential
well. When the laser pulse length 7 is less than of order A,/2c, where A4, is the plasma
wavelength and c is the speed of light, this wakefield generation is referred to as resonant
LWFA.

In a variation of the LWFA method, called self-modulated LWFA (SM-LWFA) [2-3], the
laser pulse length is much longer than Au/2c, but the laser intensity is still very high. This
permits the laser electric field to feed energy into the wakefield via forward Raman scattering
(FRS) and/or a self-modulation instability. This enhances the wakefield formation process
allowing much higher gradients to be produced compared to resonant LWFA. However, for
wakefield amplitudes of interest, SM-LWFA is a highly nonlinear process that typically starts
from noise, so that the phase of the resulting wake is essentially uncontrolled.

Wakefield formation in a plasma is also possible by using an ultrashort electron beam (e-
beam) bunch rather than a laser pulse. This is referred to as plasma wakefield acceleration
(PWFA) [2-4]. The formation mechanism in PWFA is analogous to resonant LWFA; hence, the
resultant wakefields can have similar characteristics.

Despite the tremendous progress made in laser acceleration research, there has been
limited work to address the pragmatic problem of devising ways to make a useful laser-driven
accelerator (laser linac). For efficient acceleration, the electrons must be grouped together (i.e.,
microbunched) within a small fraction of the accelerating wave phase (e.g., <4/2). This is
important in order for a large percentage of the electrons to be captured (“trapped”) within a
laser field ponderomotive potential well (“bucket”) or plasma wave, such as in LWFA or PWFA.
During the acceleration process, the trapped electrons need to maintain a narrow energy spread
(i.e., monoenergetic) so that in subsequent laser acceleration devices (*“stages”) the electrons can
continue to be efficiently trapped and accelerated. This staging process whereby laser beams or
wakefields repeatedly accelerate the electrons is important for achieving high net acceleration.

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

Figure 2-1 illustrates this microbunching process using a model simulation for the
conditions of the STELLA experiment. Since the e-beam pulse length is typically much longer
than the accelerating wavelength, the electrons initially enter uniformly distributed over all
phases of the acceleration wave [Fig. 2-1(a)]. Exposing the electrons to an oscillating
electromagnetic field causes sinusoidal energy modulation of the e-beam energy [Fig. 2-1(b)]. If



these electrons are allowed to either drift or are sent through a bunch compressor device (i.e.,
chicane), then the fast electrons catch up with the slow ones [Fig. 2-1(c)] resulting in the creation
of microbunches [Fig. 2-1(d)]. These microbunched electrons can be 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 energy spread.
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Fig. 2-1. Model simulation for STELLA showing 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 first laser acceleration stage.
(c) Energy-phase distribution after traveling through bunch compressor (chicane)
(d) Microbunch longitudinal density distribution of (c).
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The basic STELLA concept can be applied to many different laser acceleration schemes.
For experimental expediency and simplicity we chose to use inverse free electron lasers [2-5]
(IFEL) as our laser acceleration mechanism. An IFEL is a free electron laser operating in
reverse. The laser beam co-propagates with the e-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 electron will be accelerated or decelerated.

The STELLA experiment [2-6], [2-7] used two IFELs operated in series along the
electron beamline. The first IFEL served as the buncher to modulate the energy of the incoming
e-beam. A chicane immediately followed the first IFEL to microbunch the electrons before they
entered the second IFEL. In the second IFEL, the electrons were rephrased with the laser field in
the second undulator in order to trap and accelerate them. Trapping efficiencies of up to 80%
and energy spreads down to 0.36% (1o) were demonstrated. Building upon the success of the
STELLA IFEL experiments, the STELLA-LW experiment goal was to apply the STELLA
process to LWFA. (The suffix “LW?” stands for “laser wakefield.”)
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Key to this effort was the goal to generate wakefields whose phase can be reliably
controlled. This ruled out the usual SM-LWFA process, which starts from noise. Resonant
LWFA should provide more controllable wakefields, but the acceleration gradient from resonant
LWFA tends to be much lower than for SM-LWFA. Therefore, during the STELLA-LW
program we devised two new LWFA methods — seeded SM-LWFA [2-8] and pseudo-resonant
LWFA [2-9], [2-10].

STELLA-LW was located at the Brookhaven National Laboratory (BNL) Accelerator
Test Facility (ATF). It was originally positioned on Beamline #1; the same one used for the
IFEL experiments. The laser for driving the LWFA process was the ATF TW CO;, laser, which
is capable of 1 TW peak power (i.e., 5J in 5 ps). A capillary discharge acted as the plasma
source. The ATF features a photocathode e-gun feeding into an S-band (2856 MHz) linear
accelerator. During our experiments the e-beam energy was typically 60 MeV.

2.2 NEW LWFA ACCELERATION METHODS
2.21 Seeded SM-LWFA

The theory and modeling for seeded SM-LWFA is covered in detail in [2-8] (see
Appendix A). Seeded SM-LWFA was originally called stimulated LWFA [2-11] and is a close
cousin of Raman seeding [2-12], [2-13]. The latter uses a second low-intensity frequency-shifted
laser pulse, which provides a seed for the main laser pulse self-modulation and does not rely on
noise to generate the wakefields. In seeded SM-LWFA, an ultrashort e-beam bunch precedes the
laser pulse to generate a moderate strength wakefield that the laser pulse subsequently amplifies
via a self-modulation process. It thus can be viewed as a hybrid technique that combines both
PWFA and LWFA. A key aspect of this technique is that the wakefield generated by the seed e-
beam bunch does not start from noise as is typically the case in SM-LWFA. Instead, the
modeling simulations indicate the wakefield phase is closely tied to the arrival time of the seed
bunch. The laser pulse simply amplifies this wakefield without significantly changing its phase.
Thus, this method may enable more controllable wakefield generation, thereby greatly
facilitating the staging of these devices. A witness bunch would nominally follow the laser pulse
to probe the amplified wakefield.

Details of the seeded SM-LWFA modeling and its predictions for the ATF are given in
Appendix A. Highlights are reviewed here.

The LWFA code, developed by Dr. Nikolai Andreev and his colleagues, was modified by
adding seed and witness e-beam bunches. Figure 2-2 shows the relationship between these two
bunches, the laser pulse (with and without the seed bunch), and the resultant wakefield
generation and amplification. We observe the wakefield generation begins with the arrival of the
seed bunch. Self-modulation of the laser pulse starts to occur once the wakefield begin to
emerge. Consequently, the wakefield potential also increases in magnitude. In this particular
example, the witness bunch probes the wakefields 12 ps after the seed.

Figure 2-3 shows the predicted energy spectrum of the witness bunch for an acceleration
length of 2 mm and at different time delays between the seed and witness bunches. The
spectrum shows fairly symmetric double-peaks caused by energy modulation of the witness
electrons distributed over all phases of the wakefield. It is very similar to the modulation
observed during the STELLA program when using IFELs [2-14]. In fact, if these energy-
modulated electrons are allowed to drift or sent through a chicane, they would form
microbunches just as during the earlier STELLA experiment. The key difference is the
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microbunches would be spaced apart by the plasma wavelength (~300 um) instead of the laser
wavelength (10.6 um) and they would have a bunch length of roughly ~30 um rather than
~1 um. These microbunches would be well suited for injecting into subsequent LWFA devices
for trapping and further acceleration, again analogous to what was demonstrated during the
STELLA program with IFELSs.
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We see the maximum accelerated witness electrons in Fig. 2-3 gain about 1 MeV over
2 mm corresponding to an acceleration gradient of 500 MeV/m. This was for a laser peak power
of 0.5 TW. While this gradient is on the low side compared to typical SM-LWFA devices, it is
perfectly acceptable for an LWFA buncher since an energy modulation of order +1% is only
needed. Indeed, if the gradient were too high, it would make it difficult to control the amount of
modulation. Nonetheless, a gradient of 500 MeV/m is over 100 times higher than what we
obtained using an IFEL.

The seeded SM-LWFA process is certainly capable of reaching acceleration gradients
similar to non-seeded SM-LWFA devices. Scaling to longer acceleration lengths is also possible



just as with non-seeded SM-LWFA. For example, for a slightly different configuration, but still
assuming only 0.5 TW laser peak power, the model yields an acceleration gradient of 2 GeV/m
over a 3 mm distance. Thus, to achieve, say, 100 MeV energy gain would require an
acceleration length of 5 cm.

The preceding described the basic approach planned for the seeded SM-LWFA
experiment, i.e., the ATF would provide two electron bunches — one to act as the seed bunch to
generate the wakefield and the second bunch to act as the witness whose energy spectrum would
be measured displaying behavior such as shown in Fig. 2-3. As explained in Sec. 2.4.1, a
chicane was used to compress the seed bunch in order to enable generation of the wakefield via
PWFA. However, rather than compressing the bunch from the linac, the chicane/dogleg system
created two compressed bunches separated in time and energy. Unfortunately, attempts to
modify the experiment in order to somehow utilize these compressed bunches were not
successful (see Sec. 2.4.2). Therefore, it was decided to create the wakefield using a fast-rising
bunch available on an adjacent beamline (Beamline #2). Furthermore, for reasons given later, a
witness bunch could no longer be used and coherent Thomson scattering (CTS) was substituted
as the means to detect the interaction of the laser beam with the wakefield (see Sec. 2.3.5).

This change in plans required re-exercising the LWFA model to provide predictions for
the wakefield strength produced by a fast-rising bunch rather than that generated by an ultrashort
bunch, and an estimation for the amount of Stokes and anti-Stokes signal we could expect from
the CTS diagnostic. Luckily, Dr. Andreev had already analyzed CTS produced by LWFA [2-15]
and he was able to modify his seeded SM-LWFA code to predict the CTS signal for the
STELLA-LW conditions. The predictions are described next.

The equations for the e-beam and laser beams at the plasma channel entrance are as
follows. The laser beam amplitude a is given by

2 2
a(r,z=0,t) = a, exp{— r2 _(tt) } (2-1)

2
W, T

wheras the density distribution of the seed bunch was changed from a simple Gaussian shape to
one with a fast rise-time as modeled by using a double-Gaussian time shape with different rise
Trise and fall 7 times, i.e.,

2 (t-t,)? |
n(r,z=0,t<t)=n,exp|- — 2 (2-2a)
i 20'62 27T e ]
Corr (t-t)? ]
n(r,z=0,t>t)=n,,exp| - - o, (2-2b)
T 208 21

where t, and t, determine the delay times between the pulses, ty = t - t.. The radial electron
plasma density distribution in the channel is given by

n,(r)=n,(r=0) [1+ ;—2} , (2-3)

ch

where Rg, is the radius corresponding to doubling of the on-axis density (see Ref. 2-9).
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Table I lists the parameter values used in the model, which were chosen to simulate the
parameters anticipated for seeded SM-LWFA experiment performed on Beamline #2. It is
assumed the plasma density is uniform along the capillary axis over the entire plasma length
with sharp boundaries. [Measurements of the longitudinal plasma uniformity along the 4-mm
capillary discharge indicate that the density decreases by a factor of two from the center of the
capillary to its ends (see Sec. 2.3.2).] The laser pulse is focused at the capillary entrance (z = 0)
with time delay ty = 12 ps. All modeling results were obtained for a dielectric capillary wall with

Eat = 2.25.
Figure 2-4 is the model prediction showing how the plasma density perturbation and the

subsequent wakefield potential grows with plasma length. It indicates that the greatest growth
occurs after 8 mm. Nonetheless, as shown later, there is sufficient wakefield formation even

after 4 mm to generate adequate Stokes and anti-Stokes signals.
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Fig. 2-4. Modeling results using fast-rising seed bunch for plasma density no = 3.0 x10*" cm?
and laser energy E, = 1.3 J. Plotted are the laser field parameter |a(r = 0, 2)|max ,
plasma density modulation in the wake and wakefield potential dpnax (r = 0, z) as
functions of distance along the plasma channel.

Figures 2-5, 2-6, and 2-7 are the model predictions showing how the plasma density
perturbation and wakefield potential grows as a function of time after arrival of the fast-rising
seed bunch assuming a 4 mm, 8 mm, and 10 mm plasma length, respectively. As the plasma
length increases, there occurs a greater amount of self-modulation of the laser field amplitude,
which enhances the growth of the wakefield potential. This enhancement represents the
amplification of the wakefield due to the seeded SM-LWFA process and is the effect that the

experiment was trying to observe.
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Table 2-1. Laser and plasma parameters used in seeded SM-LWFA simulations.

Parameters Value
Laser wavelength, A, 10.6 um
Laser pulse duration, 7 © 5.1 ps
Laser peak power, P, 0.2TW
Laser pulse energy, E. 1.3J
Laser beam focus radius, wo 65 um
Laser beam Rayleigh range, zg 1.25 mm
Normalized laser field strength, ag 0.762
Plasma length® 4 -10 mm
Plasma density on axis, ng 3.0 x10Y cm®
Plasma channel radius Rey 740 pm
Capillary radius Reap 500 pm
P/Pcit (for relativistic self-focusing) 0.25and 0.5
Time delay between peak of laser pulse and peak of 12 ps
seed e-beam bunch, t4
E-beam energy (seed), Eiy; 60 MeV
e-beam intrinsic energy chirp [%] 0.5 %
e-beam pulse charge 150 pC
e-beam pulse risetime ( zise) 50 fs
e-beam pulse tail length (7)) 1 ps
Seed e-beam focus size at capillary (1o¢)® 100 pm

The full-width-at-half-maximum pulse duration of the laser intensity is equal to z,,,, =+v2In2 7, =6ps.

The plasma length is assumed to be the same as the capillary length. Note, during the experiment, the capillary
length was 4 mm.

The seed e-beam propagates with constant velocity determined by its energy without changing its shape, so the
results do not depend on the initial energy spread.

Equivalent to rms.
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Fig. 2-6. Results for the same conditions as in Fig. 2-5 except the distance of laser propagation



0.4 L 0.4 EZ

z =10 mm]| £

Zm

0.3 0.3 &

N

< =
S >
02 F02 T
T %
< _ J
seed e-bunch S

0.1+ 01 -

o

u
T
£

=

0.0 00 ®

-10
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As also can be seen in Figs. 2-6 to 2-7, the tail end of the laser pulse interacts with the
wakefield produced by the seed. Not only does this cause amplification of the wakefield, it also
means some of the laser photons are scattering off the wakefield. The wakefield acts like a
grating and creates higher and lower harmonics (sidebands) of light emission via CTS. The
model is able to predict the relative amount of light in the sidebands. Figure 2-8 gives the model
predictions for the amount of sideband emission normalized to the fundamental radiation at 10.6
um for different plasma lengths. Due to the nonlinear growth of the wakefield as a function of
plasma length, factors of two changes in the length can cause an order of magnitude change in
the sideband signal strength.

Of particular interest are the predictions for z = 4 mm, which is the length of the capillary
used during the experiment. We see the predicted Stokes signal is 10* to 10° times weaker than
the fundamental. Since the fundamental has a peak power of order 1 TW, this implies the Stokes
signal should be of order 10 MW to 100 MW. This is still many orders of magnitude higher than
the minimum sensitivity of the IR detectors used to observe the Stokes emission. Hence, the
model indicated that Stokes emission should be readily detectable if the wakefield is present. It
should still be observable even if the wakefield is relatively weak due to imperfect conditions.
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Fig. 2-8. Model prediction for the Stokes and anti-Stokes spectrum produced by the CTS
diagnostic. The results are integrated over the radial spectral intensity of the laser pulse
after propagating z = 2, 4, 8 and 10 mm.

2.2.2 Pseudo-Resonant LWFA

LWFA experiments typically have been performed using 0.8-1 um laser wavelengths
where TW-level lasers are readily available. The STELLA-LW experiment was to be one of the
first to investigate LWFA using 10.6-um laser wavelength. Wakefield generation at long laser
wavelengths has certain inherent advantages [2-16]. One is that the normalized laser field
parameter a is proportional to the laser wavelength A (i.e., a = eE. /wmc, where e is the electron
charge, E is the laser electric field, w is the laser frequency, and m is the electron mass). This
means for the same laser beam focus area, 10-um light will provide a factor of 10 increase in a
compared to 1-um laser light and a 100 times increase in the ponderomotive potential, which
scales as a>. While it is true that 1-um light can be focused to a smaller area than 10-pm light to
compensate for this effect, the minimum usable laser beam size is limited by the minimum e-
beam size that can be obtained. The e-beam size depends on other factors, such as the e-beam
emittance and space charge spreading. From an experimental viewpoint, larger e-beam sizes are
generally favored because these limitations are eased. Hence, LWFA at 10.6 um has certain
practical benefits.

Theoretical analysis of LWFA driven by 10.6-um laser light has already been performed
[2-17] - [2-18]. For the final upgraded conditions of the ATF TW CO; laser (i.e., ~2 ps pulse
length, 5 J/pulse), an electric field gradient of ~1 GV/m is predicted. This is for ne ~10™ cm™®,
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which is a density higher than the usual density required to satisfy the resonant condition for a 2-
ps laser pulse. Even more noteworthy is this high gradient arises from a strong wakefield that is
created despite the fact the 2-ps laser pulse is too long for resonant LWFA and too short for SM-
LWFA. It was found that interaction of the laser light with the plasma causes pulse steepening
to occur at the trailing edge of the light pulse. This effectively initiates the wakefield generation
as if the laser pulse length were much shorter, but the pulse terminates before forward Raman
scattering (FRS) can play a significant role. Nevertheless, the wakefields produced can be
comparable to those formed by SM-LWFA with a longer pulse.

A model simulation [2-9] of the laser pulse steepening effect and subsequent wakefield
generation at 5.5 cm into the plasma is shown in Fig. 2-9. Plotted is the laser pulse temporal
profile with and without the steepening effect, where the former also displays an increase in
height. Plotted is the change in wakefield potential 6® = ® — 1, where @ is the scalar potential
of the wakefield normalized by e/mc?. A significant wake trails after the laser pulse, but the

laser pulse terminates before appreciable interaction occurs between the laser pulse and the
evolving wake.

0,8
0, &)

[a(p
3D (p

Fig. 2-9. The normalized laser pulse intensity on axis |a(r=0,&)|*> and wakefield potential
oD =>d(r=0,&) -1 (lines marked by circles) at propagation distances z =5.5 cm.

We refer to this operating regime as pseudo-resonant LWFA (PR-LWFA) because the
laser pulse effectively acts like a shorter pulse that would occur in resonant LWFA. This pulse-
steepening phenomenon was also independently uncovered by others [2-19]. Because the laser
pulse terminates before significant FRS growth occurs, aspects of SM-LWFA that are difficult to
control may be mitigated. Thus the wake produced in the pseudo-resonant regime may be more
controllable, which would make it easier to stage the LWFA process.

The preceding model simulation assumed a CO; laser peak power of nearly 3 TW at a
plasma density of ~10*® cm™. Subsequent modeling analysis indicated that the PR-LWFA effect
disappears if one operates at lower peak power even if the plasma density is also reduced.
Essentially, at low plasma densities, the laser pulse interacts with the plasma in a linear operating
regime and nonlinear pulse steepening effects become negligible. Therefore, demonstration of
PR-LWFA at 10.6 um requires a minimum peak power of 3 TW.
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As mentioned, the ATF CO, laser is capable of delivering 1 TW pulses. Multi-terawatts
is possible, but it requires creation of a 2 ps laser pulse that is amplified to 5 J. Creation of the
short CO, laser pulse is accomplished using a pulse slicing technique in which a portion of the
IR light from the Nd:YAG laser, which drives the ATF photocathode, is used to control the
transmission of the CO, laser pulse through various optical elements. By this method, arbitrary
CO; pulse lengths can be sliced out of the longer pulses produced by the CO, master oscillator.
However, the minimum pulse length that can be sliced out is limited by the rise-time of the
Nd:YAG laser pulse.

Figure 2-10 depicts the layout for the ATF CO, laser system showing how the 5-J, 5-ps
output is generated. The output from the CO, master oscillator passes through a preamplifier
and then is sliced to a shorter pulse length using the germanium plate switch and Kerr cell. After
this the pulse is amplified to 5 J. Note the Nd:YAG laser pulse is 5 ps in duration and its rise-
time is too long to slice out a 2 ps CO; laser pulse.

3-atm preamplifier CO, oscillator

Kerr cell 200 ps
7—I‘—\—ev ~,
(& | . «
i / \ Gesmlcﬁ\ﬁ 5 ps YAG pulse Fig. 2-10. Basic | t
S ig. 2-10. Basic la
/ 10-atm regen. amplifier g yOU
for ATF CO, laser
System.

10-atm final amplifier

In 2003 when the STELLA-LW proposal was written, the ATF believed they could
achieve a 2-3 ps Nd:YAG pulse for driving the Kerr cell by taking advantage of pulse-shortening
during second-harmonic generation (SHG) of the 14-ps long Nd:YAG pulse. This concept was
based upon simulations for SHG in crossed-polarized beams, which caused significant pulse
shortening compared to the fundamental. At that time, the ATF had not yet experimentally
validated this concept nor did they possess an autocorrelator capable of measuring the shorten
pulses.

Tests done afterwards revealed that the efficiency of the SHG is not adequate enough to
produce sufficient pulse energy for controlling the Kerr-cell switching. Some time later the ATF
was able to solve this problem when STI Optronics was able to refurbish and loan the facility a
Nd:YAG laser amplifier. This additional amplifier stage is positioned prior to the SHG and
produces 10 times stronger SHG (3-4 mJ), which is sufficient for the Kerr-cell switching. By
this time, the autocorrelator for SHG had been built and it indicated the shortest pulse that can be
achieved is 5-6 ps. This was still a factor of two longer than we require, but it permitted
reaching the 1 TW level needed to drive the seeded SM-LWFA experiment.
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In order to further shorten the CO, laser pulses, the ATF embarked on a new
development effort called the Advanced Drive Laser (ADL), in which the entire photocathode
laser drive system was to be replaced. It would rely exclusively on direct diode-pumped systems
instead of flashlamp-pumped lasers. Efficient 1-um lasing hosts in a mixed gain media
configuration would be used to minimize thermal issues and reduce system size. As part of this
major upgrade, an amplifier and optical compressor to enable delivering a 500-fs slicing pulse
for the CO,, laser system would be installed.

It became clear in late 2006 that the ADL upgrade would not be ready by the end of 2007
when the STELLA-LW program was scheduled to end. In fact, it is unlikely the ADL upgrade
will be completed in 2008. For this reason the STELLA-LW experiment had no choice but to
abandon its effort to demonstrate PR-LWFA and instead focus all work on demonstrating seeded
SM-LWFA.

2.3 OVERVIEW OF STELLA-LW EXPERIMENT AND HARDWARE
2.3.1 Description of Experiment Layout

Figure 2-11 shows a schematic layout of the experiment on Beamline #1 at the ATF as it
was originally planned. The e-beam enters the beamline from the right and is focused into the
capillary discharge using various quadrupole magnets. The capillary is housed inside a vacuum
chamber, which has input and output windows for the high-power CO, laser beam. Various e-
beam diagnostics are available including beam position monitors (BPM), a coherent transition
radiation (CTR) interferometer, and two electron energy spectrometers. One spectrometer has
high energy resolution and narrow energy acceptance; the second has less energy resolution, but
much larger energy acceptance. The CTR interferometer proved to be an important diagnostic
and is described in Sec. 2.3.4.

CO2 LASER BEAM CTR
WIDE ENERGY INTERFEROMETER VACUUM
ACCEPTANCE BUFFER
SPECTROMETER CHAMBER

| E-BEAM

DIPOLE

HIGH E-BEAM E-BEAM VACUUM

MAGNET  esoLuTION FOCUSING FOCUSING PIPE
SPECTRO- LENSES LENSES
SPECTRO- METER
METER (DISPERSION CAPILLARY
VIDEO INTO PLANE VACUUM ﬂ:l] = QUADRUPOLE MAGNET
CAMERA OF FIGURE) CHAMBER

Fig. 2-11. Diagram of STELLA-LW experiment.

Figure 2-12 is a top-view diagram of the capillary vacuum chamber showing the major
internal components. A photograph of the vacuum chamber is given in Fig. 2-13.
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Fig. 2-12. Top-view of capillary vacuum chamber.

2.3.2 Gas-filled Capillary Discharge

During the STELLA-LW program we developed our own gas-filled capillary design
basing it upon the pioneering work performed by Dr. Simon Hooker (University of Oxford) and
his gas-filled capillaries [2-20]. The basic configuration for our gas-filled capillary is depicted in
Fig. 2-14(a). Hydrogen gas is injected in the center of the waveguide, which is 4 mm long and 1
A high-voltage pulse is applied across the electrodes on the ends of the
waveguide to ignite the plasma discharge. The hydrogen gas continues to flow out the ends of

mm diameter.

the capillary into the beamline vacuum.
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Fig. 2-14. Gas-filled capillary. (a) Schematic of basic gas-filled capillary design used for
STELLA-LW. (b) Photograph of Macor™ block fabricated for STELLA-LW showing
entrance hole to capillary and side hole for the gas inlet.

Unlike the alumina and sapphire waveguides used by Dr. Hooker, the STELLA-LW gas-
filled capillary is constructed from a machinable ceramic called Macor™. This ceramic block is
shown in Fig. 2-14(b). Macor™ has dielectric properties similar to alumina and sapphire, and
appears to be an acceptable substitute. Macor™ was chosen because it can be easily machined
in a conventional machine shop, which greatly facilitates and expedites fabricating and
modifying the design of the capillary.

Figure 2-15(a) is a photograph of the assembled gas-filled capillary. Acrylic is used as
the mounting fixture for the ceramic block. The electrodes on the ends of the block are offset
from each other to discourage tracking along the surface of the ceramic and the plastic mount.
Figure 2-15(b) is a cross-sectional, close-up view of the assembled capillary showing how the
gas enters the waveguide. This capillary system was designed so that the ceramic block can be
easily replaced without changing the mounts. It can also accommodate longer waveguides
without modifying the mounts or the electrodes.

A modification to the gas-filled capillary, not shown in Fig. 2-14, are side holes in the
Macor block that permit insertion of optical fibers to collect light from along the discharge
length. As discussed in Sec. 2.4.3, these fibers were used to collect light for the Stark
broadening diagnostic and to determine the longitudinal uniformity of the discharge.
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Fig. 2-15. (a) Photograph of assembled gas-filled capillary showing ceramic block secured to
acrylic mounting fixtures. (b) Cross-sectional, close-up view of assembled gas-filled
capillary shown in (a).

Also built for the gas-filled capillary was a gas-manifold system for controlling the
injection of gas into the capillary. A schematic of the gas-manifold system is depicted in Fig. 2-
16. This system uses a gas reservoir, which is preloaded with hydrogen gas. This gas is then
released into the capillary using a fast-acting solenoid valve. The valve is a three-way device
configured so that in its off-position the capillary inlet gas line is being constantly pumped on by
the vacuum system. This helps remove the residual gas inside the capillary when a shot is
completed.

Remote

trigger circuit

3-way
DC
| id . - .
e T o — Fig. 2-16. Schematic of gas
turbopump : Coittubing || | vave manifold system for gas-filled
PS’E;SS‘:)’re reservoir (N/C) cap ill ary.

v

To gas-filled Remote
capillary trigger circuit

The low aspect ratio of the length (4 mm) to diameter (1 mm) of the capillary gave rise to
concern about the longitudinal uniformity of the plasma. A special capillary was made with
three optical fibers positioned along the length of the capillary that allowed sampling the amount
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of plasma light emitted along the length of the capillary. The amount of light should be
proportional to the plasma density.

Figure 2-17 plots the raw signals from the photodiodes versus position along the capillary
at various reservoir pressures. This plot assumes the photodiodes used to detect the light
emission transmitted by the fibers have essentially the same sensitivity and there is no significant
overlap in the volumes viewed by the fibers. Note that +2 mm and —2 mm represent essentially
the ends of the capillary. If the lines plotted in Fig. 2-17 are extrapolated to the ends of the
capillary, then we see that the signal drops by ~50% or less. This implies that the plasma density
varies along the capillary by a factor of two or less. This amount of variation should be tolerable
for our experiment.
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2.3.3 Stark Broadening Diagnostic

Knowing the plasma density accurately is a critical aspect of the experiment. Prior gas-
filled capillary investigations by Dr. Hooker indicated that near 100% ionization of the gas
should be possible [2-20]. However, at low pressures and/or low discharge voltages, the gas
may not be fully ionized. Therefore, an independent means for measuring the plasma density
was needed.

Fortunately, members of the STELLA-LW team were also collaborating with the
multibunch PWFA experiment [2-21] that was also being performed at the ATF. The
multibunch PWFA experiment is headed by Prof. Tom Katsouleas and Dr. Patric Muggli from
USC. As part of their experiment they developed a Stark broadening diagnostic for directly
measuring the plasma density inside the capillary. STI Optronics has helped them develop this
diagnostic by providing an image-intensified, fast-gating camera for observing time-resolved
spectral emissions from the capillary. The STELLA-LW program also shared our gas-filled
capillary for their usage.

Stark broadening of the hydrogen Balmer a-line at 656 nm and the Balmer f-line at 486
nm is a well-known function of the electron density and temperature [2-22], with the HZ line
being less sensitive to the electron temperature than the He line. Light emission from one end of
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the capillary is relay-imaged onto the end of an optical fiber. The other end of the fiber sends the
light into a spectrometer and the fast-gating camera as shown in the photograph in Fig. 2-18.
More details of the Stark broadening diagnostic can be found in [2-23].

Fig. 2-18. Photograph of optical
fiber (red cable in photo) from
capillary being coupled into the
spectrometer (black box). To the
left of the spectrometer oriented at
an angle with respect to the
spectrometer box is the fast-gated
camera on loan from STI
Optronics.

Using the fine grating and no gating of the fast-gating camera (i.e., time-integrated
mode), the Ha-line spectrum of the gas-filled capillary was measured as a function of reservoir
gas pressure and charge voltage. Bekefi’s book [2-22] has tabulated Stark broadening data that
gives electron density versus linewidth AA for various hydrogen lines. The plot for the Ha-line

at 40,000 °K is replotted in Fig. 2-19. Using a least-squares curve fitting routine, it is possible to
find a very good fit (R = 0.99999192) to this data. This curve fit is also plotted in Fig. 2-19.
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The equation for the curve fit is given below.
n, =6.05x10" e*'** —6.07x10" cm (2-4)
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The difference between the curve fit equation and the data in Fig. 2-19 is only a few percent over
the range 10 to 10%” cm™. In the 10'’ cm™ range, the difference is less than 1%. Thus, Eq. (2-
4) was used to estimate the plasma density under the assumption that temperature affects are not
significant.

The raw spectrum images from the spectrometer camera have data in half-frames with
typically only one half-frame containing the majority of the signal. An example of a raw video
image (negative video image) is shown in Fig. 2-20(a). The raster lines of the appropriate half-
frame (100 lines) are extracted from the image and averaged together by adding all the pixel
values in each column. The resulting line profile is given in Fig. 2-20(b)
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Fig. 2-20. (a) Example of raw video image from spectrometer camera. (b) Line profile of image
shown in (a) after averaging over 100 raster lines.

The wavelength dispersion calibration of the images is determined by measuring the
spectrum from a mercury pen lamp. This yielded a dispersion factor of 0.0458 nm/pixel.
Absolute wavelength calibration is made by setting the peak of the Ha-line to 656.3 nm.

The linewidth is measured at full-width-half-maximum for each line profile spectrum and
then Eq. (2-4) is used to calculate the plasma density. The results are plotted in Fig. 2-21 where
the error bars represent the variance of the density within each set of data.
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At 35 Torr and 3 kV charge voltage, the plasma density appears to be close to 1 x 10*
cm®. When the pressure in the reservoir is increased by 3 times to 105 Torr, the plasma density
only increases by ~30%. This may indicate incomplete ionization of the gas. This is consistent
with the 5-kV data, which all display higher plasma densities for the same gas pressures.
However, the 5 kV data also displays little dependence on the reservoir pressure, which seems to
imply that some other process is controlling or affecting the linewidth. Based upon this result it

was apparent the best way to adjust the plasma density would be to monitor the energy loss of
the seed bunch as a function of gas pressure.

2.3.4 Coherent Transition Radiation (CTR) Interferometer Diagnostic

A coherent transition radiation (CTR) interferometer was used to characterize the ATF
compressed e-beam. For the e-beam bunches of interest to STELLA-LW, the CTR light is at
THz frequencies. Figure 2-22 shows a schematic diagram of the CTR interferometer system.
The Michaelson interferometer part of the system, which consists of a beamsplitter and a fixed
and translating mirror designed for THz radiation, is a commercial device [2-24]. For our
experiments, its operation was modified by foregoing usage of a reference detector since the
ATF only had one detector highly sensitive to THz radiation (liquid-helium-cooled bolometer).

By scanning the translation mirror shown in Fig. 2-22, the autocorrelation of the CTR
signal is obtained. Analysis of this autocorrelation signal yields information about the e-beam
bunch characteristics [2-25]. Figure 2-23 shows two examples of the autocorrelation data and
the curve fits derived from the autocorrelation integrals for the case of a single and double e-
beam bunch(es).
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Fig. 2-23. Example of raw data from CTR interferometer (blue circles) and the curve fits to the
data (red line) calculated from the autocorrelation integral [2-25]. (a) Single e-
beam bunch. (b) Double e-beam bunches.

For a single bunch, the curve fit of the autocorrelation integral with the data requires
selecting values for the bunch length and the cut-off frequency of the detection system.' In
particular, the width of the central peak of the autocorrelation signal is primarily affected by the
bunch length. The shape of the curve on either side of the peak is mostly affected by the cut-off
frequency. For the curve fit shown in Fig. 2-23(a), we find the bunch length is 144 fs and the
cut-off frequency is 1.7 THz.

For a double e-beam bunch, which will be discussed in more detail in Sec. 2.4.1, there are
five free parameters in the autocorrelation integral. Using CTR and BPM data for each bunch of
the double bunches permits reducing the number of free parameters to two, i.e., the time delay
between the two bunches and the cut-off frequency. For the case of the data shown in Fig. 2-23,
the single-bunch CTR data indicates the lengths of the two bunches is 144 and 90 fs, and the
BPM data indicates the second bunch had ~60% of the charge in the first bunch. Hence, for the
curve fit shown in Fig. 2-23(b), we find the time delay between the bunches is 500 fs and the cut-
off frequency is 1.8 THz.

! A Gaussian-shaped e-beam bunch profile is assumed.

2-21



2.3.5 Coherent Thomson Scattering (CTS) Diagnostic

Coherent Thomson scattering (CTS) has been used extensively to diagnose the
wakefields produced in plasmas [2-26], [2-27]. Briefly, in CTS, the wakefield creates a density
perturbation in the plasma that acts like a grating to laser light traveling through the plasma.
This light coherently scatters off the wakefield producing sideband light at frequencies ws given
by ws = ax £ @y, Where @ is the laser beam frequency and ay is the plasma frequency. Hence,
the existence of light emission at these sideband frequencies is indirect evidence that the
wakefield exists. Moreover, the magnitude of the sideband signal is proportional to the depth of
the wakefield. Therefore, comparing the relative strength of the sideband signal gives an
indication of the strength of the wakefield potential. These attributes of CTS would permit us to
indirectly measure the wakefield characteristics during seeded SM-LWFA and, in particular, to
hopefully observe amplification of the wakefield when the laser beam is present.

For the seeded SM-LWFA experiment, the nominal plasma density is ne ~1 x 10*" cm™
assuming a seed bunch length of order 100 fs. However, for the fast-rising seed bunch, the
optimum plasma density is n. ~3 x 10" cm™. The corresponding plasma frequency can be
calculated using the formula given by

w, (rad/sec) =5.64x10%y/n,(cm?) . (2-5)

Substituting 3 x 10'" cm™ into Eq. (2-5) we obtain «, = 3.09 x 10" rad/sec. The CO,
laser wavelength of 4. = 10.6 um corresponds to a frequency of @ = 2nc/A. = 1.78 x 10
rad/sec.

The Stokes frequency is calculated by ws = & — @ = 1.47 x 10" rad/sec. Converting to
wavelength, we therefore find the Stokes wavelength will be
2 =2 _128m. (2-6)

(23

The anti-Stokes frequency is given by aas = @ + @, = 2.09 x 10™ rad/sec. Converting
to wavelength, we obtain

1 =2 —9.02,m. 2-7)
Dps

The preceding Stokes and anti-Stokes wavelengths are for a specific plasma density
assuming a certain characteristic of the seed bunch. In reality, the actual plasma density during
the experiment must be adjusted to maximize the wakefield produced by the seed bunch and this
density would not be necessarily at 3 x 10*" cm™. Therefore, Fig. 2-24 shows how the Stokes
and anti-Stokes wavelengths vary with plasma density. If the fast-rising seed bunch a slower or
faster risetime than 50 fs, then the resonant plasma density will be lower or higher than 3 x 10"’
cm™, and the corresponding sideband wavelengths will be shifted as shown in Fig. 2-24.
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Fig. 2-24. CTS sideband wavelengths as a function of plasma density. (a) Stokes wavelength.
(b) Anti-Stokes wavelength.

Figure 2-25 shows the basic layout for the CTS diagnostic system. The TW ATF CO,
laser beam enters and exits the capillary vacuum chamber through a pair of windows (the
chamber outline is not shown in Fig. 2-25). An off-axis parabolic mirror (f = 10 in = 25.4 cm)
focuses the beam into the capillary and an identical off-axis parabolic exit mirror recollimates
the laser light. The laser light, which includes both the fundamental and any sideband radiation,
is directed to a grating using a pair of mirrors. A 2.5"-diameter positive lens (f =9 in =22.9 cm)
collects the Stokes or the anti-Stokes light and focuses it into the detector. An optical filter in
front of the detector helps block out the fundamental light. Observing the higher-order light of a
HeNe laser beam scattered off the grating made it is possible to estimate the proper position of
the IR detectors for sensing a particular wavelength.
F=10"
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Fig. 2-25. Basic layout for
CTS diagnostic  system.
During the actual seeded
SM-LWFA experiment the

distances of separation Grating
changed from those shown
in this figure.
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During testing of the CTS diagnostic it was discovered that the ATF TW CO, laser beam
emits strong parasitic radiation at wavelengths near 9 um. This parasitic radiation not only
interferes with distinguishing the anti-Stokes signal near 9 um, the radiation is also intense
enough to damage the detector. Therefore, the CTS diagnostic was realigned to detect the

Stokes emission at around 12.8 um where there was no parasitic radiation.
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The primary IR detector was a pyroelectric 2-D detector array (Pyrocam-111 made by
Spricon). The Pyrocam-11l1 under pulsed operation has a sensitivity (peak noise limit) of 7
nd/pixel or 70 pJ/cm?. The active area of the detector array is 12.4 mm x 12.4 mm = 1.53 cm®.
Its saturation fluence is 10 mJ/cm? and its damage threshold is 20 mJ/cm? (1 ns pulse).

For the CTS diagnostic, the measured dispersion of the grating (75 grooves/mm) was
0.054 um/mm. The Pyrocam-1ll1 was positioned so that the center of the detector array was
aligned to 12.8 um. This meant for its 12.4 mm array width and the aforementioned dispersion
that the Pyrocam-Ill was able to view emission from 12.1 pum to 13.5 um. This covered a
corresponding plasma density range of 1.6 x 10" cm™ to 4.6 x 10'" cm™. Hence, this meant we
would be able to detect the Stokes emission over a fairly wide plasma density range. This gave
us the freedom to vary the plasma density in order to optimize the wakefield formation by the
seed bunch without fear of losing the ability to detect the Stokes emission.

As mentioned, the model simulation for the CTS signal predicted a peak power for the
Stokes emission of 10 MW to 100 MW. For a 5-ps laser pulse, this corresponds to 50 uJ to 500
ud of pulse energy. To account for imperfect conditions, we can degrade the lowest value by a
factor of 10, i.e., assume that 5 puJ of Stokes light is produced. The emitted Stokes light will
follow a similar divergence as the fundamental laser beam. Thus, the size of the Stokes beam at
the detector position should be similar to the fundamental beam size. We allowed some of the
fundamental light to be sensed by the Pyrocam-111 camera and the resultant image is shown in
Fig. 2-26. Since the active area corresponds to 12.4 mm x 12.4 mm, this indicates that the area
of the fundamental beam on the detector is roughly 6 x 10 cm?. Assuming this area size for the
Stokes beam and 5 pJ of Stokes light, we obtain a fluence on the detector of 0.8 mJ/cm?. This is
an order of magnitude greater than the minimum sensitivity of the Pyrocam-1Il. Hence, this
implies an order of magnitude additional sensitivity margin in our detection capability.
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Fig. 2-26. Example of
image obtained by
Pyrocam-11l IR camera of
the  fundamental laser
beam at 10.6 xm located at
the top-center of the
frame..

Close ‘

Allowing the fundamental beam to be captured by the Pyrocam-I11 camera also verified
that our timing was correct for detecting any Stokes emission. Thus, the relatively high
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sensitivity of the camera and its broad wavelength acceptance range ensured that the CTR
detector system was capable of sensing the Stokes radiation.

2.4 EXPERIMENTAL RESULTS FOR SEEDED SM-LWFA EXPERIMENT

2.4.1 Formation of Double-Bunch Seed Beam

A chicane designed by UCLA [2-29] was installed on the ATF linac. It was designed to
provide approximately 30 times compression and initial model predictions indicated this should
be sufficient to produce a ~100 fs bunch for the seeded SM-LWFA experiment. However, there
is no acceleration section downstream of the chicane that could be used to compensate for the
energy chirp imparted on the beam entering the chicane. Instead, it was thought that coherent
synchrotron radiation (CSR) could fulfill this role.

As mentioned earlier, when the chicane compresses the e-beam pulse it creates two ~100
fs bunches separated in time and energy. Our hypothesis is that the double-bunch formation is
caused by the interaction between the chicane and the dogleg dipoles downstream of the chicane
that direct the e-beam into Beamline #1. Figure 2-27 is a cartoon illustrating one possible
explanation for the double-bunch formation process. Drawn in blue is the pathway taken by the
e-beam as it travels through the chicane and dogleg dipoles. Dipoles are indicated as rectangles.
Ideally, the e-beam enters the chicane with a linear energy chirp as depicted by the dashed line in
the energy-time graph drawn in the upper left-hand corner of Fig. 2-27. In reality, we believe the
chirp is curved as shown in the graph. It is possible to identify two regions on this curve —
Region 1, corresponding to electrons with a high amount of chirp, and Region 2, corresponding
to electrons with a small amount of chirp. Note the Region 1 electrons precede the Region 2
electrons.

In passing through the first two dipoles of the chicane, electrons in Region 2 become
compressed (we shall refer to these electrons as Bunch 2) and the electrons in Region 1 are not
compressed yet (we shall call these electrons Bunch 1). In this middle section of the chicane, the
beam is wide and, therefore, CSR is weak. However, between the third and fourth chicane
dipoles, the focus is tight and Bunch 1 experiences strong CSR effects. Consequently, after
passing through the last dipole of the chicane, the Bunch 1 electrons finally are compressed, but
now the Bunch 2 electrons become overcompressed. And, in the process of being
overcompressed, the Bunch 2 electrons overtake in time the Bunch 1 electrons (see energy-time
graph in middle-top of Fig. 2-27). Finally, the electrons pass through the dogleg dipoles where
the beam is nominally focused to a tight spot. Now the strong CSR works on the Bunch 2
electrons to reduce their energy spread. The net result is a clean separation in energy and time
between Bunches 1 and 2 as illustrated in the energy-time graph in the lower right-hand corner
of Fig. 2-27.
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Table 2-27. Cartoon of chicane/dogleg system showing a possible scenario for the double-bunch
formation process.

Figure 2-28 are energy spectrums of the e-beam at different positions along the pathway
depicted in Fig. 2-27. Figure 2-28(a) is just before the chicane. The e-beam is a single bunch
with an energy width of ~4% FWHM. Figure 2-28(b) is at the high-energy slit located
downstream of the chicane. It shows two distinct beams with, in this particular case, most of the
charge in the lower-energy bunch (energy dispersion increases to the left in the images). Figure
2-28(c) is at the spectrometer at the end of Beamline #1. The two bunches are separated by
approximately 1.8 MeV [see Fig. 2-30(a)]

(a) (b) (©
Fig. 2-28. Energy spectrums of double-bunch e-beam. Energy dispersion increases to the left.
(a) Before the chicane and without compression. Energy spread is ~4% FWHM. (b)
At the high-energy slit located downstream of the chicane. (c) At the spectrometer at
the end of Beamline #1.

We should emphasize that the preceding explanation is only a conjecture. Initial
modeling of the chicane/dogleg system was done using ELEGANT. Preliminary results of this
analysis are given in Fig. 2-29. Figure 2-29(a) shows an example of the beam entering the
chicane with a curved energy chirp. Figure 2-29(b) gives the resultant energy-time distribution
of the electrons after the dogleg. It is clear there has been a separation in energy of the electrons
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with a large group congregated in the lower half of the plot and a smaller group in the upper half.
ELEGANT also indicates this separation in energy does not occur if CSR effects are turned off
in the model. The modeling effort was not continued when it became apparent that ELEGANT
is not capable of fully modeling all the physics occurring in the chicane-dogleg system, such as
space charge effects. It is not clear that any model exists yet that incorporates all the needed
physics.
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Fig. 2-29. Examples of output plots from ELEGANT of the chicane/dogleg system. (a)
Momentum-time plot of electrons entering chicane. (b) Momentum-time plot of
electrons at exit of dogleg.

2.4.2 Experimental Results Related to Double-Bunch E-Beam

In order to determine whether the double-bunch e-beam could be used for the seeded
SM-LWFA experiment, a series of runs were performed to better understand the new
phenomenon and characterize the beam. Figure 2-30 shows energy spectrums of the double-
bunch beam measured by the Beamline #1 spectrometer. Figure 2-30(a) is a single shot showing
the two bunches separated in energy by 1.8 MeV. For the sake of identification we have labeled
one bunch as the “high-energy (high-E) seed” and the other bunch as the “low-energy (low-E)
seed.” Figure 2-30(b) is an overlay of three shots taken many minutes apart. We see good
reproducibility of the spectrums indicating the energy distribution and positions are stable.
However, subsequent runs also showed it is very difficult to obtain the same characteristics of
the double-bunches from one run to another. In other words, the pulse widths and energy
spectrums were different for each run probably because a complex series of steps are needed to
tune the linac to create the double-bunches.

Next, the double-bunches were characterized using the CTR interferometer diagnostic.
Since the bunches are separated in energy by about 1.8 MeV, it possible to block one of the
bunches from reaching the spectrometer on Beamline #1 by using the variable high-energy slit
located downstream of the chicane [see Fig. 2-28(b)]. This allowed CTR interferometer
measurements to be taken individually on each bunch. These indicated that the two bunches
have comparable bunch lengths of order 100-200 fs and they are separated in time by 0.5-1 ps.
But, the CTR interferometer measurements could not tell us which bunch came first.

The amount of charge in each bunch can be measured using either a Faraday cup or by
integrating the intensity of each bunch image seen on a BPM [e.g., Fig. 2-28(b)]. Depending on
the e-beam tune through the chicane and dogleg, the bunches can have comparable amounts of
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charge or very different amounts. As discussed later, it turns out the amount of charge in each
bunch affects the wakefield interference between the bunches.
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Fig. 2-30. Energy spectrums of double-bunch e-beam. (a) Typical single shot spectrum for the
case when both bunches have comparable charge. (b) Three spectrums taken many
minutes apart demonstrating stability of the double-bunch formation process.

The seeded SM-LWFA experiment needed a wakefield that can be amplified by the laser
pulse. In principle, it did not matter whether this wakefield is created by a single seed bunch or
two bunches. Therefore, a key question was does the double-bunch beam still produce
wakefields and, if so, how might they be utilized to perform the seeded SM-LWFA experiment?
To attempt to answer this question, the double-bunch beam was sent through a polypropylene
capillary.

Each of the ~100-fs long seed bunches is capable of generating wakefields. In doing so
the electrons must lose energy. Moreover, this energy loss should be a function of the plasma
density since for a given bunch length there is a specific plasma density for optimum wakefield
generation. Figure 2-31 shows the energy loss of the high-energy and low-energy seed bunches
as a function of delay time with respect to the onset of the capillary discharge current. The delay
time is plotted increasing to the left so that the plasma density increases to the right in the figure.
We see when both bunches propagate through the plasma, the high energy seed (red dots)
monotonically loses more energy with increasing plasma density. However, this is not true for
the low-energy bunch (blue triangles). The energy loss of the low-energy bunch first increases
with higher plasma density, then decreases to a low point at 1 us delay time. (Due to disruption
by the discharge current pulse, data could not be reliably taken for delay times less than 1 ps.) If
the low-energy seed is sent through the plasma by itself (black squares in Fig. 2-31), then it also
exhibits the same monotonic energy loss with increasing plasma density as the high-energy seed.
In fact, the loss rate is essentially the same for both seeds when they travel alone through the
plasma. This is strong evidence that the high-energy seed must precede the low energy seed
because the presence of the high-energy seed appears to be affecting the low energy seed.
Indeed, as the modeling will show below, the wakefields produced by the high-energy seed can
interfere with the wakefields produced by the low-energy seed.
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One tremendous benefit with our collaboration with the multibunch PWFA experiment is
the ability to use their codes for modeling the wakefield formation process of multiple electron
bunches. These models were developed to study how a train of microbunches can enhance the
PWFA process. They work equally well if you only have two bunches.

USC graduate student, Efthymios (Themos) Kallos, ran a 1-D PIC code to simulate
wakefield formation assuming the parameters for our double-bunch beam. Figure 2-32 shows an
example of the predicted wakefield evolution produced by the double bunches at a specific
plasma density (5 x 10* cm™). The dark curve shows the two bunches with the leading bunch
having an energy of 61 MeV and the trailing bunch having an energy of 59 MeV. Not evident
from the wakefield plot is that the wakefield is actually a combined one with contributions from
each bunch.
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As with any wave phenomenon, the wakefields produced by the bunches can add
constructively or destructively together. This effect can be seen more clearly in Fig. 2-33, which
plots the model predictions for the energy loss or gain of the low-energy bunch. (Gain is
represented by negative energy loss in Fig. 2-33.) The data are the red dots; the model
predictions is the solid blue curve. For this particular set of data, gain was observed when the
plasma was approximately 10™® cm™. The model predicts gain should also occur for the low-
energy bunch at this density. Hence, we see very good agreement between the data and model.
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The dotted blue curve in Fig. 2-33 represents the combined peak of the wakefields from
the two bunches. The depth of the dip in this curve is sensitive to the relative amount of charge
in each bunch. This can seen be in Fig. 2-34. The red and green curves are for the case when
the high-energy seed has twice the charge of the low-energy seed. The blue and brown curves
are for the case when the charge ratio is reversed, i.e., high-energy seed has half the charge of the
low-energy seed. We see a marked difference in the amount of energy gain or loss at 10*® cm?
density. This implies the amount of gain or loss seen by the low-energy bunch is sensitive to the
relative charge ratio between the two bunches. This may explain why energy loss is only seen in
Fig. 2-31 at 10" cm™, whereas, energy gain in observed in Fig. 2-32. The charge ratio was
indeed different for the two sets of data.
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Prior to testing the chicane and the discovery of the double-bunch formation
phenomenon, the ATF had already demonstrated the ability to generate two electron bunches
from the linac by sending two laser pulses to the photoinjector. The second bunch was to serve
as the witness bunch for probing the amplified wakefield. Adjusting the time delay between the
laser pulses permitted varying the time delay between these two bunches. The nominal delay
time is 20 ps. Because of this time delay, the two bunches intersect the RF field at different
phases and, therefore, gain different amounts of energy. This results in approximately 2-3 MeV
energy difference when they leave the linac.
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Data was taken with the witness bunch following the double-bunch seed in the
polypropylene capillary. Because the three bunches have three different mean energies and their
energy profiles partially overlap, the resulting energy spectrum is complex. Figure 2-35(a)
shows the spectrum of the three bunches when no plasma is present. The three bunches have
been identified in the figure. The witness and low-energy seed bunch spectrums are saturated in
order for the spectrometer camera to have enough sensitivity to detect the weaker high-energy
seed signal.
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Fig. 2-35. Energy spectrums of double-bunch seeds with witness bunch. (a) With no plasma
discharge. (b) With a plasma density of ~7 x 10" cm™.

At a plasma density of roughly 7 x 10® cm™, [Fig. 2-35(b)] there appears electrons
(shaded yellow in the figure) with energies over 1 MeV higher than the witness. Assuming these
electrons came from the witness, this would represent an energy gradient of >200 MeV/m.

Despite the apparent ability to accelerate witness bunch electrons, the highly complex
and poorly understood energy spectrum of the three bunches, the wakefield sensitivity to the
ratio of charge in the double bunches, and the inability to obtain the same bunch characteristics
during different runs made using the three-bunch arrangement unsuitable for performing the
seeded SM-LWFA experiment. Furthermore, subsequent tests where the high-energy slit was
used to block one of the compressed bunches demonstrated that using only one of the bunches
also produced unreliable wakefield formation. This is probably because the double-bunch
formation process is a highly nonlinear one where slight changes in the beam tune can
dramatically alter the compressed bunch characteristics, in particular the bunch length. If the
bunch length changes, then the resonant plasma density also changes. Finding the correct
plasma density becomes exceedingly difficult if the bunch length changes in an uncontrolled
manner.

2.4.3 Seeded SM-LWFA Experiment Using Fast-rising Seed Bunch

During the latter half of the last year of the STELLA-LW program, the ATF developed a
technique to compress the leading edge of the 1-ps bunch emitted from the photocathode without
using the chicane. Tests as part of the multibunch PWFA experiment confirmed that this fast-
rising bunch has a risetime of ~50 fs and it is capable of generating wakefields. However, the
electron beam optics necessary to achieve this were only available on Beamline #2. Since the
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double-bunch beam on Beamline #1 was not suitable for the seeded SM-LWFA experiment, the
decision was made to move the experiment from Beamline #1 to Beamline #2.

This move required installing the 4-mm gas-filled capillary in a vacuum chamber on
Beamline #2 and mounting new optics to deliver the TW CO, laser beam to Beamline #2. In
addition, the CTS diagnostic had to be diassembled and reassembled on Beamline #2. This
move occurred during November 2007 and the STELLA-LW program was slated to end on
December 31, 2007. This meant there was only time for one run in December to perform the
seeded SM-LWFA experiment on Beamline #2. There was also insufficient time to generate a
witness bunch, which would have required delivering two laser pulses to the photocathode.

During the 2-week run in December, the first week was spent completing the setup and
preliminary testing of the equipment in its new location. In particular, obtaining proper
triggering of the Pyrocam-I11 camera was hampered by electrical noise and difficulties in finding
the correct delay times. Data was taken during the second week of the run.

The new setup on Beamline #2 also included a means for monitoring the amount of laser
light transmitted through the capillary. Earlier off-line tests with the laser focused in the
capillary indicated that good transmission should occur when the discharge is present. However,
during the alignment of the laser beam through the capillary on Beamline #2, just the opposite
situation was found. Best transmission occurred with no gas or discharge in the capillary; worse
transmission occurred with gas and the discharge on. To ensure a pre-pulse from the laser
system was not creating a plasma that was blocking the main laser pulse, a saturable absorber
was inserted at the output of the TW CO, laser. However, this did not help improve the
transmission of the laser beam.

The amount of laser beam transmission varied from shot to shot from less than 20% to as
high as 50%. Occasionally, there appeared to be no transmission. The fact the amount of
transmission varied erratically made us suspect more than one effect may have been affecting the
laser beam. The possible effects are:

1) Defocusing of the laser beam caused by laser-induced ionization of the plasma in the
center of the capillary, thereby creating a negative lens effect. The defocused light would strike
the inside walls of the capillary and not be transmitted.

2) Ablation of the capillary walls by the defocused laser beam, which could increase the
local plasma density. The 4-mm, 1-mm diameter capillary was designed to fit within the
Rayleigh range of the focused laser beam. Indeed, alignment tests with no gas or discharge
indicate that the laser beam was being transmitted well through the capillary. The ablated
material from the wall could increase the local plasma density enough to begin absorbing the
laser beam, thereby further decreasing the amount of laser beam transmission.

Since the degree of laser-induced ionization and wall ablation would not necessarily be
the same from shot to shot due to natural fluctuations in the laser output energy and the discharge
characteristics, it is not surprising the amount of laser transmission varied greatly.

Although the poor laser transmission was an ominous sign that the experiment would not
work, we attempted to perform the experiment nonetheless. With the fast-rising bunch sent
through the 4-mm gas-filled capillary, the gas pressure and timing was adjusted until wakefield
formation was confirmed by observing energy loss of the electrons on the Beamline #2
spectrometer. The laser beam was fired into the capillary with the e-beam present and the output
from the Pyrocam-I11 camera was recorded. Despite varying the arrival time of the laser pulse
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with respect to the e-beam over a wide range before and after the e-beam, no conclusive
evidence of any Stokes signal was observed on the camera image.

A more sensitive photovoltaic detector (Noise Equivalent Power = 40 uW) was also tried
instead of the Pyrocam-11l camera. Once again no Stokes signal was observed.

2.5  DISCUSSION

As mentioned, earlier off-line tests of the TW CO, laser beam focused through the 4-mm
capillary did not suffer from transmission problems. It is not certain why the transmission was
adversely affected on Beamline #2. Although the laser beam transport system and focusing
optics layout were similar between the off-line and Beamline #2 tests, they were not identical. In
particular, the laser beam had to travel much further for the Beamline #2 tests. The beam shape
can change during its propagation over the longer distance resulting in a different-shaped beam
being focused into the capillary. This change may have been enough to alter the beam's affect on
the plasma. Or, stated another way, for our particular configuration, the focusing of the TW CO,
laser beam into the capillary may have been at a borderline condition where a small change
could cause the laser beam to affect the plasma or not. Possibly during the off-line tests we
happened to be on the side of the borderline where no effect occurred; on Beamline #2 we
happened to be on the other side.

Subsequent to the run, it was discovered that the ATF laser was producing multiple laser
pulses. It is highly likely multiple pulses were being delivered during the STELLA-LW run. If
so, then it is certainly possible that the leading pulse might be the one responsible for initiating
laser-induced ionization and/or wall ablation. This would interfere with transmission of the
following pulses. Moreover, the total pulse energy as measured by the energy power meter was
actually distributed among the multiple pulses. This means the peak power of any of the
individual pulses was a factor of 3 to 4 times smaller than if all the energy had been within a
single pulse. The lower peak power, which would be substantially less than 1 TW in each pulse,
would be enough to prevent any Stokes signal.

Therefore, the absence of a Stokes signal could be due to several effects. First, if the
laser beam was defocused by the plasma, then laser light would be lost and not reach the
detector. Second, defocusing would also reduce the laser intensity, thereby preventing the self-
modulation process from occurring. Third, the multiple laser pulses meant each pulse would
have insufficient peak power to drive the SM-LWFA process. Fourth, if the laser beam was
changing the on-axis plasma density, then it is probable the wakefield produced by the bunch
would not survive. This is because the wakefield would no longer be resonant with the plasma
density. Hence, there would be no Stokes signal because there is no wakefield.

The fact the laser beam appeared to be changing the plasma characteristics implies that
the experiment performed on Beamline #2 was not under the conditions assumed during the
modeling analysis. The modeling assumed a static plasma density and a well-behaved laser
beam intensity distribution inside the plasma. It also obviously assumed a single laser pulse.
Therefore, the failure to detect any Stokes radiation is not an indication that the seeded SM-
LWFA theory and modeling is invalid; rather, the experiment as performed was not a legitimate
test of the theory.

Besides ensuring delivery of a single laser pulse, a valid test of the theory would require
eliminating the laser beam affecting the plasma. Probably the best way to do this is to guide the
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laser beam through the capillary to avoid defocusing and ablation effects. However, the capillary
could not guide the laser beam and at the same time achieve the needed laser intensity to drive
the self-modulation process. This is because a plasma density of 3 x 10'" cm™, which is the
resonant density for the fast-rising seed bunch, yields a parabolic density profile inside the
capillary corresponding to a matched laser waist size for guiding that is too large, i.e., for the
available laser peak power, the matched waist size would result in a laser intensity that is too
low. The only way to overcome this is to increase the laser peak power, which was not
available, or operate at a higher plasma density requiring a faster rising bunch, which was also
not available. Therefore, in hindsight it is not clear the ATF had the capabilities required to test
the seeded SM-LWFA process.

26 NEED FOR ADVANCED CAPILLARY DISCHARGE DESIGN

One can argue that the inability of the ATF to provide higher laser peak power or faster-
rising bunches is not a shortcoming of the facility, but rather it represents the current state-of-
the-art in these technologies. Although there are ways to push this state-of-the-art, it would be
costly and time-consuming to achieve this. On the other hand, if there were ways to improve the
capabilities of the plasma source, i.e., the capillary discharge, then this might be a less costly and
easier way to achieve conditions necessary to test schemes such as seeded SM-LWFA. This is
part of the motivation for the discussion given in this subsection where we briefly present ideas
for improving the capabilities of capillary discharges. These formed the basis for a proposal that
was submitted to the U.S. Department of Energy (DOE) to demonstrate these new ideas.

Capillary discharge plasmas have proven to be an effective plasma medium for LWFA.
They have demonstrated essential properties required for the LWFA plasma target: consistent
shot-to-shot plasma densities and a quasi-parabolic density profile that provides laser guiding
along the plasma column. Looking beyond these early achievements, we see that the next step
for realizing practical plasma-based accelerators will require addressing certain critical issues
related to capillary discharges. These issues include (1) the seemingly contradictory
requirements of low plasma density (to enable long wakefield dephasing lengths and usage of
longer laser/e-beam pulse lengths) and adequate laser guiding; (2) for the case of gas-filled
capillaries, the violation of the exquisite vacuum necessary in the beamline by the quantities of
gas injected into the beamline by the capillary; (3) high pulse repetition frequency (PRF) in order
to achieve useful average beam currents; and (4) ease of scalability to long plasma section
lengths needed to achieve high net energy gain. While plasma-discharge capillaries may appear
to be a niche technology with a limited user base, it is actually a “hinge” technology that is a
vital component in plasma-based accelerator development. For example, besides LWFA,
capillary discharges can be used in other plasma-based applications, such as plasma wakefield
acceleration (PWFA), plasma beatwave acceleration (PBWA), hybrid LWFA/PWFA schemes,
plasma lenses, XUV lasers, higher-harmonic-generation (HHG), and particle acceleration by
stimulated emission of radiation (PASER) [2-30]. All these applications would benefit with the
availability of improved capillary discharge designs.

The primary goal of our proposed program to the DOE is to demonstrate advanced
concepts for capillary discharge designs that address the preceding issues. Two novel concepts
were proposed. The first is called standing-wave excitation whereby a dynamically changing
plasma density profile is created inside the capillary by either modulating the discharge current
or, alternately, by having the capillary surrounded by a solenoid magnet whose B-field oscillates.
By applying this oscillating field, radial pressure waves are launched from the capillary walls

2-34



and propagate inwards. This sets up a standing-wave density pattern with a Jo Bessel structure.
With appropriate selection of the oscillating frequency, the central lobe of the Jo pattern can have
a deeper parabolic-like profile, even at low plasma densities, than the one created in a
conventional capillary that relies on only thermal gradients to establish the parabolic profile.
This approach can help solve the problem of guiding tightly-focused laser beams at low plasma
densities.

The second concept is to utilize a transverse-flow discharge geometry with the gas
flowing orthogonal to the laser beam and e-beam axis. This arrangement employs ducts
connected to the sides of the capillary to inject gas and remove it from the capillary. This
distributed injection and removal system reduces the amount of gas escaping out the ends of the
capillary and into the beamline vacuum, thereby relaxing demands on the pumping system. The
electrodes can also be oriented along the sides of the capillary so that the discharge is transverse
to the laser beam. This geometry is essentially similar to one used in transverse-excited gas
discharge lasers. Key features of our transverse-flow discharge scheme are that it still enables
the creation of a parabolic density profile for guiding the laser beam and it is compatible with
incorporating the standing-wave excitation concept. It is also well suited for (a) operation at
high PRF; (b) scaling to longer discharge lengths, (c) plasma density tapering, i.e., varying the
plasma density along the e-beam direction, and (d) the ability to have elliptically-shaped plasma
cross-sections, thereby permitting acceleration of “ribbon” e-beams to combat space-charge
spreading.

At the time of the writing of this final report, our proposal for the advanced capillary
discharge development was still under review by DOE.

2.7  CONCLUSION

Due to technology limitations, it was not possible to perform conclusive tests of the
pseudo-resonant LWFA and seeded self-modulated LWFA schemes. If higher laser peak power
were available in a single laser pulse, then both experiments could have been performed.
Achieving higher peak power of the ATF CO, laser system is possible, but it involves costly and
time-consuming upgrades, and it was not practical to achieve within the period of performance
of the STELLA-LW program.

Although the STELLA-LW program did not reach its goal, our collaboration with the
USC on their multibunch PWFA experiment did provide helpful contributions to their
experiment and vice versa. This collaboration also resulted in the development of other new
ideas related to creating multibunches [2-31].
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Seeded self-modulated laser wakefield acceleration

APPENDIX A

N.E. Andreev, S. V. Kuznetsov, and A. A. Pogosova
Institute for High Energy Densities, Russian Academy of Sciences, Izhorskaya 13/19, Moscow 125412, Russia

L. C. Steinhauer
University of Washington, Redmond Plasma Physics Laboratory, Redmond, Washington 98052 USA

W.D. Kimura®

STI Optronics, Inc., Bellevue, Washington 98004 USA
(Received 13 January 2006; published 31 March 2006)

A new approach to laser-wakefield acceleration (LWFA) has been analyzed. A seed electron beam
bunch precedes the laser pulse into the plasma. This seed bunch initiates formation of plasma waves via a
plasma wakefield acceleration mechanism. The amplitude of the plasma waves is subsequently amplified
by the laser pulse via a self-modulated LWFA (SM-LWFA) process. This method enables the generation of
strong wakefields even when the laser pulse by itself has characteristics that are insufficient for driving
resonant LWFA or SM-LWFA. Another advantage is the wakefield formation begins at the seed bunch and
does not start from noise as typically occurs in SM-LWFA. This feature may be helpful when the phase of
the wakefield must be accurately controlled, for example, when staging multiple LWFA devices in series.

DOI: 10.1103/PhysRevSTAB.9.031303

I. INTRODUCTION

Laser-wakefield acceleration (LWFA) has demonstrated
very high acceleration gradients in numerous experiments
[1]. LWFA is typically initiated by sending a few tens of
terawatt (TW) laser pulse into a plasma to create longitu-
dinal plasma waves or wakefields [2]. These waves travel
at near the speed of light and can accelerate electrons
trapped within their potential well. When the laser pulse
length 7, is less than of order A, /2c, where A, is the
plasma wavelength and c is the speed of light, this wake-
field generation is referred to as resonant LWFA.

In a variation of the LWFA method, called self-
modulated LWFA (SM-LWFA) [3], the laser pulse length
is much longer than A, /2c, but the laser intensity is still
very high. This permits the laser electric field to feed
energy into the wakefield via forward Raman scattering
and/or a self-modulation instability. This enhances the
wakefield formation process allowing much higher gra-
dients to be produced compared to resonant LWFA.
However, for wakefield amplitudes of interest, SM-
LWFA is a highly nonlinear process that typically starts
from noise, so that the phase of the resulting wake is
essentially uncontrolled.

Wakefield formation in a plasma is also possible by
using an ultrashort electron beam (e-beam) bunch rather
than a laser pulse. This is referred to as plasma wakefield
acceleration (PWFA) [4]. The formation mechanism in
PWFA is analogous to resonant LWFA; hence, the resultant
wakefields can have similar characteristics.

*Electronic address: wkimura@stioptronics.com

1098-4402/06/9(3)/031303(7)
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PACS numbers: 41.75.Jv, 52.38.Kd, 42.55.Lt

This paper presents the modeling analysis for a new
method of laser-wakefield generation, which we call
seeded SM-LWFA. (This concept was first introduced as
“stimulated LWFA” [5]). It is essentially a hybrid of
PWFA and SM-LWFA where an ultrashort e-beam bunch
generates a wakefield in a plasma via PWFA. A laser pulse
immediately follows the e-beam bunch and amplifies the
wakefield via the SM-LWFA process.

The motivations for the development of this novel
method are twofold. First, LWFA experiments are being
conducted at the Brookhaven National Laboratory
Accelerator Test Facility (BNL-ATF) that will use a TW
CO, laser to drive the acceleration process [6]. However,
the CO, laser pulse length is too long for resonant LWFA.
Furthermore, conventional SM-LWFA is not feasible be-
cause simulations indicate at the present laser power levels
that transverse wakefields tend to be generated rather than
longitudinal ones. Seeded SM-LWFA circumvents these
limitations by using an e-beam to initiate a longitudinal
wakefield with amplitude much larger than the noise level,
which the laser pulse can then amplify.

Second, the ultimate aim of the LWFA experiments at
the ATF is to demonstrate efficient trapping and accelera-
tion of electron microbunches while maintaining a narrow
energy spread (i.e., monoenergetic). This is an important
requirement for any practical laser-driven linear accelera-
tor. The strategy being followed is the same one proved
successful during the staged electron laser acceleration
(STELLA) experiments [7]. STELLA demonstrated effi-
cient trapping and monoenergetic acceleration using a two-
stage laser acceleration system based upon inverse free
electron lasers (IFEL) [8]. The first IFEL stage modulated
the e-beam energy thereby creating a train of micro-

© 2006 The American Physical Society
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bunches. The second IFEL trapped and accelerated these
microbunches. Inherent in this basic approach is the need
to rephase the microbunches with the accelerating field in
the second acceleration stage. This implies the need to
control the phase of the accelerating field.

During resonant LWFA or PWFA, the phase of the
generated wakefield should be closely correlated to a fea-
ture of the laser or e-beam pulse shape, respectively. (The
former assumes the laser power is below the threshold for
self-focusing of the laser beam in the plasma [9]). Hence,
seeded SM-LWFA may also provide a means for generat-
ing wakefields whose phase is more controllable than in
conventional SM-LWFA where the wakefield arises from
noise. The ATF LWFA experiment, which is referred to as
STELLA-LW where LW stands for laser wakefield, would
be one of the first to investigate control of the wakefield
phase in this manner.

Note that there is another potential method for control-
ling the phase and character of SM-LWFA by using a
second low-intensity frequency-shifted laser pulse, which
provides a seed for the main laser pulse self-modulation
and does not rely on noise to generate the wakefields
[10,11].

The next section reviews changes made to an existing
LWFA model to simulate the seeding process and the
affects of the amplified wakefield on witness electrons
that follow the seed e-beam bunch. Section III presents
the model predictions assuming the ATF linac and CO,
laser characteristics. Conclusions follow in Sec. I'V.

II. MODIFICATIONS TO LWFA MODEL

As explained, seeded SM-LWFA requires a seed e-beam
bunch and laser pulse. A second e-beam bunch (‘“‘witness”
bunch) follows the seed and laser pulses to provide elec-
trons that interact with the amplified wakefield.

The ATF linac is capable of providing two e-beam
bunches separated by a short time interval (e.g., 10—
20 ps) [12]. The first bunch serves as the seed and the
second as the witness. The ATF can also send these dual
bunches through a magnetic chicane such that the first
bunch is compressed to less than 200 fs while the duration
of the second bunch remains largely unchanged. This
compression of the first bunch is necessary for efficient
seed wake generation. The length of the second witness
bunch is less critical.

A model to simulate LWFA generation using a CO, laser
pulse was developed earlier in conjunction with analysis of
another scheme called pseudoresonant LWFA [13]. This
model is well suited for also simulating seeded SM-LWFA;
however, it required two modifications. The first is to
introduce a seed e-beam bunch whose wakes interact
with the laser pulse propagating through the plasma. The
second is to add the witness bunch. Because the formation
of the wakefields and their amplification does not occur
immediately after entering the plasma, it is important to

include the effects of the plasma on the witness electrons
before they reach the high-amplitude wakefields.

Equations (1)—(4) below are reproductions of Egs. (4)—
(7) from [13] except for the addition of a new term j, in
Eq. (3) that represents the current density of the seed
e-beam bunch.

ap 2

— = E - v ’ 1

at ¢ ey .

MLV (av) =0, @

ot

% = —4menv + ¢V X B — 47j,, 3

1 0B

VXE=--", @)
c Jt

where e is the electron charge; E and B are the electric
field and magnetic flux in the plasma, respectively; m is the
mass of the electron; ¥ = [1 + (p/mc)? + |al?/2]"/%; n is
the plasma electron density; and p and v are the electron
momentum and velocity, respectively. The dimensionless
envelope amplitude a of the laser pulse is related to the
electric field of the laser pulse E, by the expression

eE/(mwyc) = Re{egaexp[—iwot + ikyz]},  (5)

where wo and k, = wy/c are the frequency and wave
number of the laser radiation, respectively. Here e is the
unit vector of the laser polarization, which is assumed to be
linear. The quantity a is assumed to vary slowly on the time
and spatial scales w; ! and k; !, respectively.

Equations (1)—(4) describe the slowly varying motions
and fields in the plasma. The seed e-beam is assumed to be
relativistic with a current that is some given function of
time and space, e.g., Gaussian.

As done in [13], we make a quasistatic approximation
[14] by defining dimensionless coordinates moving with
the laser pulse variables

& =kp(z — ct), ¢ = kpoz,

where k0 = w,0/c = (4me*N,y/m)'/? /¢ is the normaliz-
ing inverse space scale; N, is the unperturbed electron
plasma density on the e-beam axis, Ny = ng(r = 0); and
r; = {x, y} = r{cose, sing} is the radius vector in the
radial direction r.

With the addition of the seed bunch, the linearized
Eq. (16) of [13] for the wakefield potential variation 6P
becomes

92 ~ . dln[w(p)] 9* 9
) i

2
= V0|:(AJ_ - Vo)% - Nb} )

p =kyry, (6

where vy(p) = ny(p)/N, is the normalized electron back-
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ground density in the plasma channel; N, is the normalized
seed electron bunch density, N, = n,(&, p, {)/Ny, Lj, =
{0,0, ju.}, Jp. = eny(& p, O)cl; and A is the transverse
part of the Laplacian operator. All other equations in the
model have the same form as in [13].

To investigate the acceleration of relativistic electrons of
the witness e-beam bunch in the wakefield we use the
equations of motion in the form of [15]

P Fiep 0, ®)
dr
‘;P’ —F.(p.0), ©)
:
e ___ P (10)
i i+ P
dp _ P, (11)

dr 1+ p2 + p2

where P,, P, = {P,, P,} are components of momentum,
longitudinal and perpendicular to the axis OZ, of an accel-
erating electron normalized to mc; 7 = wpot; and { = § +
7. The axial and radial components of the normalized force
acting on the accelerating electron moving with velocity ¢
along the OZ axis is a reasonable approximation for the
relativistic witness e-beam bunch. These components can
be expressed in terms of the normalized (to mc?/e) wake-
field potential ® = 1 + 6P as follows:

E 0P
Fo=—2 =00 (12)
Tomew, €
eE eB od
Fo=—2tr o e 07 13
" omewy, mcw, dp (13)

where F, = {F,, F,} = F {cosg, sing}.

In the simulations that follow we make the simplifying
assumption of an infinite uniform plasma density in all
directions. As a result the laser beam will exhibit modest
diffractive spreading over the short plasma lengths mod-
eled since the propagation distance is less than the laser
beam Rayleigh range. In actual experiments [6], a capillary
discharge could be used to guide the laser beam over longer
distances.

III. MODEL PREDICTIONS FOR SEEDED SM-
LWFA

The conventions for describing the e-beam and laser
beam are as follows. The laser beam amplitude « is given
by

\
L 14
e A (9

2 (t—1,)?
a(r, z=0, l) = ay exp[— (tl)i|y

and the e-beam density distribution is described as

2 (t—1,)?
202 272

ny(r,z=0,1) = ny exp[— } (15)
where t, and t, represent the delay times between the
various pulses; ty = thoseed, and 7, =
Te-seed fOr the seed e-beam bunch; and o, = 0, yimess
ty = lp-wimess» ANd T, = T, yimess fOr the witness e-beam
bunch. These seemingly mixed conventions were adopted
because of their prevalent usage within the laser (for a) and
accelerator (for n,) communities. For example, wy is the
usual waist of the laser beam focus, whereas o, is the rms
size of the e-beam.

Table I lists the parameter values used in the model,
which were chosen to simulate the approximate anticipated
conditions at the ATF when utilizing the magnetic chicane
to compress the seed e-beam bunch. As mentioned, the
assumption is made that the plasma density is uniform over
the entire plasma length; in reality, it may vary longitudi-
nally when the capillary is short, e.g., 3—4 mm.

One important parameter to note is the plasma density,
which is approaching 10'7 cm™3. This is nearly 10X
higher than the density required for pseudoresonant
LWFA [13]. It can be higher because the compressed
seed e-beam bunch length, of order ~100-200 fs, is short
enough for efficient seed wake generation at this higher
density.

In the model predictions that follow, two cases are
examined where the parameters are essentially the same
except for differences in the temporal position of the seed
bunch t; = t}_s.cq—t, Within the laser pulse envelope. The
delay time ¢, is measured between the peaks of the laser
pulse and the seed e-beam bunch at the capillary entrance.
This shows the sensitivity of the seeding process to this
time delay.

O = 0 p-geeds

A. Time delay between laser and seed pulses #; =
2.97 ps

Figures 1-5 show the results for the case when t; =
2.97 ps. In Fig. 1, the peak of the wakefield potential and
the laser field maximum on axis are shown. The maximum
of the laser field at the plasma boundary is chosen to be at
& = £, =200. The seed e-beam bunch propagates ahead
of the laser pulse at &, = 250, which corresponds to a time
delay between the laser pulse and seed e-beam bunch of
ty; = 2.97 ps. This can be seen more clearly in Fig. 2,
where the dashed line represents the laser pulse envelope
at the plasma entrance (z = 0). The oscillating (red) line
just below is the envelope after the pulse propagates in the
plasma a distance z = 2.62 mm. It is slightly lower be-
cause of some defocusing of the laser beam caused by
diffraction. (For the conditions simulated, depletion of
laser pulse energy is negligible.) More importantly, it
shows the modulation characteristics of a strong interac-
tion with the seed wake. This results in a growth of the
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TABLE 1. Laser and plasma parameters used in seeded SM-LWFA simulations.

Parameter Value
Laser wavelength, Ay 10.6 um
Laser pulse duration, 7,* 8.44 ps
Laser peak power, P, 0.5TW
Laser pulse energy, E; 53]
Laser beam focus radius, w,, 111 pm
Laser beam Rayleigh range, zx 3.64 mm
Normalized laser field strength, a, 0.462
Plasma lengthb 2-3 mm
Plasma density on axis, 1,° 0.89 X 10!7 cm™3
P} /P (for self-focusing) 0.265
Time delay between peak of laser pulse and peak of seed e-beam bunch, 7, 2.97 or 891 ps
E-beam energy (seed and witness), Ejy; 64 MeV
Seed e-beam intrinsic energy spread [%] < 1%°
Seed e-beam bunch charge 199 pC
Seed e-beam bunch length, 7,_¢..q 118 fs
Seed e-beam focus size at capillary, 0 ,-eq 50 pm
Witness e-beam intrinsic energy spread [%] 0.05
Witness e-beam bunch charge < 500 pC*®
Witness e-beam bunch length, 7,-yimess 1.23 ps
Witness e-beam focus size at capillary, o ,-yimess 20 pm
Time delay between seed and witness e-beam bunches, 7, 6-21 ps

“The full-width-at-half-maximum pulse duration of the laser intensity is equal to Trwam = 24/In2 7, =9.93 ps-

The plasma length is assumed to be the same as the capillary length.

“The plasma density is assumed uniform over the entire plasma length.

The seed e-beam propagates with constant velocity determined by its energy without changing its shape, so the results do not depend
on the initial energy spread.

®Not critical assuming loading effects can be ignored.

wakefield potential as shown plotted to the right of the seed In Fig. 3, we see that the wakefields are predominately

bunch in Fig. 2. longitudinal after a propagation distance of 2.62 mm. They
Note that the wakefield potential over the first 1.5 mm  remain longitudinal even for distances over 5 mm (not

propagation distance (see Fig. 1) is not the pure amplitude shown). The radial extent of the strongest wakefields ex-

of the plasma wave (which is responsible for accelerating

the electrons), but also reflects the ponderomotive potential

of the laser pulse.

FIG. 2. (Color) Model prediction for laser field parameter

la(r = 0)| and wakefield potential & (r = 0) as a function of
FIG. 1. (Color) Model prediction for the maximum of laser field time for z = 2.62 mm and #; = 2.97 ps. Also plotted are the
parameter |a(r = 0, z)| .« and wakefield potential 5P, (r = seed and witness e-beam bunch positions for 7, = 12 ps and
0, z) as a function of distance along the plasma for t;, = 2.97 ps. la(r =0,z = 0)|.
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FIG. 3. (Color) Model prediction for wakefield potential distri-
bution SD(r, &) plotted after a propagation distance of 2.62 mm
for t; = 2.97 ps.

tends to approximately k,r = 3. For a plasma density of
8.9 X 10'® cm™, the plasma wavelength A, = 112 um
and k, =2m/A, =561 cm™!. Hence, k,r =3 corre-
sponds to a radial distance of 53 um. Thus, the witness
e-beam bunch rms radius should be less than this distance.

These figures demonstrate effective wakefield genera-
tion after propagation over the first 2 mm (representing the
initial stage of self-modulation development). Moreover,
the wakefields generated are primarily longitudinal rather
than transverse. This overcomes the problem that is pre-
dicted to appear if the ATF CO, laser pulse alone is used to
generate wakefields via SM-LWFA.

Figure 2 also illustrates a typical time separation 7,
between the seed and witness e-beam bunches, and their

FIG. 4. (Color) Model prediction for energy spectrum of witness
bunch for t; = 2.97 ps and different time delays between the
seed and witness e-beam bunches for an acceleration length

L. =2 mm.

temporal positions relative to the laser pulse. In this par-
ticular case, 7, = 12 ps.

Figure 4 presents the predicted energy spectrum of the
witness bunch for o, yimess = 20 LM, Tpoyitness = 1.23 PS,
and an acceleration length L,.. = 2 mm. Plotted are the
spectrums for different 7, between the seed and witness
e-beam bunches. The intrinsic energy spread of the in-
jected witness e-beam bunch is neglected in this figure.
(Other model runs show that a small intrinsic energy spread
of the witness e-beam, which is much smaller than the final
energy spectrum, does not change the energy modulation
characteristics of the witness bunch.) A double-peak en-
ergy spectrum is observed, which is evidence of sinusoidal
energy modulation [16]. This peak modulation appears to
reach a steady-state maximum value of =~ *1 MeV for
time separations greater than 7, ~ 10 ps. This implies the
time delay between the seed and witness e-beam bunches
is not critical and delays of 7, = 10-20 ps are acceptable.

An acceleration distance of 2 mm is comparable to the
dephasing length calculated by using the average phase
velocity of the wakefield at z =2 mm, ie., Lg,, =
Apj‘/ih = 1.8 mm with y,, =4, which is derived from
analysis of the wakefield phase obtained in separate calcu-
lations. (Note the relativistic parameter associated with the
group velocity of the laser pulse is v, = wy/w, = 10.6.)
This explains why the spectra in Fig. 4 are more sym-
metrical than those that will be shown later for L, =
3 mm.

The spectrum for the shortest time separation (7, =
6 ps) displays a small peak at the mean e-beam energy
(i.e., 64 MeV). This is caused by a small number of witness
electrons that are located on the low amplitude wakefield
near the seed e-beam bunch position. This peak will also be
clearly seen later in Fig. 5.

FIG. 5. (Color) Model prediction for energy spectrum of witness
bunch for 7, = 2.97 ps and different time delays between the
seed and witness e-beam bunches for an acceleration length
Ly =3 mm.
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Increasing the acceleration length by 50% to L,. =
3 mm, the predicted energy spectra are shown in Fig. 5.
The maximum amount of modulation has increased by
~400% to nearly =4 MeV and the spectra have become
considerably asymmetric in shape. The more pronounced
asymmetry of the spectrum (in comparison with Fig. 4) is a
consequence of the acceleration distance, L,,. = 3 mm,
exceeding the dephasing length, Lg,, = 1.8 mm, which
leads to deceleration of a substantial part of the electrons
in the witness bunch.

B. Time delay between laser and seed pulses
t; = 891 ps

Figure 6 shows the relationship between the various
pulses and fields when the time delay between the laser
and seed pulse is increased to t; = 8.91 ps. Comparing
Fig. 6 with Fig. 2, this is achieved by having the seed
e-beam bunch arrive earlier with respect to the laser pulse.
The witness e-beam bunch is essentially in the same time
location with respect to the laser pulse. Moving the seed
bunch earlier allows the wakefields to begin growing ear-
lier within the laser pulse thereby resulting in higher
amplitude of the wakefield potential, cf. wakefield poten-
tial plots in Figs. 2 and 6.

Figure 7 shows the energy spectrum for different time
separations between the seed and witness e-beam bunches
for a witness e-beam bunch with an intrinsic energy spread
of og = 0.05%E;,; and an acceleration length L, =
3 mm. The maximum energy modulation has now in-
creased to over =6 MeV. This corresponds to an accelera-
tion gradient of 2 GeV/m.

There is also a larger concentration of decelerated elec-
trons at approximately 60.5 MeV due to increased decel-

FIG. 6. (Color) Model prediction for laser field parameter
la(r = 0)| and wakefield potential §®(r = 0) as a function of
time for 7, = 8.91 ps. Also plotted are the seed and witness
e-beam bunch positions for 7, = 17 ps and |a(r = 0, z = 0)|.

FIG. 7. (Color) Model prediction for energy spectrum of witness
bunch for 7; = 8.91 ps and different time delays between the
seed and witness e-beam bunches for an acceleration length
Ly =3 mm.

erating forces (as compared with Figs. 4 and 5) for the main
portion of electrons in the witness e-beam bunch because
the acceleration length exceeds the dephasing length.

Moreover, in our simulations the witness bunch length
(~ 1000 pm) is much longer than the plasma wavelength
(~ 100 pm), which results in the energy modulation seen
in the figures. Efficient, monoenergetic acceleration is
possible if the witness bunch length can made of order
1/10 the plasma wavelength. This should be achievable
using a technique similar to the STELLA experiment [16],
where the witness electrons are energy modulated in a
short-length, seeded SM-LWFA device and allowed to
form a train of microbunches. These microbunches
can be subsequently sent into a second LWFA device
and rephrased with the plasma wave for maximum
acceleration.

IV. CONCLUSION

A novel method for generating wakefields has been
analyzed, which combines PWFA and SM-LWFA. It pro-
vides several potential benefits: (1) It enables strong wake-
field generation that is comparable to conventional SM-
LWFA, but where the laser pulse characteristics are insuf-
ficient to initiate the SM-LWFA process by using the laser
pulse only. (2) The longitudinal structure of the wakefield
is tied closely to the seed e-beam bunch, which may enable
more precise control of the wakefield phase, thereby facil-
itating staging of LWFA devices. (3) For the conditions at
the ATF, seeded SM-LWFA permits operation at consid-
erably higher plasma densities than pseudoresonant
LWFA, thereby easing the operational requirements of a
capillary discharge.

The STELLA-LW experiment plans a proof-of-principle
demonstration of seeded SM-LWFA in the near future [17]
with the goal of observing the type of energy modulation
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predicted in this paper. Future experiments would build
upon this proof-of-principle experiment to demonstrate
microbunch formation, staging, and monoenergetic
acceleration.
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