Experimental Signatures of Laser Wakefield Acceleration Assisted
by Direct Laser Acceleration

Introduction

As the field of laser wakefield acceleration (LWFA)! matures,
emphasis is shifting toward utilizing LWFA as a source of
electron beams and x rays for certain applications. There is an
increasing emphasis on producing electron beams from LWFA’s
that can meet the stringent beam requirements (narrow diver-
gence, small emittance, and narrow energy spread) necessary
for use in staged plasma accelerators? and free electron lasers.
Simultaneously, betatron x rays from LWFA are being utilized
for applications,>~7 which places an emphasis on optimizing
LWFA to produce these x rays. Even though these applications
require optimization of different electron-beam properties, all
applications benefit from a more-complete understanding of
the dynamics of electron energy gain in LWFA and how those
dynamics affect properties such as electron-beam energy,
divergence, source size, shape, and energy spread.

For the range of plasma densities (mid-1018 to a few
101° cm™3) and laser pulse durations (35- to 45-fs FWHM)
that are typically used in many current LWFA experiments in
the forced or quasi-blowout regimes, the laser pulse length is
of the order of the wake’s wavelength; therefore it may occupy
the entire first bucket of the wake. In such experiments, the
wakefield structure has a desirable transverse and longitudinal
field structure for generating a self-injected electron bunch, but
it also has the necessary conditions for direct laser accelera-
tion (DLA)3? if there is an overlap between the accelerating
electrons and the transverse electric field of the laser pulse.!0-16
It is therefore important to understand the role that not only
the longitudinal electric field of the wake but also the other
fields—namely, the transverse fields of the ion column and of
the laser itself—play in determining the ultimate energy gained
by the electrons. In this article we show, through experiments,
the direct, observable signatures in the produced electron
beams that indicate that DLA makes a significant contribu-
tion to the electrons’ energy in LWFA’s operated in such a
configuration. Three-dimensional (3-D) particle-in-cell (PIC)
simulations are used to elucidate the energy dynamics that lead
to this contribution.
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Background

In the matched, self-guided!” blowout regime of LWFA, 8
an ultrashort, intense laser pulse propagates through either
an underdense plasma or a neutral gas. In the latter case, the
leading edge of the laser pulse ionizes the neutral gas, and the
pondermotive force of the laser then expels the plasma electrons
out and around the main body of the pulse. On the femtosecond
time scale of the laser, the more-massive ions remain relatively
immobile, so an ion column forms behind the drive laser. The
expelled plasma electrons are drawn back to the laser axis by
the Coulomb force of the ion column, where they overshoot and
oscillate about the axis and thereby set up a wake structure. The
charge separation generated by this wake structure produces a
longitudinal electric field that is capable of accelerating electrons
trapped in the wake at gradients >1 GeV/cm. Those electrons
that are injected off-axis will undergo betatron oscillations in
response to the linear transverse focusing force of the ions.!%-20

Electrons can become trapped in a LWFA by a variety of
methods,2!=31 but in the experiments and simulations presented
here, the ionization injection32-34 technique is used. In this tech-
nique, the plasma is produced by the laser ionization of a neutral
gas mixture comprised of a gas with a low ionization potential
(commonly He or H,) doped with a gas with high ionization
potential (commonly N, or Ar). The lower-intensity front edge
of the laser pulse ionizes the outer (typically L) shell electrons
of the dopant gas along with all the electrons in the gas with a
low ionization potential. Because the inner (typically K) shell
electrons of the higher-Z atoms have a much higher ionization
potential, they are ionized only near the peak of the laser pulse
within a fully formed wake and are subsequently trapped without
slipping all the way to the back of the wake. Compared to self-
trapping, this method of ionization injection permits trapping in
a LWFA at reduced plasma densities and laser powers.

In a LWFA operating in the forced or quasi-blowout regime,
the ion column acts as a very strong wiggler. Trapped electrons
that are being accelerated by the wake undergo betatron oscil-
lations in response to the transverse electric field of the ion
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column. Therefore, if a LWFA is configured such that some of
the trapped electrons undergo betatron oscillations in the plane
of polarization of the laser’s electric field, the transverse field
of the drive laser can give the electrons additional transverse
momentum. This transverse momentum can then be converted
to longitudinal momentum via the v x B force. In this way, the
DLA mechanism3? can accelerate electrons by this coupling
of the transverse field of the laser through the betatron motion
of the electrons. As a result, those electrons can potentially be
accelerated by the DLA mechanisms in addition to the LWFA
mechanism in a LWFA where the drive laser overlaps the
trapped electrons.10-10

It has been noted that DLA 1is the inverse of the ion channel
laser mechanism.3> DLA in LWFA is also similar to inverse
free electron laser (IFEL) acceleration,3¢-37 except that the
static magnetic undulator used in an IFEL is replaced by the
transverse electric field of the ions in DLA and the resonance
condition need not be strictly obeyed as in the IFEL.11:13:14 T
principle, the resonance condition for DLA is similar to that
for an IFEL:38 i.e., in an ideal situation, the laser pulse over-
takes the electrons by one wavelength per betatron oscillation
once the electrons come into resonance with the fundamental
(N = 1) harmonic, where the electrons are bunched on a laser-
wavelength scale.8:39-42 Unlike in an IFEL, however, sustained
resonance for DLA is more difficult to design because in the
latter case, the normalized undulator strength K > 1 and the
energy and betatron frequency of the electrons as well as the
laser properties are continuously and rapidly changing.!!-13:14

The condition for energy gain from the DLA mechanism
is typically expressed using the 1-D resonance condition for a
single electron:3-?

Neoow e[ 20
wp=(1-5, oo, (1)

where N is an integer indicating the harmonic of the beta-
tron frequency,

=—, 2
wp m @)

) is the velocity of the electron in the longitudinal direction,
and vy and @) are the phase velocity and frequency, respec-
tively, of the electromagnetic wave (i.e., laser). Essentially, this
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resonance condition means that in order for an electron to gain
energy from DLA, a harmonic of the betatron frequency Nowg
must equal the Doppler-shifted laser frequency (1 — vy /v4)@o
witnessed by the electron.8-%11:13.14 It is well known that in
LWFA’s, especially those not in the ideal blowout regime,®
the properties of the drive laser, including @ and vy, evolve
throughout the acceleration distance. Furthermore, as electrons
are accelerated in a LWFA, their longitudinal momentum, and
therefore v}, increases and their betatron frequency is expected
to fall as Y712 as seen in Eq. (2). Despite these evolving quanti-
ties, electrons that are being accelerated in a LWFA are able
to gain significant energy from DLA because the quantities
evolve together such that a quasi resonance is set up and the
electrons are in a phase where they gain energy from the DLA
mechanism for more than one-half of each betatron cycle 11-13:14

To determine if a LWFA is operating in a regime where DLA
is expected to contribute to the energy gain of the electrons,
the LWFA can be characterized using the ratio of the laser
pulse length 7}, relative to the nonlinear plasma wavelength
Ayake- This ratio can be represented by the dimensionless
pulse-length parameter!3-14

T = CT1aser _ @p Tlaser

P™ Avake (27[ u (1)/2)' &)

If the laser pulse length ¢, is equal to the ay-dependent
length of the first bucket'8 Ay e = {ag (27Z / kp), then 7, = 1.
Here, k, = wp / ¢ and a is the normalized vector potential

EEO
T mcay

ag ~ 8.6 x 10710 1y(W/cm?2) A(um),

where [ is the laser intensity and A is the wavelength of the
laser. In the case where Tp is 0.5 or less, the laser does not
overlap the trapped electrons in the LWFA while they are
being accelerated; those electrons gain energy purely from the
longitudinal wakefield.!0-13-14 When T,, reaches 0.6 or more,
the laser pulse will overlap the trapped electrons, and DLA
can play a role in the acceleration of those electrons.!0:13:14 A
T, > 1 indicates a significant overlap between the transverse
laser field and the trapped electrons.!3-14

Experimental Methods and Results

In this section, we show definitive experimental evidence of
the presence of DLA in nonlinear LWFA’s where the laser pulse
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overlaps the trapped electrons. We first demonstrate that the
electron beams are indeed interacting with the drive laser when
there is an overlap between the laser and trapped electrons, as
might be expected in a DLA-assisted LWFA experiment. We
then show that the transverse structure of the dispersed electron
beams exhibits characteristic features that are indicative of
DLA as an additional acceleration mechanism.

The experiments presented here were conducted at UCLA
using an 815-nm Ti:sapphire laser with a fixed pulse length
Tlaser Of 45£5-fs FWHM of intensity and a spot size w
of 6.7 um. The laser was run with powers P up to 10 TW,
which correspond to an ag up to 2.6. An f/6 off-axis parabola
(OAP) system focused the main laser pulse at the entrance
of a variable-length (0.1- to 2-mm) gas cell*3#*+ as shown in
Fig. 153.41. The gas cell was filled with a 95% He/5% N,
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Figure 153.41

Experimental setup. The red-shaded area shows the main laser pulse being
focused by the f/6 off-axis parabola (OAP) system at the entrance of the gas
cell. The laser is linearly polarized in the plane of the page. The thick red line
shows the probe for the Michelson interferometer. A typical interferogram
is shown. The electrons are dispersed by the 0.92-T dipole magnet onto a
scintillator or a LANEX and imaged by a PI-MAX 3 camera. The dipole
magnet and screen could be rotated by 90° so that the electron beams could be
dispersed parallel or orthogonal to the laser polarization. The dipole magnet
typically was located 3.2 cm downstream from the gas cell, and the distance
from the end of the magnet to the screen was 7.0 cm. A typical measured
electron spectrum is shown.

neutral gas mixture using a pulsed solenoid valve. The gas
mixture was used so that ionization injection3? could be used
to inject the charge early into the wake and increase the amount
of trapped charge. The plasma density was measured on every
shot using a Michelson interferometer and was varied by
changing the gas pressure.*3:*4 The produced electron beams
were dispersed in energy with a 0.92-T dipole magnet onto a
plastic scintillator or a LANEX screen and recorded using a
PI-MAX intensified charge-coupled—device (CCD) camera.
This electron spectrometer could be rotated by 90° so that the
electron beam could be dispersed parallel to or orthogonal to
the linear laser polarization.!3:14

Because the energy gain from DLA relies on the coupling
between the transverse laser field and the betatron motion
of the electrons, the first observable signature of an interac-
tion between the laser and the trapped electrons in a LWFA
is that the undispersed electron beam should be elliptical in
the direction of the laser polarization.*> The white ellipses in
Fig. 153.42(a) are fits to the 50% contour of the undispersed
electron beams from ten consecutive shots where the laser had
horizontal, linear polarization and a vacuum g of ~1.5. The
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Figure 153.42

[(a),(b)] Fits (white ellipses) to the 50% contour of undispersed electron
beams from a series of nine and ten, respectively, consecutive laser shots
when using horizontal and vertical, respectively, linear laser polarization.
(Inset) Typical undispersed electron beam from data shown in (a) with 50%
contour points marked by the black crosses and the fit to that point marked
by the white ellipse.
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plasma density was ~1.7 x 10! em=3, which yields a 7, value of
~1.3, and the gas cell length was 900 ym. The fits show a strong
ellipticity in the direction of the laser polarization with an aver-
age measured half-width-at-half-maximum (HWHM) diver-
gence of 12.2 mrad. In contrast, the average measured HWHM
divergence in the perpendicular direction was 5.6 mrad. The
direction of the linear polarization of the drive laser was then
rotated 90° using a thin (1-mm) quartz half-wave plate for high-
laser-energy applications. The ellipticity of the undispersed
electron beams rotated with the laser polarization, as shown
in Fig. 153.42(b), which indicates that the trapped electrons’
transverse momentum is being enhanced in the polarization
plane. With the vertical laser polarization, the average measured
HWHM divergence in the direction of the laser polarization
was 13.0 mrad, and the average measured HWHM divergence
in the perpendicular direction was 6.5 mrad. Therefore, under
the laser-plasma parameters described above, the measured
divergence of undispersed electron beams emanating from the
LWFA shows ellipticity that is correlated to the polarization of
the laser pulse. This correlation demonstrates that the electrons
are indeed interacting with the drive laser. Although DLA is
expected to preferentially increase the divergence of the elec-
tron beam in the plane of the laser polarization, the observed
ellipticity in the divergence of the undispersed electron beams
in Fig. 153.42 in itself is not definitive proof that DLA is pres-
ent in the LWFA.13 Rather, because the energy gain from DLA
relies on the coupling between the transverse laser field and the
betatron motion of the electrons, a signature of this transverse
coupling must be present in the energy gain of the electrons to
demonstrate the presence of DLA in LWFA.

Because DLA is an additional energy gain mechanism on
top of the energy gained from the wakefield, if it is present
in the system, the highest-energy electrons should also have
the largest divergence. Figure 153.43 shows two examples
of the experimental electron spectra when the electrons
were dispersed in the (a) same and (b) orthogonal plane of
the laser polarization for similar experimental parameters.
When dispersed in the direction of the laser polarization, the
measured electron-beam spectra exhibited a narrower diver-
gence than when it was dispersed orthogonal to the direction
of the laser polarization. An example of the former is shown
in Fig. 153.43(a), where the electron beam has an average
measured HWHM divergence of 4.3 mrad for electron ener-
gies >40 MeV. The continuous energy spread is characteristic
of ionization injection.32-3% When the electron beams were
dispersed perpendicular to the laser polarization, however,
they had a much larger divergence and additionally split at
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the highest electron energies, resulting in a forked struc-
ture. This behavior of the dispersed electron beam is shown
in Fig. 153.43(b), where the average measured divergence
increased to 11.8 mrad and the forked structure is clearly
visible above 90 MeV. The divergence was calculated using
the HWHM for electron energies below 90 MeV and the fork
centroid for energies above 90 MeV, which is where the fork
structure begins. Such a clear fork structure, partial fork
structures, or modulations have been observed in experimental
electron spectra for plasma densities between 0.9 and 1.6 x
1019 cm™3 (T, = 0.8 to 1.4) as shown in Fig. 153.44. The trans-
verse shape of the spectrum in Fig. 153.43(b) clearly transitions
from a center-peaked distribution to the forked structure. In the
center-peaked distribution, the electrons gain the majority of
their energy from LWFA and can originate from the first and
subsequent buckets, in which the laser does not overlap the
electrons. The electrons in the forked region of the spectrum
originate in the first bucket of the wake and gain a majority
of their energy via DLA, as will be shown in the next section.
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Figure 153.43

[(a),(b)] Experimental electron spectra dispersed parallel and perpendicu-
lar, respectively, to the laser polarization (red arrows). The experimental
parameters for the shot shown in (a) and (b) are gas cell length = 800 and
900 um, ne = 1.7 x 101? and 1.4 x 101 cm, ag = 2.0 and 1.9, and T, = 1.1
and 1.1, respectively.

Simulation Methods and Results

To interpret the features observed in experiment, a series of
3-D simulations using the PIC code OSIRIS 3.0 (Ref. 46) were
conducted. These simulations modeled the above experimental
parameters and employed particle tracking to elucidate the
roles of LWFA and DLA to the energy gain of the electrons in
this experimental regime. The spectral features indicating if
DLA is present in a LWFA are best illustrated by comparing a
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Figure 153.44

A series of electron spectra with fork features or modulated spectra taken on
a single shot day. Data are sorted by ascending 7}, values. The gas cell length
was 900 zm. At the highest densities of 1.5 to 1.6 x 101 cm™3, even though
T, > 1, the fork structure disappears as a is reduced to 1.3, thereby switching
off ionization injection.

simulation where 7}, is 0.4 (no overlap between the laser and the
trapped electrons) and a case where 7}, is 0.8 (drive laser is fill-
ing nearly the entire first period of the wake and overlapping the
trapped electrons). DLA is expected in the 7, = 0.8 case.10:13.14
Both simulations were run with identical parameters except for
the laser pulse lengths. The laser ionized an initially neutral
gas comprised of 99.9% He and 0.1% N, to produce a plasma
density of 8 x 1018 cm™3. The Ammosov—Delone—Krainov*’
ionization model was used. The resulting plasma consisted of
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a I-mm-long plateau region with 100-xm-long linear density
up- and down-ramps. The linearly polarized drive laser had
an ag of 2.1 and was focused to a spot size of 6.7 xm halfway
up the density up-ramp. For the 7, = 0.4 case, the pulse length
was 25 fs; for the Tp = (0.8 case, the pulse length was 45 fs. For
both simulations, the grid was 1940 x 320 x 320 with 2 x 2 x
2 particles per cell and kpAz = 0.209 and k,Ax,Ay = 0.090. The
resulting normalized time step was 0.01403.

Each simulation was run once to completion; then the
20 highest-energy electrons and >500 random electrons were
tagged. The simulations were then rerun while tracking the
tagged particles to determine their position, momentum, and
the fields that they sampled at each time step of the simulation.
With that information, the relative contributions to the total
energy gain of each electron resulting from the transverse elec-
tric field and the longitudinal electric field can be calculated.
The relative contribution W) caused by the longitudinal electric
field E; was calculated using

t ’
W|| =—e/0 E” . V||dt . (4)

The dominant longitudinal electric field is the wakefield; there-
fore, this value will be called the “LWFA contribution” to the
final electron energy. Similarly, the relative contribution W
caused by the transverse electric field E | was calculated using

e :—ejO’EL-vidz', )

where v is the transverse velocity of the electron. The domi-
nant transverse electric field is the transverse laser field, so
this value will be called the “DLA contribution” to the final
electron energy.

In the 7, = 0.4 case, LWFA is expected to be the only accel-
eration mechanism. Figure 153.45(a) shows that, indeed, DLA
plays a negligible role in the energy gained by the electrons
when there is no overlap between the laser and the trapped elec-
trons. Of the 550 randomly selected electrons, the maximum
DLA contribution as calculated using Eq. (5) is 1.5 MeV, and
DLA accounts for no more than 1.5% of the final energy of any
of the randomly tagged electrons. In the T, =0.8 case, the drive
laser now overlaps the trapped electrons and some contribution
from DLA is expected in addition to LWFA. Figure 153.45(b)
shows that although the maximum electron energy is reduced,
DLA plays a significant role in the energy gained by the elec-
trons. For the 1080 randomly selected electrons, the maximum
DLA contribution to the final electron energy is up to 50 MeV,
and up to ~50% of the electrons’ total energy can be attributed
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to DLA, which shows that the DLA mechanism can provide

comparable energy to the LWFA mechanism.

If DLA contributes significantly to the energy gain of the
electrons produced from a LWFA, those electrons should have
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increased transverse momentum in the direction of the laser
polarization. This increased transverse momentum should
show up as an ellipticity of the produced electron beam in the
direction of the laser polarization. Figure 153.46 compares the
projected divergence for (a) the T,= 0.4 and (b) the T,= 0.8
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Figure 153.45

Plots of the DLA contribution W, (blue circles) and the LWFA contribution W) (red diamonds) to the final energy of each electron versus its final energy for
(a) the 550 random electrons in the Tp = 0.4 case and (b) the 1080 random electrons in the Tp =0.8 case.
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Figure 153.46

Contour plots of electron bunch (green) propagating in a 3-D OSIRIS simulation (left) and projection of that electron bunch onto a screen (right) for (a) the
T,,= 0.4 simulation and (b) a 7, = 0.8 simulation. Insets show snapshots of the electron bunch as it is accelerated in the LWFA. Note that the laser overlaps the
trapped electrons in the 7}, = 0.8 case.
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cases. In the Tp = 0.4 case, the inner-shell nitrogen electrons
were ionized within the laser pulse and then escaped the laser
to become trapped in the back of the wake, which causes the
initial transverse momentum that they gain from the laser!> to
become apparent. In this case, the projection of the acceler-
ated electrons on a screen [Fig. 153.46(a)] shows an elliptical
beam with an rms divergence of 8.6 mrad along the major axis,
which is in close agreement with estimations of the maximum
transverse momentum an electron acquires from the tunnel ion-
ization proce:ss.13 In the case of T]D = (.8, the ionized electrons
remain within the laser field and gain energy from both LWFA
and DLA. These electrons also show an elliptical beam when
projected onto a screen [Fig. 153.46(b)]. Its rms divergence
along the major axis is 24.8 mrad, which is nearly 3x as large
as in the Tp = 0.4 case, where LWFA is the only acceleration
mechanism. Although both simulations produce an elliptical
beam, the observation of increased divergence in the Tp =0.8
case is qualitatively consistent with expectations if DLA is
present as an additional acceleration mechanism.

If LWFA is the only acceleration mechanism, the divergence
of the produced electron beam should be relatively constant as

a function of energy regardless of the direction of the disper-
sion of the electron beam. Figure 153.47(a) shows the electrons
dispersed in the direction of the laser polarization for the 7, =
0.4 case. The resulting electron spectrum has a narrow diver-
gence that is peaked on axis. When the electrons are dispersed
orthogonal to the laser polarization [Fig. 153.47(b)], the diver-
gence remains relatively narrow and is still peaked on axis.
Such narrow divergence is consistent with LWFA being the
only acceleration mechanism. To further illustrate this point, in
Fig. 153.47(c), the 550 randomly tagged electrons color coded
by their energy gain from DLA are plotted on a contour plot
of Fig. 153.47(b). This figure shows that the maximum DLA
contribution is only 1.5 MeV and that there is no correlation
between the amount of energy contributed by DLA and the
divergence of the electron beam.

DLA arises because of an increase in the transverse momen-
tum of the electron caused by work done by the transverse laser
field. Because DLA is an additional energy gain mechanism on
top of the energy gained from the wakefield, if it is present in the
system, the highest-energy electrons should also have the largest
divergence. Nonetheless, as Fig. 153.47(d) shows, even in the
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Figure 153.47

Simulated electron spectrum dispersed (a) parallel and (b) orthogonal to the linear laser polarization (red arrows) for the Tp = 0.4 simulation. (c) Contour plot
of (b) showing the 8% (light gray line), 40% (dark gray line), and 60% (black line) contours. The colored points represent the 550 randomly tagged electrons
with energies over 40 MeV and are color coded by their DLA contribution. Simulated electron spectrum dispersed (d) parallel and (e) orthogonal to the linear
laser polarization for the 7}, = 0.8 simulation. (f) Contour plot of (¢) showing the 18% (light gray line), 44% (dark gray line), and 74% (black line) contours. The
colored points represent the 1080 randomly tagged electrons with energies over 40 MeV and are color coded by their DLA contribution. Simulated electron
spectrum dispersed (g) parallel and (h) orthogonal to the linear laser polarization from the 7;, = 1.0 simulation. The black curve shows the lineout of the forked
structure at 90 MeV, which is marked by the vertical dashed black line. Parameters for this simulation were ag = 2.03, Tj,4., =45 fs, 1o = 815 nm, wy = 6.7 um,
ne = 1.43 x 10! cm™3, plasma length = 430 m with 100-xm up-ramps and 150-um down-ramps. The grid was 1814 x 320 x 320 with 2 x 2 x 2 particles per
cell and kpAz =0.209 and k,Ax,Ay = 0.120. The resulting normalized time step was 0.01877. (i) Contour plot of (h) showing the 4% (light gray line), 35% (dark
gray line), and 61% (black line) contours. The colored points represent the 550 randomly tagged electrons with energies over 40 MeV and are color coded by
their DLA contribution.
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T,,=0.8 case where DLA is expected to contribute to the energy
gain, if the electrons are dispersed in the direction of the laser
polarization, the spectrum still features a narrow divergence that
is peaked on axis. If the electron beam is dispersed in the same
direction as the laser polarization, any structure associated with
the enhanced oscillation of the electrons in the direction of the
laser polarization cannot be discerned. When the electron beam
is dispersed orthogonal to the direction of the laser polarization,
however, Fig. 153.47(e) shows that the divergence increases with
the total energy of the electrons and, at an energy of ~95 MeV,
the spectrum splits into a forked structure. In Fig. 153.47(f),
the randomly tagged electrons with energies of 40 MeV and
above are superimposed on a contour plot of the data shown in
Fig. 153.47(e). These electrons are color coded by their DLA
contribution to the final energies. Figure 153.47(e) shows that
for final electron energies below ~95 MeV, where the transverse
shape of the electron spectrum is peaked on axis, the DLA
contribution to the final electron energies is small (15 MeV
or less). Rather, the center-peaked charge at lower energies,
which was also seen in the experimental data in Fig. 153.43(b),
is predominately accelerated by the wake. Beginning at final
electron energies of ~95 MeV, the DLA contribution to the
electron energy increases, and the electron spectrum splits into a
forked structure similar to the one seen in the experimental data
[Fig. 153.43(b)]. The electrons that fall within the fork structure
have the highest DLA contributions; as a result, the change in
divergence with energy is a clear, observable signature that DLA
is playing a role in the LWFA.

The degree of forking seen in the electron spectrum depends
on the degree of overlap between the drive laser and the trapped
electrons. The electron spectrum in Fig. 153.47(h) was produced
from a 3-D OSIRIS simulation that had the same physical
parameters as the Tp = (.8 simulation, except that a, was 2.03,
ne was 1.43 x 10'” cm=3, and the constant-density region of
the plasma was 430 xm long. These parameters were chosen
to model the experimental data shown in Fig. 153.43. Compar-
ing the middle row of spectra in Fig. 153.47 shows that as the
degree of overlap (i.e., T},) is increased from 7, = 0.5 to T, =
1.0, the extent of the forking increases and the forking descends
deeper into the lower-energy portion of the electron spectrum.
The increase in forking with T, is caused by an increase in
the DLA contribution relative to the LWFA contribution. As
shown in Fig. 153.45, for the Tp = 0.8 case, the dominant energy
contribution for the randomly selected electrons is from LWFA.
Up until final electron energies of ~95 MeV, it is essentially
the only mechanism contributing to the energy gain of the
electrons; indeed, there is no forking of the electron spectrum
[Fig. 153.47(e)] below these energies. The fork structure arises
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when DLA begins to make a sizeable contribution. At ener-
gies of ~95 MeV, DLA begins to contribute to the final energy
gained by the electrons; it is at that energy that the spectrum
begins to fork [Figs. 153.47(e) and 153.47(f)]. In comparison
to the Tp = 0.8 case, for the 550 randomly selected electrons
from the T, = 1.0 case, even the lowest electron energies have
significant energy contributions from DLA, and both DLA
and LWFA are strongly contributing to the energy gain of the
electrons, as seen in Fig. 153.48. The best linear fits through
those contributions show that the curves intersect at 25 MeV.
Below this energy, the final energy of the electrons is primarily
dominated by LWFA, and above this energy, DLA becomes the
dominant contribution; this is correlated with the strong fork-
ing observed in Figs. 153.47(h) and 153.47(i) (Refs. 13 and 14).

80 — ¢ LWFA
- --TFit to LWFA
e DLA e

——Fitto DLA

Energy contribution (MeV)

0 40 60 80 100

Final electron energy (MeV)
E26882JR

Figure 153.48

Plot of the DLA contribution W (blue circles) and the LWFA contribution W,
(red diamonds) to the final energy of each of the 550 random electrons versus
their final energies for the 7;, = 1 simulation. The solid curve shows the best
linear fit Epy o = 0.70 Epy—5.36 (MeV) with an R fit of 0.88 for the DLA
contribution; the dashed curve shows the best linear fit E| yyga =0.30 Eg 1 +
477 (MeV) with an R? fit of 0.57 for the LWFA contribution.

The origin of the forked structure becomes evident when the
transverse structure of the electron beam is examined. When
DLA is present in a LWFA, the higher-energy electrons owe a
significant portion of their energy to DLA. The head of the elec-
tron beam overlaps a high-intensity portion of the laser pulse and
is strongly modulated at half of the laser wavelength,*® and the
charge is bunched at the extrema of the betatron oscillations as
shown in Fig. 153.49(a). This bunching causes the charge at the
front portion of the electron beam to exit the plasma with some
transverse separation, which leads to the fork structure seen in
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Figure 153.49

(a) Transverse density profile of electron beam after propagating 100 #m in
vacuum from the 7, = 0.8 simulation used to generate Figs. 153.47(c) and
153.47(f). (b) Transverse profile of the same electron beam as in (a) showing
a sampling of 0.04% of the total electrons in the simulation color coded by
their final energy. The red arrows in both (a) and (b) mark the direction of
the electron-beam propagation.

the middle and bottom rows of Fig. 153.47. The laser intensity
falls from the head of the electron beam to its tail; consequently,
the modulation at half of a laser wavelength becomes less pro-
nounced and the charge is no longer bunched at the extrema of
the betatron oscillations. At the tail of the electron beam, the
energy contribution of DLA to the overall charge of the electrons
is small, and there is only a small transverse modulation of the
accelerated charge. Although this transverse modulation is small
at the tail of the beam, it leads to the serpentine structure in the
dispersed electron beam in the Tp =0.8 case [Fig. 153.47(e)] for
the lower electron energies (40 MeV to ~95 MeV).

In Fig. 153.49(b), the transverse structure of the electron
beam is shown using a sampling of the electrons from the
T, = 0.8 simulation color coded by their final energy. Fig-
ure 153.49(b) shows that there is a general correlation between
the position of the electrons in the beam and their final ener-
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gies. The higher-energy electrons are predominantly found at
the head of the electron beam, and the lower-energy electrons
are predominantly found at the tail. For the lower-energy elec-
trons, each half oscillation in the transverse structure contains
electrons in different bins of final energies. For example, the
charge slightly above the laser axis at the point marked “I”” has
final energies of ~40 MeV, the charge at “II” has ~50 MeV,
the charge at “III”” has ~70 MeV and so on. These steps in the
final energy associated with a given transverse position mean
that the different-energy electrons will exit the plasma with
slightly different transverse positions and divergences, which
produces the serpentine structure when the electron beam is
dispersed orthogonal to the direction of the laser polarization
as seen in the center-peaked electron feature for energies from
40 MeV to ~95 MeV in Fig. 153.47(e). This serpentine structure
is absent when the electron beam is dispersed in the direction
of the laser polarization, as seen in Fig. 153.47(d).

In addition to the serpentine structure in the dispersed spec-
trum for electron energies below ~95 MeV, Figs. 153.47(e) and
153.47(f) have a second small forked structure in the interior
of the large fork at an energy of approximately 125 MeV. As
already discussed, the main fork structure in Fig. 153.47 arises
because the electrons are bunched at the extrema of their beta-
tron oscillation and exit the plasma with a transverse separation
but a small divergence. The secondary fork in Fig. 153.47 also
arises because of the betatron motion of the electrons; however,
this fork is formed differently. The electrons that form this fork
are also executing large-radii betatron oscillations; however,
they are phased one quarter of a betatron period from those that
form the main fork. Therefore, unlike the electrons that form
the main fork, which exit the plasma with a large transverse
separation but small divergence, these electrons exit the plasma
with a small transverse separation but with a large divergence.
Because the electron-beam spectrum from the simulation is
calculated 100 xm after the exit of the plasma, these electrons
are captured as they cross the betatron axis due to their large
divergence. Such electrons would not be captured in the experi-
ment, however, because their divergence is so large that they
would be lost during the transport to the detector.

Conclusions

In this article, the DLA of electrons in a LWFA operating
in the forced or quasi-blowout regimes has been investigated
through experiment and simulation. We have demonstrated
that when there is a significant overlap between the trapped
electrons and the laser (7, ~ 1) in a LWFA cavity, the resulting
electrons can gain energy from both the LWFA and the DLA
mechanisms. In the experimental work, we investigated the
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properties of the electron beams produced in a LWFA with
ionization injection by dispersing those beams in the direction
perpendicular to the laser polarization. We found that these
electron beams show certain features (ellipticity in the plane of
the laser polarization and an energy spectrum that splits into a
fork at higher energies when the beam is dispersed orthogonal
to the laser polarization direction) that are characteristic of
DLA. These characteristic spectral features were reproduced
in OSIRIS simulations, where particle tracking was used to
demonstrate that such spectral features are signatures of the
presence of DLA in LWFA.

Supporting simulations modeled the experimental parame-
ters and employed particle tracking to interpret these signatures
and elucidate the roles of LWFA and DLA to the energy gain
of the electrons in this experimental regime. The contribution
of DLA to the energy gained by the electrons was calculated in
simulations. Its magnitude was found to be of the order of the
LWFA contribution and actually exceeded the LWFA contribu-
tion to the highest-energy electrons in some cases. It was also
shown that in the LWFA'’s studied here, both DLA and LWFA
can participate in accelerating the bulk of the electrons in the
produced electron beam. The presence of DLA in a LWFA can
lead to enhanced betatron oscillation amplitudes and increased
divergence in the direction of the laser polarization.

The presence of DLA in LWFA provides insight into pos-
sible reasons why the overall quality (i.e., emittance, diver-
gence, energy spread) of the electron beams produced from
LWFA experiments is not always competitive with that from
conventional radio-frequency accelerators. The energy gain
from DLA relies on the coupling between the transverse laser
field and the betatron motion of the electrons, which causes
the transverse momentum of the electrons to be larger than in
a LWFA-only case. This increased transverse momentum can
lead to an increase in the divergence of the electron beam in
the direction of the laser polarization. Additionally, because the
energy gain due to DLA varies depending on the magnitude
of the transverse laser field sampled by the electron as well as
whether or not that electron is able to gain energy from DLA
for extended acceleration distances, DLA can contribute to
energy spread in LWFA systems such as those studied here.
Understanding that DLA can play a role in LWFA systems may
provide a path for such experiments to improve the emittance,
divergence, and energy spread of their LWFA-produced elec-
tron beams if that is a major goal of such experiments.

In the future, the DLA process in LWFA could be optimized
further. One potential path would be to tailor the laser profile to
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enhance the DLA. For example, the drive laser could be chirped
so that the quasi resonance required for energy gain from DLA
is better maintained.®%11:13.14 The two-laser DLA scheme
presented by Zhang er al.!316 could be tested experimentally
to see if it permits better control of the DLA process in LWFA.
The effect of ion motion on DLA in a LWFA could be explored
through further simulations. Additionally, the gas mix used for
ionization injection could be better tailored to trap a charge
farther forward in the wake. Although such electrons would
gain less energy from LWFA, they would overlap with a larger
laser amplitude and, therefore, should gain more energy from
DLA. DLA could also be explored in LWFA experiments that
employ other injection schemes.®* Finally, it would be very
interesting to investigate whether DLA could be introduced in
a beam-driven plasma wakefield accelerator (PWFA) cavity
using an intense laser pulse that trails the particle bunch that
drives the wake.

DLA also leads to an increase in the amplitude of the
betatron oscillations of the electrons. The critical energy of
the betatron x-ray spectrum emitted by electrons in a LWFA
scales as y2r(, where r( is the amplitude of the betatron oscil-
lation, and its radiated power scales as yzr%. The increase in
rq resulting from DLA would increase the critical energy and
the radiated power. Furthermore, the number of emitted pho-
tons scales as y1/2r0 and should, therefore, increase with the
enhanced r from DLA. Therefore, DLA shows much promise
as a path to enhancing the betatron radiation generated from
LWFA's. In fact, the role of DLA in betatron x-ray production
could have been inferred indirectly from the MeV photon
emission observed in the forward direction in prior LWFA
experiments.”? The renewed interest in the betatron radiation
from LWFA’s operating in the self-modulated LWFA regime
further motivates additional investigation into the role that DLA
plays in betatron radiation.6-31-52

DLA can also be present in LWFA driven by circularly
polarized lasers. Additional simulations (not included here)
have shown that the presence of two transverse electric-field
components can lead to continuous energy gain from the DLA
mechanism and a correlated increase in the betatron oscillation
radius. Furthermore, the degree of polarization of the betatron
x rays produced from circularly polarized DLA-assisted LWFA
may be tied to DLA’s contribution to the electrons.>3

Finally, DLA could also be exploited to microbunch electron
beams on femtosecond to attosecond time scales.*8 When DLA
is present in a LWFA, the electrons tend to bunch at the extrema
of their large-radii betatron oscillations.!3:1 This bunching is
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spaced at half of the laser wavelength,3:1314:48 which can yield
electron bunches with temporal durations ~1 fs for a LWFA
driven by a Ti:sapphire laser. It may be possible to diagnose
this bunching from the (coherent) optical transition radiation
that these bunched beams may emit as they exit the plasma/
vacuum boundary.
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