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Abstract: Direct laser acceleration with radially polarized lasers is an intriguing variant of laser-
based particle acceleration that has the potential of offering GeV/cm-level energy while avoiding
the instabilities and complex beam dynamics associated with plasma wakefield accelerators. A
major limiting factor is the difficulty of generating high-power radially polarized beams. In this
paper, we propose the use of CO,-based long-wave infrared (LWIR) lasers as a driver for direct
laser acceleration, as the polarization insensitivity of the gain medium allows a radially polarized
beam to be amplified. Additionally, the larger waist sizes, Rayleigh lengths, and pulse lengths
associated with the long wavelength could improve the injection efficiency of the electron beam. By
comparing acceleration simulations using a near-infrared laser and an LWIR laser, we show that the
injection efficiency is indeed improved by up to an order of magnitude with the longer wavelength.
Furthermore, we show that even sub-TW peak powers with an LWIR laser can provide MeV-level
energy gains. Thus, radially polarized LWIR lasers show significant promise as a driver of a direct
laser-driven demonstration accelerator.

Keywords: long-wave infrared; radial polarization; direct laser acceleration

1. Introduction

Vector laser beams, laser beams with spatially dependent polarization, have many
interesting attributes that set them apart from their conventional linearly or circularly
polarized counterparts. In particular, cylindrically symmetric vector beams, such as radially
and azimuthally polarized beams, have opened new regimes in applications such as particle
trapping [1-3] and laser machining [4-7], due to their unique spatial profiles, tighter
focuses [8,9], and strong longitudinal field components [10,11].

One intriguing application of radially polarized beams is their use in particle
acceleration [10,12-15]. Currently, the primary area of research in particle acceleration
with high-intensity lasers is laser plasma wakefield acceleration [16], where a high-intensity
laser interacting with a plasma ponderomotively drives electrons away from its central
axis, generating GV/cm-level fields in the region of depleted electrons [17,18]. A major
challenge for this scheme is the instabilities introduced by the presence of the plasma and
the associated complex beam dynamics [19]. Laser acceleration in vacuum bypasses this
issue, while still potentially offering up to GeV-level energy gain over a few mm [10].

The removal of the plasma presents its own challenge, summarized in the Lawson—
Woodward theorem. The Lawson-Woodward theorem essentially states that under certain
assumptions, namely, an infinite vacuum interaction region far from walls or boundaries
with an ultrarelativistic electron beam and excluding nonlinear effects, no net energy gain
can be imparted to an electron beam by an electromagnetic wave [20,21]. Thus, efforts in
direct laser acceleration must break one or more of these assumptions to produce a net
energy gain.

A simple way to violate one of the Lawson-Woodward assumptions is to accelerate
electrons from rest, which violates the assumption that the electron beam is ultrarelativistic

Photonics 2024, 11, 1066. https:/ /doi.org/10.3390/photonics11111066

https:/ /www.mdpi.com/journal /photonics


https://doi.org/10.3390/photonics11111066
https://doi.org/10.3390/photonics11111066
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/photonics
https://www.mdpi.com
https://orcid.org/0000-0001-7479-1210
https://orcid.org/0000-0002-9654-3346
https://orcid.org/0000-0002-4485-5532
https://doi.org/10.3390/photonics11111066
https://www.mdpi.com/journal/photonics
https://www.mdpi.com/article/10.3390/photonics11111066?type=check_update&version=1

Photonics 2024, 11, 1066

20f13

at all times. This has been experimentally demonstrated, with stationary electrons acceler-
ated to MeV-level energies with an intense linearly polarized laser [22]. This acceleration
mechanism consists of three parts: a ponderomotive pushing of the electrons away from
the axis of the laser, bending of the trajectories by the magnetic field of the laser, and a
final push by the longitudinal component of the laser field [23,24]. Due to the inherent
transverse motion involved in this process, the electron beam typically exhibits a large
divergence after acceleration. The use of radially polarized beams has thus been proposed
in order to take advantage of the stronger longitudinal field and transverse confinement
by the radial fields [10,21,24-26]. A proof-of-principle demonstration of acceleration with
radially polarized beams was carried out and, indeed, showed the expected transverse
confinement [12]. Recent work has demonstrated the use of a radially polarized beam to
ionize electrons from a gas and accelerate them to up to 1.43 MeV [27].

In 2010, Wong and Kértner developed an analytic model for the acceleration of an
electron by the longitudinal electric field of a radially polarized laser under the paraxial
approximation [15]. In this model, the laser is fully characterized with six parameters:
the wavelength A, the pulse length 7, the waist radius wy, the initial position z;, the
carrier-envelope phase 1, and the peak power P. Notably, this model predicts that
for a given peak power, changing the wavelength has no effect on energy gain as long
as the wavelength-normalized focusing (wg/A) and number of cycles in the pulse, wt,
remain constant. Furthermore, while previous studies had focused on initially stationary
electrons, this study found that the energy gain could be significantly enhanced by using
pre-accelerated electrons.

While it may seem that the further acceleration of ultrarelativistic particles would
run afoul of the Lawson-Woodward theorem, Wong and Kértner found that the electrons
pass through a decelerating phase where their velocity drops to nonrelativistic levels
before their final accelerating phase to achieve net energy gain; thus, the assumption of
an ultrarelativistic electron beam remains violated. Although, in principle, this could be
used for linearly polarized beams as well, the energy gain is smaller and divergence much
larger than for an equivalent radially polarized beam (see Appendix B). Thus, to maintain
high-quality electron beams throughout the acceleration process, radially polarized lasers
are necessary.

Currently, progress in this acceleration method has been limited by the difficulty of
generating high-power radially polarized beams. The highest peak powers reported have
typically been less than 100 GW [28,29], well below the TW-level peak powers that were
predicted to allow for MeV-level energy gain in the paraxial regime [15], and far below the
PW-level peak powers achievable with conventional linearly polarized lasers that would be
necessary for GeV-level energy gain. Recently, this barrier was broken with the production
of 27 TW using a segmented waveplate, resulting in 2 MeV energy electrons ejected from a
plasma mirror by a radially polarized beam [30]. Due to the polarization sensitivity of most
common laser gain media, the conversion from linear polarization to radial polarization
must take place after amplification, as, otherwise, a specific linear polarization would be
preferentially amplified, washing out the spatial dependence [29]. Thus, the peak power
will be limited by the damage thresholds of the polarization optics.

A potential path forward lies in using a long-wave infrared (LWIR) CO; laser instead
of a typical near-infrared (NIR) titanium-sapphire (Ti:Sa) laser. As a gas, CO; is polarization
insensitive and, thus, the conversion to radial polarization can be carried out at low power
before subsequent amplification in the CO, [31]. Conversion of a low-power LWIR laser
to radial polarization has been demonstrated with 70% efficiency [32]. While the gratings
used in chirped pulse amplification (CPA) schemes cannot be used for radially polarized
beams due to their polarization sensitivity [29], CO,, by virtue of being a gas, can sustain
much higher peak powers than conventional solid gain media, with 15 TW peak powers
(linearly polarized) having been demonstrated in a direct amplification mode [33]. Peak
powers in this regime are typically limited by pulse length, typically a few picoseconds,
not by pulse energy, which is regularly at the multi-joule level [33,34]. LWIR technology is
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rapidly developing and could potentially scale to peak powers beyond the limits imposed
by damage thresholds for NIR radially polarized beams.

Furthermore, changing from an NIR to an LWIR laser, although requiring substantially
more pulse energy to generate the same peak power (holding the number of cycles in the
pulse fixed), could result in better acceleration efficiency due to the larger size of the focus
and longer Rayleigh range accepting a larger proportion of the electron beam. In this paper,
we compare the acceleration properties of a Ti:Sa laser and a CO, laser and simulate a
potential proof-of-concept demonstration that can be carried out at the Accelerator Test
Facility (ATF) in the near future.

2. Methods

For these simulations, we employ the ASTRA code [35], a particle tracking code with
an efficient algorithm for space charge calculations as well as a built-in paraxial radially
polarized laser module. Benchmarks of the radially polarized laser module can be found in
Appendix A.

While using a laser in the nonparaxial regime can result in higher energy gain [24,27,36],
our intended purpose is to compare a Ti:Sa and CO; laser for a direct laser accelerator that
a pre-accelerated beam is coupled into. This setup is useful for high bunch charges, such as
for free electron lasers or colliders, due to the ability to generate a millimeter-scale beam in
an rf gun, mitigating space charge effects, before focusing into the direct laser accelerator.
Additionally, multi-stage acceleration may be necessary for collider energies and would
inherently require coupling the electron beam into the direct laser accelerator. Since having
a larger waist will benefit the coupling efficiency, as we will see later in this paper, we
look only at laser parameters where the paraxial approximation remains valid. For low
charge, MeV-scale applications such as diffraction, accelerating electrons from rest using a
nonparaxial laser may be a superior alternative.

The simulations can be split into two sections. First, we compare the acceleration
efficiency of a Ti:Sa (A = 800 nm) and a CO; (A = 9.2 um) laser for a beam with realistic
spatial extent. For the comparison between Ti:Sa and CO,, we set the electron beam energy
to 7 MeV, a typical output energy of a modern rf electron gun [37,38], as we are focusing
on the use of a direct laser accelerator to replace the rf linac without replacing the electron
source. We use 2 x 10* macroparticles in a beer can distribution with a length of 10 um and
vary the laser peak power and the electron beam diameter. To simplify the comparison, the
electrons have zero initial transverse momentum and zero energy spread, and space charge
effects are neglected.

Previous work has found that, in general in the paraxial regime, the maximum accel-
eration increases with a tighter focus [10,15], while increasing the pulse length actually
increases the energy gain until an optimal pulse length is reached, after which it again
decreases. We will use parameters found to be roughly optimal in ref. [15] for a Ti:Sa laser,
namely wg = 2 um and T = 7.5 fs. We will compare this to a CO, laser with the same wg/A
and wT, corresponding to physical values of wy = 23 um and T = 86 fs, with the same peak
power. We will also examine a Ti:Sa with wy = 23 um and T = 86 fs to determine if simply
increasing the size of the laser can improve the electron beam acceptance or if the scaling
of maximum acceleration renders this ineffective. The simulation start position is set well
before the laser intensity is high enough to impact the electron energy and the end position
is set after the electron beam has reached an equilibrium energy. The offset between the
initial positions of the laser and electron beam and the carrier-envelope phase are set by
optimizing the single-particle energy gain. The simulation timestep used is 0.01 fs for the
Ti:Sa simulation and 0.115 fs for the CO, simulation, thus keeping the total number of
timesteps in each case constant.

The second part consists of simulating a direct laser acceleration experiment that could
be performed at the ATF in the near future. The ATF contains both a 70 MeV electron
beam linac and a terawatt-class CO, laser [34,39], with the capability of delivering both
beams to the same interaction point. On the electron beam side, we examine two electron
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beam energies: 7 MeV at the exit of the gun and 20 MeV, which is approximately the
minimum energy deliverable to the interaction point without reconfiguring the beamline.
We use a bunch charge of 100 pC with 2 x 10° macroparticles in a beer can distribution
with a diameter of 10 um and a length of 1 ps, comparable to beam sizes that have been
achieved in the past [40]. Space charge effects are included. The electrons have zero initial
transverse momentum, and the relative energy spread is set to 2 x 1073. Due to the low
laser intensities involved in this set of simulations, a timestep of 11.5 fs is sufficient for the
simulation accuracy to converge.

Currently, the ATF CO, laser is able to produce roughly 5 TW peak powers. Account-
ing for the losses in the conversion to radially polarized light and the reduced amplification
due to the inability to use CPA, we expect that 1 TW peak power should be achievable.
We will simulate this experiment with both a 1 TW peak power and a more conservative
0.5 TW and determine whether a substantial energy modulation will be achievable. In
both cases, we will use a FWHM pulse length of 2 ps, corresponding to the typical running
conditions at the ATF.

3. Results
3.1. Comparison of Ti:Sa and CO,

To quantify the comparison between direct laser acceleration using Ti:Sa and CO,, we
define particles to be “high energy” if they have gained at least 10% of the theoretical gain
limit, given by the equation [13,15]

AEj;,,[GeV] & |/ P[PW]. 1)

Note that this represents the energy gain achieved by a particle that remains perfectly
at the peak of the pulse and stays in phase with the laser for all time. Realistically, the
maximum energy gain would be limited by slippage and typically sits between 0.2 and
0.6 times this value.

The overall acceleration efficiency can be defined either with the fraction of particles
that achieve high energy or by the average energy gain of the beam. For completeness,
we will consider both. The results are shown in Figure 1. Each column corresponds to
a different electron beam diameter, indicated by the upper label. We see that the CO,
laser is capable of achieving at least 10% high-energy particles in every case, often even
in the 60-70% range for a small electron beam. By contrast, the Ti:Sa is unable to achieve
more than around 10% high-energy particles in any case and is usually in the single-digit
or sub-percent levels. In nearly every set of parameters, the CO; laser generates around
an order of magnitude more high-energy particles than the Ti:Sa laser by virtue of the
larger acceptance.

A similar situation plays out if we examine the average energy gain imparted to the
beam. The CO; laser typically produces 3—4 times higher energy gain across electron beam
diameters and laser powers. The difference is particularly noticeable at large electron beam
diameters. While it is expected that the larger size of the CO, laser would allow the electron
beam to couple in more efficiently, the magnitude of the effect is nonetheless remarkable.

An interesting feature of these plots is that the acceleration efficiency as measured by
the high-energy fraction appears to depend only weakly on the electron beam diameter at
high peak powers, while there is a substantial change at low peak powers. This effect is
consistent for both wavelengths, with the drop in efficiency being more pronounced for
the Ti:Sa, consistent with its smaller waist size. Thus, the problem of injecting the electron
beam into the laser is actually more difficult at low peak powers. However, at any power,
the ease of injection offered by the CO, laser still yields substantial efficiency enhancement.
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Figure 1. Comparison of Ti:Sa and CO; direct laser acceleration efficiency. Column titles refer to
the electron beam diameter. The term “high-energy fraction" refers to the fraction of the beam that
has gained at least 10% of the theoretical gain limit and is used here as a measure of acceleration
efficiency. The high-energy fraction of the CO; laser is at least 2 times higher than for the Ti:Sa laser
at all simulated powers and electron beam diameters, and is almost always 5-10 times higher. The
average energy gain is correspondingly higher for the CO; laser as well.

To provide some more insight, we turn now to examining the distribution of electron
energies for a few selected cases. These distributions are shown in Figure 2. Here, we see
that the majority of electrons see almost no acceleration from the Ti:Sa laser, while almost all
electrons see at least some amount of acceleration from the CO, laser. The non-accelerated
portion of the beam does not even form a plurality of the beam accelerated by the CO,
laser, with only one exception.
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Figure 2. Energy distributions for some selected peak powers and electron beam diameters. Plots in

the same row have the same electron beam diameter and plots in the same column have the same

laser peak power. It is clear that, for the Ti:Sa laser, a large portion of the electron beam essentially

does not participate in the acceleration interaction, while for the CO; laser, the majority of the beam

is accelerated to some degree.
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A striking feature is the much broader energy spectrum of the electrons at a 2 um elec-
tron beam diameter compared to the 10 um electron beam diameter for both wavelengths,
coupled with the peak shifting to significantly higher energies. This is due to the 10 pm
length of the electron beam causing it to sample a large portion of the longitudinal field
distribution. Compression of the electron beam past this point is difficult, so it is likely
that an energy selector, i.e., a slit in a bending section, after the acceleration stage would be
necessary. The broadening is weaker at high peak powers, so the energy filtering may only
be necessary for low power, depending on the application.

We now look at the scenario of increasing the size of the Ti:Sa focus and pulse length
to improve the electron beam acceptance. A plot of the energy distribution of a 2 pm initial
diameter electron beam interacting with a 10 PW Ti:Sa with wy = 23 pm and T = 7.5fs is
shown in Figure 3. We see that, while more of the electron beam fits into the laser focus,
the strength of the acceleration falls too quickly with the increasing waist size and pulse
length, resulting in negligible maximum energy gain: only on the order of 10 s of eV, even
at this extreme power. This is consistent with the argument made in refs. [13,15] that ag, the
normalized vector potential, of the longitudinal E field at the focus must be at least 1 for
acceleration to occur. The drastic drop in intensity from the 11.5 times increase in waist size
causes the laser to no longer provide sufficient force to accelerate the electrons. In fact, while
the transverse a scales as VIAZ, the longitudinal a is given by ag, ~ 0.742a¢ ,(Ag/wo),
with an additional factor of 1/wq [13]. Calculating ag, with this formula gives us a value
of 0.37, well below the necessary threshold value of 1. Due to the quadratic scaling of a¢ ,
with wavelength, long wavelengths are necessary to take full advantage of the improved
electron beam acceptance of a larger laser spot.

0.144

£0.124
C
. 0.101

-10 0 10
AE (eV)

Figure 3. Energy distribution of a 2 um initial diameter electron beam after interacting with a 10 PW

Ti:Sa with wy = 23 um and T = 86 fs. The electrons experience essentially no acceleration (note that

the units on the x-axis are electron volts, not megaelectron volts).

3.2. Simulation of Potential Experiment

We look now at some proof-of-principle experiments that could be carried out with
LWIR peak powers below even 1 TW. The acceleration performance can be quantified with
the average energy gain (AE) and the relative energy spread o/ (E). Along with these
numbers, it is also useful to consider the transverse beam quality, encapsulated in the
normalized rms emittance [41], defined as

e = — /(2 (p2) — (xpe)?, )

where m is the rest mass of the electron and c is the speed of light. Since this quantity only
provides information along one transverse axis, it is also useful to define a 6D brightness to
incorporate both transverse and longitudinal beam quality [42,43].



Photonics 2024, 11, 1066

70f13

I
Bp= — 3
oD enx€ny0.1% T ©)

where [ is the beam peak current and ¢,,x and ¢, , are the normalized rms emittances in the
x and y axes, respectively. Since particles in the beam are expected to have substantially
different properties depending on the amount of energy gain received, we will plot these
four figures of merit as a function of beam fraction, sorted by energy. Thus, for example, 10%
on the x-axis of the plot indicates the 10% of particles with the highest energy. Practically,
this kind of cut can be achieved using an energy selector, leading to a tradeoff between
charge and beam quality.

The results of accelerating a beam with an initial energy of 7 MeV, corresponding to the
exit of an rf gun, can be seen in Figure 4. At 0.5 TW, the majority of electrons have near-zero
or negative energy gain, while at 1 TW, most electrons receive some positive energy gain.
This is manifested in the roughly factor of 2 higher energy gain. However, the 1 TW laser
causes more degradation in beam quality, as can be seen with the roughly 2 times larger
energy spread, 2-5 times higher emittance, and roughly 100 times lower brightness. Both
laser powers exhibit non-zero peak divergences, which can be attributed to space charge
forces in the center of the beam. These space charge forces are greatly enhanced by the
necessity of tightly focusing the electron beam to inject into the laser field at low peak
powers. As seen in the previous section, high peak powers do not require the electron
beam to be as small, and, thus, would not suffer as much from space charge-induced
emittance degradation.
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Figure 4. Final beam parameters of an accelerated electron beam with an initial energy of 7 MeV.
(a) Electron energy distribution. (b) Electron beam divergence. (c—f) Electron beam parameters as
a function of beam fraction (defined in the text). The peak energy gain is around a MeV for both
laser powers used. The 0.5 TW laser, while providing around half the energy gain, allows for better
beam quality.

The performance improves significantly when moving to 20 MeV, seen in Figure 5.
Much of this improvement comes from the strong suppression of space charge effects
at the higher electron beam energy. For both laser powers, the divergence is narrowed
considerably and the distribution peaks along the axis. The reduction in divergence is
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accompanied by a commensurate drop in emittance, around a factor of 30 for both laser
powers, and a brightness enhancement of nearly three orders of magnitude.
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Figure 5. Final beam parameters of an accelerated electron beam with an initial energy of 20 MeV.
(a) Electron energy distribution. (b) Electron beam divergence. (c—f) Electron beam parameters as a
function of beam fraction (defined in the text). Compared to Figure 4, we see substantially improved
acceleration and beam quality, and the 1 TW laser provides around 3 times the peak energy gain as
the 0.5 TW laser.

As with the 7 MeV case, the 0.5 TW laser exhibits superior beam quality to the 1 TW
laser. However, at 20 MeV, the 1 TW laser has a larger advantage in energy gain. While at
7 MeV, the peak energy gain for the 1 TW laser was a little less than two times larger than
for the 0.5 TW laser, at 20 MeV, the 1 TW laser has over three times the energy gain. This is
likely related to the hypothesis presented in ref. [15], stating that electrons with an initial
energy substantially higher than the energy gain limit receive negligible energy gain due to
the laser having insufficient power to decelerate the electrons to nonrelativistic velocities, a
necessary step to achieve non-negligible energy gain. Since the theoretical gain limit for a
0.5 TW laser is roughly 22 MeV, the 20 MeV beam is nearing the limit beyond which the
laser is no longer able to accelerate the electrons. Hence, the 1 TW laser, with a gain limit of
around 31 MeV, now possesses an advantage in energy gain.

It is important to note that the emittances shown here, and correspondingly the
brightnesses, represent the idealized limit of the direct laser accelerator performance.
Realistically, the incoming electron beam will have some non-zero emittance that will
affect the final beam quality. However, the emittances obtained here show that the direct
laser accelerator will not degrade the beam quality noticeably for typical 1 mm mrad
emittance beams.

4. Discussion

We turn now to some practical considerations regarding the use of an LWIR driver
for direct laser acceleration, beginning with the generation of a terawatt-class radially
polarized LWIR laser. Typical NIR methods such as segmented waveplates could be readily
adapted for LWIR wavelengths, although this has yet to be demonstrated. Alternatively,
an interferometric technique has been tested at LWIR wavelengths with 70% conversion
efficiency [32]. This technique utilizes spiral phase plates to produce cos?8 and sin® 6
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transverse intensity profiles. Radially polarized light can then be generated by combin-
ing a horizontally polarized cos? § beam with a vertically polarized sin? § beam, using a
waveplate to rotate polarization as necessary. LWIR lasers are particularly well suited for
interferometric techniques since the long wavelength causes the necessary phase precision
for interferometry to be much easier to achieve.

As discussed earlier, CO; is a polarization-insensitive gain medium; thus, this polar-
ization conversion can be performed at low powers before amplification in the CO,. Due
to the polarization sensitivity of gratings, the CO, system must be configured in a direct
amplification mode instead of a CPA mode. The primary limiting factor of power in this
case is nonlinear interaction with the windows that separate the CO, tank from the laser
transport lines. This can be mitigated by using materials with a low nonlinear index for the
windows, such as BaF,, instead of the typically used NaCl [44].

Looking beyond the proof-of-concept stage, several key advances will need to be
made before CO, lasers can be a practical daily driver of direct laser accelerators, most
notably reaching higher peak powers. Currently, the maximum peak power achieved in
a COy laser is 15 TW [33], and the shortest pulse length at terawatt-level peak power is
2 ps [34]. Advances in mid-IR laser technology providing the LWIR seed through optical
parameteric amplification for the CO, amplifier and adaptation of techniques such as
post-compression to LWIR wavelengths [45] have been estimated to allow for a peak power
of 0.5 PW, with further improvements possible with coherent beam combining [39]. This is
already sufficient power to generate >100 MeV of energy gain, which would enable direct
laser acceleration to begin to compete with linacs and wakefield accelerators, with a smaller
footprint than the former and potentially higher beam quality than the latter.

5. Conclusions

The ability to generate high-peak-power radially polarized beams is necessary for direct
laser acceleration to become viable. However, the problem of injecting external electrons into
the accelerating field needs to be solved as well. This has long been an issue for laser wakefield
accelerators [46—48] and efficient coupling has only recently been demonstrated [49]. Coupling
the electron beam into a direct laser accelerator is even more challenging, particularly for high
charge applications, due to the need to couple to the ~2 um waist of the laser instead of the
~50 pm plasma wavelength of the wakefield accelerator.

The use of LWIR wavelengths, instead of NIR wavelengths, provides a solution for
both issues. The gaseous nature of the CO, medium provides a pathway to higher power
radially polarized beams, and the long wavelength allows the waist size to be an order of
magnitude larger. Regardless of the size of the electron beam, the larger waist size of an
LWIR laser allows for more efficient transfer of energy to the electron beam, and thus a
much higher percentage of usable accelerated electrons.

Even at sub-TW peak powers, which are expected to currently be within reach for CO,
lasers, MeV-level energy gains can be achieved with a CO, laser in the paraxial regime,
while preserving typical rf photoinjector beam quality. Thus, radially polarized LWIR lasers
provide a pathway to a demonstration of a high-charge, MeV-class vacuum direct laser
accelerator. Future work in this vein would consist of constructing a radial polarization
converter, demonstrating amplification of the radially polarized light in a CO, amplifier,
and, finally, showing energy gain when interacting with an electron beam.
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The following abbreviations are used in this manuscript:
NIR Near infrared

LWIR Long-wave infrared

ATF Accelerator Test Facility
CPA Chirped pulse amplification

Appendix A. ASTRA Benchmark

We verify the correctness of the radial polarization module built into ASTRA by
comparing the maximum energy gain as a function of laser peak power against the simu-
lations performed in ref. [15]. The laser input parameters are T = 7.5 fs, wy = 2 um, and
A = 800 nm, with an initial electron energy of 10 MeV, corresponding to the parameters
used in Figure 6 of ref. [15]. Additionally, we include a simulation carried out with a 9.2 pm
CO;, laser with T = 86 fs and wy = 23 pm, which is predicted by the analytic description to
have exactly the same energy gain for a given peak power, as T and wy have been scaled
up by the ratio of the wavelengths. The carrier-envelope phase and the initial longitudinal
separation between the laser and the electron beam were optimized for maximum energy
gain, and the simulation was conducted starting 200 Rayleigh ranges before the laser focus
and ending 200 Rayleigh ranges after the laser focus.

The results can be seen in Figure Al. The energy gain calculated in ASTRA matches
very well with the energy gain calculated in ref. [15], and the Ti:Sa and CO, lasers produce
identical energy gains. This is in accordance with the predictions of the analytic description
of the laser fields.

—— Wong 2010
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Figure A1. Comparison of the simulations conducted in [15] and a simulated Ti:Sa and CO, laser
in ASTRA. The laser parameters are listed in the text. We see good agreement between all three
sets of simulations, and, notably, the energy gain of the Ti:Sa laser and the CO, laser are identical,
as predicted.

Appendix B. Comparison of Radially and Linearly Polarized Beams

We compare the performance of a linearly polarized beam and a radially polarized
beam for direct laser acceleration in ASTRA simulations. The laser parameters for both
cases are A = 800 nm, wyg = 2 um, T = 7.5fs, and P = 10 TW. We aim to understand
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the dynamics at the center of the beam, so we use 2 x 10° macroparticles in a beer can
distribution with a length of 1 um and a diameter of 10 nm, with an initial electron beam
energy of 7 MeV. Space charge forces are excluded.

The results are shown in Figure A2. The plot of energy evolution corresponds to the
particle with the highest final energy. Both beams show the characteristic deceleration cycle
necessary to circumvent the Lawson-Woodward theorem. The linearly polarized beam
exhibits more deceleration—acceleration cycles and ends up with lower energy gain and a
divergence two orders of magnitude higher. The beam size using the linearly polarized
beam grows very quickly, reaching 300 pm in about a millimeter, while the beam size using
the radially polarized beam remains below 10 um. Thus, radial polarization is necessary to
preserve beam quality throughout the acceleration process.
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Figure A2. Comparison of a linearly polarized beam and a radially polarized beam. The linearly
polarized beam shows noticeably lower energy gain and much higher divergence. The plot of energy
evolution corresponds to the particle with the highest final energy. Inset: zoomed-in view of energy
oscillations near the focus.
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