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Editorial

Preface for Special Issue: Progress in Laser Accelerator and
Future Prospects

Toshiki Tajima 1,2,* and Pisin Chen 3,4,*

1 Department of Physics and Astronomy, University of California, Irvine, CA 92697, USA
2 International Center for Zetta–Exawatt Science and Technology (IZEST), Ecole Polytechnique,

F-91128 Paris, France
3 Leung Center for Cosmology and Particle Astrophysics, National Taiwan University, Taipei 10617, Taiwan
4 Department of Physics, National Taiwan University, Taipei 10617, Taiwan
* Correspondence: ttajima@uci.edu (T.T.); pisinchen@phys.ntu.edu.tw (P.C.)

In early 2022, one of the authors (Professor T. Tajima) was invited to edit a Special
Issue of the journal Photonics under the title of “Progress in Laser Accelerator and Future
Prospects”. Since this topic is one of the most vigorously pursued and rapidly advanced in
the field of photonics, T.T. decided to take up the challenge. T.T. then suggested Photonics
to invite Professor Pisin Chen as a co-Editor to join the project. Together, we formed the
editorship of this Special Issue. We then invited about 15 of the world’s authorities on this
subject to outline the current status and the future prospect of the field. Nearly all these
invited authors accepted our invitations.

As we are motivated to cover theoretical, experimental, and technological advance-
ments from fundamental science to societal applications of Laser Wakefield Accelerator
(LWFA), we design the content of this Special Issue as follows.

I. Introduction;
II. Laser Technology;
III. Review of Experimental Status;
IV. Energy Frontier of Laser Wakefield Accelerators;
V. High Density Laser Wakefield Accelerators and Medical Applications;
VI. Fundamental Physics using Wakefields.

Section II consists of two papers, one by Sha et al. [1] and the other by Wheeler et al. [2],
where the former reviewed the laser technology of the ultrafast fiber lasers and the fiber
delivery of such pulses, and the latter described the thin-film compression technique to
increase the pulse intensity in PW-class lasers. These are at the very forefront of state-of-
the-art laser technology.

Section III reviews experimental progresses in laser acceleration in Asia, Europe, and
the U.S. Li et al. [3] reported on the progress of the Compact Laser Plasma Accelerator
(CLAPA) at Peking University, where high quality proton beams have been routinely
produced. Hegelich et al. [4] revisited the experimental signatures of the ponderomotive
force with fresh insights, while Matys et al. [5] reviewed how high-quality laser-accelerated
ion beams can be attained by invoking structured targets where the relativistic instability
induced can be utilized to produce highly collimated and quasi-monoenergetic ion beams.

Section IV deals with issues relating to the energy frontier of LWFA. In particular,
Hidding et al. [6] reviewed the concept of the Hybrid Laser Plasma Wakefield Accelerator,
which attempts to combine the LWFA scheme with that of the charged particle beam-
driven Plasma Wakefield Accelerator (PWFA) so as to take advantage of both schemes to
address the technical challenge of reaching high energies. Another critical challenge is
the production of high-quality electron beams in laser acceleration, whose optimization
scheme was nicely examined by Jiang et al. [7].

Photonics 2023, 10, 292. https://doi.org/10.3390/photonics10030292 https://www.mdpi.com/journal/photonics1
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The next topic in this Issue (Section V) regards the high-density regime of LWFA and
its medical applications. Here, we have collected as many as five papers by top experts
from both the laser-plasma science and medicine industries. These include the excitation
of Wakefields via laser beat-waves in the near-critical regime by Barraza-Valdez et al. [8],
the slow phase velocity laser acceleration of ions at the near-critical density by Necas
et al. [9], and the investigation of electron acceleration using phase synchronization through
nanomaterials density inhomogeneity by Maslov et al. [10]. Roa et al. [11] focused on
potential applications of fiber-optic-based laser Wakefield accelerated electron beams for
radiotherapy cancer treatment, while Papp et al. [12] introduced the idea of LWFA-driven
photoneutron generation aspired by high-impact societal applications. These directions all
have a high potential in societal applications.

This Special Issue ends with Section VI that connects LWFA with fundamental physics.
The paper by Kando et al. [13] reviewed the theoretical and experimental progress of the
relativistic flying mirror (RFM) concept, which is a realization of the relativistic regime
of LWFA, for the application to probing the Schwinger critical field limit in strong field
science. The other paper, by Chen et al. [14], reports on the concept, design, and status of
the AnaBHEL (Analog Black Hole Evaporation via Lasers) experiment. This is an attempt
to accelerate ultra-intense LWFA-induced RFM with pre-designed trajectories as analog
black holes to investigate the fundamental physics of black hole Hawking radiation.

We see that through the efforts of these world-leading experts and their outstanding
coauthors, this Special Issue presents a broad and exciting landscape of the current status
and the future prospects of LWFA. It is our sincere hope that this Special Issue provides
a timely perspective as well as a future roadmap in the developments of laser Wakefield
acceleration not only to the practitioners of this field, especially the younger generation
of scientists, but also to those who work in other, albeit related, fields such as high energy
physics, black hole physics, high-field science, and medicine. We are very grateful to all
authors who contribute to this meaningful endeavor. Our gratuity also goes out to Photonics
for initiating this Special Issue and the journal’s staff for their tireless efforts, without which
this Volume would not have been in such a wonderful shape. Last but not least, we deeply
appreciate the administrative assistance of Maria Gaytan throughout the preparation of
this Special Issue.

Conflicts of Interest: The authors declare no conflict of interest.
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Review

Ultrafast Fiber Technologies for Compact Laser Wake Field in
Medical Application

Weijian Sha 1,*, Jean-Christophe Chanteloup 2 and Gérard Mourou 3

1 CommScope Access Technologies Advanced Research, 2500 Walsh Ave, Santa Clara, CA 95051, USA
2 LULI, CNRS, Ecole Polytechnique, CEA, Sorbonne Université, Institut Polytechnique de Paris,

91120 Palaiseau, France; jean-christophe.chanteloup@polytechnique.edu
3 Ecole Polytechnique, Institut Polytechnique de Paris, 91120 Palaiseau, France;

gerard.mourou@polytechnique.edu
* Correspondence: weijian.sha@commscope.com

Abstract: Technologies, performances and maturity of ultrafast fiber lasers and fiber delivery of
ultrafast pulses are discussed for the medical deployment of laser-wake-field acceleration (LWFA).
The compact ultrafast fiber lasers produce intense laser pulses with flexible hollow-core fiber delivery
to facilitate electron acceleration in the laser-stimulated wake field near treatment site, empowering
endoscopic LWFA brachytherapy. With coherent beam combination of multiple fiber amplifiers, the
advantages of ultrafast fiber lasers are further extended to bring in more capabilities in compact
LWFA applications.

Keywords: fiber laser; LWFA; brachytherapy; coherent beam combination

1. Introduction

Progresses of laser-wake-field acceleration (LWFA) are presented in this special volume
of Photonics. Over the last few decades, LWFA has advanced to become an alternative
form of particle acceleration [1,2]. Energy of accelerated electrons by LWFA has reached
beyond 10 GeV. LWFA produces electric field gradient at GeV/cm; acceleration length
is on a scale of centimeters. Laser accelerators are seen as the space- and cost-efficient
alternatives to conventional GeV accelerators such as synchrotron of large building size
or linear accelerator scaled at kilometer. A typical petawatt-peak-power (1015 W) laser
system that drives the LWFA occupies laboratory space of several hundred square meters
in comparison, representing a large reduction in accelerator size and cost.

Electrons obtained from conventional accelerators have been used in radiation therapy.
Even at the low energy levels the apparatus still occupies a very large room. The inherent
advantage of LWFA, exemplified in the reduction factor above, has the potential to reduce
the footprint of lower-energy accelerator proportionally or even more [3]. One promising
avenue of cancer treatment is brachytherapy, in which a source of radiation is brought inside
the body close to the tissues requiring treatment [4,5]. For endoscopic and intraoperative
brachytherapy at the local treatment site electron radiation from few tens to few hundreds
of keV are sufficient as treatment radiation needs not to traverse healthy tissues. Electron
radiation is emitted from LWFA cell near the local treatment site by laser pulses from the
flexible delivery system. Simulation studies in the high-density domain of LWFA have
shown electron radiation at these energies can be produced using novel nanomaterials [6,7]
at relatively low peak power and intensity of the drive laser. At these intensity levels laser
sources can be devised in compact and reliable forms and formulated for field use.

In this paper we shall discuss the enabling technologies in ultrafast fiber lasers and
subsequent flexible delivery for the compact electron accelerator for medical applications
such as cancer treatment. Ultrafast fiber laser systems are now capable of generating the
intense light pulses for medical LWFA in compact and portable manner. This technology is

Photonics 2022, 9, 423. https://doi.org/10.3390/photonics9060423 https://www.mdpi.com/journal/photonics5
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further advanced by the Coherent Beam Combining (CBC) lasers. Advents in hollow-core
fibers are enabling flexible light delivery of the intense pulses to the locations that cannot
be reached with conventional free-space optics. These technologies are coming out from
laboratories to the application fields.

2. Lasers for LWFA

LWFA transforms light energy from the high-peak-power laser pulses into the kinetic
energy of accelerated electrons. There are excellent review papers on laser plasma accel-
eration (LPA) and the necessary lasers to drive the LPA [8,9]. From the perspective of
this paper, we divide high peak-power laser systems into two categories, the ultra-intense
(sub-terawatt, terawatt, and petawatt) and the intense (gigawatt and sub-gigawatt). This
only reflects a laser construction point of view as we shall see below. Our main focus is the
intense lasers (in fact, they are very intense) considered for LWFA applications yielding
tens or hundreds of keV electron energy in medical applications.

Terawatt (TW, 1012 watt) lasers [10] use table-top solid-state lasers. Enabled by chirped
pulse amplification [11,12], these systems attain TW peak power at various combinations
of pulse energy and pulse duration (for example, 1 TW is 1 J/1 ps or 100 mJ/100 fs).
Beam diameter in propagation insider the amplifier is expanded to about a centimeter [10].
TW lasers reach focused light intensity of 1018 W/cm2, at the starting point for high-
field plasma physics (laser peak intensity at 1018 W/cm2 has the electric field strength
that drives plasma electrons into relativistic quiver motion). Free-space optical elements
(mirrors, lenses, spatial filters, stretcher and compressor, etc.) allow beam expansion for
energy extraction, beam and pulse conditioning without damage. These elements need
mechanics for mounting, stabilization and alignment. The laser system often has several
amplification stages, stationed on top of floating optical table(s) for vibration isolation.

Petawatt (PW, 1015 watt) or tens of PW class lasers are the pinnacles of ultra-intense
laser achievements [13,14]. One would only need to imagine that PW systems will have
laser beams sized proportionally.

Lasers for LWFA in the lower energy regime of tens to hundreds of keV for oncology
application require focused intensity from 1014 W/cm2 and up [7]. For a moderate focal
diameter of 20 μm, the corresponding laser peak power is about 1 gigawatt (GW, 109 watt).
LWFA laser parameters, either 1 mJ and 1 ps or 100 μJ and 100 fs, involve GW peak
power from a laser system. Ultrafast solid-state lasers based on free-space optics can
certainly produce the peak power and the intensity. Our focus here is ultrafast fiber lasers,
constructed from wave-guiding optical fibers. Bulk optics is eliminated from most parts
in the system and the compactness aids or necessitates portable field application. For
endoscopic LWFA, the other key element is the flexible delivery pathway for the laser
pulses. Kinetic electrons are emitted in the LWFA cell at the end of the light delivery cable
near the treatment site.

We shall review the advances in fiber lasers and specialty delivery fibers that are
capable or close to be capable to generate and deliver gigawatt laser pulses. These tech-
nological advances are empowering as we promote the “miniature” LWFA scheme for
medical applications.

3. Compact Electron Accelerator

Perspectives of LWFA applications to brachytherapy are discussed in detail medically
and technologically [3,5]. In endoscopic approach, LWFA adopts the use of solid-state
carbon nanotubes (CNTs) excited by the laser pulses [6,7].

A brief illustration of the laser acceleration mechanism in CNT is given in Figure 1.
The wake-field excited by the laser is in the high-density regime of LWFA (the classical
LWFA is in the low-density regime) and accelerates electrons to energies to the range from
a few tens to a few hundreds of keV, which are sufficient to damage cancer cells locally but
low enough not to cause collateral damage to healthy tissues.

6
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Figure 1. Illustration for CNT to emulate high density plasma. A laser pulse, shown in red, interacts
with sheets of CNT, shown in grey. The laser permeates the nanotubes, extracting and accelerating
electrons, shown in yellow. (a) CNTs arranged parallel to the laser propagation direction, and
(b) CNTs arranged perpendicularly. Reprinted from Ref. [6].

LWFA transforms light energy from the high-peak-power laser pulse into the kinetic
energy of accelerated electrons. The large gradients produced by the transverse laser inten-
sity profile at focus and by the longitudinal temporal profile produce strong pondermotive
forces, resulting in laser plasma wake-fields which accelerate electrons. The strength of
laser wake field is determined by the driving laser’s peak intensity, defined by the peak
power of the ultrashort pulses (temporal) and the focal profile (spatial). Laser intensity for
electron acceleration in the high-density LWFA regime to attain electron energies from a
few tens to a few hundreds of keV for endoscopic applications needs to be 1014 W/cm2

and higher [7].
The field of compact Electron Accelerator is rich and full of creativity. Other ap-

proaches exist among which the dielectric laser accelerator (DLA) [15] where an incident
laser pulse is focused onto a nanofabricated accelerating structure, exciting traveling near-
field modes. Electrons, propagating in close proximity to the structure, are accelerated
when their velocity matches the phase velocity of one of the traveling modes, and they are
injected into these fields at a particular time.

The dose (total electrons in treatment duration, e.g., seconds) required for each point
of treatment is related to the average power of the excitation laser. With good efficiency
in high-density LWFA, we expect that several watts of average power are sufficient. This
power is readily available and thus our focus of the technology is on peak-power generation
and delivery.

4. Fiber Laser Technology

It is interesting to note that our laser goal in this paper for the compact LWFA scheme,
gigawatt, is the power level that the very first Chirp Pulse Amplification (CPA) demon-
strated [12]. Since then, CPA has propelled laser amplification to unprecedented level, and
it is the technology used for all levels of LWFA today. We shall discuss the compact version
of CPA system with fiber lasers reduced from the table-top lasers, much like table-top CPA
lasers downsized the much larger laser systems otherwise.

This compactization comes from the progress in research and industry to the con-
densed forms of fiber lasers and diode lasers. Fiber laser takes a thin strand of optical
fiber, active or passive, and a diode laser is built on a tiny yet powerful light-emitting
semiconductor junction. Ultrafast fiber oscillators have been developed while amplifica-
tion in fiber rely on the use of CPA. Advances of these “compressed” lasers are not only
shown in academic research but also in rapid commercialization. We can see where the
technologies are going, and they hold the promise leading to compact LWFA scheme for
medical applications.

7
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4.1. Fiber Laser Advantages and Characteristics

Fiber lasers have gain media confined within the core of an active optical fiber. Core
diameter (more precisely mode-field diameter, or MFD) ranges from several μm to tens and
hundreds of μm. Single-transverse mode MFD can be up to 100 μm. Pump laser diodes
have emitters each sized from under an μm to several μm, with outputs coupled into the
gain fiber. Pump intensity in the small cross-section of the fiber produces high inversion.
Signal and pump in fiber propagate as guided wave permitting long interaction length in
meters, yielding high conversion efficiency (more details in Section 4.3). Fiber is flexible
with typical bending radius of 20 cm or less, allowing fiber spooling in compact assembly.
Heat dissipation is much more efficient compared to solid-state laser crystal due to the high
surface-to-volume ratio of fiber and the distributed heat load along the length of the fiber.
Besides, active fibers and passive fiber components and pump diodes can all be made from
cost- effective scalable manufacturing.

There are two predominant fiber laser wavelengths in the industry, one is based on
Ytterbium (Yb)- doped fiber operating slightly above 1 μm and the other Erbium (Er)-
doped centered at 1.55 μm. Many Yb fiber lasers, operating in continuous-wave (CW) or
Q-switch are used in metal cutting and welding and semiconductor processing. Ultrafast
lasers utilize both Yb and Er doped fibers.

Fiber lasers with large cores (hundreds of μm) in multi-mode (MM) are used to produce
kilowatt and higher power in CW. Beam quality is not optimal and M2 is large but adequate
for metal cutting and welding which do not require tight focusing. For diffraction-limited
focusing, single-mode (SM) waveguiding is required permitting only the fundamental
mode. Pump guiding is often in a double-clad configuration, allowing a larger guided
pump core (which serves as inner cladding for signal) while the amplified signal light is in
the smaller inner core. This results in brightness conversion from the pump to the laser.
More details regarding the double-clad technology are discussed in Section 4.3. Fiber lasers
have the main advantages in producing high average power and high efficiency due to
the fiber geometry of small cross-section and long interaction length. On the other hand,
high peak-power lasers suffer detrimental nonlinear effects for the same reason. There are
remarkable advances in making large-core (up to 100 μm) single-mode fibers to enable
high peak-power amplification. The innate average-power advantage of fiber allows for
high repetition rate of the amplified pulses.

We will, in this paper, only examine the peak power aspect of fiber systems for
compact LWFA medical application. Available average power from fiber lasers typically
exceeds requirement; for example, several watts of average optical power is abundant for
endoscopic LWFA.

4.2. Efficient, Compact and Reliable Laser Diode Pumps

The overall high wall-plug efficiency and the compactness in fiber lasers are also
attributed to semiconductor laser technology. An active laser diode emitter of a few μm
wide and less than 1 μm thick can produce for example 10 watts of power, for example
Quantum-well design of direct band-gap semiconductor laser diode and the choice of
material systems (III-V and II-VI, each has subsets) cover emission wavelengths essentially
across the visible and near infrared spectrum. Diodes from 920 nm to 980 nm are used
for pumping Yb or Er-Yb fibers; 980 nm or 1480 nm pumping Er fibers. Diode pumps
have electrical to optical efficiency from 50% to 70% in literature [16] for example and in
product catalogs from commercial diode manufacturers [17–19] including the loss after
assembled into fiber-coupled packages in research literature and also in commercially
available products.

The research and industry have achieved extraordinary reliability over the years, from
the first lab diode laser that lasted for milliseconds to those used in submarine fiber-optic
link today with millions of hours of mean-time-between-failures. These are all remarkable
that current density in the diode junction and optical facet power density are at the levels
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of 10 kA/cm2 and 100 MW/cm2. Today, a typical single emitter at 10 W is rated for tens of
thousands of hours. Lifetime can be prolonged at de-rated power levels.

4.3. Double-Clad Fiber as Brightness Convertor

Double-clad fiber technology enables high power and high efficiency in fiber laser
operation. Light to be amplified is in the inner core while pump light is guided in the larger
pump core. The middle portion in turn serves as the cladding of the signal. Pump is con-
fined by the outer cladding. Design of the double-clad structure introduces features to allow
sufficient crossing of pump in the signal core. See Figure 2 for illustrations. Meters-long
interaction length allows for a high pump absorption efficiency of 90%. Fiber conversion
efficiency from pump power is in the range from 50% to 70% in commercially available
double-clad fiber products [20–23] depending on pump wavelength which determines
quantum efficiency.

Figure 2. (Left) Illustration of double-clad fiber with step index profile. Center core for signal has
highest index; inner cladding for the signal also guides the pump; outer cladding for the pump has
the lowest index. (Right) Cross section of an advance large-mode-area photonic crystal fiber using
air-holes in the low index regions. The center solid portion is the core for signal and the outer ring of
air holes serves as the clad of the pump which guides pump in the fiber structure. It is designed for
large-mode-area single-mode and polarization maintaining amplification, reprinted from Ref. [24].
See more about this technology in Sections 5.2 and 7.1.

The larger pump guide is substantial in gathering pump power from broad-area MM
laser diodes. Thus, double clad fiber is seen as a brightness up-converter from the lower
intensity of pump light to higher intensity of the laser light in the inner core. Several pump
modules can be combined in a fiber combiner for more pump power while maintaining
each pump module at moderate power for long-term reliability.

A more advanced double-clad fiber design utilizes an air clad as the outer clad for
the pump (Figure 2). The low index of air holes provides much higher index contrast,
facilitating high numeric apertures (0.4 to 0.6) to couple in even more divergent pump light.

4.4. CW and Nanosecond Fiber Lasers

Fiber laser and laser diode industries have seen unprecedented progress in the last few
decades. For example, fiber lasers of refrigerator size (mostly electrical and cooling), can
deliver tens of kilowatts of CW power while keeping component damage under control.
These fiber lasers are expanding the capabilities of other lasers, with the sheer light power
to convert to high heat. Beam quality is often far from diffraction limit. Because of this, kW
CW lasers typically have moderate focused intensity (Table 1 below).

Nanosecond fiber lasers from Q-switched operation can be used in semiconductor
wafer and chip processing. There are designs in SM or MM, depending on the needed
spatial precision. These lasers have nanosecond pulse duration boosting laser peak power
and intensity (Table 1) which can be viewed as the intermediates between CW and ultrafast
fiber lasers in peak power and intensity.
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Table 1. Some applications of CW, nanosecond and ultrafast fiber lasers. Representative orders of
average power, peak power and intensity levels are listed.

Application
Average
Power

Pulse
Width

Peak Power
Spatial
Mode

Focused Intensity

Metal cutting (heat) 1 to 100 kW Continuous same as
average MM 1 107 W/cm2 (CW)

Semiconductor
Processing 10 to 1000 W 1 to 100 ns MW (106 W) MM/SM 2 109 W/cm2 (peak)

Glass cutting (cold
ablation) >10 W ≤0.5 ps Hundreds of

MW SM 1013 W/cm2 (peak)

Portable LWFA
(>10 keV electrons) 1 to 10 W ≤1 ps ≥ GW (109 W) SM ≥ 1014 W/cm2 (peak)

1 MM: multi-mode (spatial); 2 SM: single mode.

5. Ultrafast Fiber Lasers and Amplifiers

Ultrafast fiber lasers soon followed the advent of mode-locked femtosecond dye lasers
in 1980s and have seen rapid expansion in R&D and commercialization. As of 2020, there
have been 5000 publications on ultrafast fiber lasers [25].

Having 100 μJ pulse energy with sub-picosecond width delivers hundreds of megawatts
peak power (Table 1 above). Focused pulses have light intensity which corresponds to elec-
tric field strength greater than molecular bonding force. At several hundred femtoseconds,
a laser pulse is shorter than phonon scatter time in solids; thus, there is no heat trans-
ferred from the laser. Such conditions create cold ablation or photoionization [26]. Micro-
machining applications are enabled where hard materials—such as glass or sapphire—can
be cut with superior quality; for example, in fabricating smart-phone screens.

Our application, laser-wake-field acceleration in endoscopic oncology, acquires tens
of keV electron energy from laser pulses at intensity starting from 1014 W/cm2 [7]. This
intensity can be produced by focusing a gigawatt laser (Table 1 above) to a moderate focal
diameter such as 20 μm. We now discuss the technologies leading to gigawatt fiber lasers.

Most ultrafast fiber system (or in general high peak-power lasers) are configured
in a master-oscillator-power-amplifier (MOPA) architecture. An ultrafast fiber oscillator
provides stable seed pulses of femtoseconds or picoseconds. Prior to amplification, the
pulse repetition rate is often reduced. Power amplifier(s) then concentrate laser energy to
the fewer selected pulses and increase peak power by many orders.

5.1. Ultrafast Fiber Laser Oscillator

Nature has offered mechanisms of organizing broad spectral bandwidth in laser media
into ultrashort pulses in time. In the early 1980s, colliding pulse mode-locking was discov-
ered in dye lasers [27,28] using saturable absorbers. The first-ever femtosecond pulses were
generated, opening the ultrafast time scale. Kerr-lens mode-locking in Ti:Sapphire lasers
were later revealed and developed [29]. Around the same time, mode-locked femtosecond
fiber lasers were reported [30]. Mode-lock mechanisms shaping laser light into ultrashort
pulses are based on one type or another of nonlinear optical processes.

Advances in ultrafast fibers are reviewed by a number of excellent papers for exam-
ple [25,31,32]. Many ultrafast fiber oscillators are mode-locked or aided (start action and
stabilization) by saturable absorption and the mechanisms alike. Saturable absorption is a
nonlinear process in which the lower intensity of a pulse’s pedestals or wings is absorbed to
a greater extent than the peak. Repetitive laser action shapes random waveform into pulse
of short duration supported by laser gain bandwidth. Semiconductor, carbon nanotube [33]
and other materials can be made of this function. Semiconductor saturable absorber mirror
(SESAM) [34] is often used in mode-locking ultrafast lasers. Other effective saturable
mechanisms—such as nonlinear polarization evolution (NPE) and nonlinear amplifying
loop mirror (NALM) [30,35]—also function very well.
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Ultrafast fiber lasers also have to deal with large amounts in nonlinearity and group
velocity dispersion (GVD) due to small mode area and long propagation length. These
factors can either benefit pulse shaping or have detrimental effects. Silica fiber has normal
GVD at 1 μm (Yb gain region) and is anomalous at 1.5 μm (Er region). A laser cavity can be
configured in a net dispersion of either way. Soliton lasers take advantage of the soliton
mechanism in balancing self-phase modulation (SPM) and anomalous dispersion [36,37].
Pulse energy in soliton fiber lasers is typically low. In the normal dispersion regime,
similariton is effective in producing higher energy pulses, where the interplay of dispersion,
SPM, and gain renders an input pulse of arbitrary shape evolving asymptotically into
an amplified, linearly chirped pulse. The pulse grows in duration, spectral width, and
peak power in a self-similar manner to that the temporal profile and the chirp rate remains
unchanged [25,38,39]. Chirp can be externally compressed. Additional techniques—such as
spectral filtering and polarization control—can also be useful to assist the mode-locking [40].

Robustness of well-designed femtosecond fiber lasers has been established. For ex-
ample, in the SLAC National Accelerator Laboratory’s Linac Coherent Light Source, the
injector ultrafast laser system has an Yb ultrafast fiber laser as its source. Up-converted UV
pulses from this femtosecond laser system emit photoelectrons in the injector photocathode.
Synchronized electrons are accelerated by the linear accelerator to generate femtosecond
X-rays in the free-electron laser section [41].

5.2. Ultrafast Fiber Amplifiers

Packing a gigawatt laser into a fiber laser system has many challenges. Intensity of
short pulses in fiber is inherently high. Nonlinear (non-recoverable) phase accumulation
can quickly deteriorate the spectral and temporal profiles as the pulse propagates. When
the pulse gains intensity above the material damage threshold, it damages or vaporizes
the fiber.

Two major technologies are the key enablers to overcome the obstacles: chirped-pulse
amplification (CPA) helps to boost amplifier output peak power by 3 to 4 orders, while
large mode area (LMA) fibers increase by another 2 to 3 orders.

5.2.1. Chirped-Pulse Amplification

CPA proceeds in three steps: (1) an ultra-short laser pulse is stretched in time by
several orders of magnitude, so that its peak power is correspondingly reduced, (2) it is
amplified in a laser material without damaging it, (3) it is compressed in time back to its
original duration, resulting in very high peak power [11].

Light amplification by stimulated emission preserves the optical phase. Pulse stretched
into a linear chirp prior to amplifier is a reservable process by the corresponding compres-
sion after amplification.

5.2.2. Large Mode Area Fiber

Increasing the mode-field diameter (MFD) in the amplifying fiber is another key to
mitigate the peak power problem [39,42]. In doing so, single mode must be maintained.
Modal dispersion in multi-mode propagation obliterates temporal profile of the pulses.
Furthermore, the fundamental mode allows diffraction-limited focusing for the targeted
intensity. SM fiber designs with step-index or graded-index profiles are limited due to the
small index contrast and the simple spatial profile. Breakthrough in photonic crystal fibers
(PCF) makes large-mode-area single-mode fiber design possible and enables much higher
peak power in ultrafast fiber amplifiers, in conjunction with CPA.

PCF guiding employs periodic index modulation with air holes to achieve high index
contrast. Preferential design in the cladding discriminates high-order modes allowing
single mode with larger core sizes (see Section 7.1). Commercial PCF fibers with MFD over
30 μm are now available. As evident in Figure 3, fiber amplifier output peak power level
goes hand-in-hand with mode-field area. In the fiber system producing 4 GW, the final
amplifier stage employed a PCF Yb gain fiber with 105 μm MFD [43].
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5.3. Towards Gigawatt

In Figure 3, a survey of high-power ultrafast fiber laser research in last 15 years is
presented. Even with this limited survey we can see the extraordinary advances in laser
peak power from tens or hundreds of megawatts to gigawatts. As remarked earlier, the first
CPA gigawatt system was based on table-top solid-state lasers with free-space optics. Now
gigawatt can be condensed to a fiber laser system. Gigawatt fiber lasers enable compact,
portable LWFA medical applications.

Figure 3. Survey of research work in CPA ultrafast fiber amplifiers from a number of publications in
this limited survey. Triangle data points mark reduced peak power of stretched pulse (stretch ratio up
to 4000) in fiber amplifiers. Blue notations are the resulted output pulse energy and pulse width after
compression and the corresponding output peak power is marked in red. Output peak power up to
4 GW is seen increasing with fiber effective area. The ratio of instantaneous power (stretched) in the
vertical axis over fiber area in horizontal axis is light intensity in fiber. Blue triangle data points are
seen following along the intensity line of 10 GW/cm2, indicative of the limit imposed by nonlinear
phase accumulation as discussed below.

5.3.1. Limitation due to Fiber Nonlinearity

Over the length L in fiber, nonlinear phase ϕnl is accumulated from the small but
existent nonlinearity index n2 (3 × 10−16 m2/W in silica),

ϕnl =
2πn2

λ

P
A

L

where A is effective mode-field-area. P is the peak power of the pulse averaged over the
fiber length, already reduced by the stretch ratio from CPA. L is typically of meters. ϕnl can
be also viewed as proportional to the light intensity P/A in fiber.

As a rule-of-thumb estimate, acceptable ϕnl (or B integral) is about 2π. Above this
level, non-correctable detrimental effects are seen on temporal and spectral quality of
the pulse. This obstacle is seen at lower intensity levels in fiber amplifiers, compared to
solid-state lasers.
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Note that the blue triangle data points in Figure 3 are “pushed” along the intensity line
of 10 GW/cm2, indicative of the limit imposed by nonlinear phase accumulation. Further
increasing the fiber mode area is becoming more difficult. MFD of 100 μm is already
100 times that of the laser wavelength. With large core diameters, single-mode guiding
becomes highly sensitive to fiber bending. In fact, some of the large-core fibers are the
rod-type fibers.

5.3.2. Summary

Gigawatt ultrafast amplifier systems are empowered by the two key technologies:

• CPA reduces P by 3 to 4 orders by stretching the seed pulse prior to amplification.
• Large-mode-area fibers increase mode area A, thus reducing light intensity P/A by

2 to 3 orders.

As efforts continue to drive fiber lasers to higher peak power, coherent combination
of many ultrafast fiber lasers is seen as the next frontier [44,45]. Progresses and highlights
are reported in the next section. The state-of-the-art takes fiber lasers beyond gigawatt and
open a new array of capabilities in bringing on “digital laser” applications.

6. Coherent Beam Combining (CBC) Lasers

Coherent beam combining (CBC) introduces a paradigm shift in laser architecture
offering major opportunities for laser design and consequently for applications. CBC can
be seen as the space domain equivalent to what CPA allows in time domain: spreading
the energy prior to amplification to mitigate limitations such as B integral. CBC consists
indeed in the spatial splitting of an initial laser beam into N small aperture sub-beams
followed by subsequent recombination of the amplified beams. The above-mentioned
limitations (Section 5.3) remain valid at each individual fiber level but are overcome at
a global scale if the N amplifying channels are ultimately successfully coherently com-
bined. Gigawatt ultrafast fiber systems can then be empowered by a third key technology
(from Section 5.3.2):

• CBC improves amplification by a factor η N (η being the combining efficiency).

Figure 4 illustrates Ecole Polytechnique/Thales N = 61 channel XCAN CBC prototype
(with η experimentally ranging from 40% to 50%) [46].

 

Figure 4. XCAN 61 channel CBC laser. The bundle of 61 YB doped 30 μm MFD amplifying fiber
can be seen fluorescing. The fibers are arranged in the laser head in a honeycomb distribution and
subsequently collectively collimated through a lenslet array (far right of the left image). Collective
phase delays recording through interference pattern (right). Adapted from Ref. [47].

XCAN relies on far field CBC (also described as tiled-aperture CBC), a combining
approach inherently limiting the efficiency to η = 65% theoretical value but offering two
experimental key advantages: absence of a final optic dealing with the full combined peak
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and average power (see Figure 5) and near field access to individual control of phase,
amplitude and polarization for digital laser applications [47,48].

Figure 5. Near field/filled-aperture CBC architecture with combining polarizing cubes (left) or diffrac-
tive optical plate (center). Far field/tiled-aperture CBC through a lens as on XCAN setup (right).

Alternative architectures falling into the near field combining category (also described
as filled-aperture CBC) does not face such an efficiency limit with experimental η only
limited by optics quality (generally above 90%). Recently, 81 beams have recently been
combined with a diffractive combiner [49] whereas 16 amplifying channels were combined
with beam splitters [50]. More recently, the same group achieved a similar channel number
coherent addition within a single multicore fiber [51], paving the way for even more
compact (even though the involved fiber was not flexible) laser system. Each core has a
diameter of 19 μm with a pitch of 55 μm between the core centers.

7. Photonic Bandgap Fiber (Hollow-Core Fiber) for Pulse Delivery

Fiber amplifiers capable of producing gigawatt peak power are proven, further en-
hanced by coherent beam combining lasers that push beyond gigawatts and are capable of
shaping user-desired wavefronts. Compact fiber laser sources are here for LWFA medical
applications. In endoscopic applications, laser pulses need to be delivered with flexible
channel to the LWFA cell near the treatment site. We look to the hollow-core fiber technol-
ogy for carrying the intense gigawatt peak-power laser pulses. Light propagation is mostly
in the hollow core made of air. In this way, material damage is avoided; nonlinearity and
dispersion can be drastically reduced.

Hollow-core fiber stems from the advents of photonic crystal fiber (PCF) technology.
PCF technology pushes fiber design well beyond what conventional step-index fibers can
do. It branches into two distinct mechanisms: high-index guiding and low-index guiding.
Large-mode- area fibers enabling ultrafast fiber lasers are based on high-index guiding
PCFs and hollow-core fiber belongs to low-index guiding.

7.1. High-Index Guiding PCFs

Conventional step-index fibers utilize total internal reflection (TIR) to guide light rays,
having higher optical index in the core than in the cladding. This index contrasts (with
converging power) shapes collective wave-guiding by balancing natural light diffraction
in the fiber. Proper single-mode fiber design is to have only the fundamental mode. PCFs
greatly broaden the limited design capabilities with step-index fiber design.

PCFs have a sophisticated microstructure of different refractive indexes [24,52]. They
are typically glass fibers fabricated by pulling from a preform in a furnace—like conven-
tional fibers—and they maintain bending flexibility. The background material is often
undoped silica and low index regions are typically air voids. Air has the lowest optical
index, thus producing very high index contrasts. Stronger guiding results from this modi-
fied total internal reflection (M-TIR) [52]. Locations of air-hole networks can be arranged
according to desired function, such as mode-guiding differentiation, dispersion, and cut-off
wavelength (or the absence of it).

PCFs allow a new range of novel properties. The large-mode-area (LMA) PCF is an
essential element in ultrafast fiber amplifiers for reducing intensity. In a commercial offering
of an Yb-doped fiber, for example, using precise control of airhole diameter and spacing
and induced birefringence yields a single mode polarizing fiber with diffraction-limited
beam quality at 40 μm diameter core size (see Figure 2, the shape on the right).
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Another example of PCF having the opposite function of large-mode-area fibers is
the highly nonlinear fiber for supercontinuum generation. The small-core (1 or 2 μm)
fiber sharply increases the light intensity, and the near-zero-dispersion design allows long
interaction length without dispersing the femtosecond pulses. The resultant supercontin-
uum spans over an octave wide in frequency, allowing f-to-2f interferometry for carrier-
envelop-phase stabilization in the laser oscillator. The accomplished system generates
phase-synchronized frequency comb in high-precision metrology applications [53].

7.2. Hollow-Core Fiber (Low-Index Guiding) for Ultrafast Pulse Delivery

Low-index-guiding PCFs uses photonic bandgap (PBG) effect to guide light. The
guiding mechanism in PBG fiber is fundamentally different from high-index guiding in
M-TIR. The light is typically confined to the empty core such as air while the surrounding
microstructure region as the cladding displays a photonic bandgap [54]. Much like electron
waves in a crystal where a band of electron wavevectors is forbidden, optical waves of
certain wavelengths in the photonic bandgap cannot propagate. Therefore, light is trapped
and propagates only in the hollow core surrounded by the anti-resonant (being reflective)
microstructure. Only the edge of the transverse profile (less than a few percent of the light
power) sees the glass material.

PBG fiber is a new paradigm in fiber design. Nature has existing examples of the PBG
effect; for example, the color of a butterfly is the result of anti-resonant nano-cavities at the
reflecting wavelength. Dispersion of PBG fibers can be tailored as it is mostly determined
by the microstructure. PBG fiber design is sophisticated, which requires full vectorial
calculation from Maxwell Equations. Mechanically PBG fibers are also flexible.

With light being guided in the hollow core of air, vacuum, or gas, the high-intensity
ultrafast laser pulses do not experience nonlinearity (and damage) as in the solid core
fibers—facilitating fiber delivery applications with ultrafast pulses. For example, high-
harmonics generation (UV) from laser pulses can be generated at the end of the delivery
fiber as UV light darkens fiber. Ophthalmology surgery can be performed with the laser
delivered by the hollow-core fiber. This is also what is needed in endoscopic LWFA.

Capabilities of hollow-core fibers are given in a couple of demonstrated results. In
the first result [55], 70 W of average power of picosecond pulses are transmitted over the
hollow-core fibers with only a few percent power loss after 5-10 meters. Diffraction-limited
beams in MFD of 8 μm, 13 μm, and 22 μm fibers are delivered while bending radii are kept
at 8 cm. Another demonstrated result [56] is the hollow-core fiber with a MFD of 40 μm.
It has the capacity to carry 500 fs pulses of 500 μJ energy. This amounts to 1 GW of peak
power. The bending radius of the fiber is about 25 cm. Ultimately, hollow-core fibers are
limited due to damage of the glass structure at the edge of the laser intensity profile.

7.3. Additional Delivery Capability

The limit of hollow-core fiber transmission is affected by damage at the edge of the
intense laser mode profile. To further increase delivery capability, we may anticipate
the coming of a multi-hollow-core fiber. There are multi-core fibers existent today based
on step-index solid materials. This type of design has multiple cores with a common
outer wall, protection coating, enforcement, etc. It has been developed as a compact form
for space-division multiplexing in optical communication to multiply the data-carrying
bandwidth. Similarly, we may boost throughput of laser pulses with multiple hollow cores
in a common fiber structure. Laser channels in the close spatial vicinity help to facilitate
a common focal point with the use of a lenslet array for collimation prior to a common
focusing lens. It is similar to CBC lasers (see Section 6) in spatially combining beams, but
without phase locking. Power addition is not coherent thus intensity distribution varies
from shot-to-shot within the focal boundary. Effectiveness of such a laser field in LWFA
requires further study.
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8. Applying Ultrafast Fiber Technologies to Endoscopic LWFA

One promising avenue of cancer treatment is brachytherapy, in which a source of
radiation is brought inside the body close to the tissues requiring treatment. For endoscopic
and intraoperative brachytherapy at the local treatment site, electron radiation from few
tens to few hundreds of keV can be effective (see brief introductions in see Sections 1 and 6).
Laser intensity for electron acceleration in the high-density LWFA regime for endoscopic ap-
plications needs to be 1014 W/cm2 and higher. In this paper, we have brought forth ultrafast
fiber technologies for this application: ultrafast fiber lasers (single-fiber system or coherent-
beam-combining lasers) which are capable of generating gigawatts and above as the light
source, and hollow-core fibers for delivering these intense laser pulses endoscopically.

Laser pulses are delivered flexibly to the LWFA cell and ready to focus on to the
target material to generate and accelerate electrons. Engineering design must be mindful
of damage in the delivery optics due to the nature of the intense laser pulses. For such
the laser beam after exiting the hollow-core fiber should be expanded to encounter optics
based on solid material. Furthermore, the expanded beam is necessary for the proper beam
size to optimize diffraction-limited focusing to the target. The choice of focusing design
also depends on the Rayleigh range needed for LWFA. At a modest 20 μm focal diameter,
Rayleigh range is about 300 μm for laser wavelength of 1 μm; 1 gigawatt peak power will
yield 3 × 1014 W/cm2, in range for target LWFA laser intensity.

An effective scheme of LWFA utilizing the relatively low laser intensity of 1014 W/cm2

is the plasma beat-wave accelerator (PBWA) [7,57]. The scheme uses two co-propagating
laser pulses with two optical frequencies—ω1 and ω2—and the beat gives a modulated
laser amplitude for the resonant excitation of a plasma wave at ωp = ω1 − ω2 where ωp is
the plasma frequency. The modulated laser intensity profile which is resonant with plasma
wave gives in-phase pondermotive kicks to accelerate the electrons. The advantage of
PBWA is that lower peak power and longer laser pulses from the fiber lasers can be used.
We may choose two common fiber laser wavelengths of 1.03 μm and 1.56 μm respectively
for the two laser frequencies of ω1 and ω2. Reference [7] has more discussion and data
about electron energy spectrum, plasma frequency related to this setup and application.

Since hollow-core fiber is anti-resonant design to specific wavelength (or to the specific
photonic bandgap), a single hollow-core may not support the transmission of both wave-
lengths for the generation of the plasma beat wave. In that case, two hollow-core fibers for
the respective wavelengths can be employed and are brought together at a common focus
for the PBWA.

9. Summary

The ultrafast fiber lasers discussed in this paper may be used or combined into a
system of fiber lasers, together with hollow-core fiber delivery as a converged technology
to be applied in the use of high-density LWFA and its applications to endoscopic cancer
therapy. Ultrafast fiber laser technology of today is capable of generating gigawatt peak-
power for the compact LWFA and is further enhanced by coherent-beam-combining of
multiple fiber lasers. Hollow-core fibers make it possible to flexibly deliver the intense
pulses that conventional fibers cannot. These technologies pave the way in realizing the
potential of compact and practical laser wake-field applications to oncology.
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Abstract: The thin-film post-compression technique has the ability to reduce the pulse duration in
PW-class lasers, increasing the peak power. Here, the nonlinear response of an increasingly available
optical thermoplastic demonstrates enhanced spectral broadening, with corresponding shorter pulse
duration compared to fused silica glass. The thermoplastic can be used close to its damage threshold
when refreshed using a roller mechanism, and the total amount of material can be varied by folding
the film. As a proof-of-principle demonstration scalable to 10-PW, a roller mechanism capable of up
to 6 passes through a sub-millimeter thermoplastic film is used in vacuum to produce two-fold post-
compression of the pulse. The compact design makes it an ideal method to further boost ultrahigh
laser pulse intensities with benefits to many areas, including driving high energy acceleration.

Keywords: pulse compression; ultrashort lasers; ultrafast nonlinear optics; high power lasers

1. Introduction

High power laser facilities produce energies of tens to hundreds of Joules contained
within pulse durations of tens of femtoseconds (10−15 s) thus reaching the class of Petawatt
(PW: 1015 W). PW-class laser systems based on Chirped Pulse Amplification (CPA) [1] and
Optical Parametric Chirped Pulse Amplification (OPCPA) [2] technologies are becoming
more and more common all over the world. These laser facilities, such as LASERIX [3],
HPLS at ELI-NP [4,5], CETAL-PW [6], Apollon [7,8], BELLA [9], CoReLS [10], SULF [11], etc.
are operating at various repetition rates and reaching ever-increasing peak intensities. Such
systems deliver laser pulses with duration in the range of 25 fs at a central wavelength of
λo ∼ 800 nm, corresponding to ∼10 optical cycles for the single-cycle period of To ∼ 2.5 fs.

Post-compressing these pulses while preserving their energy, economically increases
the achievable peak intensity of the pulse for experiments that use extreme fields. In ad-
dition, reducing the number of optical cycles in the pulse helps in the elimination of
cycle-averaging in the investigation of physical processes that occur at this timescale, such
as X-ray generation [12–15] and ion acceleration [16,17]. Studies predict achieving high
energy, single or few-cycle laser pulses leads to improved conversion efficiency in these
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laser-driven processes, in addition to boosting the intensity. These gains open a path
for ascending toward Exawatt (EW) class lasers with benefits for the next stage of high
field scientific investigation of processes such as QED studies, as drivers for particle ac-
celeration, in relativistic compression to attosecond pulses, and X-ray crystal wakefield
accelerators [18,19].

The post-compression of TW scale (1012 W) table-top mJ laser systems with Gaussian
beam profiles is already a mature technique applied in many laboratories around the
world [20] relying on designs involving gas-filled, hollow-core capillaries [21,22], multiple
plate post-compression [23], or multipass Harriott cells [24,25]. These current compression
techniques prove difficult to apply to Joule-level lasers, primarily due to the high intensity
creating unstable plasma effects within the nonlinear materials at the focus of the beam.
However, during the beam transport in PW-class, short pulse laser systems, the beam
propagates at sufficient intensities to drive nonlinear processes in the near field that modify
the initial pulse spectrum if the pulse is transmitted through a material. If the material
thickness is properly controlled across the flat-top mode of the large aperture beam of
high energy laser systems, the nonlinear optical processes can lead to significant spectral
broadening while avoiding significant degradation of the profile. Several methods of
employing a thin nonlinear element for pulse compression have been suggested [26].

Here, the emphasis is placed on self-phase modulation (SPM) within a thin (sub-
millimeter) film, where the broadening of the spectrum is proportional to the nonlinear re-
sponse due to the time-dependent change in intensity. The subsequent broadened, but chirped,
pulse spectrum requires correction of the second order phase, or Group Delay Dispersion
(GDD), due to the SPM process as well as the material dispersion in order to attain the
new transform limited pulse duration [27]. This is typically managed by balancing the
number of reflections from negative-dispersion mirrors, often referred to as chirped mirrors,
along with any subsequent transmission through optical materials contributing additional
positive dispersion, as shown in Figure 1. This configuration is referred to as a Thin Film
Compressor (TFC), or the Compression AFter Compressor Approach (CAFCA) [28–30]. The
primary impact on pulse energy due to the TFC is incurred by reflection losses at the thin
film surfaces, typically no more than 5%. Minimizing these losses implies an efficiency of
the pulse compression process that permits implementation of one or more TFC assemblies
to extend the capability of existing laser infrastructures toward their fundamental limit of a
single optical cycle.

Studies of high energy pulse post-compression has considered the nonlinear interac-
tion with thin wafers made of crystal [31], glass [32,33], or plastic [29,34]. To date, the most
powerful implementations employ glass plates and have shown the capability of producing
with 14 J, 22 fs pulses spectra supporting sub-10 fs [35], compression of a 3.24 J pulse from
24 to 13 fs [36], compression of a 17 J pulse from 70 to 17 fs [37], an 18 J pulse compressed
from 64 to 11 fs [38], and compression to sub-10 fs of a 2.5 J, 23 fs pulse [39]. Despite the
many demonstrations using glasses, these plates often show thickness variations due to the
manufacture process that cannot be polished over large apertures. The implementation
with polymers is expected to prove more economical in producing the uniformity over
the large film areas required to accommodate the beam sizes (often ∼0.5 m) of multi-PW
laser systems.

In this paper, a novel plastic film, specifically cyclic olefin polymer (COP, brandname
ZeonorFilm™) is first tested [40]. COP is used in the economical production of optical
components such as lenses, but its nonlinear response is not widely reported.
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x
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(a)

(b)

SPM DM

Figure 1. The conceptual steps from initial to post-compressed pulse of the TFC technique are shown
in (a) that correspond to the laboratory configuration in (b). Relying on the uniform intensity profile
of the beam, the femtosecond pulse passes through enough thin film material to induce sufficient SPM.
The resultant chirped pulse achieves the optimized duration by the dispersion management (DM),
which includes fixed negative GDD elements (i.e., chirped mirrors) balanced with the GDD of any
additional optical elements (e.g., thin plates, turning mirrors, off-axis paraboloid or debris shield).

New classes of thin, high-quality optical films are becoming available on the market,
intended primarily for new screen technologies in the electronics industry. The index of
refraction n for COP is 1.53; its GDD value is 70.219 fs2/mm at 800 nm. COP is known to be
resistant to changes in its birefringence under stress; this offers an ideal alternative to plastic
materials such as PMMA whose birefringence is known to vary with tension. This type of
optical film is chosen also because it can be attained in rolls of a format (100(l)× 1(w) m2

of 100–180 μm thick films) that economically accommodates the large beam sizes of 0.5 m
diameter expected for 10 PW laser systems. The rolls can be sliced to appropriate widths
for the beam diameter during the manufacturing process. The principle is to employ a
roller mechanism which allows continual replacement of the material if it should degrade.
Such a design is shown in Figure 1 where the thin film is held in a roller assembly that folds
the long film to pass several times in the beam, so that the beam transits sufficient material
for the desired spectral modification. By using a series of 100 μm thick films rather than a
single bulk substrate, the amount of material interacting with the pulse can be optimized
to the minimal required at the given initial pulse intensity and minimizes contributions to
the B-integral and dispersion from excess material.

In this paper, the nonlinear properties of thin COP sample are measured to compare
its effectiveness as an SPM material relative to typical fused silica wafers. A small-scale
prototype of a Film Roller Mechanism (FRM) has been built, and experimental results
using the TFC technique and the FRM within a vacuum environment are presented from
measurements performed at the LASERIX laser platform [41] using a COP sample, and a
45 fs pulse with variable energy up to 500 mJ within an 18 mm diameter beam. The resulting
pulse duration reduction is compared to simulations. Because the FRM prototype design
is intended to be scaled to multi-centimeter beam sizes typical at Petawatt laser facilities,
the requirements for TFC to be performed at the multi-PW level are presented based on the
measured nonlinear properties of COP.

2. Experiment Setup

Figure 2 shows perspective views of the FRM, panel (a), and the layout of the configu-
ration used in the experiment, panel (b).

The pulse interacts with the target film within a vacuum chamber immediately follow-
ing the laser compressor. A variable attenuator (VA) consisting of a waveplate/polarizer
combination is placed before the compressor in order to vary the energy of the pulse inci-
dent on the thin film. The FRM holding the COP film is placed in the experimental vacuum
chamber immediately after the compressor. After interacting with the film, the pulse is
attenuated by partial reflection (PR1) from two uncoated fused silica mirror substrates for
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an expected reflectivity of 8% each. This attenuation prevents further SPM or damage to
subsequent optics during the propagation of the pulse to the diagnostics bench, outside the
vacuum chamber. The vacuum window is 5.1 mm thick and made of MgF2 to minimize the
additional dispersion introduced by traversing this optical component to +100 fs2. A beam-
splitter (PR2) transmits 2% of the beam energy towards a lens of focal length f = 300 mm
used for the imaging diagnostics (IM box) of the near and far fields (NF and FF, respectively)
thus allowing for qualitative monitoring of the collimated and focused beam mode profiles.
PR2 has a reflectivity of 98%, so that 0.6% of the original interaction energy is directed
through the dispersion management (DM box) toward the pulse diagnostics (DG box).
The DM begins with an adjustable aperture that reduces the beam diameter to the input
size of the pulse diagnostics (≤5 mm), and permits, by a slight variation in the angle of
incidence on the first mirror, to vary the number of passes through a pair of chirped mirrors
to provide 2, 4, or 6 bounces (typically 4 bounces). The chirped mirrors (CM; Ultrafast
Innovations, HD58) provide a GDD of −250 fs2 per bounce. As the CM overcompensate the
initial pulse chirp, combinations of glass windows (W) made of fused silica or magnesium
fluoride are inserted within the beam for control of the final measured pulse duration. Two
temporal diagnostics (Light Conversion TIPA Single-shot Autocorrelator—AC; FastLite
WIZZLER—WZ) record the pulse duration in parallel in order to verify the accuracy of the
measurement. The WIZZLER is capable of retrieving the spectral phase of the pulse, which
allows for the optimization in the final pulse compression. A fiber spectrometer (SP; Ocean
Optics USB2000) also records the spectrum of the pulse for comparison with that recovered
from the other diagnostics.

 

Laser Grating 
Compressor

FILM

PR1PR1

 NF

DM

 FF

PR2

SP

WZ AC

VA BS

W

IM

DG

CM

W

(b)

(a)

Figure 2. Perspective views and in situ photograph of the FRM prototype are shown in (a). The layout
of the experiment as described in the text is pictured in (b).

In addition to the investigation performed with 0.1 mm thick COP film in the roller
mechanism, measurements with a single fused silica window (University Wafers) of 0.5 mm
thickness and 50 mm diameter act as a reference measurement for comparison to a material
with known value of the nonlinear component of the refractive index n2. The fused silica
plate is mounted under vacuum at the same location as the FRM prototype, with sufficient
translation for the samples to be moved in and out of the beam path without breaking
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vacuum. The COP films are mounted near to Brewster’s angle with respect to the incoming
beam, resulting in an effective thickness of 0.69 mm for a 6-pass configuration.

3. Results

3.1. Nonlinear Material Response

The nonlinear intensity-dependence of the refraction index of materials n(t) = no +
n2 · I(x, t) depends on the time-dependent pulse intensity I and gives rise to SPM as it
propagates over an interaction length Δz within a material due to the rapid change in the
pulse intensity over the pulse duration. In the case of a flat-top beam profile, where the
spatial variation in the pulse intensity is minimized, the induced spectral shift δωrel relative
to the fundamental frequency ωo is expected to be uniform across the pulse profile and is
derived from the definition of the instantaneous angular frequency, ω(t) = ωo + δωrel(t).
The spectral shift is thus expected to be proportional to ∂I

∂t by the definition of ω(t) = dφ
dt ,

where φ = ωot − kz for the wave vector k = ko n(t), or

δωrel(t) = ω(t)− ω0 =
dφ

dt
− ω0 = k0n2

dI(t)
dt

Δz . (1)

As the intensity of the pulse retains a Gaussian temporal envelope, the time variation
of the pulse intensity profile is expected to vary as dI(t)

dt ∼ Io/τp, where the peak intensity is
estimated by the input pulse energy Ep, pulse duration τp and the effective area of the pulse
Ap by the relation Io ∝ Ep/(τp · Ap) [42]. An estimate to the extent of the bandwidth after
spectral broadening can then be estimated from Equation (1) in terms of readily measured
beam quantities,

δωrel = k0n2z
dI(t)

dt

∣∣∣∣
max

∝
k0n2

τ2
p Ap

(Ep · Δz) . (2)

The COP response is investigated, keeping the amount of film constant at six passes
and varying the pulse energy in order to see the response to the changing laser intensity.
For each energy value, several shots (from five to ten) are performed. The pulse spectral
amplitude (red) and phase (green) as measured with the WIZZLER are presented in
Figure 3a as a function of the input energy. When available, the reference spectrum is
superimposed in gray color. The latter was measured with the FRM removed from the
beam line; only two energy points (Ep = 78.7 mJ and Ep = 157.9 mJ) are available,
with pulse energy values similar to the ones used with COP films. The phases for the
reference spectra are flat as the compressor was adjusted during the experiment to deliver
the optimized pulse duration.

The curves correspond to the mean values of the respective laser shots. The shaded
band indicates the uncertainty estimated as half of the maximum deviation between
the measurements.

The pulse bandwidth and duration values are given in Table 1 as function of the
input energy Ep. For each shot measurement, the pulse bandwidth is calculated as the
RMS of spectrum Δνσ. For each energy point, the mean value is then calculated, and its
uncertainty estimated as half of the maximum deviation. A Gaussian fit is superimposed
on the reconstructed pulse duration, and the extracted FWHM along with its fit uncertainty
is used to estimate the pulse duration τp. The pulse parameters are also presented as a
function of the scaling variable ξ ≡ Ep · Δz, Δz being the target thickness in millimeters.
The expected increase (decrease) is seen in the trend for the bandwidth (pulse duration) as
a function of increasing input pulse energy with a fixed amount of material.
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Figure 3. The measured spectra and phase response of the pulse passing through six layers of COP
film are shown in (a). The pulse energy increases from top left to bottom right, corresponding to
35 mJ, 76 mJ, 116 mJ and 158 mJ, respectively. Superimposed in gray are the original spectra measured
with no material present. In (b), the spectra and phase measured using a fused silica (FS) plate are
shown. The measured response of the COP film is compared with FS in (c). The induced bandwidth
(δωrel) relative to the original reference bandwidth Δωo of the input pulse is shown vs. the parameter
ξ. A linear regression performed on the two data-sets is superimposed on the measurements (solid
line), as well as the results obtained from simulations (dashed lines).

Table 1. Measured pulse parameters for reference pulse with no film installed (NA), 6× COP with
total effective thickness of 0.69 mm, and fused silica (FS) wafers.

Film Ep [mJ] ξ [J·mm] Δνσ [±0.4, THz] ΔλFWHM [±2, nm] τp [fs]

NA all – 4.1 21 45.5

COP 35 0.025 4.6 24 43.3
COP 76 0.054 5.9 30 32.6
COP 116 0.081 7.2 37 29.4
COP 158 0.112 9.2 47 23.4

FS 143 0.071 4.9 25 39.8
FS 182 0.091 5.4 28 36.3
FS 240 0.120 5.9 30 31.9
FS 296 0.148 6.4 33 29.0

The resulting pulse duration of 23 fs is half the original pulse duration of 45 fs in the
highest energy case, with little adverse modification in the beam.

In order to better simulate the SPM response for the COP material, it is necessary to ex-
tract the nonlinear response n2 of the material from the data, as there is limited information
provided for this material within the femtosecond regime around 800 nm in the literature at
this time. In considering the extent of the bandwidth shift after spectral broadening (δωrel),
Equation (2) gives the expected response. The majority of these parameters ( f (ko, τp, Ap))
depend on the laser conditions and remain constant throughout the experiment, except for
the varied input pulse energy Ep and the interaction distance Δz due to the thickness
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of the material. This simplifies the multivariate dependence on spectral broadening of
Equation (1) by studying the spectral broadening as a function of the variable ξ = Ep · Δz,

δωrel ∝
k0

τ2
p Ap

· n2 · (Ep · z) ≡ CL · n2 · ξ . (3)

From the simplified Equation (3), a linear dependence of the shift of the frequency
relative to ξ is expected from the assumed approximation. The slope can be separated into
two factors, the material-dependant n2 and the constant factor CL that depends on the laser
pulse geometry, m = CL · n2. This demonstrates that the spectral broadening measured for
a specific material should fit a straight line with respect to the variable ξ. The slope m of the
linear regression to the data is thus proportional to the n2 for a given material. The unknown
parameter n2 of COP can be then estimated by comparing the extracted fit slope m of COP
response to that of the well known material Fused Silica (FS), mCOP/mFS = nCOP

2 /nFS
2 . The

spectrum and phase were thus measured using a single 0.5 mm thick fused silica plate at
normal incidence; two example spectra are shown in Figure 3b for different values of pulse
energy, and the measured parameters are also presented in Table 1.

The relative maximum spectral shift due to SPM (δωrel) is approximated from the
experiment by subtracting the initial reference bandwidth (Δωo) from the bandwidth
measured after SPM (Δωspm): δωrel ∼ Δωspm − Δωo. The comparison of measured relative
spectral shift for six passes of COP at a thickness of 0.1 mm (6× COP) with a Fused
Silica plate at normal incidence is presented in Figure 3c. The response of the COP film
is significantly larger than the fused silica. A linear regression is performed on the two
data-sets and superimposed to the measurements as black lines in Figure 3c. The ratio of the
slopes extracted from the linear fits of the COP to fused silica data (mCOP/mFS = 2.3 ± 0.1)
gives access to nCOP

2 using the known value for fused silica, nFS
2 = 2.4× 10−4 cm2/TW. [43]

Therefore, the value n2 for COP at 800 nm can be estimated to be nCOP
2 = (2.3 ± 0.2) nFS

2 ,

nCOP
2 = (5.5 ± 0.6)× 10−20 m2/W .

The simplified estimate used for the relative spectral broadening is a linear function of
ξ and is shown in Figure 3c by the solid black lines with the extracted slope to not fit the
data well. The estimated value of nCOP

2 is then used in the simulations based on the Python
nonlinear optics package pyNLO [44], and overlaid on the experimental data in Figure 3c
as dashed lines. The simulation is able to better demonstrate the observed behavior by
using the respective values for n2 and taking into account the reflection loss at each surface
due to the angle of incidence (θi) with each film. The transmission for a surface is calculated
using the typical Fresnel equations for p-polarized light

(
T(θi) = 1 − Rp(θi)

)
. The first five

COP films were measured with θi = 50o (T = 0.99/surface) while due to space constraints
the final film was reduced so that θi = 23o (T = 0.93/surface). The entire stack of six films
should then result in a total transmission, Ttot = (0.99)10 × (0.93)2 = 0.78. In general, each
film has a total transmission of 98% and if the final film had been at a similar θi then the
Ttot = (0.99)12 = 0.89 for the series of six films. For the single FS film at normal incidence,
the Ttot = 0.96.

3.2. Beam Profile

With the camera monitoring the near-field to detect damage in the thin film, the ability
to characterize the development of the multi-filamentation process due to modulation
instabilities (MI) in the beam must be considered. In the modulation instability gain theory
based on steady-state waves, the characteristic size, d, should rise exponentially during
propagation until reaching the exit of the material, or the laser-induced damage threshold
(LIDT) of the material. When the peak power of the pulse exceeds the critical power
Pcr = 3.79λ2

0/(8πn0n2) (∼1.2 MW for COP at 810 nm), intense pulses with super-gaussian
modes are susceptible to multi-filamentation through the modulation instability initiated
by noise in the beam profile [45,46]. The characteristic size for maximum MI gain is given

25



Photonics 2022, 9, 715

by the parameter d ≈
(

2πPcr
Io

)1/2
which in the case of COP at Io ≈ 1.4 × 1012 W/cm2 gives

an approximate feature size of d ≈ 23 μm [47], which is smaller than the near-field system
is capable of resolving (46 μm with two pixels). The profile imaging will need to be further
developed to better capture the crucial feature sizes relative to the earliest stages of damage.
In Figure 4a, the discrete change in material with additional passes of the film ranges from
a reference with no film, a single 0.1 mm thick film, 4× 0.1 mm thick films, and 6× 0.1 mm
thick films are compared showing the increasing development in the modulation noise with
increasing material interaction. If the beam modulations reached the point that material
damage or discoloration occurred, it appeared in the final pass of the film so that partial
shifts of the material are sufficient to refresh the film. Improved optimization in the number
of passes, i.e., five, could also maximize the spectral broadening while minimizing any
degradation in the spatial mode.

(a)                                                            (b)                 (c)
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Figure 4. Beam profile with COP film. In (a) central line outs from near field images are compared
with increasing number of film passes from bottom to top: reference beam (no film); a single 0.1 mm
film (showing hard cut in beam due to mounting); 4× 0.1 mm; and 6× 0.1 mm, respectively. The input
energy is kept at 160 mJ. In (b) the REF focus is shown without a film in place while (c) shows the
focus after the 1× COP [0.1 mm] film is placed in the beam. In (d), the comparison with/ without the
film in place of the horizontal line out is shown while (e) compares the same along the vertical axis.

Because the multipass spectral study was performed with a lower optical quality
grade of COP, the focus from the single high quality COP film is also considered in order to
demonstrate the effect on the beam’s focusability. Typical focus images with no film (Ref)
and with a single film (COP ×1) are shown in (b) and (c) of Figure 4, respectively. The line
outs comparing the horizontal and vertical directions are given in (d) and (e) of Figure 4.
The focus is not optimized even before the film is introduced, but there is no significant
change in the structure of the focus with the inclusion of the film. The details of the profiles
should be clarified by further studies implementing a deformable mirror for an improved
initial focus, higher quality optical films, and an intentional imaging assembly for spatial
characterization of the beam with better resolution.

4. Discussion

The results of these studies, measuring the compression from 45 fs down to 23 fs at a
pulse fluence similar to the PW lasers at ELI-NP, point to achieving compression by at least
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a factor of two for high peak power pulses containing Joules of energy. This will extend
the capabilities of this new generation of high energy laser technology by compressing
the current pulses of 25 fs by a similar factor [48]. The scalability of the COP film up to
an aperture of 1 m makes this material suitable for implementation at normal incidence,
or even Brewster’s angle, for the large beam apertures of 10 PW-class systems, e.g., the
55 cm beam diameter at the HPLS 10 PW output. The simulations of the resulting increase
in bandwidth for a 25 fs pulse at appropriate fluences for the 10 PW HPLS laser facility of
ELI-NP are presented in Figure 5. As the pulse begins at 25 fs rather than the 45 fs of these
experiments at LASERIX, less material is required. The simulation indicates that passing
once or twice through films of thickness of 0.10 mm or 0.18 mm (labelled in the figure as
COP 0.10 mm, COP 0.18 mm, COP 2× 0.10 mm, COP 2× 0.18 mm, respectively) is expected
to achieve a significant spectral broadening, even enough to support a sub-10 fs pulse.

Figure 5. Simulated response of the COP film obtained from a 1-D simulation in PyNLO for initial
pulse duration of 25 fs. The induced increase in bandwidth (Δω) relative to the original reference
bandwidth Δω0 of the input pulse is shown relative to pulse fluence for examples of a single film and
two films. The shaded region highlights the values that correspond to the relevant pulse fluences of
80–100 mJ/cm2. The points correspond to bandwidths supporting ftl pulse durations of 17.75 (•),
12.75 (◦), 12.0 (�), 8.25 (�) fs.

As an example of an optimized design for a COP compressor, a pulse of 25 fs interacting
with two passes of a 0.18 mm thick film of COP at Brewster’s angle produces a bandwidth
that supports a pulse of duration below 9 fs with a small compensation of only −70 fs2

in GDD. This value reduces the challenges for the chirped mirror production, and also
suggests the possibility to replace them with more conventional broadband mirrors with
negative residual GDD. Another possibility is to use a second thin plate with thickness
on the order of the wavelength in reflection [48]. Because the design consists of only two
passes, the total transmission is expected to be Ttot = (0.99)4 = 0.96. Such implementations
would enable pulses with peak power in excess of 20 PW.

5. Conclusions

Optical-grade extruded thermoplastic films, such as COP, demonstrate great promise
for nonlinear manipulation of high energy beams of large diameter aperture. The polymer
shows greater uniformity in thickness for the cost than many glasses, or other rigid materi-
als, at these dimensions. In addition, the larger n2 value of the COP film concentrates the
nonlinear B-integral contribution to the film rather than any additional elements made of
glasses, e.g., debris shield, or thin plates for fine tuning the GDD with positive dispersion.
Rolls of the film can be mounted using an FRM device for long-term use in the case when
eventual degradation requires the material to be refreshed. An up-scaled version of the
set-up can be demonstrated with existing technology and, in combination with adequate,
less constrained dispersion management, it can provide practical access to pulses with
peak power in excess of 20 PW. This is an efficient alternative, alongside the nonlinear
amplification [49] and coherent combination methods, to generate Exawatt class lasers. The
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compact design makes it an ideal method to further boost ultrahigh laser pulse intensities
for driving high energy acceleration.
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Abstract: Laser plasma acceleration has made remarkable progress in the last few decades, but it
also faces many challenges. Although the high gradient is a great potential advantage, the beam
quality of the laser accelerator has a certain gap, or it is different from that of traditional accelerators.
Therefore, it is important to explore and utilize its own features. In this article, some recent research
progress on laser proton acceleration and its irradiation application, which was carried out on the
compact laser plasma accelerator (CLAPA) platform at Peking University, have been introduced.
By combining a TW laser accelerator and a monoenergetic beamline, proton beams with energies
of less than 10 MeV, an energy spread of less than 1%, and with several to tens of pC charge, have
been stably produced and transported in CLAPA. The beamline is an object–image point analyzing
system, which ensures the transmission efficiency and the energy selection accuracy for proton beams
with large initial divergence angle and energy spread. A spread-out Bragg peak (SOBP) is produced
with high precision beam control, which preliminarily proved the feasibility of the laser accelerator
for radiotherapy. Some application experiments based on laser-accelerated proton beams have also
been carried out, such as proton radiograph, preparation of graphene on SiC, ultra-high dose FLASH
radiation of cancer cells, and ion-beam trace probes for plasma diagnosis. The above applications take
advantage of the unique characteristics of laser-driven protons, such as a micron scale point source,
an ultra-short pulse duration, a wide energy spectrum, etc. A new laser-driven proton therapy facility
(CLAPA II) is being designed and is under construction at Peking University. The 100 MeV proton
beams will be produced via laser–plasma interaction by using a 2-PW laser, which may promote the
real-world applications of laser accelerators in malignant tumor treatment soon.

Keywords: laser plasma acceleration; beamline; plasma lens; FLASH-radiotherapy; ion irradiation

1. Introduction

A particle accelerator is a device that uses the electromagnetic field to accelerate
charged particles to a high energy, which is one of the most important scientific tools to
study basic nuclear physics and to explore the deep structure of space and time. In the
meantime, the accelerators also play an important role in promoting social development
and improving the quality of people’s lives. More than 30 thousand accelerators are in
operation around the world in the field of medicine (oncology therapy and radioisotope
production), national defense, and industrial production (ion implanters). However, due
to the restriction of the vacuum breakdown threshold, the acceleration gradient of the
conventional accelerators is limited to 100 MV/m. The huge volume and the expensive
construction costs have become the bottleneck of the accelerators to higher energy develop-
ment. Therefore, the new principle of acceleration with lasers, which was first proposed by
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Tajima and Dawson in 1979, has been extensively studied during the last few decades in
order to offer an alternative [1].

With the continuous development of high-power laser technology [2,3], the intensity of
a focused laser pulse can exceed the relativistic optics regime, and even reach 1022 W/cm2.
When such an ultra-intense laser pulse interacts with plasma of different parameters, it can
either excite the wakefield [4] (accelerating electrons) or the electrostatic sheath field [5]
(accelerating ions) at a micron scale, and the acceleration gradient is as high as GV/m to
TV/m. Laser plasma acceleration is expected to achieve the miniaturization of accelerators
due to the acceleration gradient that exceeds that of the conventional accelerators by three
orders of magnitude, and has attracted extensive attention. Up to now, the 8 GeV [6] quasi
mono-energetic electron beam and the proton beam with the highest energy of nearly
100 MeV [7] have been successfully demonstrated using laser–plasma acceleration. At
present, laser-accelerated protons have initially been applied in the fields of biomedicine,
material science, high-energy-density physics, and so on [8]. With the development of high-
repetition-rate Petawatt (PW) laser technology [9], we can now envision a new generation
of accelerators with many applications [10,11], especially for cancer therapy [12–14], in the
near future.

It should be noted that, compared with electron acceleration, it is more challenging
for laser ion acceleration to reach a high beam quality, due to the quick diffusion of hot
electrons, which work as the energy transfer medium between the lasers and the ions [15,16],
as well as the variety of instabilities during the laser–solid target interaction process [17,18].
Except for the maximum energy of the accelerated ions, the major issues are the emittance,
the energy spread, the charge, and especially the reliability-availability-maintainability-
inspectability (RAMI), which are necessary conditions to raise the laser “acceleration”
to “accelerator” for applications. Irradiation research based on this new type of proton
beam is also challenging and innovative; on one hand, it is necessary to optimize the
beam transmission and control; on the other hand, it is also necessary to explore new
irradiation phenomena and to expand the application fields. Here, we introduce some
research progresses on laser proton acceleration and its irradiation application at Peking
University. Most of the work below was carried out on the compact laser plasma accelerator
(CLAPA) platform.

2. Experimental Demonstration of a Laser Proton Accelerator with Accurate Beam
Control through Image-Relaying Transport

A compact laser plasma accelerator (CLAPA) that can stably produce and transport
protons with different energies of less than 10 MeV, an energy spread of less than 1%,
and with several to tens of pC charge, has been demonstrated [19]. The high-current
proton beam with a continuous energy spectrum and a large divergence angle [20,21] is
generated by using a high-contrast laser and micron thickness solid targets, which is later
collected, analyzed, and refocused by an image-relaying beamline by using a combination
of quadrupole and bending electromagnets [22,23]. It eliminates the inherent defects of the
laser-driven beams, realizes the precise manipulation of the proton beams with reliability,
and takes the first step towards applications of this new generation of accelerators.

In the experiment, a p-polarized laser pulse with 1.8 J of energy and 30 fs duration
was focused onto a 1.2 μm thickness plastic target by using a f/3.5 off-axis parabola at an
incident angle of 30 degrees with respect to the target’s normal direction. The on-target
intensity was 8 × 1019 W/cm2. The laser contrast was 10−10 at 40 ps before the main
pulse, which was achieved by using a cross-polarized wave generation (XPW). The high
energy protons were mainly generated by the target normal sheath acceleration (TNSA)
mechanism [15,24]. In the TNSA, the hot electrons are driven out of the solid density target
due to the ponderomotive force of the laser, forming a sheath field with a gradient of up to
TV/m. The ions (mainly protons with the highest charge-to-mass ratio) on the surfaces of
the target are accelerated accordingly to high energy within tens of micrometers. Due to
the ultra-short transient acceleration process, the proton beam has the characteristics of a
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high short pulse duration (ps-ns), a high peak current, a large divergence angle (tens of
degrees), and an exponential decay energy spectrum.

A Thomson spectrometer was placed 14 cm behind the target in order to measure the
energy spectrum of the protons. One typical energy spectrum is shown by the black curve
in Figure 1a. During the beamline experiment, this Thomson spectrometer was replaced
by a quadrupole triplet lens. Then, an insertable radiochromic film (RCF) stack that was
positioned 4 cm behind the target was used to measure the original spatial and energy
distribution of the protons [25]. After the ionizing radiation, the active material inside
of the RCF undergoes polymerization and changes its color from transparent to opaque,
with the degree of color conversion that is proportional to the absorbed dose. Figure 1b
shows the typical images of one RCF stack, where three types of RCFs (HD-V2, MD-V3,
and EBT-3) were superimposed. The corresponding energy spectrum that was extracted
from the RCF stack is shown in Figure 1a (pink dots), which is quite consistent with the
Thomson spectrometer measurement.

Figure 1. (a) The typical energy spectrum measured by the Thomson spectrometer (black curve) and
the RCF stack (pink dots) based on a 1.2 μm plastic target. (b) Images in one RCF stack, where three
types of RCFs (HD-V2, MD-V3, and EBT-3) were used.

After detecting the characteristics of the laser-driven proton beams, a magnet lattice
consisting of quadruple and bending electromagnets was specially designed, as shown in
Figure 2. The protons are first collected and focused by a quadrupole triplet lens that was
placed 19 cm behind the target with a collection angle of ±50 mrad [26], then analyzed by a
45◦ sector magnet, and finally refocused by a quadrupole doublet lens onto the irradiation
platform. The beamline incorporated three beam profile detectors (the first two using
scintillators and the third using micro-channel plate (MCP)), which were located near the
focal plane of the triplet lens as BPD#1, the image point of the sector magnet as BPD #2,
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and at the irradiation point as BPD#3, respectively. The flexibility of the electromagnets
between the slits and the BPDs is crucial in order to enable effective beam diagnostics
without impacting the applications.

 

Figure 2. Layout of the acceleration chamber and beamline for CLAPA. The proton beam is accelerated
by using a high-contrast laser and micro-thickness foil; it is then focused by a quadrupole triplet lens,
analyzed by a bending electromagnet, and refocused by a quadrupole doublet lens with selected
energy onto the irradiation platform. The inserted graph (A) Experimental result of the 5 MeV proton
beam profile at BPD#1 after focusing by the triplet lens. (B) Experimental (left) and simulated (right)
spatial distributions of the protons at BPD#2. The red dots in the simulated result, from right to left,
represent the protons with energy deviated −2%, −1%, −0.5%, 0%, 0.5%, 1%, and 2% from 5 MeV,
respectively. (C) Proton beam distribution at BPD#3, with a 5 MeV central energy and 1% energy
spread. (D) Energy spectra of protons at different positions along the beamline. The black solid curve
is the original exponentially declining energy spectrum (based on the RCF data shown in Figure 1).
The black dashed curve is the actual spectrum entering the beamline within an acceptance angle
of ±50 mrad. The green, red, and blue curves are the simulated spectra at the three beam position
detectors BPD#1, BPD#2, BPD#3, respectively. The initial beam with a very broad energy spectrum is
gradually confined to a 1% energy spread.

Figure 2A shows the experimental result of the proton beam profile on BPD#1 after it
was focused by the triplet lens. The focused central energy was set at 5 MeV. The slit#1 was
put at the object point of the bending magnet, which could partially screen the unwanted
energies, leading to about ±10% energy spread of the beam within a 3 cm2 transverse
area. The beam spot distribution that is shown here has a cross shape with a blurred
boundary, due to the chromatic aberration and the large acceptance angle of the initial
beam. Following this, a 45◦ sector magnet was used to select the proton energy, under
which the protons from the same object point with the same energy and different angular
divergence converge to the same image point at the x axis, while the protons with different
energies are separated in the x direction. This object-to-image point transport system can
remove the influences of a large divergence angle and a large energy chirp of the initial
protons at the image point. Figure 2B shows the simulated (right) and the experimental (left)
spatial distributions of the proton beam at BPD#2. They both show a bow tie profile with
5 MeV protons at the knot, which indicates that the chromatic aberration in the y direction,
and those with energies that deviated from 5 MeV, were dispersed aside. By controlling
the opening width of slit#2, which was installed at the image point of the sector magnet,
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the energy spread of the protons could be precisely controlled. In the end, a quadrupole
doublet lens was used to focus the mono-energetic protons to the irradiation point with
a desired spot size. Figure 2C shows the experimental spatial distributions of the proton
beam at BPD#3 (5 MeV and ±1% energy spread). The final focused beam profile could be
adjusted as required, for the quadruple doublet lens had the advantage of controlling the
envelopes independently in the x and y directions.

The energy spectrum evolution of the proton beam through the beamline is presented
in Figure 2D, which demonstrates how the initial broadband beam energy was gradually
confined to ±1% energy spread after each electromagnet. The black curve is the original
energy spectrum that was deconvolved from the RCF data that is shown in Figure 1b. The
black dashed curve is the energy spectrum entering the beamline that takes the ±50 mrad
acceptance angle into account. The green, red, and blue curves are the simulated spectra
at BPD#1, BPD#2, and BPD#3, respectively. In the experiment, by varying the width of
slit#2 from 3 to 54 mm, the corresponding energy spread was increased from ±0.5 to ±4%,
and the final charge was tuned correspondingly. The beam transmission efficiency has
been reduced to less than 30% since the first triplet lens. Combined with the subsequent
energy selection, the overall beam loss rate was higher than 95%, which is a great waste of
energy. Therefore, the subsequent design of the beamline with achromatic ability is very
critical. The proton source can also be modified from the beginning of the acceleration.
Apart from TNSA which has a better stability, other acceleration mechanisms, such as
radiation pressure acceleration (RPA) [27,28] or guided post-acceleration [29,30], should
also be adopted, to modulate the proton energy spectrum being more concentrated in the
aimed energy.

3. Emittance Measurement along Transport Beamline for Laser-Driven Protons

The particle emittance quantifies the ability to focus and transport a beam and is one
of the most important parameters for a beamline [31]. The laser–plasma accelerated proton
beam has been characterized by a micron scale point source and a small emittance of less
than 0.004 mm mrad [32], indicating that it should be easier to focus and transmit compared
to that of the conventional accelerators. However, due to the broad energy spread and
the large divergence, its initial ultralow emittance will increase rapidly in the subsequent
transmission process. We have systematically measured the emittance of a proton beam
that was produced by ultra-intense laser irradiation on a micron-thick flat solid target along
the CLAPA transport beamline [33]. An over 3-fold emittance growth was found for the
5 MeV laser-driven protons with an energy spread of ±2% and a divergence of ±20 mrad
after being transported 5.9 m in the experiment.

The emittance measurement experiment setup is shown in Figure 3. The laser pulse
was focused by an F3.5 OAP onto 5-micron-thick plastic foils at 30◦ with respect to the
target’s normal direction. The originally accelerated TNSA proton beams had exponential
decaying energy distribution with a cutoff energy of around 6.5 MeV and a divergence of
hundreds of mrad. The protons were first focused by a quadrupole triplet electromagnet
with an entrance at 14 cm behind the target, and then the energy that was dispersed
by a 45◦ dipole magnet that was placed 1.2 m behind the triplet. Only those protons
with a divergence that was smaller than ±20 mrad (corresponding to rms divergence of
about 8.2 mrad) were input into the beamline in the emittance measurement experiment
in order to avoid the effect of non-linearity in the applied forces of the magnets on the
result. The following three methods were employed: (a) pepper-pot right after the target,
(b) a quadrupole scan technique using the magnet triplet, and (c) single-shot emittance
measurement with the dipole magnet.
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Figure 3. Setup of the emittance measurement experiment on the CLAPA beamline. Protons are
accelerated along the z direction, focused by the electromagnetic quadrupole triplet lens, in which
Q1 and Q3 focus in the x direction and Q2 focuses in the y direction, and are dispersed by the
dipole magnet in the x direction. The following three methods were employed for the emittance
measurement [33]: (a) pepper-pot; (b) quadrupole scan technique; and (c) single-shot emittance
measurement after the dipole.

Figure 4 summarizes the emittance measurements for the 5 MeV laser-accelerated
proton beam, which was measured at three different positions with the above three
methods. The solid curves are the evolution of the emittance, as simulated with the
program CST, in which protons with a source size of 50 μm, an energy spread of ±2%,
and a divergence of ± 20 mrad were simulated, corresponding to an original emittance
εn,tr,rms ≈ εn,rms = 0.02 mm mrad. Here, εn,tr,rms is the normalized root mean square (rms)
emittance that was derived in the trace space (x; x′) and εn,rms is the rms emittance that was
derived in the phase space (x; px) [31]. There is clear growth in εn,rms, both inside of the
triplet and in the drift space, which matches the simulation well. The symbols with error
bars are the experiment result. We have shown that the initial extremely small emittance
at the source point (less than 0.004 mm mrad, as measured by Cowan [32]) increases by
more than one order of magnitude after a few centimeters of propagation and remains
between 0.04 mm mrad and 0.10 m mrad for the subsequent transport. This conclusion is
suitable for the measured protons with ±2% energy spread and ±20 mrad angle in order
to meet with the paraxial condition, which means that for the design of a monoenergetic
beamline, the laser accelerator can be regarded as the same as the conventional accelerator.
However, in order to fully use the laser-accelerated protons, an achromatic beamline with
a large acceptance angle is recommended. In this condition, the emittance will increase
significantly under the double effects of energy chromatic aberrations and the nonlinear
edge field of the magnet components, bringing great challenge to the beamline design.
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Figure 4. Emittance values from simulations and experiments. The solid lines are the emittance
evolution during transport in simulations. The points with error bars are experimental results.

4. Production of the Spread-Out Bragg Peak (SOBP) by a Tailored Energy Deposition

Compact and low-cost proton radiotherapy is one important application that is ex-
pected to be implemented by the laser accelerator. In proton radiotherapy, the parameters
of a continuous incident proton beam must be adjusted according to the requirements of the
treatment plan, so that the irradiated dose accurately covers the whole three-dimensional
volume of a tumor tissue. In other words, the narrow Bragg peak of the monoenergetic
protons has to be broadened to the spread-out Bragg peak (SOBP) by combining separate
shots at different energies. The SOBP is one of the key technologies of radiotherapy, and
it requires high-precision beam control of energy, energy spread, energy spectrum, beam
source position, beam spot size, and uniformity, which is a challenge, especially for a
laser accelerator.

We have tested this ability by accumulating 203 shots of laser-driven protons with
central energies of 3.45 MeV (two shots), 3.66 MeV (four shots), 3.88 MeV (six shots),
4.11 MeV (15 shots), 4.36 MeV (30 shots), 4.62 MeV (146 shots), and an energy spread of
± 3%, then, the total energy range was from 3.35 to 4.76 MeV [34]. We used the CLAPA
beamline to select the proton beams from the initial exponentially decaying energy spectra
(the dashed black line in Figure 5b) and accumulated them into an ascending energy
spectrum (the red curve in Figure 5b), so as to obtain the tailored energy deposition that is
required for the SOBP at the irradiation platform.

A stack of three layers of HD-V2 RCFs was used to record the three-dimensional dose
distributions. A 30 μm thick aluminum foil was put in front of the lower half of the first
RCF, so that the corresponding Bragg peak energy in each RCF-sensitive layer (the lower
part) was shifted. We can see that the dose distributions at different depths of energy
deposition are nearly radially symmetric, as shown in Figure 5a. Using a ± 3% energy
spread increases the utilization of the proton beams and maintains a radially symmetric
proton distribution. It is important to note that the carbon and oxygen ions with the same
beam rigidity q2 × E/A were inevitably transported with the same transverse envelope,
with the protons in the beamline being composed of only magnetic field components. The
penetration depth of the heavy ions was much smaller than that of the protons at the same
energy, hence, they could be easily blocked by a thin foil. In Figure 5a, the upper half of the
first RCF acts as a shield for these heavy ions, which caused excessive dosage.
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Figure 5. Production of a spread-out Bragg peak with accumulated proton shots at different energies.
(a) Dose distributions at different depths recorded on the RCF stack. The depth shift of the Bragg peak,
due to the aluminum foil, is converted to an equivalent depth for the RCF film. (b) The black dashed
curve is the original exponentially decaying energy spectrum measured directly behind the foil target
in the acceleration chamber. The red curve is the total spectrum of proton beams accumulated to form
the SOBP on the irradiation platform. (c) Comparison of the experimental results with a simulated
depth profile. The black curve is the accumulated dose distributions of all 203 shots of protons, as
simulated using SRIM. The red, green, and blue dots represent the average doses within a 1, 2, and
3 mm radius of the beam center, respectively, at the different depths obtained in the experiment. The
black dashed curve represents the expected dose profile if we were to use the exponentially decaying
energy spectrum directly. The dose coordinate of the black dashed curve is magnified for ease of
comparison, while the shape of the curve is not changed.

Figure 5c shows the calculated dose distribution (the black solid curve) at different
depths and the experimental average doses within 1 mm (the red diamond), 2 mm (the
green triangle), and 3 mm (the blue triangle) radius of the beam spots. The results show a
good fit to the expected depth profile, demonstrating that it is possible to produce a SOBP
with a laser accelerator. The black dashed curve in Figure 5c shows the expected dose
curve if we were to use the original exponentially decaying spectrum directly (the dashed
curve in Figure 5a), for comparison. Hence, tailoring the number of shots for different
central energies changes the final dose depth profile, and enables an initially exponentially
decaying spectrum in order to satisfy the requirements of the SOBP. The result also shows
the potential feasibility of future irradiation based on laser-accelerated proton beams.

5. The Beamline Design for CLAPA II

5.1. Achromatic Beamline Design for CLAPA II

A new petawatt laser-driven proton therapy facility (CLAPA II) is being designed
and constructed by Peking University. In the CLAPA platform that has been introduced
above, the proton beams are generated mainly in the TNSA regime in a relatively low laser
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intensity, and the micrometer thickness targets are used to maintain stable operation. In
the new therapy facility, light pressure acceleration (RPA) [27,28], the coherent acceleration
of ions by laser (CAIL) [35,36] mechanisms, or in combination with a critical density
plasma [37–40], will be dominant, in order to improve the acceleration efficiency. This is
because under the RPA mechanism, the energy of the proton beam is directly proportional
to the laser intensity [41–44], while it is proportional to the half power of the laser intensity
in the TNSA mechanism [15,45]. Therefore, as the laser power increases to the PW level,
the RPA will demonstrate greater advantages in obtaining higher proton energy. There
is an optimal matching parameter between the target and the laser, which is expressed
as a0 ∼ n0d

ncλ , where a0 is the normalized amplitude that is related to the laser intensity

by a0 = 0.85
(

Iλ2
μm

1018 W/cm2

)1/2
, nc = 1.1 × 1021cm−3λ−2

μm is the critical density, d and n0 are

the target thickness and density, respectively. It should be noted that the optimal solid
target thickness for a PW laser intensity is still in the nanometer scale, which requires
both a high contrast and a steep rising edge of the laser pulse. In CLAPA II, the protons
will be produced by using a 2-PW laser to reach the proton energies exceeding 100 MeV.
We hope that the construction of this facility will promote the real-world applications of
laser accelerators.

The CLAPA II beam transmission system is designed for a 100 MeV proton beam
that is produced by PW laser acceleration, and its feasibility is tested through theoretical
simulations [46]. It is designed with two transport lines in order to provide both horizontal
and vertical irradiation modes, as demonstrated in Figure 6. The length and the bending
angle of the horizontal beamline are 12.96 m and 90◦, respectively, and for the vertical
beamline these values are 22.56 m and 270◦, respectively. Compared to the original CLAPA
beamline, the new design includes magnets with multiple functions and has several notable
advantages, including an improved acceptance angle, achromatic ability, and a better spot
uniformity. A locally-achromatic design method with new canted-cosine-theta (CCT)
magnets [47] has been used to mitigate the negative effects of the large energy spread that
is produced by laser acceleration, and to reduce the overall weight of the vertical beamline.
The beamline contains a complete energy selection system, which can reduce the energy
spread of the laser-accelerated beam enough to meet the application requirements. The
users can select the proton beam energy within the range of 40–100 MeV, which is then
transmitted through the rest of the beamline. A beam spot with a diameter of less than
15 mm and an energy spread of less than 5% can be provided at the horizontal and vertical
irradiation targets. Each bending element of the beamline is locally achromatic, which
allows us to significantly limit the envelope growth of the beam, due to dispersion. The
use of CCT magnet technology in the vertical beamline can provide design experience for
follow-up work with a superconducting gantry. CLAPA II and the beamline is expected to
be operational in the Beijing Laser Accelerator Innovation Center (BLAIC) in 2024.

5.2. Designing of Active Plasma Lens for CLAPA II

Compared with the traditional beam, the laser-accelerated beam has several different
properties. Therefore, in addition to catching up with the parameters and the technologies
of the traditional beam, we must also explore new methods for laser-beam transmission
and application. The plasma medium has high energy storage and regulation capabilities,
which can support extremely high electromagnetic fields, making it a potential candidate
for a suitable beam transmission element.

Capillary plasma has been used for both electron wakefield acceleration [48] and as a
beam transport component [49]. In a gas-filled capillary discharges device, a current pulse
is passed through a channel with an inner diameter of a few hundred microns and a scaling
length of several, or even tens of, centimeters, which is prefilled with gas at a pressure of
tens to hundreds of millibar. The current pulse has a peak of a few hundred amperes and
a duration of the order of hundreds of nanoseconds. According to the Ampère law, an
azimuthal magnetic field with a gradient of up to kT/m is generated, which provides the
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symmetric focusing of the particles that are comoving with the current. This current-based
magnetic lens is also called the active plasma lens (APL) [50–52]. We have theoretically
studied the feasibility of using a discharged-capillary-based high-gradient APL to focus
the laser-accelerated pulsed proton beams, as shown in Figure 7 [53]. Several fundamental
restrictions have been set in order to avoid the plasma affecting the beam quality, including
the energy loss, the magnetic skin depth, the z-pinch effect, and the wakefield-induced
collective effect. We have specified the equations of the motion of the proton beams in both
straight and curved discharge-capillary APLs, on which the regulation law of a specific
APL focusing and tuning protons can be calculated. The results show that the APL, whose
parameters can be adjusted flexibly, is suitable for focusing and transporting the proton
beams with an energy of 1–100 MeV.

Figure 6. Layout of CLAPA II and its transport system. The overall layout of the beam transport
system is in the red dotted box. The different sections of the beam transport system are circled by
dashed lines of different colors.

Figure 7. Schematic concept of a proton beam focusing on propagating in a straight (a) and a curved
(b) APL.
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This study confirms that the APL has a one order of magnitude higher magnetic field
gradient, a shorter scale focal length, and a weaker energy dependence, compared with
solenoids and quadrupoles. The hundred-of-ns discharge is suitable for laser-accelerated
proton beams with an ultra-short pulse duration. The APL has the ability to tightly focus the
protons to a micrometer transverse size spot with good tunability. It can also be used as a
windowless vacuum sealing device with heat and radiation damage resistance, simplifying
the structure of the irradiation platform [54]. By combining the plasma acceleration with
the APL, we can not only complete the miniaturization of the laser–plasma accelerator,
but also improve the efficiency of the beam transmission and utilization. Such a compact
tabletop laser accelerator can have a significant impact on various areas, such as accelerator
physics [55], inertial fusion science [56], astrophysics [57], and proton oncology [58].

6. Application of Laser Proton Acceleration

6.1. Laser-Accelerated Proton Radiography of Biological Samples

Compared with attenuation-based X-ray radiography, proton radiography has advan-
tages in fine density resolution and the imaging of biological samples [59–62]. We have
studied contact imaging based on MeV energy laser-accelerated protons irradiating on ant
samples [63]. The sample was placed 4 cm behind the target and was sandwiched between
a 70 μm-thick Al foil (which was used to shield the transmitted laser, the target debris,
and the low energy ions) and an RCF stack (one HD-V2 RCF and one EBT3 RCF). The
energies of the protons that were detected by the active layers were 2.9 and 5.6 MeV for
the HD-V2 RCF and the EBT3 RCF, respectively. Since the sample was attached to the RCF
stack, the distance between the object and the detector was ~0, and the magnification of the
system was ~1. The contact imaging setup was configured to reduce the blurring caused
by multiple Coulomb scattering and to increase the spatial resolution.

Figure 8 shows the images of the ant that were recorded on (a) the HD-V2 RCF and
(b) the EBT3 RCF, where the dark areas are irradiated by the proton spots. The small
graphs that are inserted into the lower right corner are the entirety of the radiography
images. Since the ants block a part of the low-energy protons, their shapes and their internal
structures are imprinted by the color changing on the background of the proton beam spots.
In the magnified images of the center big ant, both the external structure and the internal
organs can be distinguished with a micrometer spatial resolution. Comparing Figure 8a,b,
we find that the protons of different energies can clearly distinguish the different structures
of the ants. For example, the antennae of the ant (marked by the solid red line in the figure)
can be better distinguished on the HD-V2 RCF with the 2.9 MeV protons, while the tibia of
the ant (marked by the red dashed line) is much clearer on the EBT3 RCF with the 5.6 MeV
protons. It provides a feasible method that uses the laser-accelerated proton beam with a
broad energy spectrum to analyze the structure of different depths inside the irradiated
object by one single shot.

6.2. Laser-Accelerated Ultra-High Dose Rate FLASH Radiation of Normal Cells and Tumor-Cells

The ultra-high dose rate FLASH-radiotherapy (FLASH-RT) has attracted wide atten-
tion in recent years [64]. It greatly protects normal tissues from damage, while effectively
killing tumor tissues, which is suggested to be related to oxygen depletion. Due to ultra-
short pulse duration, laser-accelerated protons have natural advantages in FLASH-RT,
which has gradually become a hot research topic [58,65,66]. However, the detailed cell
death profile and the pathways thereof are still unclear.

Normal mouse embryonic fibroblast cells were FLASH irradiated (~109 Gy/s) at a
dose of ~10–40 Gy in hypoxic and normoxic conditions, with ultra-fast laser-generated
particles that were generated on CLAPA [67,68]. The experiment setup is shown in Figure 9.
The laser was focused onto a 100 nm plastic target using an F/2.5 OAP. The laser energy
that was on target was ~1 J and the peak intensity was 5.6 × 1019 W/cm2. The ion energy
spectra were measured with a Thomson parabola spectrometer (TPS) along the direction
that was normal to the back surface of the target. The cells irradiation system was plugged
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in after the ion energy spectra were measured (Figure 9A). The ion beams entered the cells’
radiation system through a vacuum window and irradiated normally upon the cells. The
vacuum window was composed of an aluminum film for light-shielding and a Kapton film
for vacuum sealing. The monolayer cells that were cultured on a Mylar film were mounted
on a stainless steel cell-culture cylinder, which faced toward the inner space of the cylinder,
as shown in Figure 9B,C. Another Mylar film was taped onto the other side of the holder
in order to seal the cylinder, avoiding the contamination and dryout of the cells during
irradiation. Each cell sample was irradiated by a single shot.

Figure 8. Proton radiography images of an ant on the (a) HD-V2 and (b) EBT3 RCF. The small images
inserted in the lower right corners of (a,b) show the complete images of the proton radiography of
ants with a proton energy of 2.9 and 5.6 MeV, respectively. The part marked by the solid red line is
the antennae, and the part marked by the red dashed line is the tibia.

 
Figure 9. Experimental setup for FLASH irradiation. (A) Schematic drawing of the experimental
setup. (B,C) Side view of the cell-culture cylinder. The cells were cultured on the 3.5 μm Mylar film
adhered to inner side of the cylinder.

While the cells’ irradiation system was plugged in, customized EBT3 films for dose
verification were placed directly behind the sealing Mylar film. The deposited dose in the
cell was calculated by the Monte-Carlo code FLUKA, with the measured energy spectra of
the protons and the measured dose in the EBT3 films. The laser acceleration was completed
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within 1 ps. Considering the broadening of the beam duration due to the difference in the
flying speed of the protons, the duration of the proton pulse that was delivered to the cell
plane was ∼10 ns, corresponding to the dose rate in the order of 109 Gy/s.

We revealed early apoptosis, late apoptosis, and necrosis induced by FLASH irradi-
ation in both cyt c+/+ and cyt c−/− mouse embryonic fibroblast cells. The apoptosis
proportion of the cyt c+/+ cell was significantly lower in hypoxia than that in normoxia,
indicating the increased resistance of the normal fibroblast cell after FLASH irradiation
in hypoxia. The late apoptosis and necrosis proportion of the irradiated cyt c−/− was
significantly lower in both hypoxia and normoxia compared to the irradiated normal
cyt c+/+ cells, indicating that mitochondrial dysfunction enhanced the radio-resistance of
the mouse embryonic fibroblast cells after FLASH irradiation.

We also studied the killing effect of ultra-high dose rate FLASH-IR on MCF-7 and its
cancer stem cell (CSC) [67]. The ratio of apoptosis, pyroptosis, and necrosis was determined
at 6, 12, and 24 h after irradiation. At the same time, we also labeled the lysosomes and
detected autophagy in the cells. The results showed that the apoptosis of the irradiated
CSCs was significantly lower than that of MCF-7, and the pyroptosis and the necrosis of the
irradiated CSCs were also slightly lower than that of MCF-7. In addition, the response of
the CSC to irradiation was slower. These results suggested the radio-resistance of the CSCs
under FLASH-IR. By detecting cells’ autophagy, as well as the lysosomes, after irradiation,
we found that the lysosomes and the autophagy in the CSCs were much higher (Figure 10),
suggesting that CSCs may enhance their radio-resistance by increasing lysosome-mediated
autophagy and decreasing apoptosis after FLASH-IR.

Figure 10. Detection of autophagy and lysosomes in the irradiated MCF-7 cells and MCF-7 CSCs.
(A) Compared with the control, the increase in the autophagy proportion of the irradiated group.
(B) Compared with the control, the increase in lysosomes of the irradiated group. All results are
expressed as means ± SD, Student’s t-test or one-way ANOVA are used for analyzing significance
between the controls and the experimental groups, where p < 0.05 was marked as *. (C,D) Represen-
tative images of irradiated MCF-7 cells and MCF-7 CSCs stained with MDC autophagy detection
kit and lysoTracker Red DND-99. The blue is the nucleus, the red is the lysosome, and the green is
labeled autophagy.
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6.3. Preparation of Graphene on SiC by Laser-Accelerated Pulsed Ion Beams

The proton beam that is driven by the ultra-intense laser has an ultra-short pulse
duration of picoseconds to nanoseconds. When such a proton beam irradiates a sample, the
rapid energy deposition will instantaneously heat the sample to a high temperature, which
will lead to significant changes in the physical and chemical properties of the material.
For example, if the irradiation distance is in the order of hundred microns, the sample
temperature can reach up to eV and change to a warm, dense matter state [69,70]. When
the irradiation distance is in the order of cm or mm, the temperature of the sample will
also rise rapidly, until it reaches the melting point or the boiling point of the material.
Therefore, it is possible to carry out material irradiation application research, such as testing
the radiation resistance of materials under extreme conditions [71–73], or to realize the
ultra-fast synthesis of some new materials [74,75].

We have carried out an application experiment using laser-accelerated ion beams
to prepare graphene, utilizing the extremely high beam current [76]. Graphene that is
grown on the surface of silicon carbide can be directly made into semiconductor devices,
avoiding the damage that is caused by the transfer from other substrates, which leads
to the decline of the electrical properties of graphene. The incident ions can break the
Carbon-silicon chemical bond on the surface. In the process of high temperature annealing,
silicon atoms sublimate before carbon atoms and desorb from the surface, and the enriched
carbon atoms on the surface will recombine to form the graphene films. We first combined
the laser-accelerated ion beam and graphene growth as demonstrated in Figure 11. After
the ion irradiation, the SiC samples were annealed in a graphite enclosure at a pressure of
10−3 Pa, where the samples were heated to 1100 ◦C for 60 min. Finally, they were slowly
cooled down to room temperature. Due to the closed environment of the graphite boat,
the sublimation of the silicon atoms during the annealing process was reduced. The excess
carbon atoms self-assembled into graphene on the SiC surface, as shown in Figure 11c.

Figure 11. (a) Schematic diagram of the experiment setup. (b) The laser-accelerated proton beam en-
ergy spectrum measured with the RCF stack detector. (c) Schematic diagram of graphene preparation
after laser-accelerated ion beam irradiation and annealing.
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Raman spectroscopy was used to characterize the properties of the graphene, and the
results are shown in Figure 12. The D peak (~1350 cm−1) presents a disordered vibration.
The characteristic G peak (~1580 cm−1) of the sp2 hybridized carbon atom is caused by the
in-plane vibration of the carbon atoms. The 2D peak (~2700 cm−1) was used to characterize
the stacking mode of the carbon atoms. Figure 12a shows the pristine and annealed Raman
spectra of one SiC sample after it was irradiated with 10 shots at a radiation distance of
4 cm. The red and pink curves are the spectra before the irradiation and the other curves in
the upper part are the spectra after irradiation. Figure 12c is the optical microscope image of
the sample. As can be seen, (1) without ion irradiation, no graphene is synthesized; (2) the
graphene only formed in the dark areas of Figure 12c (which corresponds to the curve of
the 10-shots-D (L)); (3) in the other, brighter areas, there was no formation of graphene
(which corresponds to the curve of the 10-shots-A (L)). This indicates that graphene was
only synthesized after being irradiated by laser-accelerated ion beams and annealed in the
subsequent process. The Raman spectra of the sample, after it was irradiated by 190 shots
of the laser-accelerated ion, are shown in Figure 12b. The difference from 10-shots is that
the connected D and G peaks representing the amorphous carbon peaks appeared right
after the 190 shots (the blue line in Figure 12b), which indicates that there are already
independent carbons on the surface of the SiC after high dose irradiation. The black and
green lines correspond to the light and dark areas in Figure 12d. It can be concluded that,
as the dose of irradiation increased, the area where graphene was synthesized changed
from a local black spot to the entire plane.

Figure 12. (a) Raman spectra of pristine, annealed, 10-pulse irradiated (10-shots), and 10-pulse
irradiated with annealed (10-shots-A) samples. (b) Raman spectra of 190 pulses irradiated (190-shots)
and 190 pulses irradiated with annealed (190-shots-A) SiC samples. The D and L correspond to the
dark and light areas in (c,d), respectively. Optical microscope images of samples (c) 10-shots-A and
(d) 190-shots-A, respectively. Raman mapping images.
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We carried out a control experiment using the continuous mono-energy protons from
a traditional accelerator with the same beam fluence. We found that no graphene was
generated under this condition. Although the laser-accelerated ion beams maintained a
small radiation dose, the thermal effect that was caused by the continuous small interval
bombardment of the instantaneous pulse beam caused more serious damage to the sample
surface than the traditional ion accelerator. Apart from this, in consideration of the thermal
effect that was caused by the large instantaneous beam current, the self-annealing had
a certain effect on the graphene under a closer irradiation distance, as demonstrated in
Figure 13a. We shortened the irradiation distance to 1 cm. Figure 13b is the Raman spectrum
of the sample that was measured after it was irradiated by 100-shots. Graphene of a high
quality was synthesized without annealing, and the very small D peak showed the high
quality of that graphene dot.

Figure 13. (a) Schematic diagram of self-annealing graphene prepared by the thermal effect of laser-
accelerated ion beam irradiation at a closer irradiation distance (d ≤ 1 cm). (b) Raman spectrum of
1 cm-100-shot SiC sample with self-annealing (baseline drift corrected).

6.4. Laser-Accelerated Ion-Beam Trace Probe (LITP) for Measuring the Electromagnetic Fields in a
Magnetic Confinement Fusion Device

When an ion enters into a magnetic confinement fusion device, for example, a tokamak,
its orbit will be changed by the electromagnetic field. Based on that, a new method
was proposed to diagnose the profiles of both the poloidal magnetic field (B]ρ) and the
radial electric field (Er), which consists of a laser ion beam (LIB) and a detector with high
temporal and spatial resolution, and was named as Laser-accelerated Ion-beam Trace Probe
(LITP) [77]. The principle of the LITP is shown in Figure 14. The broad energy spread and
the large divergence of the LIB makes its traces almost cover the whole core plasma area,
which gives the LITP more capabilities, such as obtaining the 2D Bp profile or the 1D profile
of both the poloidal and the radial magnetic fields at the same time [77,78], as well as the
2D electron density profile [79]. Furthermore, the LITP can be used in superconductive
tokamaks, such as EAST, KSTAR, ITER, etc., because only a small window is needed to
inject a laser pulse. By improving the nonlinear reconstruction method, the LITP could
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be applied not only in tokamak devices, but also in other toroidal devices, such as the
spherical tokamak [80], reversal field pinch (RFP), etc.

Figure 14. A diagram to show the concept of LITP. The traces of ions with different energy are shown
as the red lines, and the blue line shows the ion positions on the detector.

As a new diagnostic method of the core electromagnetic field, the LITP is expected
to realize the first application of the advanced laser accelerator in magnetic confinement
fusion. We have designed and verified the feasibility of the LITP ion detection through
systemic experiments [81]. A CsI(Tl) scintillator that was coupled with an imaging system
that was composed of an optical lens and an optical fiber array for LITP was designed
and tested on the HL-2A tokamak device in the Southwestern Institute of Physics. The
scintillator detector was set at 100 mm to the edge of the plasma and the temperature at its
location was about 110 ◦C–340 ◦C. The detector was sent into the plasma region using a
long-range stepper motor translation linear stage. The signal light from the scintillator was
transported by a well-shielded image system and recorded with an ultrafast CCD. The CsI
scintillator was not damaged by the harsh environment after being placed in the tokamak
for three days, and the real background noise that was caused by the hot plasma electrons
and the radiation was measured. We found that the background noise was completely
suppressed when using an ultrafast camera and a microsecond shutter. The black curve
in Figure 15, which is the intensity of the background signal caused by soft X-rays in the
HL-2A tokamak, decreases rapidly (from 1000 to 10) as the shutter time decreases (from
10 ms to 0.1 ms). The corresponding CCD images at the exposure times of A (10 ms),
B (1 ms), and C (0.1 ms) are illustrated below. When the exposure time was shorter than
0.2 ms, the background signal was reduced to the same level as the dark noise of the CCD.

The change in the proton beam signal with the CCD shutter time was also detected on
CLAPA. The 45 TW laser-accelerated protons with a central energy of 1 MeV were collected
by the magnet triplet and transported onto the CsI scintillator. The signal that was detected
by the ultrafast CCD with different exposure times of D (9.9 ms), E (99 μs), and F (2 μs) is
shown as the blue line in Figure 15. With the shortening of the exposure time, there was no
significant change in the signal intensity on the scintillator for the laser-accelerated protons.
At the exposure time of 1 ms, the proton signal intensity was already more than one order
of magnitude of the background intensity in HL-2a. Based on the result above, only the
dark noise of the detection instrument needs to be considered in the LITP experiment.
These calibrations and tests verified the feasibility of the LITP.
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Figure 15. The black points are the intensity of the background signal in the HL-2A tokamak versus
the exposure time, the corresponding CCD images at the exposure times of (A) 10 ms, (B) 1 ms, and
(C) 0:1 ms. The background signal is mainly soft X-ray in the tokamak device that was caused by the
bremsstrahlung of electrons. When the exposure time is shorter than 0.2 ms, the background signal is
reduced to the same level as the dark noise of the CCD. The blue points are the result of the proton
signal intensity detected by the ultrafast CCD with different exposure times of (D) 9 ms, (E) 99 μs,
and (F) 2 μs on CLAPA. At the exposure time of 1 ms, the proton signal intensity is already more than
one order of magnitude of the background intensity.

7. Summary

Due to the ultra-high acceleration gradient, laser-driven proton acceleration has at-
tracted the attention of scientists in many fields. This paper has introduced the recent
progress of laser proton acceleration and its application at Peking University, mainly in
the last five years. The compact laser plasma accelerator (CLAPA) was established in 2018,
and it can stably produce and transport proton beams with energies of less than 10 MeV,
an energy spread of less than 1%, and several to tens of pC charge. The CLAPA beamline
is an object-image point analyzing system that ensures the transmission efficiency and
the energy selection accuracy for proton beams with a large initial divergence angle and
energy spread. Based on CLAPA, we have developed a variety of beam regulation methods
and have systematically measured the emittance of laser-accelerated proton beams for the
first time. A spread-out Bragg peak (SOBP) has been produced with high-precision beam
control, which is essential for cancer therapy. Some application experiments that are based
on laser-accelerated proton beams have also been carried out, such as proton radiographs,
ion-beam trace probes for plasma diagnosis, the preparation of graphene on SiC, ultra-high
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dose FLASH radiation of cancer cells, and so on. The above applications utilize the unique
characteristics of laser-accelerated protons, even though some of the characteristics are
considered to be shortcomings (e.g., wide energy spread). It indicates that it is important to
find suitable application fields and methods for this new accelerator and beam. CLAPA
II, which is a 100 MeV proton beam accelerator that is based on a 2-PW laser, as well as a
prototype of tumor radiotherapy, is under construction. CLAPA II will greatly improve
the performance of laser accelerators and may promote the real-world application of laser
accelerators, especially in malignant tumor radiotherapy.
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Abstract: The classical theory of single-electron dynamics in focused laser pulses is the foundation of
both the relativistic ponderomotive force (RPF), which underlies models of laser-collective-plasma
dynamics, and the discovery of novel strong-field radiation dynamics. Despite this bedrock impor-
tance, consensus eludes the community as to whether acceleration of single electrons in vacuum has
been observed in experimental conditions. We analyze an early experiment on the RPF with respect
to several features that were neglected in modeling and that can restore consistency between theory
predictions and experimental data. The right or wrong pulse profile function, laser parameters, or
initial electron distribution can each make or break the agreement between predictions and data. The
laser phase at which the electron’s interaction with the pulse begins has a large effect, explaining why
much larger energies are achieved by electrons liberated in the focal region by photoionization from
high-Z atoms and by electrons ejected from a plasma mirror. Finally, we compute the difference in a
typical electron spectrum arising from fluctuating focal spot size in state-of-the-art ultra-relativistic
laser facilities. Our results emphasize the importance of thoroughly characterizing laser parameters in
order to achieve quantitatively accurate predictions and the precision required for discovery science.

Keywords: vacuum laser acceleration; ponderomotive force

1. Introduction

High-intensity laser experiments are entering a new stage of research [1], attempting
discovery science goals [2–4], and developing more consistent outcomes in order to support
medical and industrial applications [5]. Both basic research and application development re-
quire robust and quantitative predictions, but cutting edge high-intensity laser experiments
often move faster than accurate predictions and simulations.

To demonstrate, we examine theory and experiment on a basic process, single-electron
acceleration by lasers in vacuum. The theory is relatively simple for experiments with (peak)
intensities up to I � 1020 W/cm2 [6–13], because single-particle dynamics are accurately
described by the Lorentz force. Classical radiation reaction and high-energy photon emission
remain small for fields of these magnitudes, unless the electrons are counterpropagating
to the laser with E � 1 GeV [14]. The physics of single-electron-laser scattering is essen-
tial to many discovery goals, from theories of strong-field ionization [7–10] to strong-field
corrections to particle dynamics from quantum electrodynamics [15,16] and radiation reac-
tion [3,4]. Additionally, the relativistic ponderomotive force (RPF) should be valid around
I 
 1020 W/cm2 [17], and therefore relevant to explaining electron acceleration in vacuum.
The RPF underlies models of laser acceleration in more general plasma conditions [18–25].

Despite this key role, an early experiment [6] raised questions how the experimental data
could be consistent with the theory of single-electron motion in a laser field [17,26]. While
these questions have been revisited in the intervening years and the original experiment
may no longer be considered sound, its analysis provides a good example of what is needed
in relating theory derivation to experimental reality.
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To this end, we discuss four experimental inputs that are often not well-known and
their effect on the predictions of the theory of single-particle acceleration by laser fields: tem-
poral pulse profile, phase of injection, initial momentum, and shot-to-shot variations in the
laser. These four features do not exhaust the possible differences between the experiment
and the theoretical models, but they suggest additional experimental measurements that
become necessary to enhance confidence in the interpretation of the experiment outcome.

This work is thus a demonstration and call for the recent and coming laser-plasma
experiments, in which the ultra-high intensity and beam geometry greatly increase the
difficulty in measurements at ultra-high intensity. Pulse profiles are usually measured using
a subaperture beam, often before full amplification and never at full pulse energy. Focal
spot sizes are measured without a target present and at reduced intensity, and laser energies
are also inferred from percent-level fractions of the beam. This reduction in knowledge
increases uncertainty in predictions at higher intensity. Specifically the same uncertainty
that hobbles analysis of Ref. [6] translates to a much larger discrepancy in an observable as
intensities rise to I ∼ 1023 W/cm2 and beyond.

2. Theory

The theory is relatively simple for experiments with (peak) intensities up to
I � 1020 W/cm2 [6–13], because single-particle dynamics are accurately described by
the Lorentz force. Classical radiation reaction and high-energy photon emission remain
small for fields of these magnitudes as long as the electrons are not counterpropagating
to the laser with E � 1 GeV. We are concerned with particles accelerated from low energy
Ekin = (γ − 1)m � m, e.g., from gas targets.

2.1. When Acceleration Occurs

Before addressing the general case of 3-dimensional focused laser fields, we recall a
general and elementary explanation how and under what conditions plane wave fields can
accelerate charged particles [27]. For a plane wave, the field tensor and vector potential
are functions of only one lightcone coordinate x− = ct − z, taking the z-direction to be
aligned with the propagation direction, and are subject to constraining symmetries [28].
Only the momentum conjugate x− (namely p+ = E + pzc) is not conserved; all three
other components, �p⊥, p− = E − pzc, are conserved. In this case, the Lorentz force can be
integrated directly, or the action solved [29]. The resulting 4-momentum is

Πμ(φ) = pμ

(0) + qAμ(φ)− n̄μ 2p(0) · A(φ)− q2 A · A(φ)

2p−
, (1)

where pμ

(0) is the initial 4-momentum of the particle [30]. To assure ourselves Πμ is the
physically measurable momentum, we write this in terms of gauge invariant quantities
only by noting that in this case the 4-potential can be defined as the integral of the field
tensor [28]

Aμ(x−) ≡ ε
μ
j

∫ x−

−∞
Fj(φ)dφ, (2)

where ε
μ
j is an orthogonal pair of polarization vectors satisfying n̄ · εj = 0 for j = 1, 2 and

the index j is implicitly summed over. The lower bound on the integral is taken to −∞
assuming that the electromagnetic field vanishes sufficiently quickly as x− → −∞ so that
the initial momentum pμ(0) is well-defined before the particle interacts with the field.

The final momentum of the particle is the value of Πμ as x− → +∞, which, therefore,
differs from the initial momentum if, and only if, Aμ(+∞) 
= 0. Expressing Fμν in frequency
space reveals that Aμ(+∞) is proportional to the zero-frequency mode. In other words,
the particle is accelerated if, and only if, the plane wave field contains a zero-frequency
mode [27],
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Πμ(x−)− pμ

(0) = qε
μ
j F̃j(0)− n̄μ

2p(0) · εj F̃j(0)− q2 F̃2(0)
2p−

, (3)

where F̃j(k) is the Fourier transform of Fj(x−). The magnitude of the momentum change
in a planewave field is proportional to the amplitude of its zero-frequency component.
This result is modified in very strong fields as classical radiation losses imply that p− is no
longer conserved [14].

Note that many models of laser pulses use the slow-envelope approximation, which
in frequency space corresponds to a relatively narrow distribution around the central
frequency Δω/ω � 1. Under this slow-envelope condition, the amplitude of the zero-
frequency component is exponentially suppressed. In contrast, square (box-car) pulses
and sine-squared pulses violate this condition and have zero-frequency modes that are
only power-law suppressed. Square pulses, in particular, notoriously result in unphysically
large accelerations and heating, though they may be useful models for some very specific
cases, as discussed below.

To generalize this insight to focused laser pulses and motion in 3 spatial dimensions,
we observe from the classical action that for all points the mechanical 4-momentum of the
particle is given by

Πμ(x) = pμ − qAμ(x) (4)

While many field configurations, including the Gaussian beam, can be modeled with
4-potentials Aμ(x) that vanish at (null) infinity, these do not manifest the change in mo-
mentum of a massive particle. We have just seen that for a planewave, the particle acquires
a non-vanishing change in the gauge potential, which is exactly the change in momentum.
This is an example of the recently discussed memory effect, being a phase (for a quantized
particle) that can be removed by a change in gauge but nevertheless representing a physical
(measurable) difference in states. The problem reduces to determining the 4-potential at
time-like infinity.

This reasoning also demonstrates the importance of the relativistic effects in the
acceleration. If the change in momentum is small Δp/p � 1, the trajectory is unperturbed,
and one can simply Fourier transform the field in the lab frame along an inertial trajectory,
as an approximation to a highly relativistic particle crossing the laser field. The absence of a
zero-frequency mode, or in the particular case of the Gaussian beam field its derivation from
a potential [26], then proves the absence of acceleration. However, in general, particularly
for electrons initially nonrelativistic, the relativistic momentum of the particle in an a0 � 1
imply that the particle does not see a time-symmetric electromagnetic field on its trajectory.
To visualize this effect, in Figure 1 we compare the electric field of a laser pulse as measured
by an observed fixed at the center of the focal spot to the electric field of the same laser
pulse as measured on the trajectory of an electron that begins initially at rest at the center
of the focal spot. We have chosen an example in which the electron sees a sudden jump
from zero field to a0 
 20, such as ionization from a high-Z atom. In this case, the electron
sees less than a half-cycle of the laser oscillation and, therefore, retains much of the energy
provided to it by the transverse field. Additional intuition for this outcome is provided by
introducing the ponderomotive force.
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Figure 1. The magnitude of the electric field of the laser pulse measured by an observed fixed
at the center of the focal spot |�E(�0, t)| compared to the electric field of the same laser pulse as
measured on the trajectory �x(t) of an electron that begins initially at rest at the center of the focal spot
|�E(�x(t), t)|. The laser parameters are a0 = 64.0, w0 = 1.8μm, and τ = 150 fs with hyperbolic secant
temporal profile.

2.2. Relativistic Ponderomotive Force

The ponderomotive force can be derived from the single particle equation of motion by
splitting the momentum into a fast, oscillating component and slow, secular component [17].
The oscillating component approximately solves the planewave equation of motion, and
the resulting equation of motion is

dp̄i

dt
= − 1

2mγ̄
∇i|�A|2. (5)

This equation is valid to first order in ε, a small parameter quantifying how slowly the
field strength varies from one cycle to the next. The zeroth order motion is the planewave
motion which changes the energy of the particle only in proportion to the amplitude of
the zero-frequency component of the field, which is typically exponentially suppressed for
well-defined pulses and therefore smaller than the O(ε) effect of the RPF Equation (3).

The ponderomotive force equation Equation (5) shows that the secular, cycle-averaged
momentum evolves in response to a gradient in the intensity. This feature alone is insuf-
ficient to derive acceleration, i.e., a net gain in energy. Most models of laser pulses, and
probably most real pulses near their peak intensity, are symmetric along the propagation
axis. If the particle were (approximately) stationary, as for non-relativistic dynamics in
lasers with a0 � 1, then any forward force from the slowly increasing intensity before the
peak is exactly balanced by a backward force from the slowly decreasing intensity after the
peak. The symmetry between the forward force and backward force is broken at order ε by
focusing of the laser, because there is a small O(ε/λ�) gradient pointing away from the
focal plane. As a consequence of the dynamics, the particle translates even though the net
transfer of momentum is (nearly) zero. When the dynamics become relativistic, for lasers
a0 � 1, the symmetric shape of the laser pulse plays less of a role, because the particle
is driven forward, co-propagating with the wave until the intensity drops a0 � 1 again,
typically as the laser is diverging. In this case, the particle never sees a gradient anti-parallel
to the propagation direction. The particle gains forward momentum and energy. In this
way, the RPF offers an intuitive explanation for the proof given in the previous subsection.

Similar reasoning applies to the transverse dynamics. For axi-symmetric models of
the laser field, such as the Gaussian beam model, Equation (5) shows that the transverse
momentum transfer to a particle interacting with the laser is radial from the beam axis. If the
particle has zero initial transverse momentum, then its final transverse momentum is in the
same direction as its displacement from the beam axis. Thus, an axisymmetric distribution
of at-rest or copropagating-�p⊥ = 0 particles is scattered into a axisymmetric distribution
with |�p⊥| > 0, as found in [17]. However, if the particle has nonzero initial transverse
momentum, the outcome depends on the magnitude of the momentum transfer. For small
momentum transfer Δ�p⊥/|�p⊥| � 1, the initial momentum (distribution) dominates, and
for large momentum transfer Δ�p⊥/|�p⊥| � 1 the final transverse momentum distribution
displays the axisymmetry of the scattering field. The more general question of whether a
particle crossing the laser field with initial transverse momentum depends on the timing of
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the particle’s crossing of the focal region, for the same reasons as the �p⊥ = 0 case discussed
in the previous paragraph. We will demonstrate these features numerically below.

By general analysis, we have determined the conditions for a charged particle to be
accelerated by a planewave or focused laser field. The general analysis also provides
qualitative guidance to the outcomes of electron-laser scattering. More specific and more
quantitative analysis of outcomes may be considered phenomenology of vacuum laser
acceleration, i.e., the conversion of general features of the theory to more specific signals
in experiment.

3. Phenomenology

The theory analysis in the previous section provides general insights into the necessary
and sufficient conditions for laser acceleration in vacuum, as well as characteristics of the
dynamics. Laboratory experiments differ in many ways from the thought experiment-
style analysis that aids a theory investigation. We investigate four features of a realistic
experimental setup: (1) the laser pulse profile, (2) the time the interaction begins, (3) the
angle (relative to the beam axis) at which the electrons are traveling before the interaction
begins, and (4) shot-to-shot variation in the summary parameters of the laser pulse (energy,
spot size, pulse duration). Three of the four can be consistent with the application of RPF
theory and, by highlighting significantly different outcomes for the same theory, point to
measurements that are necessary for accurate interpretation of experimental outcomes.

3.1. Numerical Approach

We numerically integrate the Lorentz force with the electromagnetic fields modeled
by the Gaussian beam. The Gaussian beam field distributions �E(�x, t) and �B(�x, t) are given
explicitly in Appendix A. Next-to-leading-order corrections in the paraxial series expansion
give rise to additional components of the force compared to the leading-order field. We
include the first order corrections in both the weak focusing parameter εw = λ�/2πw0
and the slow-envelope parameter εt = 1/ω�τ�. Here, λ� and ω� = 2πc/λ� are the laser
wavelength and angular frequency, w0 is the focal spot radius (

√
2 ln 2 times smaller than

the intensity full-width half-max diameter), and τ� is the temporal intensity profile full-
width half-max. For consistency of comparisons, we fix λ� = 1μm for all simulations.
These expansion parameters were denoted ε and σ, respectively, in Ref. [17].

Individual particle trajectories are solved with standard ordinary differential equation
solvers. In initial testing, multiple solvers were compared for convergence. Matlab’s ode45
solver could be used in most cases, which also enabled running larger sample sizes in
parallel. Truncation conditions based on time and electromagnetic field strength were
checked to ensure the momentum of the particles had converged to inertial trajectories to
well-within the noise level to define the final distributions. Distributions are generated by
the Monte Carlo method, using several thousand samples for each parameter set: initial
conditions (�x,�p at t = 0) are randomly-generated according to the distributions described
below. With these solvers, we verified quantitatively that the RPF Equation (5) gives
results indistinguishable from the Lorentz force across the range of applicable parameters
considered in this paper. In practice we use the Lorentz force solver in all cases and
especially in Section 3.2 below where conditions of the RPF violated.

3.2. Laser Pulse Profile

The temporal profile of a laser pulse is less frequently provided in experimental
descriptions. For experiments with overdense ne � ncr = ω2

�meε0/e2 targets, the effect
of ionizing prepulses creating preplasma up to picoseconds before the peak has been
investigated to some extent [31,32]. For underdense plasma or vacuum laser acceleration,
the choice of temporal profile is essential for predicting the energy gain.

For example, while Ref. [6] does not provide the temporal profile of the laser pulse in
the experiment, the authors modeled their pulse with a sine-squared function. According
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to Ref. [26], the acceleration found using sine-squared and Gaussian profiles is unphysical,
arising from the fact that these profiles do not satisfy

d(ln f )
dϕ

� 1, (6)

a condition derived together with the Gaussian beam spatial field distribution. This
requires an at most exponential dependence on ϕ; hence Ref. [26] recommends hyperbolic
secant. Consistency in the approximation scheme can be restored by including order f ′/ f
corrections in the Gaussian beam fields [17]. In order to compare to previous simulation
results and discuss the impact of these modeling choices we simulate with three profiles:

f I(ϕ) = sin2(ϕ/ϕ0) (7)

f I I(ϕ) = exp(−ϕ2/ϕ2
0) (8)

f I I I(ϕ) = sech(ϕ/ϕ0), (9)

where ϕ = k0(x − ct) is the dimensionless phase and ϕ0 is linearly related to pulse duration,
usually measured as the full-width half-max in intensity.

Although Gaussian profiles are formally inconsistent with Maxwell’s equations, they
remain useful because measured laser pulse profiles are often fit passably by Gaussians and
not often fit by hyperbolic secant functions. Further, several ultra-high-intensity systems
have observed multiple peaks in the temporal profile. In Figure 2, we fit a single Gaussian,
a three-peak Gaussian, a hyperbolic secant function and sine-squared function to the
temporal profile of the 4PW Ti:Sapphire laser system at the Center for Relativistic Laser
Science (CoReLS) in Gwangju, Korea. The central peak is best fit by a Gaussian, but a model
with more degrees of freedom incorporates relevant features at ∼10% peak intensity. The
three-peak fit loses information, but we have found that the additional features visible in
the measured profile have a small effect on the accelerated electron distribution compared
to the main peaks. The early-time features at less than 1% the peak intensity effect small
changes to the energy gain as long as they correspond to a0 < 1. This reasoning would not
hold for peak a0 � 10, such as achieved for f/1 focusing on many petawatt-class systems.
The late-time features generally have a negligible effect on the electron energies, because
the electrons have been ponderomotively ejected from the focal region before these features
catch up.

Figure 2. Temporal profile measured on CoReLS (points) compared to four possible fit functions.

Figure 3 compares the final energy distribution dN/dE of electrons accelerated by four
different temporal profiles, including sine-squared and the recommended hyperbolic secant.
The laser has peak intensity corresponding to a0 = 3, focal spot radius w0 = 10μm, and full-
width half-max duration (measured on intensity) of Δτ = 350 fs. The electrons are initially
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zero temperature with initial velocity parallel to the laser propagation axis, �v = (0, 0, 0.2)c,
corresponding to kinetic energy Ekin = m(γ − 1) = 10.5 keV. The electrons are initially
uniformly distributed in a cubic 3-dimensional volume around the focal spot within 3w0
of the beam axis. Increasing the volume covered by electron initial positions would
result in more electrons receiving small or negligible acceleration and thereby increase the
weight of dN/dE around the initial kinetic energy without significantly affecting the fit at
higher energies.

Figure 3. Normalized electron energy distributions N−1(dN/dE) for sine-squared, Gaussian, hyper-
bolic secant and three-peaked pulse measured at CoReLS. Laser parameters are a0 = 3.0, w0 = 10μm
and τ = 350 fs. Maxwellian fits are plotted with the fit temperature shown in the key.

Recalling that the mean energy per particle in a Maxwellian distribution is 〈E〉/N = T,
we see that sine-squared and Gaussian temporal profiles result in a significant gain in
average energy. Compared to the sech profile, Gaussian and sine-squared profiles generally
over-estimate energy gain [26]. The three-peaked Gaussian predicts even less energy
gain and less heating than the hyperbolic secant. While the hyperbolic secant does not
significantly change the average energy, the electron distribution is significantly heated,
evolving from a zero-temperature distribution to a finite temperature distribution. Some
electrons gain energy, while other electrons lose energy, showing that the reasoning of
Ref. [26] is incomplete. This observation of heating without significant change in mean
energy is consistent (at the provided, qualitative level) with a more recent experiment at
a0 
 5 and much longer pulse duration (Δτ 
 5 ps) [11].

3.3. Phase of Injection

Another reason Ref. [26] may not apply is that the electron–laser interaction is finite
in duration, contrary to the setup of the authors’ calculation. Infinite interaction time, in
practice, assumes the interaction begins early enough that the switch to laser-dominated
dynamics does not occur suddenly. There are two ways this assumption can be violated.
First, the presence of nearby charges screens the laser field so that an individual charge
is subject to a net force only after the laser field strength becomes greater than the typical
electric field in the plasma 〈�E2〉1/2

pl , which varies greatly depending on the creation of the
plasma. This effect explains the success of plasma-mirror injection [13], since electrons
are released into free space (ejected from the plasma) near the peak laser intensity and,
thus, see a sudden jump from nearly zero average force in plasma to large Lorentz force
in the laser field. Second, in case the electrons arise from photoionization, the ionization
threshold means that electrons become free only when the laser achieves a field strength
comparable to the Coulomb field of the atom. For hydrogen and helium plasmas, this effect
is negligible, but for heavy inert gases such as argon or xenon, 1S electrons may be liberated
only within one or two decades of the peak intensity, which is the subject of considerable
study, e.g., Refs. [9,33,34] and references therein.
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A simple model of sudden turn-on is obtained by considering the net force on the
particle zero until it passes a given threshold. For simulations, we modify the profile
function with a step-function f (ϕ) → f (ϕ)Θ(ϕ + ϕc), with Θ(z > 0) = 1 the Heaviside
function. With ϕc > 0 the step occurs at ϕ = −ϕc. Preceding dynamics are incorporated
into the initial distribution of electron positions and momenta. If the threshold arises from
screening, the electrons are free but have non-zero momentum, and we assume a maximum
entropy distribution (Maxwellian).

The sharp turn-on clearly violates Equation (6), as well as the slowly-varying condition
inherent in the RPF [17,35], and we expect both a greater energy gain and a significant asym-
metry in the transverse momentum distribution of the final particles. As a consequence,
the final particle energy and momentum distribution become sensitive to carrier–envelope
phase and other non-ponderomotive effects. Only the Lorentz force solver provides ac-
curate results in this case. The largest asymmetry arises when the electron is injected at
a phase corresponding to a maximum of the electric field, and the final electron energy
becomes less sensitive to the pulse profile function than the phase at which the interaction
begins, in agreement with ionization studies [34].

Figure 4 shows the distribution of final transverse momentum |�pT | =
√

p2
x + p2

y for
ϕc = 0.7, which is chosen among many possible values of ϕc that can yield electrons with
kinetic energy up to 
900 keV. Notice that the pT distribution is not azimuthally symmetric
with additional higher momenta in the px > 0 direction, corresponding to particles that
first enter the laser field near the focal spot where the laser fields are maximum. As shown
by the color-coding these particles also achieve the highest energy, consistent with our
reasoning. This effect is particularly large for photo-ionized electrons, which begin free
propagation when the peak laser field is in focal region [33]. The anisotropy arises from the
maximum of the E field coinciding with the peak of the profile due to the specific value of
the carrier–envelope phase in our model of the fields.

Figure 4. Scatter plot of final momenta for electrons scattered by a sech-profile pulse (a0 = 3,
w0 = 10μm, Δτ = 500 fs) and initial step at φc = 0.7.

Measuring the number of free electrons in the laser spot requires a probe with time
resolution smaller than the high-intensity laser pulse, which is experimentally very difficult.
For this reason, phase of injection as a parameter would probably have to be fit to the data in
post-processing and analysis. Such fitting is addressed in part by ongoing efforts to observe
strong-field ionization processes and validate theory calculations of the ionization rate.

3.4. Initial Transverse Momentum

In the experiment of Ref. [6], the electrons were generated by laser-ablation of a solid
target situated off the axis of the acceleration laser’s propagation. The schematic in Figure 1
of Ref. [6] does not give the off-axis distance, but the fact that acceleration laser was focused
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with an f/3 OAP suggests that the angle from which the electrons entered the focal region

was greater than tan−1(1/3) = 18.4◦. Equivalently p⊥ =
√

p2
x + p2

y � pz/3.
Although the RPF is azimuthally symmetric for a Gaussian beam model of a laser

field, the final distribution of electrons scattered by the laser is azimuthally symmetric if,
and only if, the initial distribution is azimuthally symmetric. Ref. [17] observed a ring in
the px–py plane (their Figure 9) because they initialized the electrons in an infinitely thin
disk centered on the beam axis with velocity co-linear to the pulse propagation. The initial
transverse momentum present in the experiment breaks the azimuthal symmetry of the
scattering, and a broader three-dimensional distribution of electron initial positions shows
many electrons scattering into smaller p⊥ final states. Azimuthal symmetry will be visible
for very large energy gain ΔE/E � 1, because in this limit the initial state momentum is
negligible compared to the final momentum.

To illustrate, we simulate electrons traveling toward the focal region at a 54◦ angle from
the beam axis. The electrons are initially uniformly distributed off-axis between the laser
pulse and focal plane and all have the same speed |�v| = 0.3c. The laser pulse has a Gaussian
temporal profile, peak intensity I0 =, focal spot size 20μm and duration 350 fs. We verified
that the same results are generated by solving either the RPF or the Lorentz force.

The distribution of final electron momentum in Figure 5 shows that most electrons
remain in the injection plane, whether aligned with polarization or not. Electrons that
interact with only the edges of the pulse (in space or time) are accelerated less and diverted
less from their initial momentum vectors. For this reason, it remains surprising that Ref. [6]
did not observe electrons upon rotating the plane of polarization; the electron source and
detector remained in the same plane and only the laser’s polarization changed by 90◦. This
suggests that more than one revision to the model of the experiment will be necessary to fit
the data.

Figure 5. Scatter plot of final momenta for electrons scattered by a sine-squared profile pulse (a0 = 3,
w0 = 20μm, Δτ = 350 fs). Electrons have |�v| = 0.3c and enter the focal region at 54◦ from the
laser axis.

The highest energy electrons are scattered more nearly isotropically, but only if the
initial distribution of electrons accesses the full transverse distribution of the laser fields. If
the electrons responsible for the detector signal arrive in the focal region before the pulse
does, then they homogeneously sample the transverse intensity gradients, with different
electrons seeing gradients in different radial directions. On the other hand, if the electron
energy and time-of-arrival at the focal region are correlated (e.g., due to dynamics at the
source), then time-of-arrival becomes another model parameter.

Figure 6 shows the final px (in polarization plane) as a function of the initial position
for the same parameters as Figure 5. With the magnitude of the velocity fixed for all
particles, initial position completely determines the time-of-arrival. Electrons arriving
in the focal region ahead of the laser pulse scatter in the +x̂ direction, because, with the
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highest intensity on axis and behind them, they experience a ponderomotive force in the
+x̂ direction. In contrast, electrons arriving slightly later than the laser pulse, see the
ponderomotive force pointing in the −x̂ direction. Therefore, a 100 fs variation in the
source dynamics (much smaller than the ablation time scale in the experiment) enhances or
suppresses the number of electrons reaching the detector, which was placed on only one
side of the beam axis.

Figure 6. In-plane momentum (normalized to mass, px/m) as a function of initial position for the
simulation that above reproduced data of [6] using initial transverse velocity.

In future experiments, the source of electrons must be thoroughly characterized
before data shots with the scattering laser on. Moreover, this characterization must be
accompanied by analysis of the uncertainties in order to distinguish the signal from random
fluctuations of the source once the scattering laser is on.

3.5. Shot-to-Shot Variations in the Laser

Laser systems fluctuate. The energy input during amplification, the spectrum of the
pulse and the pointing all vary from shot to shot. These fluctuations mean the on-target
pulse profile, focal spot size, and intensity distribution in space and time [36] differ from
shot to shot. Systematic changes could have a similar or greater impact: in Ref. [6] changing
the polarization of the laser with an optical element could result in uncontrolled changes to
the wavefront, impacting both focus quality and pulse duration.

Many changes in the laser cannot be accounted for by the gaussian beam model used
here. Physically, most causes of shot-to-shot variances will result also in departures from
the nominal model of the near-focus laser fields. Since approximations such as the Gaussian
beam and RPF depend on the laser parameters, the accuracy of predictions also varies with
the fluctuations in the laser. Even so, varying the parameters of the Gaussian beam model
provides an estimate of the impact of shot-to-shot (statistical) variation in observables.
Comparing spectra shows that an error or fluctuation in spot size leads to an order of
magnitude difference in the number of electrons detected.

In order to quantify the typical shot-to-shot difference arising from incorrect or fluctu-
ating laser parameters, we introduce a crude error functional,

Δ
(

dN
dE

)
≡ N̄−1

∫ ∣∣∣∣∣dN(1)

dE
− dN(2)

dE

∣∣∣∣∣dE

N̄ =
1
2
(N(1) + N(2)) =

1
2

∫ (
dN(1)

dE
+

dN(2)

dE

)
dE, (10)

which compares dN(i)/dE for two sets (i = 1, 2) of laser and plasma initial conditions and
outputs a number. The error Equation (10) could be experimentally measured, provided
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a laser system with sufficiently precise control to run statistically distinct experiments at
the parameter sets (1) and (2), in which case the average and the standard deviation of the
spectrum could be obtained over �30 shots at a given parameter set. Equation (10) can be
thought of as the simplest metric on the abstract space of spectra, though it is neither a
standard measure of error nor a prediction interval. For the present it provides an intuitive
measure of the difference between a predicted electron spectrum and a measured result in
case of few (�10) shots where a proper average cannot be constructed.

The particle spectrum is frequently measured with magnetic spectrometers, which
require pinholes or similar mechanisms to reduce the acceptance and ensure accurate re-
construction of the particle energy. Consequently, experimental spectra are measured along
narrow, predetermined sight-lines from the focal point. The small acceptance introduces
additional shot-to-shot noise in the measurement, which we estimate by Monte Carlo,
computing Equation (10).

Intuition from the ponderomotive force described above suggests that acceleration
should strongly depend on the laser spot size, since the spot size sets the scale of transverse
gradients, as well as the Rayleigh range. Spatiotemporal coupling effects in high intensity
beams can produce spot size variation of order 25% [36], resulting in significant difference
in the accelerated electron distribution. Figure 7 shows the error functional as the spot
size deviates from the expected spot size of 10 μm. The two curves correspond to spectra
measured on sight lines at 39◦ and 46◦ from the laser axis. These two sight lines are selected
due to their appearance in Ref. [6]. They are representative for more recent experiments as
well, because electron spectrometers typically remain off-axis while a primary diagnostic
(e.g., ion spectrometer) occupies the laser axis (0◦) position. The laser energy is 20 J, pulse
duration 367 fs, and the temporal profile Gaussian. The laser begins 20 Rayleigh lengths
from the focal plane, and the electrons are initially uniformly distributed in a box between
the laser and the focal plane extending 13 microns from the beam axis. The electrons have
initial momentum co-linear to the laser propagation axis and initial energy following a
Maxwellian distribution with temperature 10 keV.

Figure 7. The error functional Equation (10) along two sight lines, 39◦ and 46◦ from the beam axis
for a 20 J, 367 fs laser pulse for varying waist size w0.

The error measure is non-zero at 10 μm because we have run two simulations with
identical parameters but different random seeds which produces microscopically different
electron distributions. The value at 10 μm is, thus, a measure of the shot-to-shot noise
in the measurement. Smaller spot sizes significantly increase the gradients and hence
the acceleration leading to broader distributions and slightly fewer electrons significantly
accelerated. Both effects enhance the error functional. Larger spot sizes decrease the
gradients but have a smaller effect on the number of electrons significantly accelerated
since the field strengths and gradients in the larger focal region have been reduced. The
quantitative size of these effects also depends on the error measure chosen. This reasoning
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suffices to predict a larger difference when the spot size is smaller than expected as observed
in Figure 7. On the other hand, effects such as spatiotemporal coupling are more likely to
cause error in the direction of larger spot size than expected.

Addressing the shot-to-shot variances of laser systems will require both new measure-
ment techniques and data analysis techniques. High-intensity lasers are technically difficult
to diagnose, often because the intensity and/or physical size of the beam is too great for well-
established optical diagnostics. In many cases the experimental setup precludes measuring
laser parameters on-shot. These facts require complementary development of statistical
analysis of laser performance, especially issues, such as the correlation between partial-beam
measurements (e.g., of energy and temporal profile) to full-beam measurements.

Some measurements, such as the complete spatio-temporal profile, are only possible
in scanning mode with only a tiny fraction of the full pulse energy (10−4–10−6). Single shot
measurements do not exist, and, therefore, the variation between two single shots at full
energy is unknown. At higher peak intensities, even percent or per mille level fluctuations
can have an effect. Full energy shots at the largest laser systems are essentially experiments
in their own right. Since experimental campaigns on large single-shot (100–1000 J) class
lasers consist of a few tens of shots at most, using a significant number of those for laser
characterization would have a large impact on the actual experiment. As laser performance
parameters are liable to evolve over time, one would have to repeat this characterization for
every experiment. Only systematic development and constant calibration of new on-shot
diagnostics can rectify this situation.

4. Fitting an Example Experiment

The interpretation of the data in Ref. [6] was criticized as being incompatible with
the theory of laser acceleration in a vacuum. In the experiment, an I 
 1019 W/cm2 laser
interacted with low energy (Ekin = me(γ − 1) 
 10 keV) electrons and accelerated electrons
to 200–900 keV, observed in the polarization plane but not perpendicular to it. The angle
and energy distributions were considered consistent with a simple model of the laser fields.
However, others argued that in the laser’s parameter regime, electrons should not be able
to gain energy [26], and an equal number of electrons should be observed in the plane
perpendicular to laser polarization, because the RPF scatters electrons into an azimuthally
symmetric distribution about the laser axis [17].

More recent experiments have also set out to measure energy gain by free electrons
interacting with a laser in vacuum, but do not provide insight into the older experiment.
Both Refs. [11,12] report energy gain much smaller (ΔE/E � 0.05) than reported by [6]
(ΔE/E 
 90), and, in fact, the data provided in those works are insufficient to determine
whether significant energy gain was detected. In both Refs. [11,12] electrons initially
have finite kinetic energy and significant dispersion in energy. One qualitatively observes
increased dispersion, showing that some electrons gain energy, but does not show that
the average energy of the electron increases [11]. The other omits the data necessary to
distinguish increased dispersion from an increased average energy [12]. Acceleration of
photoionized electrons is not comparable, because the electron becomes free to move under
influence of the laser field only at a finite time, typically close the peak laser intensity. As we
discuss below, this semi-infinite interaction time has an important impact on the electron
dynamics and possibility of energy gain. However, in one experiment, measurements in
the plane perpendicular to polarization suggest that photoionized electrons may have been
accelerated into a more azimuthally symmetric distribution [37].

Theory and experiment work has suggested that improved modeling of the electrons’
initial momentum distribution could help explain the discrepancy [33], but dedicated
modeling of the experiment conditions is necessary to see whether or not a particular
missing effect suffices to explain the data in Ref. [6]. Indeed, a significant reason for the
disagreement is that theory contributions often work on generalities, simulate special cases,
and, therefore, miss the impact of experiments’ specific conditions.
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We may now proceed to explain the data of Ref. [6]. The most difficult feature
to fit is the absence of electrons perpendicular to the polarization plane. To compare
electron numbers in-plane of polarization to out-of-plane of polarization, the authors kept
the apparatus fixed and rotated the polarization of laser. However, this method actually
changes two parameters, both the initial momentum vector and the observation line of sight
being rotated into the plane perpendicular to polarization. Thus, the experiment did not
measure how much electrons are scattered out of the initial plane, which is defined by the
initial momentum and laser propagation vectors. As noted above (cf. Section 3.4), the RPF
leads one to expect the highest energy electrons are scattered azimuthally symmetrically
while lower energy electrons remain closer to the initial plane. The absence of signal even
at low energy suggests that the result may be partially due to different numbers of electrons
from the source on different shots.

Nevertheless, we fit the data assuming the electron source remains consistent between
shots to demonstrate the importance of the missing pieces of the model we identified above.
Each of the four effects can enhance or suppress the number of electrons detected along
the chosen sightline by a factor 10, and each alone is insufficient to explain the �100-times
difference in electron number between the in-plane and out-of-plane shots. To obtain
the ∼100-fold difference, we combine a change in laser spot size with either the sudden
turn-on or the initial transverse momentum. Although, in a simplistic model, varying w0
may be the most relevant change in the laser since wavefront differences from rotating the
polarization can easily translate into less energy enclosed in the FWHM central disk.

The first fit is shown in Figure 8. In comparing to the data, we fix the laser energy,
pulse duration and select an injection phase by fitting dN/dE at 39◦ and 46◦ in the plane
of polarization. We set the overall normalization of the predicted dN/dE to fit the data,
since it reflects the total number of electrons in the experiment (which in turn depends
on efficiency of the source) and is not part of our modeling. We then vary the spot size to
obtain a second prediction such that the out-of-polarization-plane dN/dE prediction fits
the (absence of) signal. We plot the predictions together with the data in the same manner
as Figure 2 of Ref. [6].

(Ref [6], Fig 2)
(Ref [6], Fig 2)

Figure 8. Measured spectra for a 20 J, 367 fs laser pulse, allowing w0 to differ between in-plane
(w0 = 4.6μm) and out-of-plane (w0 = 2.6μm) measurements.

For this first fit, we use a Gaussian temporal profile. The specific parameters that fit
the data depend on the pulse profile function, but we have found fitting parameters for
each profile function.
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In the second fit, Figure 9, we follow the same procedure, choosing the laser parameters
and initial transverse momentum to fit the in-plane measurements of dN/dE and then
varying the spot size to reproduce the relative suppression of out-of-plane electron number.
In this case, we use a sine-squared temporal profile, which yields higher energy electrons
without any sudden turn-on (recall Figure 3). Computing Δ(dN/dE) for the in-plane and
out-of-plane measurements, we obtain 1.98 and 1.87 at 39◦ and 46◦, respectively, showing
how the functional Δ(dN/dE) signifies a nearly 0 or 1 difference in signal.

(Ref [6], Fig 2)
(Ref [6], Fig 2)

Figure 9. Measured spectra for a 16 J, 350 fs laser pulse, allowing w0 to differ between in-plane
(w0 = 15μm) and out-of-plane (w0 = 4.6μm) measurements.

Quantifying the goodness of fit is not productive in this case, because even this almost-
minimal modeling has more parameters than the data have points to fit. Qualitative
comments are in order though: the goodness of the fit depends also on how the simulation
and experiment data are binned. We have chosen bin sizes roughly equal to the displayed
uncertainty in the energy measurements presented in Ref. [6]. If we reduce the bin size,
more information in the spectrum would become visible, which might provide more
information about the physics of the interaction. However, even constrained to the bin size
suggested by the experimental resolution, the fit can be improved or degraded by changing
bin size.

5. Conclusions

We have investigated how several unmeasured and unmodeled conditions of the
experiment in Ref. [6] affect widely-recognized phenomenological features of laser acceler-
ation in vacuum. We showed that these differences between application of the theory and
the experiment suffice to change qualitatively the predicted electron distributions and, thus,
could have obscured the physics in the experiment. Our results suggest that any one or
more of these unaccounted effects can make predictions consistent the experimental data,
but too little information makes it impossible to fit the data uniquely. We cannot conclude
with an overall “best fit” interpretation of the data.

Since that early publication, other experiments have added data, all of which are
consistent with the theoretical understanding of laser acceleration in vacuum. Very long
laser pulses interacting with low-energy free electrons result in very little average energy
gain but do increase electrons’ energy spread [11,12]. The sudden turn-on of the laser–
electron interaction, whether due to ionization near the peak intensity [7–10,34] or ejection
from a dense plasma [13], can yield much higher energy gain. Sudden turn-on makes
the electron energy less sensitive to the temporal profile and more sensitive to precise
magnitude of the field and initial momentum distribution of the electrons at the beginning
of the interaction.

Some of the lessons of this exercise have appeared in the laser-plasma literature,
but in our opinion remain under-appreciated. For instance, simulations including the
dynamic development of preplasma [31] emphasize the importance of the initial plasma
or electron distribution. Measuring the laser’s shot-to-shot variations in performance is
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now recognized as important to stabilizing Wakefield accelerators [38]. Knowing the laser
pulse’s temporal profile is important when the electrons are likely to see the early-time
features, whether a slow exponential turn-on (such as a sech profile) or an extra peak in
the pre-pulse. It is less important when the electrons start to interact with the laser later
in the pulse, particularly near the peak. Provided this more detailed information of the
conditions, we can try to fit the more-difficult-to-measure parameters, such as the time at
which the free particle–laser interaction begins. For example, ion energy correlates with
focal spot size [39], pointing the way toward an in situ measurement of peak intensity. Such
an approach must be validated with correct statistical analysis.

Developing these measurement and data analysis procedures is essential to discovery
goals in future laser–plasma experiments. Precise single-electron dynamics are crucial
to validating theories of radiation reaction and strong-field ionization, particularly as
experiments continue to much higher intensity. To demonstrate the importance of accurate
knowledge of laser parameters, we compute Δ(dN/dE) Equation (10) for deviations from
nominal parameters at selected high-intensity laser facilities given in Table 1. We compare
predictions for two different values of the laser spot size w0, one the nominal focal spot size
given in the table and second a focal spot twice as large. Only the laser spot size differs for
the spectra compared in each value of Δ(dN/dE); all other laser parameters and electron
initial conditions remain the same. The pulse temporal profile is Gaussian and the spectra
are integrated over 4π.

Table 1. The pulse duration is measured as intensity full-width half-max. The pulse profile is always
Gaussian. Malka 1 uses the laser energy and pulse duration of Ref. [6] with the nominal best focus for
an f/3 mirror. Malka 2 has mostly the same laser parameters as Malka 1 but is compressed to 50 fs, as
would be possible with current laser technology.

Facility Energy [J] Duration [fs] w0 [μm] I0 [W/cm2] a0 (Peak)

Malka 1 [6] 20 300 2.6 4.25 × 1020 17.7

Malka 2 20 50 2.6 2.55 × 1021 43.3

BELLA PW [40] 40 30 1.8 1.77 × 1022 91.4

TPW f/3 low-P 50 150 2.6 2.13 × 1021 39.55

TPW f/1 150 150 1.25 2.76 × 1022 142.5

CoReLS 50 30 1.8 2.22 × 1022 127.7

OPAL 600 20 1.25 8.28 × 1023 702.4

Figure 10 shows a large difference in the accelerated electron spectra. For comparison,
the baseline value of Δ for two simulations with the same laser parameters but different ran-
domized electron positions and momenta is less than 0.2 as shown in Figure 7. Δ(dN/dE)
increases with intensity, suggesting that uncertainty arising from unknown or fluctuating
laser parameters becomes a more serious problem on higher-intensity laser systems. The
four issues addressed here do not cover all the myriad ways in which experiments depart
from theorists’ idealized conditions. Our concern is that without improved modeling and
data-analytic efforts, experiments can misidentify as signal what is actually shot-to-shot
fluctuation in laser or plasma conditions.
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Figure 10. The error measure Δ for current and future laser facilities’ nominal operating parameters
in Table 1. For each point marked by a star plotted at the facility’s nominal peak intensity, laser
energy is constant while the waist size w0 increased by a factor 2. Other laser and electron parameters
remain the same between the simulated spectra.
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Appendix A. Gaussian Beam Model

If we assume the intensity distribution in the focal plane is Gaussian, the solution to
Maxwell’s equations reproduces the Gaussian beam as an expansion in powers of [17]

εw =
1

k0w0
. (A1)

In practice, εw � 0.13 with the upper bound attained by the most strongly focused sys-
tems where the waist size is similar to the wavelength w0 
 λl . Second order corrections
ε2

w � 0.017 are, therefore, of the same order as shot-to-shot variance in other laser param-
eters and smaller than corrections to wavefronts [36,41]. As coefficients of the higher
order corrections appear to grow less than factorially [42], the series should be reasonably
convergent. No new field components appear at higher orders at the expansion, meaning
that new qualitative changes to the trajectories are excluded. Together, these facts justify
truncating after O(εw).

Finite pulse duration effects on the field distribution can be derived analytically [17],
and the corresponding expansion parameter is defined as

εt =
λl

cΔτ
. (A2)
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We do not model here experimental effects due to variations in the amplification spec-
trum [36].

The resulting set of fields is,

�E(�x, t) = �E(0)(�x, t) + εw�E(1)(�x, t) + ε2
w�E

(2)(�x, t) + . . . (A3)

�B(�x, t) = �B(0)(�x, t) + εw�B(1)(�x, t) + ε2
w�B

(2)(�x, t) + . . . (A4)

for linear polarization,

�E(0)(�x, t) = �eE0
w0

w(z)
e−r2/w(z)2

sin
(

Φ(0)(t, z)
)

(A5)

�B(0)(�x, t) = c−1k̂ × �E(0) (A6)

�E(1)(�x, t) = k̂2εwE0(�x ·�e) w0

w(z)
e−r2/w(z)2

cos
(

Φ(1)(t, z)
)

(A7)

�B(1)(�x, t) = c−12εwE0(k̂ ×�x)
w0

w(z)
e−r2/w(z)2

cos
(

Φ(1)(t, z)
)

(A8)

where �e is a polarization unit vector orthogonal to the wavevector�k = k̂ω0/c, w0 is the
waist radius, r2 = x2 + y2, and E0 is the peak electric field. The beam radius varies as a
function of distance from the focal plane,

w(z) = w0

√
1 + z2/z2

R, (A9)

and the phase is also a function of distance from the focal plane,

Φ(0)(t, z) = ω0(t − z/c) + tan−1(z/zR)− zr2

zRw(z)2 − φ0 (A10)

Φ(1)(t, z) = Φ(0)(t, z) + tan−1(z/zR). (A11)

The O(εt) fields differ for each profile function f (t − z/c) and are derived by expanding
the Fourier transform with respect to t,

�E(�x, t) 
 �eẼ(�x, ω0)eiω0(t−z/c) f (t − z/c) +�e
∂Ẽ
∂ω

(�x, ω0)eiω0(t−z/c) f ′(t − z/c) + . . . (A12)

where the second term is O(εt) since the derivative on the profile function f ′ brings in
powers of εt.

Using superscripts (a, b) to denote the order in each of the respective small parameters
εw, εt, we have

�E(�x, t) ≡ �E(0,0)(�x, t) + εw�E(1,0)(�x, t) + εt�E(0,1)(�x, t) + . . . (A13)

to order implemented in our simulations. The same form holds for �B(�x, t).
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Abstract: In this work, we reviewed our results on the prospect of increasing the quality of ion
acceleration driven by high-intensity laser pulses using low-Z structured targets. It is shown that
the radiation pressure acceleration mechanism dominates over target normal sheath acceleration
for assumed laser target parameters when the laser intensity is high enough. The target thickness is
optimized for this regime and double-layer structure is investigated. When a corrugation is fabricated
on the interface of such a target, a relativistic instability with Rayleigh–Taylor and Richtmyer–
Meshkov like features can be driven by the target interaction with a high intensity laser pulse. The
proper development of this instability leads to the generation of a collimated quasi-monoenergetic
ion beam with lower emittance, divergence, and energy spread compared to a single and double-layer
target with planar interface. A steep-front laser pulse is used in our simulations to mitigate other
type of instabilities arising at the target surface from the laser–target interaction. We discuss the use
of a plasma shutter to generate the required pulse profile, which also locally increases intensity. The
obtained shape improves the ion acceleration, including higher maximal energy and lower beam
divergence, in our simulation of a high-Z target.

Keywords: high quality; monoenergetic; ion acceleration; laser-driven; plasma; low divergence;
particle-in-cell; instability; steep front; plasma shutter

1. Introduction

Laser driven ion acceleration is currently receiving particular scientific attention for its
impressive applications, such as hadron therapy [1–3], nuclear fusion [4,5], use in material
sciences and nuclear physics research [6], and other areas [7–9]. Cryogenic (solid) hydrogen
targets provide an interesting medium for ion acceleration as they can be made relatively
thin, with low density, lacking contaminants, debris-free, and can be used in high-repetition
laser–target experiments [10–13].

In this work, we review our results on the prospect of increasing the quality of future
ion acceleration driven by the current and forthcoming multi-(tens) PW laser systems (such
as ELI Beamlines [14–16], APOLLON [17], ELI NP [18], and SEL [19]) using structured
cryogenic targets. It is shown that, with the use of a 10 PW-class laser system with pulse
duration over 100 fs and cryogenic targets of current thickness [11], the radiation pressure
acceleration (RPA) [20] mechanism dominates over the target normal sheath acceleration
(TNSA) [21,22] in both the number of accelerated protons (with energy > 10 MeV) and
the maximal reached energies [23]. The laser–target conditions relevant for RPA has been
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thoroughly investigated in this millennia, e.g., in Refs. [24–26], and the experimental indi-
cations of the RPA regime have already been observed [27–30]. Note that the laser–target
condition optimal for RPA overlaps with other mechanisms investigated at moderately
relativistic intensities [31], such as phase stable acceleration (PSA) [32,33], which is also
referred to as coherent acceleration of ions by laser (CAIL) [34]. Usually, two subregimes
of RPA are distinguished, the hole boring [35–37] for a relatively thick target and light
sail [38,39] for ultrathin targets; the transitions between them can occur by decreasing
the target areal density and/or increasing the laser pulse intensity [40]. Therefore, the
thickness of the cryogenic target for the use of a 100 PW class laser system was reduced
in our simulations [41] to be optimized for the RPA mechanism [20]. The properties of
the generated particles can be improved using structured targets made of heavy and light
ion layers [1,42–44] and by properly introducing instability, transforming the target into
compact ion bunches either from the planar target [45] or the target with a modulated
surface [46]. We investigate the introduction of the initial corrugation on the interface
between the double-layer target [41] with a high intensity laser pulse. In these conditions
a relativistic instability arises, which is determined by the target geometry, having features
of the Rayleigh–Taylor (RTI) [47,48] and Richtmyer–Meshkov (RMI) [49,50] instabilities.
Both of them are currently being thoroughly investigated [51–59]. They can be found on
different space scales ranging from the parsec-size in astrophysics (e.g., the development of
the filament structure of the Crab Nebula [60]) to a μm-size in laser-plasma, e.g., affecting
the creation of the hot spot in the inertial fusion [61]. The main differences between RTI
and RMI are shown via the experimental results [62,63] in Figure 1. The driving force is in
principle continuous for RTI, resulting in exponential growth, therefore experiencing slower
growth in early time in Figure 1 (left). RTI can occur only when the acceleration is being
driven from lighter to heavier media [51]. In contrast, the RMI behavior is rather impulsive
and a perturbation grows linearly in time, as shown in Figure 1 (right), and it can occur for
shocks directed toward either side of the interface. In the case of heavy-light direction of
acceleration, RMI exhibits a characteristic phase inversion of the corrugated interface, as
was predicted in theory [53,64,65] and shown via experiment [63]. The inversion (switch of
corrugation maxima and minima) is visible in Figure 1 (right), e.g., compare the position of
maxima and minima in sub-figures (a) and (d). In contrast, the maxima and minima stay at
the same position for RTI in Figure 1 (left).

The instability can be influenced by the fabricated interface corrugation to generate
a high-density proton bunch, which can be accelerated by the radiation pressure as a com-
pact structure. Therefore, the generated proton beam has good quality and properties such
as low energy spread, divergence, and emittance [41].

In our simulations, we use a steep-front laser pulse to mitigate the development of
other transverse instabilities (with relatively short wavelength) arising from laser–target
interaction on the target surface, usually ascribed to Rayleigh–Taylor [45,66,67] or electron-
ion coupled instability [68,69], as was proposed by theory [45] to increase the target stability.
Without this treatment, the target can be shattered into many small bunches, ignoring the
target geometry. We discuss the use of the plasma shutter (usually a thin solid foil attached
to the front surface of the target with a gap between them) [70–79] to obtain the required
pulse profile. In addition to the steep-rising front, the shutter can also locally increase the
peak intensity of the laser pulse [78]. The obtained shape can improve the ion acceleration
from the target located behind the plasma shutter, including higher maximal energy and
lower divergence [79].

The paper is organized as follows. The simulation method and parameters of the
simulations used in the particular subsections of results are described in Section 2. Section 3,
which contains the results, is divided into three sections. First, the dominance of the RPA
mechanism for the assumed parameters is shown in Section 3.1. The target thickness is then
reduced, and the influence of the corrugated interface of the double-layer target, including
the bunch generation with low emittance, divergence, and energy spread, is investigated
and compared to similar targets in Section 3.2. Finally, the foil stability is discussed in
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Section 3.3, comparing the results using steep-front and full-front laser pulses. The use of
the plasma shutter for our concept and for heavy ion acceleration from different targets is
also discussed in this section. Appendix A contains the description of the virtual reality
application (called VBL-Virtual BeamLine) used for visualization of our results.

Figure 1. Difference between RTI and RMI in a sled experimental setup. (left) RTI, the time increment
between each subsequent image is 33 ms. Reprinted from [62], with the permission of AIP Publishing.
(right) RMI, the first image is at time before the shock is delivered, the time increment between each
other subsequent image is about 83.5 ms (66 ms between the last two ones). Source [63], reproduced
with permission.

2. Methods

We performed 2D and 3D particle-in-cell simulations using the code EPOCH [80]. In
Sections 3.1 and 3.2, the quantum electrodynamics (QED) module [81] resolving non-linear
Compton scattering is included in the simulations, assuming high intensity interaction.
The EPOCH default Yee solver was used, and current smoothing option was applied. In
Section 3.1, the triangular shape of particles was used, whereas the preprocessor directive
for 3rd order b-spline shape function of the quasi-particles (PARTICLE_SHAPE_BSPLINE3)
was used in Sections 3.2 and 3.3. The main laser–target simulation parameters are shown
in Table 1, and further simulation details are described in the following paragraphs of
this section.

Table 1. The main laser–target simulation parameters. In order: Intensity I, polarization, wavelength
λ, width of Gaussian space profile at FWHM, temporal shape-duration for sin2(t) and FWHM for
Gaussian, target material, thickness, and electron density ne in the corresponding critical density nc.

Section I [W/cm2] Pol. λ [μm] Width [μm] t-Shape Target Thickness ne [nc]

3.1-2D 3 × 1022 p 1.1 5 sin2(t) 320 fs H 25 μm 56
3.1-3D 1.5 × 1022 p 1.1 5 sin2(t) 200 fs H 15 μm 56
3.1-VR 3 × 1022 p 1.1 5 sin2(t) 200 fs H 15 μm 56

3.2-2D 1.37 × 1023 s 1.0 10 Gauss 26.7 fs 2H-H (1 + 1) μm 48

3.3-3D 1 × 1022 p 1.0 3 sin2(t) 64 fs Shutter Si3N4 20 nm 835
Target Ag 20 nm 2100

In Section 3.1, the laser pulse parameters of the reference 2D case are as follows:
p-polarization, peak intensity I = 3 × 1022 W/cm2, wavelength λ = 1.1 μm, beam width is
5 μm, and full pulse duration is 320 fs for sin2(t) shape in intensity. Its energy corresponds
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to a Gaussian temporal profile with 150 fs FWHM. The peak power is about 9 PW and
energy is 1.35 kJ. Dependence on intensity ranging between I = 0.375 × 1022 W/cm2

and I = 3 × 1022 W/cm2 is also discussed while keeping the other parameters same
(i.e., changing pulse energy and power). The intensity of I = 1.5 × 1022 W/cm2 was used
for 3D simulation. The target is made by 25 μm thick fully ionized hydrogen target with
electron density of 56 nc1.1, where nc1.1 is the non-relativistic critical density for λ = 1.1 μm.
For the 3D simulations and virtual reality visualization, the laser and target parameters
were reduced by a factor of 5/3 to 200 fs and 15 μm. For 2D simulations, square cells
with the size of 20 nm are used. Each cell occupied by plasma contains 56 electrons and
56 protons. For the 3D simulation, the cell size is 20 nm in the longitudinal direction
and 30 nm in the transverse direction. The number of particles per cell was reduced to
10 electrons and 10 protons. More information about simulation parameters can be found
in [23].

In Section 3.2 (and the first part of Section 3.3), the laser pulse parameters are as
follows: s-polarization (electric field is perpendicular to the plane of incidence), peak
intensity I = 1.37 × 1023 W/cm2, wavelength λ = 1 μm, beam width is 10 μm, beam
duration at FWHM is equal to 8 laser periods T. The steep front is realized by filtering out
the low-intensity part at the front of the laser pulse until 2.4 T (i.e., 30% of FWHM) before
the peak of the temporal Gaussian profile. The double-layer target consists of light (solid
hydrogen) and heavy (deuterium) ion layers. The electron density is same in both layers
ne = 48 nc, where nc is the non-relativistic critical density for λ = 1 μm. The deuterium
layer has the same electron and ion number density as the proton layer, but two times
heavier ion mass. Square cells with the size of 10 nm are used. Each cell occupied by
plasma contains 48 electrons and 48 protons/deuterium ions. More information about
simulation parameters can be found in [41].

In the rest of Section 3.3 (results with the plasma shutter), the laser pulse parameters
are as follows: p-polarization, peak intensity I = 1 × 1022 W/cm2, wavelength λ = 1 μm,
beam width is 3 μm, and full pulse duration is 64 fs for sin2(t) shape in intensity. Its
energy corresponds to Gaussian temporal profile with 30 fs FWHM of 1 PW laser pulse.
The plasma shutter is made of silicon nitride (Si3N4) solid foil. Full ionization of the
foil is assumed with electron density ne = 835 nc, where nc is the non-relativistic critical
density for λ = 1 μm . The thickness of the plasma shutter is set to 20 nm. The target,
located behind the plasma shutter, corresponds to a silver solid foil with thickness of 20 nm.
Partial ionization of the target is assumed (charge number Z = 40), electron density is
ne = 2100 nc. The mesh has square cells of the size 3 nm in 2D simulations and cuboid cells
of the size 5 nm in the laser propagation direction and 25 nm in the transverse ones in 3D.
The number of electrons in 2D is 835 particles per cell inside the plasma shutter (400 in 3D)
and 1050 inside the target (1000 in 3D), respectively. The numbers of ions correspond to
their charge ratios. More information about simulation parameters can be found in [78,79].

3. Results

3.1. The Prominence of Different Acceleration Mechanisms Using Cryogenic Targets

In order to properly optimize the target thickness and structure, one first needs
to know which acceleration mechanism to focus on. More mechanisms usually occur
during the laser–target interaction, and their interplay depends on the target and laser
parameters [82]. Currently, the most employed acceleration mechanism is the target normal
sheath acceleration (TNSA) [21,22]. In this section, we examine the shift from the TNSA
dominated regime with the increasing laser pulse intensity for low density cryogenic
targets of current thicknesses [11] and 10 PW class laser systems with pulse duration over
100 fs. Understanding of this topic then helps with choosing the parameters used for the
structured cryogenic target in Section 3.2.

In our simulations [23], the assumed intensity ranges between I = 0.375× 1022 W/cm2

and I = 3 × 1022 W/cm2; the thickness of the fully ionized hydrogen target is 25 μm. We
focuses on the difference of the well established TNSA mechanism and the emerging
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mechanisms that differ from it, mainly radiation pressure acceleration (RPA). These two
mechanisms can be clearly distinguished from each other at the early and middle stages as
they act at different positions of the target. The TNSA gets involved on the rear side of the
target, whereas the RPA is acting on the front side and interior of the target. This behavior
is shown in Figure 2 using the proton energy layers (i.e., protons at various energy intervals
in the 2D simulation area) for the peak laser intensity I = 3 × 1022 W/cm2. The conversion
efficiency of the laser pulse energy to the high-energy protons (exceeding 10 MeV) in this
case is about 27%.

Figure 2. Proton energy layers for hydrogen target: (a) at 190 fs (b) at 230 fs from the beginning of
laser–target interaction. The initial position of the target is between 0 μm and 25 μm (denoted by the
black line). Republished with permission of IOP Publishing, Ltd., from [23], permission conveyed
through Copyright Clearance Center, Inc.

The highest energies in the first stage (Figure 2a) are achieved by the RPA regime in
the target interior. Here, the low density of the target provides good conditions for the hole
boring phase of the RPA mechanism. The hole boring velocity inferred from our simulation
is uhb = 0.31 c, which is slightly higher than the theoretical value of uhb = 0.26 c calculated
using the analytical model [36]. The character c denotes speed of light in vacuum. In the
second stage (Figure 2b), the target is still not transparent for the laser pulse, and the most
energetic protons from the inside of the target (accelerated to velocities higher than uhb)
enter into the TNSA field behind the initial position of the target rear side (denoted by the
black line). Although the ions from both populations are now located in the same area,
they can still be distinguished from one another by the combination of their energy and
position. The energy of protons accelerated by the TNSA mechanism strongly depends
on their distance from the target rear side, with the most energetic protons located on
top of the proton cloud, as can be seen in Figure 2a. Therefore, the entering RPA protons
can be distinguished by their significantly higher energy, which does not fit the energy
layer of the surrounding TNSA protons. Thus, RPA results in higher proton energy than
TNSA also in this stage. The separation of the two populations is more visible in the
pseudo-3D visualization, with the proton energy represented also by the vertical height
(Figure 3). Here, the laser pulse (incoming from left) is represented in the gray scale, the
electron density by the turquoise scale, and the scale for proton energy is ranging from
white (zero energy) to purple (about 400 MeV) to light blue (over 600 MeV). Note that
for this visualization, the laser and target parameters were reduced in the similar way as
for the 3D simulations (factor of 5/3) discussed below, and only the protons reaching the
highest energy at the end of the simulation (above 300 MeV) are being tracked (see more
information in [83] and in Appendix A). The interactive visualization (available online [84])
is made in the virtual reality web-based application [85], discussed in Appendix A.
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Figure 3. VBL visualization of different proton populations using the hydrogen target: (a) at time
frame 67, (b) at time frame 110. The dots represent the simulated protons (only protons that exceed
300 MeV at the end of the simulations are included); the vertical height and color denote their energy
using the white–red–blue scale. Laser pulse intensity is represented by the gray scale, electron density
by the turquoise scale, and both values are also visualized using the vertical height. The interactive
VBL application of the full time evolution is accessible online [84].

The third stage may occur if the laser pulses reach the rear side of the target and
eventually punch through it, which happens around time t = 270 fs in the simulation
with maximal intensity shown in Figure 2. The protons can be further accelerated to very
high energies around the onset of the relativistic transparency by regimes such as the
hybrid RPA-TNSA mechanism [86,87], break-out afterburner [88,89] and directed Coulomb
explosion [90]. To see the dependence of the mechanisms interplay on intensity, other
simulations were performed with the same parameters but with lower pulse intensities
(and thus lower pulse power). Figure 4a shows the time evolution of the maximal reached
proton energy by RPA (solid lines) and TNSA (dashed lines) in these simulations. Note
that, for the times after the laser pulse burns through the target, all the ions originated from
the target interior are labeled as RPA in Figure 4a for the sake of brevity.

a) b)

Figure 4. Maximal proton energy and ion spectra from hydrogen target. (a) Temporal evolution
of maximum energies of protons accelerated by the RPA and TNSA mechanisms for various laser
intensities. (b) Proton energy spectra for linearly and circularly polarized laser beams in 2D and 3D
simulations at 260 fs from the beginning of the laser pulse interaction. Target thickness is reduced
to 15 μm and pulse duration to 200 fs. Peak intensity I = 1.5 × 1022W/cm2. Republished with
permission of IOP Publishing, Ltd., from [23], permission conveyed through Copyright Clearance
Center, Inc.

The RPA mechanism accelerates protons to higher energies than the TNSA in our
simulations with intensities above 0.75 × 1022 W/cm2. Note that, for these simulations, the
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laser pulse reached the rear side of the target, as further discussed in reference [23]. For the
lowest intensity case, the target is too thick for an efficient RPA acceleration, and the TNSA
plays the role of the dominating mechanism in the sense of proton energy.

Two-dimensional simulations are known to usually overestimate the maximal reached
energy and heating of electrons (especially in the linear p-polarization) [89,91]. Therefore,
our findings are also verified via 3D simulations. Intensity I = 1.5 × 1022 W/cm2 is chosen
for the demonstration. Both the laser pulse duration and target thickness are reduced by
a factor of 5/3 to 200 fs and 15 μm due to computational constraints. Corresponding 2D
simulations with the same reductions and simulations with the circular polarization were
also performed for comparison. The proton energy spectra at the time 260 fs are shown in
Figure 4b. Unexpectedly, the 3D simulations resulted in higher maximal energy than their
2D counterparts for our parameters with a relatively thick target. Further examination by
separation of TNSA and RPA protons shows that only the energy of ions accelerated by
RPA is higher in the 3D simulations. For example, before mixing these two populations
at time 180 fs, the maximal energy of RPA protons increases from 180 MeV to 255 MeV
when the third dimension is included. In this stage, the RPA mechanism represents a clear
hole boring phase. This increase can be explained with the effect of the self-focusing of the
laser beam propagating in the plasma. The laser pulse intensity is thus higher in 3D, as the
self-focusing is not limited into just one plane as it is in 2D (see the comparison of electron
density and electric field in Figure 6 in [23]). Consequently, the hole boring velocity (and
thus the proton energy) is higher in 3D.

In contrast, at the same time instant, the energy of protons accelerated by pure TNSA
decreases from 155 MeV to 80 MeV, which corresponds to the previous observations related
to higher electron heating in 2D [91].

Circular polarization is often proposed for the laser pulse interaction with ultra-thin
targets as it can improve the foil stability and reduce the electron heating and consequently
results in higher ion energy [28,66,67,92]. In our simulations, these advantages diminish
as the larger thickness of the target prevents it from immediately breaking. The electron
heating at later stages is also similar in the linear and circular polarization due to the
bending of the target surface (see the discussion in [23]). Therefore, the proton energy
spectra of 3D simulations are similar until the energy is approximately 185 MeV. The linear
polarization enhances the tail of the proton spectrum, resulting in higher maximal energy
than the circular one in our simulations. This behavior can be ascribed to the presence of
the oscillatory component of the ponderomotive force.

3.2. Improving Ion Properties Using Double-Layer Targets with Interface Corrugation

On the basis of our findings in the previous section, we choose the cryogenic target
optimized for the RPA mechanism in our next study involving future 100 PW class laser
systems. The optimal thickness l [20] of such a target can be expressed as:

l
λ
=

a0

π

nc

ne
, (1)

yielding the thickness of 2 μm for our laser and target parameters (see Section 2). Here, a0
is the dimensionless amplitude of the laser electric field.

The properties of the ions accelerated from the solid target can be improved by its
proper structuring. In our preliminary results in [93], we briefly compared the sinusoidal
corrugation on the interface of a double-layer target with the one on the surface of single-
layer-target and with the target without a corrugation (see Figure 5a–c).
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d)

Figure 5. Structured targets and generation of proton bunch, source of the left part (a–c) [76]. Initial
configuration of deuterium layer (blue) and proton layer (orange) in the cases: (a) double–layer
target with the modulation on the interface, (b) single–layer target with the modulation on the front
surface, (c) without the modulation. (d) Visualization of case (a) during the laser–target interaction.
Coloring: electric field (gray), density of deuterium (blue) and hydrogen (orange). Colors saturated
with maximum value set to the initial density. Values are also represented by the vertical height. The
distinguished high density proton bunch enfolded by the laser pulse is developed. Source of (d): [94].

The corrugation located at the interface of a double-layer target is especially interesting
as it resulted in a significant peak in ion spectra (more significant than in the reference
case of surface modulation as is briefly discussed in Section 3.3). The interface corrugation
was then thoroughly investigated in [41]. Figure 5d contains the visualization of the target
density (deuterium: blue, proton: orange) and laser pulse electric field (gray). The values
are also represented by the vertical height. The interaction of the laser pulse with the target
results in the rise of the relativistic instability, with RTI and RMI features depending on the
target geometry. The target is fractured into high density regions (located around the initial
corrugation maxima at positions −5 μm, 0 μm, and 5 μm) and low density regions between
them (around the initial minima). Moreover, as can be seen in Figure 5d, the laser pulse
enfolds the central proton bunch, limiting the bunch broadening in space. Therefore, the
ions are accelerated by the radiation pressure as a compact structure, having a low energy
spread. The quality and properties of these protons are summarized in Figure 6a–c.

Figure 6. Properties of the ion beam. (a) Time evolution of the tail of the proton energy spectra in the
HL case, (b) proton energy spectra of the HL case at time t = 47 T, with highlighted FWHM section
used for (c) angular distribution, (d) proton energy spectra (corresponding deuteron energy spectra in
inset) for various targets (see details in the text) at time t = 47 T. Reprinted from [41], with permission
from Elsevier.

Figure 6a shows the time evolution of the tail of the proton energy spectra. Although
the bunch structure is spreading in the later stages, the bunch structure is presented until
the end of the simulation. Moreover, the structure is gradually shifting towards the end of
the energy spectra with time. The time at 47 T (blue line) is further examined in Figure 6b,c.
The average energy of the bunch is 1882 MeV, its bandwidth at FWHM is 67 MeV, and
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energy spread is about 3.7%. The energy conversion of the laser pulse into the protons
inside the bunch is around 3.4%. The conversion into all protons propagating in the forward
direction is around 28.7%. The red part of Figure 6b denotes the part of the beam above its
FWHM. The angular spectrum of this red part is shown in Figure 6c using the logarithmic
scale. The beam is well collimated, with the angular spread 2θ = 0.65◦ (at FWHM), the
solid angle Ω = 2π(1 − cos(θ)) = 0.1 mrad, the normalized rms transverse emittance [95]

εrms =
√
〈y2〉〈p2

y〉 − 〈ypy〉2/mpc = 0.046 mm · mrad, where mp and py are proton mass
and momentum in the y-direction. This emittance is one order of magnitude lower than in
the case of conventional proton accelerators [96], but still one order of magnitude higher
than the emittance reported in [97] (where the energy range of protons was lower than in
our case, up to 10 MeV). The transverse emittance can be also defined in real space via
the beam divergence as in [98], yielding emittance εy = 0.218 mm · mrad and divergence
Θdiv = 0.038 rad.

To show the effect of the corrugation, this simulation of the deuterium-proton layer
(configuration shown in Figure 5a), denoted as HL (heavy-light), is compared with other
simulations. Specifically, simulations of a double-layer target without corrugation (HL-
WO), the double-layer target with corrugation, but with opposite order of layers (LH,
light-heavy), and the single-layer hydrogen target (L2), (see the details in [41]). Both cases
without the corrugation (HL-WO and L2) do not provide a significant peak in the energy
spectrum (Figure 6d). The LH case provides a peak but with lower energy and higher
energy spread. This behaviors correspond to the proton density shown in Figure 7.

Here, the density is denoted by the vertical height, and the color represents the proton
energy at that position. Both simulations with corrugations (Figure 7a,b) generate and
maintain the high density bunches influenced by the target geometry as described above.
In contrast, the non-corrugated cases (Figure 7c,d) generate a bubble structure typical for
RPA acceleration of a planar target [45]. The RPA mechanism then can accelerate a smaller
part of the particles at the bubble front to very high energies, but without the desired peak
in the proton energy spectra, which is provided by the corrugation.

The influence of different laser polarization and corrugation wavelengths in the HL
case is also thoroughly investigated in [41]. The instability leading to bunch generation
(and peak in the ion energy spectra) also developed in the case of p-polarization. However,
the central bunch was significantly smaller compared to the s-polarization case (shown
in this section). This behavior was explained by artificially greater electron heating in the
simulation plane in the p-polarization, as previously demonstrated in [89,91]. In contrast,
the instability was mitigated in the case of circular polarization, and the ion bunch was not
generated. The optimal corrugation wavelength was shown to be around the half of the
size of the focal spot, which is used in the simulations in this section.

Figure 7. Spatial density distributions at time t = 47 T. The proton density is represented by the
vertical height, and proton energy is represented by the blue to yellow scale. The simulated cases are:
(a) HL, (b) LH, (c) HL–WO, (d) L2 (see parameters of all the targets in the text). Reprinted from [41],
with permission from Elsevier.
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3.3. Target Stability and Generation of the Steep-Front Laser Pulse

The foil stability is often worsened by the onset of unwanted kinds of instabilities.
Especially with the treatment of a relatively short wavelength (independent on the target
geometry), transverse instability arising from the laser–target interaction needs to be
assumed. This instability is usually ascribed to Rayleigh–Taylor [45,66,67] or electron–ion
coupled instability [68,69]. For the sake of brevity and its shorter wavelength compared to
the desired instability driving the bunch generation discussed in Section 3.2, this instability
will be referred to as short-wavelength instability regardless of its origin hereinafter. Its
uncontrolled development results in the lower efficiency of ion acceleration in our case, as
the target is shattered into many small bunches, as can be seen in Figure 8a.

Figure 8. Short-wavelength instability. (a) Spatial distributions in the HL-FF (with full-front laser
pulse) case at time t = 14 T. Blue and red scales represent deuterium and proton densities, with
maximum value set to the initial density. Full density is indicated by the vertical height. (b) Proton
and deuteron energy spectra for HL (steep-front, interface corrugation), HL-FF (full-front, interface
corrugation), and L2-SM (steep-front, surface corrugation) cases at time t = 47 T. Reprinted from [41],
with permission from Elsevier.

As noted in Section 3.1, circular polarization is often used for improving foil stability
by mitigation of instabilities. However, circular polarization cannot be applied to our
scheme, as it would weaken both the desired and unwanted instabilities, lowering the
energy and quality of the proton beam in our simulations (see details about polarization
dependence in [41]).

In our simulations, we use a steep-front laser pulse as proposed by theory [45]. Under
this condition, the unwanted short-wavelength (RTI-like) instability does not have enough
time to significantly develop. On the contrary, the wanted relatively long-wavelength
instability induced by the target geometry (with RMI features) can immediately respond
to the high radiation pressure and develop properly. This approached was used in all
simulations presented in Section 3.2, where the steep-front was simulated by filtering
out the beginning of the laser pulse until 2.4 T before the peak of the laser pulse. The
simulation shown in Figure 8a represents the uncut full front, being 8 T longer. The effect of
the laser front steepness on ion acceleration is shown in the ion energy spectra in Figure 8b.
With the use of the full-front laser pulse (HL-FF), the distinctive good-quality peak in the
proton spectrum is not developed. A less distinctive, relative broad peak is present, but
at significantly lower energy compared to the steep-front case. The proton spectrum is
somehow similar to the one of a single-layer hydrogen target with corrugation on its surface
(L2-SM, configuration shown in Figure 5b), where the driving instability also originated
from the surface. The foil disruption in the HL-FF case also reduces the maximal proton
energy. In contrast, the energy of deuterons from the first layer is enhanced compared to
the steep-front case, as they are more mixed with the protons.

The required steep-front laser pulse can be generated by several phenomena. If the
laser pulse propagates through an underdense plasma [99–101] or a near critical density
plasma [102–108], the desired shape can develop through the nonlinear evolution of the
laser pulse. Another method is to use a thin overdense plasma foil (usually referred to as
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a plasma shutter [70–79]). The front of the laser pulse (with low intensity) is filtered out
and the desired (high intensity) part propagates through the foil undergoing relativistic
transparency, gaining the steep-front profile. In our further research, we focuses on the
plasma shutter technique, first with a PW-class laser pulse utilizing a silicon nitride (Si3N4)
plasma shutter. The plasma shutter made of this material has several advantages, such as a
well defined surface, commercial availability in various thicknesses, and high quality of
mechanical and optical properties [109,110]. A visualization of our 3D simulation [78] is
shown in Figure 9a.

Figure 9. Plasma shutter. (a) The distribution of the laser intensity in the horizontal slice of the laser
pulse from 3D simulation with the plasma shutter when the maximum intensity value is reached,
source [78]. (b) The 1D profile (at y = 0 and z = 0) of dimensionless amplitude of the electric field in
the y-direction (a0y) after the laser pulse propagates through the plasma shutter in the 3D simulation.
Comparison of the transmitted laser pulse (W/1xSh) with the original one (W/O–Sh). Steep front
is generated, its envelope is approximated using the equation y = 140 · sin(π · x/9.2). Source [79].
Figures reprinted under the terms of the Creative Commons Attribution 4.0.

The laser pulse burns through the plasma shutter, shaping its profile and creating the
so-called relativistic plasma aperture [111]. Consequently, the laser pulse is diffracted on
such an aperture and, due to its constructive interference with generated high harmonics,
the local intensity is amplified [78]. Local amplification by a factor of 7 (from the initial
intensity of 1 × 1022 W/cm2) can be seen in the highlighted area of Figure 9a, where the 2D
profile of the laser pulse intensity in the polarization plane (x-y) is shown. Figure 9b shows
the 1D profile (at the center of the pulse) at a later time, when the envelope stabilizes [76].
The blue line represents the original pulse in the simulation without the plasma shutter
(W/O-Sh), and the red line is from the simulation with the plasma shutter (W/1xSh). The
pulse front is about five periods shorter and significantly steeper compared to the original
pulse. The maximal amplitude of this central (1D) profile is also enhanced, although the
main intensity amplification occurs off-axis, as shown in Figure 9a. The application of the
produced laser pulse for ion acceleration from a silver target was briefly investigated, with
the preliminary results in [76], and then thoroughly discussed in [79], where the position
of the target was also optimized. The setup of this 3D simulation is shown in our VR
application in Figure 10, where the laser pulse (incoming from the left) is represented by
the red color scale, electron density of the shutter is represented by the blue scale, and the
density of silver ions from the target are represented by the green scale.
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Figure 10. Application of the plasma shutter with a silver target: VBL visualization of our simulation
of 1 PW laser (electric field: red color) interacting with the plasma shutter (blue: electron density) and
the silver target (green: ion density). Laser pulse is shaped by the plasma shutter (resulting in the
aperture) and accelerates ions from the silver target. A high energy ion beam with low divergence is
generated. Data used for this visualization come from [79]. The interactive VBL application of the
full time evolution is accesible online [112].

The use of the plasma shutter can result in an increase in maximal energy of heavy
ions, as shown in Figure 11a, although a part of the laser pulse energy is lost during the
development of the aperture [79]. For the linear polarization, the maximal energy of silver
ions at the end of the simulation increases from 115 to 155 MeV per nucleon (about 35%)
when the plasma shutter is included in the simulation. The same effect is also observed for
the circular polarization, where the maximal energy increase is even slightly higher (about
44%). Moreover, in the case of linear polarization, the divergence of the accelerated ion
beam in the x-z plane (Figure 11c) significantly decreases as the ions are focused towards
the laser axis in the plane perpendicular to the laser polarization. This beam-like structure
is visible in Figure 10 behind the silver target (green color) around the laser axis. The shutter
also has a positive effect on the beam divergence in the x–y plane, as shown in Figure 11d;
this effect was ascribed to the steep-front generation. The transverse instability in ion
density (similar to the instability in Figure 8a) is also reduced when the shutter is included
(and the steep-front is generated); see the full discussion in [79]. This finding corresponds
to the results discussed above. In addition, two (or a series of) plasma shutters can be
used to mitigate the prepulses accompanying the main pulse, thus also improving the laser
contrast. The double-shutter scenario was investigated using a combination of 2D PIC and
hydrodynamic simulations in [79]. The first shutter can withstand the assumed sub-ns
prepulse (treatment of ns and ps prepulses by other techniques is assumed; alternatively
increasing the thickness of the first shutter may filter out longer prepulses), whereas the
steep front generation and the local intensity increase occurred via interaction with the
second non-expanded shutter. The increase in the maximal ion energy compared to the
2D simulation without any shutter is also demonstrated in this case. A prototype of such
a double shutter is presented and the design of the whole shutter-target setup is discussed
in [79].
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Figure 11. Properties of silver ions from the 3D simulations with the plasma shutter (W/1xSh) and
without (W/O-sh) for linear (LP) and circular (CP) polarization. (a) Energy spectra at the end of the
simulation (t = 70 T), (b) time evolution of the maximal energy. Angular distributions of ions with
energy over 55 MeV per nucleon in the x-z plane (c) and x-y plane (d). Source: [79]. Figures reprinted
under the terms of the Creative Commons Attribution 4.0.

According to our findings, the plasma shutter provides a promising possible solution
to the question of target stability via steep-front laser pulse generation. However, further
research and optimization is required for its application for the interaction of 100 PW class
lasers with double-layer targets.

4. Discussion

In this work, we review our results on the prospect of improving the quality and
properties of protons accelerated by future laser systems using cryogenic targets. It is
shown that, for these low density targets, the RPA mechanism can become the dominant
acceleration regime. The domination is stronger with increasing laser intensity. The use of
structured double-layered targets with interface corrugation in our simulations results in
the occurrence of a relativistic instability influenced by the target geometry. Its development
leads to the generation of a high-density and high-energy proton bunch. This bunch is
accelerated by the dominant RPA mechanism as a compact structure, resulting in a proton
beam of high quality. It includes low divergence, transverse emittance, and energy spread
of accelerated protons. This beam is not developed in the reference cases without the
corrugation on the target interface.

We further discuss the stability of this laser–target interaction. Another instability
arising rather from the laser interaction with the target surface (with shorter wavelength
compared to the interface corrugation assumed) needs to be reduced in order to generate
the high-quality proton bunch. It is shown that the development of this short-wavelength
instability is mitigated using a steep-front laser pulse. We propose the use of the plasma
shutter to obtain the required laser pulse shape. Although a part of the laser pulse energy
would be lost, the transmitted laser pulse will gain the steep-front time profile and locally
increase the peak pulse intensity. This concept has been shown advantageous for ion
acceleration using a PW-class laser pulse, improving both the maximal ion energy and
beam properties [79].

The optimization of shutter parameters for use with the structured targets and laser
systems with higher power assumed in this work will require additional research. The fully
3D simulation of this concept will be performed in the future.
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Abbreviations

The following abbreviations are used in this manuscript:

RPA Radiation Pressure Acceleration
TNSA Target Normal Sheath Acceleration
RTI Rayleigh–Taylor Instability
RMI Richtmyer–Meshkov Instability
HL Heavy-Light
LH Light-Heavy
HL-WO HL without Modulation
L2 Light Single-Layer with the Same Thickness as HL
HL-FF HL with Full-Front Laser Pulse
L2-SM L2 with Surface Modulation
W/O-Sh Without Plasma Shutter
W/1xSh With Plasma Shutter
VBL Virtual BeamLine
VR Virtual Reality

Appendix A. Virtual Reality Visualization

Virtual reality (VR) technology is receiving more and more attention in the field of
scientific visualization. It utilizes computational power and human–machine interaction
concepts to emulate the effect of a 3D world. The audience uses a VR headset (i.e., a device
worn on the head having small display(s), with embedded lenses and semi-transparent
mirrors) and VR controllers to interact with the objects representing the scientific datasets
and explore their complicated spatial and temporal structures in a way that makes them
easy to understand.

At ELI Beamlines, we use a custom WebGL [113] render solution in the form of a com-
plex web client–server application running inside a regular web browser. The application,
called Virtual Beamline—VBL [114], renders the output of interactive visualization in real
time (i.e., at sufficiently high frame rates) to user’s regular and VR displays. The VBL
application has been used not only for research itself, but also for educational purposes and
science popularization. The use of the VR stations located at the atrium of ELI Beamlines is
shown in the upper part of Figure A1, running the visualization discussed in Section 3.1.
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Figure A1. VBL application. (top) The use of the VBL application on the VR stations at ELI Beamlines
(photo from [83]). (bottom) Example of a visualization based on the 3D PIC simulation data [116]
using the VBL application.

The VBL application can visualize multi-dimensional mesh- and particle-based data
that may be obtained from computer simulations or experimental measurements. The raw
data must be preprocessed and converted to binary buffers that the application can read.
At this point, one should also ensure that the size of the processed data complies with the
capabilities of the machine used for the visualization. Finally, the resulting buffers together
with a scene description in a form of a JSON [115] file are stored on a web server acting as
a data input for the visualization engine of the VBL application. More details about the
VBL application can be found in [85].

As can be seen in Figure A1, the application window contains multiple viewports that
may show, apart from the full 3D view, the data projections along a certain plane or axis,
time-dependent plots of a selected parameter, textual and numerical data, etc. On top of
that, there is an additional layer containing a description of displayed dataset as well as
a graphical user interface (GUI). It utilizes d3.js library for graphical elements and dat.GUI
library for the interface providing animation control and layer visibility management.
GUI controls together with VR controllers enable users to interact with a displayed scene
by moving and scaling it in the 3D space, filtering its content, and navigating in the
animation timeline.

The bottom part of Figure A1 shows an example of a visualization based on the 3D PIC
simulation data. The simulation investigates evolution of the radial profile of a high-power
laser pulse in a low-density plasma [116]. The VBL application helped considerably to
reveal the mechanisms of coupled electromagnetic and electron rings formation during the
interaction and to understand how these structures can be controlled. The simulation was
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calculated by the EPOCH code [80]; it took ≈2 × 105 core-hours, producing ≈2 TB of raw
data. The final size of the data processed for the purpose of the visualization in the VBL
application is ≈10 GB. The interactive visualization is available online [117] (note that the
client device is required to have at least 16 GB of free memory and the VR mode has been
tested for Oculus Rift in Firefox). The visualization shown in Figure 3 and the upper part of
Figure A1 has lower size (as it is based on 2D simulation) and is available online [84]. Other
visualizations made at ELI Beamlines can be viewed online [114], including the shutter
visualization [112] from Figure 10.
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115. Pezoa, F.; Reutter, J.L.; Suarez, F.; Ugarte, M.; Vrgoč, D. Foundations of JSON schema. In Proceedings of the 25th International

Conference on World Wide Web. International World Wide Web Conferences Steering Committee, Montreal, QC, Canada, 11–15
May 2016; pp. 263–273. [CrossRef]

116. Valenta, P.; Grittani, G.M.; Lazzarini, C.M.; Klimo, O.; Bulanov, S.V. On the electromagnetic-electron rings originating from the
interaction of high-power short-pulse laser and underdense plasma. Phys. Plasmas 2021, 28, 122104. [CrossRef]

117. Electromagnetic-Electron Rings. Available online: https://valenpe7.github.io/on_the_electromagnetic-electron_rings/ (accessed
on 2 June 2022).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

92



Citation: Hidding, B.; Assmann, R.;

Bussmann, M.; Campbell, D.; Chang,

Y.-Y.; Corde, S.; Cabadağ, J.C.; Debus,
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Abstract: Plasma wakefield accelerators can be driven either by intense laser pulses (LWFA) or by
intense particle beams (PWFA). A third approach that combines the complementary advantages
of both types of plasma wakefield accelerator has been established with increasing success over
the last decade and is called hybrid LWFA→PWFA. Essentially, a compact LWFA is exploited to
produce an energetic, high-current electron beam as a driver for a subsequent PWFA stage, which, in
turn, is exploited for phase-constant, inherently laser-synchronized, quasi-static acceleration over
extended acceleration lengths. The sum is greater than its parts: the approach not only provides a
compact, cost-effective alternative to linac-driven PWFA for exploitation of PWFA and its advantages
for acceleration and high-brightness beam generation, but extends the parameter range accessible for
PWFA and, through the added benefit of co-location of inherently synchronized laser pulses, enables
high-precision pump/probing, injection, seeding and unique experimental constellations, e.g., for
beam coordination and collision experiments. We report on the accelerating progress of the approach
achieved in a series of collaborative experiments and discuss future prospects and potential impact.

Keywords: plasma wakefield acceleration; LWFA; PWFA; compact particle acceleration; radiation sources

1. Introduction: LWFA and PWFA

The need for collective acceleration mechanisms as a pathway to overcome the limita-
tions of conventional accelerators, such as the occurrence of voltage or structural break-
down, and to realize energy gains orders of magnitude larger than otherwise possible,
has been discussed since the 1950s [1]. The electric fields in collective plasma electron
oscillations increase with plasma density and were recognized to be suitable for achieving
orders of magnitude larger energy gains. Using ”lasers to accelerate electrons to high
energies in a short distance” was proposed by Tajima and Dawson [2] in 1979 and is today
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known as laser-driven plasma wakefield acceleration (LWFA). Using a ”bunched relativistic
electron beam in a cold plasma” was proposed by Chen et al. [3] in 1985 and is today
known as particle beam-driven plasma wakefield acceleration (PWFA). Both schemes were
visionary and required technological advances that were achieved over recent decades.
For LWFA, a technological breakthrough came from the chirped pulse amplification (CPA)
technique proposed by Strickland and Mourou [4] (interestingly, published in the same
year as the seminal PWFA paper). CPA eventually made high-power, high intensity,
ultra-short laser pulses commercially available, which, in turn, enabled the realization
and exploitation of LWFA and the injection of electrons from background plasma wave-
breaking and quasi-monoenergetic electron beam production [5] even in university-scale
laboratories. For PWFA, the development was, perhaps, a little more gradual, with the first
driver/witness-type double-bunch acceleration experiment performed in 1988 [6]. This
was similar to the approach described in [3] as a driving/driven beam system, with two-
bunch acceleration remaining a key strategy [7] as a result of the ability of linacs to provide
such driver/witness beam systems.

2. Hybrid LWFA→PWFA

The LWFA and PWFA techniques have complementary advantages. Resulting from a
strength and weakness analysis of both approaches, the concept of ”hybrid laser-plasma
accelerators” was established in 2010 [8]. The similarities, differences, and complementari-
ties of LWFA and PWFA, and the resulting opportunities, are discussed in detail elsewhere,
for example in [9–15]. As a top-level summary, the key complementary features are that
laser pulses are ideal for tailored plasma production and use of LWFA for compact gen-
eration of intense, high-current electron beams, but suffer from dephasing, diffraction,
and oscillatory electromagnetic field structures, whereas PWFA is ideal for dephasing-free,
i.e., phase-constant and quasi-static acceleration over naturally long distances, operation
in tailored pre-ionized plasma channels and ultracold electron beam production. Jointly,
they provide inherent laser synchronization of systems to PWFA, for example, for probing,
diagnostics and injection of high-brightness beams.

Figure 1 below illustrates the concept. In the LWFA stage, a laser pulse, with power of
the order of 100 TW, propagates with a group velocity vg < c through plasma and drives a
plasma wave with an elliptical “bubble” structure [16]. An electron beam is then injected by
capturing plasma electrons in the accelerating longitudinal electric field, indicated by the
blue profile. The electron beam is indicated in green and the transverse Lorentz-contracted
fields are shown in red and blue, respectively. In the PWFA stage, this electron beam is
used to drive the plasma wave in the “blowout” regime [17], with a velocity c without
dephasing issues over long distances. A synchronized laser pulse(s) can then be used in
arbitrary geometry for PWFA wakefield imaging or for advanced injection mechanisms
and interaction experiments.

Figure 1. Schematic visualization of hybrid plasma wakefield acceleration. A 100 TW-scale laser pulse
drives a wakefield (the blue line shows the profile of the longitudinal electric field on-axis); an electron
beam is produced in the LWFA stage and then used as a driver for the attached PWFA stage. Here,
the inherent advantages of PWFA for acceleration and injection and the inherent synchronization can
be exploited.

94



Photonics 2023, 10, 99

Due to dephasing and laser depletion, a transition from laser-driven to electron-beam-
driven regimes may occur quite naturally [18–24]. Figure 2a–c (adapted from [20]) shows
how such a transition looks in PIC-simulations (also see Figure 8). Figure 2a depicts the
plasma electron density distribution normalized by the critical density, which shows several
electron bunches that have a pronounced effect on the wakefield structure. Figure 2b shows
the corresponding transverse force normalized by mecω, and Figure 2c shows, in contrast
to this, the transverse force that would be produced by the laser pulse only, without the
electron bunch(es) present. Experimentally, this scenario manifests in enhanced betatron
emission (length), in particular, for higher electron densities ne, where dephasing and
depletion are stronger (see Figure 2d).

While, in PWFA, laser pulses are not required, electron beams are always present in
LWFA scenarios. Generally, the impact of injected electron beams is, therefore, inseparable
from the LWFA process. For example, beam-loading [25] has been observed in seminal
simulations that predicted mono-energetic electron bunch generation in LWFA [16], the in-
creasing influence of the injected beam on the LWFA process was observed in simulations
described in [18], beam-loading in LWFA experiments was observed in [26], and mode-
transition from LWFA to PWFA [19] was encountered experimentally [21]. Such a gradual
mode transition (also see Figure 8 and [15]) was suggested more recently to be responsible
for energy spread improvement [24], while, conversely, it was interpreted, by the same
group, for very similar beams from LWFA, that beam-driven acceleration was excluded [27]
in experiments that provided highest-quality electron beams from LWFA that were used for
the first demonstration of VUV-range free-electron lasing [28]. These examples underline
the relevance of PWFA-like regimes for LWFA and show that both regimes may be more
intertwined than is often appreciated. On the other hand, this also underlines the need for
clear disentanglement between LWFA and PWFA stages and the need for ’safety margins’
for purposeful, controlled injection processes, instead of sensitive at-threshold injection
mechanisms and dark current production.

Reminiscent of the first driver/witness bunch pair experiments in linac-driven PWFAs,
various mechanisms for the production of electron bunch trains from LWFA exist. The pur-
poseful generation of electron bunch pairs from LWFA, for example, for driver/witness-type
PWFA [7,8] was explored in [22] and measured via coherent transition radiation (CTR) of
generated bunches. Figure 3 shows reconstructed electron bunch temporal profiles based
on CTR signals for the cases of a short and long plasma cell, respectively. The longer plasma
cell is longer than the dephasing distance, which implies a regime change from LWFA to
PWFA, provided that the electron beam is strong enough when compared to the remaining
laser pulse, and the injection of an additional electron bunch.

Informed by general studies of PWFA physics and enhanced energy gains, the staged
combination of LWFA and PWFA become increasingly attractive as a result of the invention
of the plasma photocathode, an injection scheme for generation of beams with orders of
magnitude better emittance and brightness than state-of-the-art approaches. The plasma
photocathode can act as a beam brightness transformer [29], in which the generated electron
witness beam has much higher brightness than the incoming electron driver beam. While,
for the first time, a plasma photocathode was developed with linac-driven PWFA [30],
the inherent synchronization of plasma photocathode injection lasers with electron beams
from LWFA, using a split-off laser pulse [31], makes this injection scheme ideally suited for
hybrid LWFA→PWFA.

Plasma-lensing, a concept introduced in the context of high-energy physics [32],
whereby plasma ions provide a focusing force [33], represents one of the initial stages
in the quest to develop hybrid LWFA→PWFA. Figure 4 shows a setup used as a first
step towards the development of staged hybrid plasma wakefield accelerators involving
the use of two separated gas targets [34]. Here, the second gas target is pre-ionized
by the diffracting LWFA remnant laser pulse and produces a plasma just ahead of the
electron beam. The electron beam then undergoes plasma-lensing, which has a variety
of applications, including capture of diverging electron beams from LWFA or transverse-
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matching. While, in this setup, the laser pulse diffracted sufficiently and did not drive a
plasma wave in the second gas jet, in a complementary setup produced earlier the laser
pulse still drove a wakefield in the second jet and generated a focusing laser-driven plasma
lens effect [35].
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Figure 2. Mode transition: (a–c) show a PIC simulation at plasma density of 2.5 × 1019 cm−3, in
(a) plasma density ne with the injected electron beam, in (b) the corresponding normalized transverse
force in the wakefield and in (c) the transverse wakefield force as generated from the laser pulse only.
This shows that, at this point, the wakefield is maintained primarily by the electron beam. In (d),
experimental results showing that the betatron emission length and, thus, the plasma interaction
length is increased with ne at high values of ne, contrary to LWFA scalings and in agreement with
an LWFA-PWFA transition that allows for increased emission length at high plasma density (figure
adapted from [20]).

Figure 3. Single and double electron bunches produced from LWFA due to dephasing and a regime
change from LWFA to PWFA, measured via coherent transition radiation (figure adapted from [22]).
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Figure 4. Hybrid setup with two separate gas targets used to show plasma-lensing of an electron
beam in a second gas jet (figure adapted from [34]).

The next level of interaction intensity is reached when the electron beam from the
LWFA stage has sufficient charge density and current that it begins to drive a plasma wave
in the PWFA stage and, thereby, decelerates. Figure 5 shows the degree of deceleration
observed when the second stage is placed at variable distances from the LWFA stage.
Larger deceleration and, perhaps, some re-acceleration of decelerated electrons is obtained
when the distance between both stages is shorter, consistent with the higher electron
beam density and, hence, stronger wake driven by the diverging electron beam when
the distance between the stages is reduced. Additionally, a steel tape was introduced in
between the stages to rule out the potential for the LWFA laser remnant to interact with
the PWFA stage. In this variation, the PWFA stage was self-ionized by the electric field of
the electron beam—an important milestone in its own right and an indication of the high
charge densities of electron beams obtainable from LWFA—and collective deceleration was
observed [36].

Figure 5. Collective deceleration shown using two separate targets, with varied distance of the PWFA
to the LWFA jet (figure adapted from [36]).

The prospects of hybrid plasma wakefield accelerators, for example, as energy and
brightness transformers, as PWFA physics test-beds, and to boost the capacities and capa-
bilities of plasma wakefield accelerators, has increasingly fostered collaborative R&D in the
US [29] and, in particular, in Europe [37], where, from 2017, a dedicated experimental col-
laboration, involving teams from Germany, France and the UK, was set up to systematically
progress their development.

A first milestone of this collaboration was a demonstration that the capabilities of
hybrid LWFA→PWFA can complement, and even exceed, those of linac-driven PWFA.
In [11], a two-stage setup with a tape drive separation option was amended by a pre-ionizer
laser pulse. The ultra-high electron beam density, which is obtained quite naturally from
the LWFA stages, allowed driving of a plasma wave at densities of about 1019 cm−3, about
two orders of magnitude higher than those achieved in experiments conducted in the
blowout regime at linac-driven PWFA facilities to date [7].

The inherent synchronization between electron beams and lasers was exploited for
high-precision imaging of the dynamics at the PWFA stage via few-cycle shadowgraphy as
used in LWFA [38]. Figure 6 shows that the strong, uni-polar electric field of the electron
beam generates significant ion motion and an emerging cone structure. Time-resolved
few-cycle shadowgrams of these dynamics are a powerful tool for PWFA research and
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optimization in general. For example, it was concluded in [11] that this type of directed ion
motion may have immediate implications for low-density PWFA as used at linac-based
facilities. Specifically, it was highlighted that bunch trains, where the plasma might not be
able to recover from the perturbation between two shots, should be investigated, a scenario
that was later confirmed in [39]. These results show that time-resolved shadowgraphy,
a technique that is standard in LWFA and was here introduced to (hybrid) PWFA, can
provide fundamental insights, for example, into the dissipation of plasma waves [40] and
energy transfer mechanisms [41] in PWFA.

Figure 6. Experimentally imaged plasma wave obtained by shadowgraphy (a1) and corresponding
simulation (b), illuminating the induced cone-shaped ion motion evolution as a result of the unipolar
field kick of the PWFA (figure adapted from [11]).

The interaction of electron beams from LWFA with thin foils can involve filamentation
in addition to emittance-spoiling scattering and is relevant for tape drive laser blockers
between LWFA and PWFA stages, but also for staged LWFA schemes, where tape drives
are used as plasma mirrors [42]. Figure 7 illustrates the effect of the laser-driven plasma
instability in the foil on the LWFA electron beam, which was investigated in [43]. This re-
search also demonstrated that the inherent synchronization between wakefield-accelerated
electrons and laser pulses is very valuable for the probing and investigation of laser-plasma
driven instabilities.

In [23], it was pointed out that electron beam quality optimization in LWFA is generally
connected with operation at low charges (the same can be said about linacs, albeit for
different reasons), while high charge beams are also required for many other applications
than hybrid LWFA→PWFA. Ionization injection in LWFA [44] is naturally associated
with high injection rates and, therefore, is a promising candidate for the production of
heavily charged electron beams and exploitation of associated beam-loading [23]. Self-
truncated ionization injection [45] has been realized as a localized, beam-loaded injection
scheme with beam charges of hundreds of pC and currents of tens of kA [46], which are
excellent prerequisites for laboratory-sized beam-driven plasma wakefield acceleration.
Other schemes with high injection rates, such as density downramp injection, are also
excellent approaches for the generation of high-current electron beams for PWFA.
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Figure 7. Laser-driven plasma instability probed by an electron beam from LWFA as a result of
interaction between the laser pulse and the foil used as a laser blocker for separation of targets in
LWFA→PWFA setups (figure adapted from [43]).

The physics of the transition from LWFA to PWFA, and the role of increasingly high
charge, was further investigated in [15]. Figure 8 shows the different regimes and the
transition from LWFA to PWFA when the laser pulse intensity and the electron beam
charge, respectively, change. A pure unloaded LWFA regime is realized only when there is
no injected electron beam, whereas, in contrast, a pure PWFA regime is realized only when
the laser pulse vanishes. Different laser systems with different pulse durations and power
levels, and two injection schemes for the LWFA stage, namely shock-front induced density
downramp injection and colliding pulse injection, were used. By scanning across energies
and plasma densities in the different regimes and setups, a wide range of scenarios, such
as beam-loaded LWFA and beam-dominated wakefield scenarios, were experimentally
realized. This included controlled production of two electron beams, which, in the context
of hybrid LWFA→PWFA, are important for driver-witness-type acceleration [8] and the
escort-beam loading approach for extremely high 6D-brightness beams [47].
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Figure 8. Overview showing a classification of laser pulse vs. electron-beam-dominated wakefield
regimes (figure adapted from [15]). The electron beam charge density (x-axis) and the laser pulse
intensity (y-axis) are responsible for the wake excitation and are, hence, decisive for the type of
plasma wakefield that is generated.

3. Full Demonstration of Hybrid LWFA→PWFA

A breakthrough milestone was then passed that firmly established the LWFA→PWFA
approach as an experimentally viable approach and platform. In [48], it was shown, for
the first time, that driver/witness-type PWFA can be realized from an all-optical, laser-
powered plasma wakefield accelerator. In Figure 9, the interaction setup is illustrated,
along with plasma wave images of the LWFA stage, as well as the PWFA stage, in self-
ionized and pre-ionized modes, respectively. The driver/witness pairs were generated via
various mechanisms in the LWFA stage, separation between the two stages was realized
with or without a tape drive laser blocker, and the platform was realized at two different
laboratories. These results, with the feasibility as well as the variability demonstrated,
and the similarity of the setups to the way they were envisioned a decade earlier [8], is a
testament to the robustness and success of the approach, but also to its unique capabilities.

The inherently short duration and high charge density of electron beams from LWFA
enable operation of the PWFA stage at naturally high plasma densities. The demon-
strated energy gain gradient [48] of witness beams obtained in this first full-scale real-
ization of LWFA→PWFA amounted to over 100 GeV/m, a rate similar to the highest
ever achieved in linac-driven PWFA [49]. With regard to diagnostics, it is appropriate to
emphasize again that the naturally synchronized interplay of up to three laser arms in
these experiments [11,48], including a few-cycle optical probe beam, allows time-resolved
shadowgraphy and, hence, illumination of the interaction with femtosecond resolution.
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This capability is crucial for precision studies of plasma waves and dynamics and is also
enormously useful for injection studies.

Figure 9. Hybrid LWFA→PWFA platform and driver/witness-type PWFA, using two separate gas
jets and three laser arms to drive the LWFA stage and pre-ionize the PWFA stage for shadowgraphy
imaging (figure adapted from [48]). The insets show simulation representations of LWFA and self-
ionized and pre-ionized PWFA, respectively.

Gas-dynamic density downramp injection also represents a promising scheme for the
production of high-quality electron beams. While a standard method in LWFA for more than
a decade, its realization remained a long-harboured aspiration of the PWFA community
until recently. Based on the now-established hybrid LWFA→PWFA platform [48], this
milestone was reached in a straightforward manner. In [50], a thin wire was used to
generate a (double) shock in the PWFA gas jet, with an associated downramp that captured
plasma electrons and accelerated them at gradients beyond 120 GeV/m. Figure 10 shows
the wire-equipped hybrid platform and the resulting hydrodynamic shock and gas density
spike. The shadowgraphy was exploited to provide images of the shock(s) as well as
the PWFA. Control of the injection parameters and the resulting electron beams was also
demonstrated by changing the injection position as well as the plateau PWFA gas density.
These results underline the rapid advance of the approach and the contributions it can
make, for example, towards high-brightness electron beam generation.

The LWFA optimization priorities for electron beam generation for PWFA, such as
charge and current, are different from those for traditional LWFA, where energy spread
minimization is a key goal. While LWFA does not yet produce electron beams that can
compete with state-of-the-art linacs in terms of stability, the variability can be exploited for
passive parameter scans. In [51], an approximately inverse correlation between electron
beam charge and energy [15] obtained in the LWFA due to beam loading was investigated
through its impact on the PWFA stage. Jointly with PWFA shadowgraphy and other
diagnostics, this allowed precision studies of the PWFA wakes to be carried through in the
self-ionized and pre-ionized regimes, respectively. Relativistic plasma wave elongation, as
a result of increased driver beam charge and density, was observed and, by probing the
wake at different positions within the PWFA stage, the evolution of the decelerating driver
beam and its corresponding plasma wake were observed. This setup will enable further
in-depth studies of PWFA dynamics in the future.

In a recent study [52], for the first time, an all-optical injection scheme in hybrid
LWFA→PWFA was realized. Here, an optically triggered shock provided the down-
ramp; the approach thus complemented a first realization of the plasma photocathode [30]
and plasma torch [53,54] methods, which had been first realized in linac-driven PWFAs.
Moreover, Ref. [52] provided the first evidence that various aspects of stability, quality and
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energy transfer of the generated electron beam obtained from injection in the PWFA stage
can be improved. This represents a first step towards a beam brightness transformer based
on the hybrid LWFA→PWFA platform.

Figure 10. Gas-dynamic density downramp injection, realized by wire-induced shocks in the PWFA
gas jet. Shadowgraphy reveals both the PWFA-driven plasma wave and the hydrodynamic shock
profile (figure from [50]).

4. Conclusions

Both LWFA and PWFA, invented in their modern forms approximately four decades
ago, have matured to become experimentally highly successful approaches. Each has
particular advantages. Hybrid plasma wakefield acceleration, or LWFA→PWFA, seeks to
exploit the best of both worlds and has been driven forward from innovation to realization
with an increasing success rate over the last decade. This is not only because of the viability
of the approach, but is also because of its capacities—there are only a small number of
linac-driven PWFA facilities in the world, with corresponding limitations of access and
accessible parameter ranges, constituting an R&D-capacity bottleneck. LWFA-driven PWFA
systems, in contrast, can be realized in university-scale laboratories and, hence, offer a
means of overcoming the capacity bottleneck that currently exists in PWFA. Moreover,
LWFA→PWFA has already demonstrated capabilities beyond those of existing linac-driven
PWFAs that can be exploited.

Figure 11 shows a timeline with experimental milestones passed over the last years as
summarized in this paper.

Figure 11. Timeline of hybrid LWFA→PWFA research, with selected experimental highlights. Mile-
stones for the approach are being reached at an increasing rate based on the full experimental
establishment of the hybrid plasma accelerator platform at the beginning of the 2020s.
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What is next for LWFA→PWFA? One key prospect and goal is improvement in the
quality of beams generated from these systems. In particular, plasma photocathodes
provide promising quality boosts of several orders of magnitude, beyond even the highest-
quality linac-generated electron beams and, at the same time, benefit from the inherent
synchronization between electron beams and laser pulses in LWFA→PWFA. If such beam
brightness transformers for laser-plasma accelerators can be realized, then this will have a
transformative impact for various applications. These may include, light sources profitting
from enhanced electron beam (phase space) density and brightness, creating prospects
for X-ray free-electron-lasers [31,55,56], betatron radiation-based sources in X-ray and
γ-ray [57] or ion channel laser regimes [55], or inverse-Compton-scattering-based γ-ray
sources [9,55] driven by hybrid LWFA→PWFA. First experimental indications of free-
electron-lasing in the VUV obtained from electron beams by LWFA [28] and in the IR from
PWFA [58] via SASE, and as a seeded free-electron laser in the UV [59] from LWFA, have
now been obtained. Start-to-end simulations show that, with high-brightness beams from
plasma photocathodes, even attosecond-Angstrom-class hard X-FEL may become possible
based on hybrid LWFA→PWFA systems [60]. Ultra-low emittance/ultra-high brightness
beams are also of significant interest for high-energy physics research, for example, as
test beams for staging and emittance preservation, and, in combination with co-located
photon beams, also for, for example, nuclear- and quantum-electrodynamics research. We
anticipate that, especially if the efforts that have been initiated for ultrabright electron beam
production are successful with linac-driven PWFA and/or hybrid LWFA→PWFA, there
will be a surge in laboratories engaging in hybrid LWFA→PWFA research as a gateway,
not only to PWFA physics exploration, but also to ultrabright beam production and the
myriad of resulting applications for next-generation experiments and science.
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Abstract: Compared with state-of-the-art radio frequency accelerators, the gradient of laser wakefield
accelerators is 3–4 orders of magnitude higher. This is of great significance in the development of
miniaturized particle accelerators and radiation sources. Higher requirements have been proposed for
the quality of electron beams, owing to the increasing application requirements of tabletop radiation
sources, specifically with the rapid development of free-electron laser devices. This review briefly
examines the electron beam quality optimization scheme based on laser wakefield acceleration and
presents some representative studies. In addition, manipulation of the electron beam phase space
by means of injection, plasma profile distribution, and laser evolution is described. This review of
studies is beneficial for further promoting the application of laser wakefield accelerators.

Keywords: laser wakefield accelerator; six-dimensional phase-space brightness; beam quality
optimization

1. Introduction

In 1979, Tajima and Dawson [1] proposed the concept of laser wakefield acceleration
(LWFA) [2]. When a strong laser is incident on the plasma, the ponderomotive force dis-
lodges the electrons in the background plasma and then excites a wakefield to accelerate
the particles. Without the breakdown voltage limitation in the plasma, the acceleration
gradient of the LWFA can reach 100 GV/m, which is three orders of magnitude higher than
that of the conventional radio frequency accelerator. Therefore, it is of great significance for
the development of miniaturized particle accelerators. The nonlinear wakefield, called the
bubble, has a microstructure, and the accelerated electrons usually have only an fs-level
pulse length and a μm-level transverse size. In addition to being affected by the longi-
tudinal acceleration field, the electron beam also oscillates transversely in the wakefield,
which generates betatron radiation covering the ultraviolet to X-ray wave bands, whose
frequencies are related to the plasma frequency and electron energy. Gamma rays can also
be generated by inverse Compton scattering, caused by the interaction of the electron beam
with the laser beam. When the electron beam quality meets the high-gain free-electron laser
(FEL) conditions, it can be applied to the FEL [3–5]. These features make LWFA a potential
tabletop accelerator and radiation source.

LWFA has high requirements for laser intensity (~25 fs pulse length, 1018 W/cm2

power density). It was impossible to experimentally obtain a monoenergetic electron beam
for a long time, owing to the lack of a strong driving laser. In 1985, the introduction of
chirped pulse amplification (CPA) [6] led to the rapid development of ultra-intense and
ultra-short laser devices, providing a driving light source with relativistic intensity for
the excitation of the laser wakefield. In 2004, Faure et al., Geddes et al. and Mangles
et al. experimentally obtained 100 MeV level quasi-mono-energetic electron beams for
the first time experimentally, which were reported on the cover of Nature with the title
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“Dream Beam” [7–9]. LWFA ushered in a milestone breakthrough, marking the beginning
of miniaturized particle accelerators. An increasing number of groups have devoted
themselves to electron acceleration research based on LWFA. This research has entered a
period of rapid development concentrated on energy gain improvements [10], acceleration
stability [11], and electron beam quality optimization [12].

As a typical example, the group led by Leemans has carried out a lot of important work
in the promotion of electron beam energy and also enhanced the electron beam energy
multiple times [13–15]. The acceleration distance can be extended, and the maximum
acceleration energy can be increased by optimizing laser guidance [16]. In 2019, they used a
20-cm-long capillary [17] to guide the laser to maintain good focus and electron beams with
energy peaks up to 7.8 GeV [15]. These are the highest LWFA-based energy electrons that
have been reported internationally. In terms of electron beam stability, Osterhoff et al. [18]
used a cylindrical gas box 15 mm long and 250 μm in diameter as a gas pool structure to
create a stable plasma profile distribution in 2008. An electron beam with a divergence angle
of ~2.1 mrad was obtained by continuous collection. The RMS (root mean square) energy
jitter from shot to shot was less than 2.5%, and the pointing jitter was less than 1.4 mrad,
which was the best result for stability reported at the time. In 2020, Maier et al. conducted
further experiments on the stability of LWFA [11]. They accurately measured the electron
beam energy drift and jitter with a combination of diagnostic methods, which provided
a basis for obtaining electron beam acceleration feedback and active control. According
to the correlation between the laser and electron parameters, the electron beam quality is
parameterized to enable loop feedback and fine-tuning of the accelerator, resulting in a
reproducible electron beam [19,20]. The continuous acquisition of 100,000 high-stability
electron beams within 24 h has realized the long-term stable operation of LWFA.

Methods for electron injection and electron phase-space manipulation have been
continuously proposed and improved, with the intent of boosting the quality of electron
beams based on LWFA. In 2006, Faure et al. first experimentally verified the colliding laser
pulse injection proposed in the early theory [21]. They also realized a flexible adjustment of
the electron beam peak energy by changing the collision position of the two pulses. Thus,
the electron beam was further optimized. The phase-space volume of the injected particles
can be controlled by adjusting the optical injection parameters, thereby controlling the
electron beam charge and energy spread. An electron beam with 200 MeV, 10 pC, and
1% relative energy spread was experimentally obtained [22]. Along with the theory of
ionization injection, in 2007, Oz et al. [23] took the lead in performing LWFA based on
ionization injection in experiments. In 2014, Xu et al. and Yu et al. [24,25] conducted research
on obtaining low-emittance electron beams based on two-color laser ionization injection.
Zeng et al. proposed an ionization implantation scheme, in which a triple-frequency
injection laser propagates co-linearly with the driving laser to obtain a low-energy spread
electron beam [26].

As mentioned above, it is difficult to describe the overall quality of an electron beam
using a single parameter. Drawing on conventional accelerators, we introduce the six-
dimensional phase-space brightness in units of A/m2/0.1% [12,27,28] to characterize the
comprehensive quality of the electron beam, which can be defined as the total bunch
charge divided by the product of the rms horizontal, vertical and longitudinal normalized
emittances be expressed as

B6D =
IP

εnxεnyσγ·0.1%
, (1)

where IP represents the peak current; εnx and εny represent the horizontal and vertical
transverse emittance, respectively; and σγ represents the RMS relative energy spread. High
brightness in the 6D phase space requires the electron beam to have a low energy spread,
low emittance, and high current, which results in high quality and provides guidance for
optimizing the electron beam.

In this review, we briefly examine an electron beam quality optimization scheme based
on LWFA. The analysis of the influencing factors indicates the direction of electron beam
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parameter optimization. The effects of the injection method, phase-space manipulation, and
improvements of electron beam parameters at different stages are discussed. In addition,
this review briefly discusses a portion of the outstanding work of related research teams on
LWFA and provides guidance for future electron beam quality optimization.

2. Emittance

Emittance, which is the area of transverse phase space occupied by a beam of particles,
as shown in Figure 1a, characterizes the transverse quality of the beam. It is necessary to
control the electron beam injection and acceleration in the wakefield by controlling the
profile of the plasma density and evolution of the laser pulse to obtain an electron beam
with low emittance. An increase in the electron beam emittance was suppressed, and
high-quality electron beams with low emittance were finally obtained by controlling the
evolution of the phase space to match the parameters of the wakefield.

Figure 1. Transverse phase space distribution of electron beam: (a) definition of emittance, area (red
line) = emittance × π; (b) phase space distribution of electron beam with different phase.

Beam density remains constant in the phase space according to the Liouville theorem.
Therefore, when particle beam density remains unchanged, the volume occupied by the
particle beam in the phase space remains unchanged during motion. The injected emittance
determines the lower limit of the final emittance for a mono-energetic electron beam,
while neglecting collective effects, such as space charge. The transverse wave breaking
threshold will be lower than the traditional one-dimensional wave breaking threshold
in two-dimensional or three-dimensional structures [29], which promotes the transverse
injection of the electron beam. The off-axis injected electrons maintain betatron oscillation
inside the bubble, under the influence of the transverse field. Collision ionization injection
reduces the influence of the transverse force. Two oppositely propagating ultrashort laser
beams with the same parameters were injected transversely, and the lasers were controlled
to collide precisely on the axis. The two trigger lasers were linearly polarized along the
z-axis, which reduced the transverse modulation of the electrons injected from the trigger
laser. The electron beam injection phase is controlled so that it enters the accelerated
focusing field quickly after injection to reduce the transverse divergence, and finally,
electrons with an emittance of nm rad level are obtained.

During acceleration in the wakefield, the injected electron beam is not only affected by
the longitudinal acceleration field, but also by the transverse focusing and defocusing field.
Matching the particle beam to the focusing and defocusing field of the plasma accelerator
is critical for maintaining beam quality. While accelerated in the longitudinal direction, the
electron beam also oscillates continuously in the transverse direction, and its oscillation
frequency is related to the energy and longitudinal phase of the electron beam. Therefore, a
strong coupling exists between the longitudinal and transverse directions of the electron
beam during wakefield acceleration. This strong coupling causes the oscillation phase
of the electron to change with the longitudinal position, eventually leading to complete
decoherence. Phase decoherence is an important factor leading to an increase in electron
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beam emittance during the acceleration process. Generally, these effects are caused by a
non-zero energy spread or non-zero pulse length. It is necessary to construct a specific
plasma profile distribution and control the evolution of the laser pulse to control the
electron beam motion in the wakefield, such that the electron beam phase space matches
the wakefield and suppresses the electron beam emittance growth [30].

According to the Mathieu–Hill equation and the relationship between the Courant–
Snyder parameter states, the evolution of the beta function in a line-focusing system
follows a function. For a narrow electron beam (kpσr � 1) in LWFA, the electrons can be
approximately subjected to a linear transverse force [31–33], as follows:

K(r, z) = − e
γmc2 ∂rE(r, z)

∣∣∣∣
r=0

, (2)

where e and m represent the charge and mass of the electron, respectively. γ represents the
Lorentz factor, c represents the speed of light in a vacuum, and Er represents the transverse
electric field. For a given K, the evolution of the beta function can be expressed as [30]

β(z) = β0cos2
(√

Kz
)
+

1
β0K

sin2
(√

Kz
)

, (3)

where β0 denotes the initial beta function. The formula shows that the beta function of the
electron beam in the normally focused channel oscillates between β0 and 1/(β0K). When
the initial beta function value is K−1/2, the electron beam maintains the transverse size,
which can be called a matched electron beam. Similarly, for a given electron beam envelope
parameter, K can be tuned to match the electron beam by constructing a specific plasma
density profile. Matching the electron beam to the mean parameter K slows the betatron
oscillations, which also provides guidance for controlling emittance growth. When the
single stage is extended to multiple stages, the electron beam parameters can be adjusted to
match the channel and effectively avoid the increase in emittance caused by the nonlinear
coupling of lateral and longitudinal motions. In both theory and simulation [30,34–37],
the matched parameters can control the increase in electron beam emittance at the level of
several percent.

Similar to bubbles, the energy spread also results in an increase in the electron beam
emittance in the free space. When an electron beam passes through a magnet and is
subjected to a magnetic field with the same gradient, electrons with different energies
are focused and defocused. The energy spread causes a phase difference in the electron
beam transverse phase space, as shown in Figure 1b, which is also the main reason that the
projected emittance is greater than the slice emittance. Increasing the transport distance
or electron beam energy spread exacerbates the increase in emittance until saturation.
Therefore, it is necessary to design a compact beam transport line and strictly compress the
electron beam energy spread [38–40]. The scheme of controlling electrons to achieve a low
energy spread is described below.

3. Energy Spread

The final energy spread of the electron beam is affected by the initial energy spread and
inhomogeneous acceleration, which originate from the inhomogeneity of the longitudinal
acceleration field, beam loading, and phase slippage caused by the betatron oscillations.
The electrons injected at different times are affected by the acceleration field for different
durations, which means that the electrons in the head (those injected first) have higher
energy. Therefore, the electron beam initially appears as a negative chirp. Continuous
electron beam injection results in increased initial energy spread. Figure 2 shows a snapshot
of a bubble and the on-axis longitudinal field (white line) in the PIC simulation. During the
acceleration process, owing to the nonuniform longitudinal acceleration field, the energy
gain of the electrons in the tail of the beam gradually becomes higher than that at the head,
and the negative chirp evolves into a positive chirp. Therefore, energy spread compression
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is achieved by reducing the injection duration, as well as weakening the inhomogeneity
of the acceleration field and chirp compensation in the injection and acceleration stages,
respectively. The injection process plays an important role in the electron beam quality.
Several methods, including ionization [41,42], density gradient, and collision, are used
to trigger injection. There are also some improved injection methods, such as utilizing
Tesla-scale magnetic fields to control self-injection and an evolved electron beam to drive
plasma waves to achieve injection control. The following discussion will take an example
and examine its influence on the electron beam energy spread during the injection process.

Figure 2. Snapshot of a bubble and the on-axis longitudinal field lineouts (white line) in the
PIC simulation.

Density gradient injection is a controllable injection scheme that was first proposed
by Bulanov [43]. He studied the wave breaking phenomenon generated in the region of a
slow-varying plasma density down ramp and then explored the conditions of the injection.
Subsequently, Suk et al. [44] conducted a theoretical study of the case of discontinuously
varying densities. The phase velocity of the wakefield decreased as the wavelength of the
plasma wave in this area increased. The magnitude of the reduction was proportional
to the distance of the wakefield from the driving laser and the gradient of the density-
down ramp. Electrons are injected when the wakefield phase velocity is smaller than the
electron velocity.

In 2008, Geddes et al. [45] obtained low-energy electron beams with only 0.17 MeV
energy spread based on density gradient injection. In 2010, Faure et al. also conducted
experiments on density-gradient injection [46]. They used an inclined auxiliary laser
beam to generate a plasma channel at an angle of 135◦ corresponding to the axis. The
inclined channel generates a relatively large density gradient, and the wakefield continues
to accelerate the injected electrons after the wave breaks. In 2013, Wang et al. adopted a
cascade acceleration scheme based on gradient injection [47]. Active control of the density
gradient is achieved by changing the distance between the two gas cells or the back-pressure
difference of the gas. The absolute energy spread introduced by the injection stage can be
effectively controlled in the experiment by changing the plasma density of the second stage
to lower than the conditions required for electron injection. As the plasma density of the
accelerating stage is further reduced, the size of the bubble becomes significantly larger,
causing the electrons initially injected in the second bubble to slip into the first bubble.
Through density control, the electron beam can be slipped to a better matched phase in the
first bubble and finally accelerated to 0.5 GeV, resulting in a significantly reduced energy
spread of approximately 3%.

The previously discussed methods are used to construct density gradients artificially,
by means of auxiliary lasers or the injection of gases with different back pressures. However,
these approaches make it difficult to construct plasma distributions with high-density

111



Photonics 2022, 9, 511

gradients. During the interaction between the laser and gas, the evolution of the normalized
intensity of the laser also affects the size of the bubble and phase velocity of the wakefield,
owing to the effects of self-focusing and defocusing. When the plasma profile density
gradient was small, the wavelength change in the plasma wave was less affected by the
density. Compared to the influence of the evolution of the laser, the influence of the density
gradient on the wakefield phase velocity is not dominant. Therefore, it is difficult to achieve
low energy spread and high stability injection by relying only on the density gradient
constructed in this manner.

To improve the controllability of the electron quality, several research groups have
successively improved the method to construct specific plasma distributions. When super-
sonic gas was sprayed on a target, a shock wave with a density gradient was formed in the
local area. Based on this principle, different structural targets, such as blades, capillaries,
and steel wires [48–51], were used as nozzles to construct matching density distributions.
Similarly, the dual-nozzle structure [52] can also be used to construct a plasma density
falling edge. The upper and lower nozzles were used for gas injection. A high-density area
with an adjustable width can be generated by adjusting the relative horizontal positions
of the two nozzles. The second self-injection of the electron beam was suppressed by the
density peak, and the injection cut-off was effectively realized. In addition, the electron
beam passes through a wakefield with a negative energy chirp slope at the density down
ramp, that is, the low-energy electrons at the tail of the beam obtain a higher energy gain,
and the high-energy electrons at the head obtain a lower energy gain. This is beneficial
for the energy-spread compression of the electron beam in the bubble. In 2016, Wang et al.
used a double-nozzle structure to obtain a 530–580 MeV electron beam with an energy
spread of less than 1% [12]. It can be found that the energy spread of the electron beam
obtained by LWFA based on gradient injection is mostly at the level of several percent,
which cannot meet the relative energy spread at the level of several thousandths required
by the tabletop FEL. In the final analysis, the density gradient injection was still a wave
break injection [29,53,54], but the injection threshold reduction was controlled. Therefore,
the density gradient injection still has the disadvantage of wave-breaking injection, which
depends on the nonlinear effect of the wakefield.

As mentioned previously, an electron beam with an energy spread of ~1% can be
experimentally obtained using the cascade acceleration scheme. Furthermore, the con-
struction of a multistage plasma distribution system to achieve further compression of
the energy spread through electron beam length compression has also been proposed.
However, cascade acceleration is usually complex to operate and requires high stabil-
ity of each part; thus, it is challenging to stably generate electron beams with ultra-low
energy spread. The increase in the energy spread in the acceleration stage was mainly
affected by the inhomogeneity of the longitudinal acceleration field (usually a positive
chirp). We can construct an appropriate non-uniform acceleration field (usually a negative
chirp) to compress the electron energy spread and solve this problem. In recent years,
researchers of conventional accelerators have designed special dechirp devices to remove
energy chirps [55,56]. Such devices can make the electron beam energy spread to a level of
a few thousandths. However, the dechirp devices used in conventional accelerators have
a low intensity, which is not suitable for high-energy chirped electron beams generated
in LWFA.

Drawing on the chirp compensation mechanism of conventional accelerators, the
concept of plasma dechirp device was first proposed in 2017. The basic principle is to use
the wakefield generated by an electron beam in the plasma (particle wakefield acceleration,
PWFA) to remove the energy chirp [57,58]. The longitudinal field excited in the plasma
by a positive-energy chirp electron beam causes the tail to decelerate more than the head.
After a suitable distance, the energy chirp of the electron beam is removed. In 2019,
D’Arcy et al., Shpakov et al. and Wu et al. each experimentally verified the concept of a
plasma dechirper [59–61].
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In addition to the external plasma dechirp device in the beamline, the wakefield
acceleration process uses a similar technology called energy chirp compensation [20]. The
difference between them lies in the generation of the dechirp field and interaction process.
Relativistic self-focusing plays an important role in the interaction between the laser and
plasma. When the laser power is sufficiently high, there will be enough critical energy
for the laser to self-focus. Usually, the laser self-focusing process can be used to extend
the laser transport distance and control the electron beam injection; however, the laser
defocusing process is rarely considered. Experiments and simulations have shown that
the laser defocusing process can degenerate the wakefield from a strong nonlinear state
to a weak nonlinear state under the matched parameters. In this process, the acceleration
field at the position where the injected electrons are located changes from a positive slope
to a negative slope, which effectively removes the positive chirp of the electron beam. By
introducing a density spike at a suitable position, Dopp et al. [62] achieved electron beam
energy spread compression from tens of percent to less than ten percent. In 2021, Ke et al.
used shock injection to generate 780–840 MeV, 2.4‰–4.1‰ energy spread high-quality
electron beams in the experiment [63], as shown in Table 1. A suitable plasma profile
distribution was constructed by adjusting the relative positions of the nozzles, such that the
electron beam could inject the bubble at an appropriate position before laser defocusing.
When the laser is defocused, the electron beam can interact with the formed dechirping
field and carry out an effective dechirping process. The effect of plasma density on laser
self-focusing and defocusing was used to control the acceleration field, and a high-energy
electron beam with ultralow energy spread was obtained.

Table 1. Summary of parameters from different laboratories, as discussed in the text.

Laboratory
Energy 1

(GeV)
Energy Spread 1

(%)
Charge 1

(pC)
Emittance 1

(mm mrad)

SIOM 0.8 0.2–1.2 10–50 0.4
DESY 0.3 0.4 500 1.5/0.3
LBNL 7.8 0.2–1 25 0.3–1
LOA 1.1 3.1 120 NA

1 The best parameters are listed when a laboratory has multiple experimental results, as discussed.

4. Current

Current, the ratio of electron beam charge to pulse length, is usually at the level of
KA in LWFA (it deals with the peak current). From the definition, the electron beam
current can be increased by increasing the electron beam charge or compressing the pulse
length [64]. The number of injected electrons in the bubble is positively correlated with the
laser intensity, according to the model established by Gordienko et al. [65,66]. However,
realizing a large amount of charge does not only guarantee an electron beam with high
current. More importantly, it increases the amount of charge injected per unit time. For the
qualitative analysis of the injection process, the phase velocity of the plasma wave in the
bubble can be expressed as [67]

vph = −
∂ϕ
∂t
∂ϕ
∂z

≈ vg

1 + z−ct
kp

· dkp
dz

=
vg

1 + z−ct
2nz

· dnz
dz

, (4)

where vg is the laser group velocity, z − ct is the longitudinal position in the co-moving
coordinate system, and nz is the plasma density longitudinal distribution. The formula
shows that when nz has a down ramp in the longitudinal direction, the relativistic factor of
the plasma wave can be effectively reduced. The wave break threshold decreases as the
plasma wave phase velocity decreases, making it easier for electrons to inject. With the
further increase in the density gradient, the wave break threshold decreases more, which is
beneficial to realize the high current of the electron beam. However, a decrease in plasma
density means a decrease in the number of cardinality that can be injected with electrons,
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which suppresses the electron beam current. Therefore, it is necessary to quantitatively
analyze [68,69] and optimize the density gradient to improve the electron beam current by
particle-in-cell simulation.

In the experiments, the current is difficult to increase, since the charge scales with
the pulse length under the same conditions. Continued injection results in a high-charge
electron beam accompanied by an increase in the pulse length. This will result in a more
significant difference in energy gain between the head and tail of the electron beam, which
increases the beam energy spread. Focused adjustment of the electron beam quality is
necessary for different radiation source requirements. As required for high-gain FELs,
its Pierce parameter should be greater than the relative energy spread of the electron
beam. Figure 3 shows the Pierce parameters for different currents and transverse sizes
based on specific electron beam and undulator parameters. Taking the transverse size
as 40 μm, when the current increases from 5 kA to 15 kA, the Pierce parameter (upper
limit of relative energy spread) only increases from 0.4% to less than 0.6%, whose increase
is significantly smaller than that of the current. Wang et al. presented an experimental
demonstration of undulator radiation amplification in the exponential-gain regime [70].
The accelerated electron beam typically has a peak energy of ~490 MeV, with the energy
spread of approximately 0.5%, an average integrated charge of around 30 pC, and r.m.s.
divergence of approximately 0.2 mrad. Simulations show that the electron beam current
is approximately 5 kA. Although no emphasis has been placed on optimizing the current,
experimentally, the per-mille-level relative energy spread enables electrons to achieve
100-fold gain in the third undulator. Therefore, compared with high current, low energy
spread plays a dominant role. For those with less demanding electron beam energy spread,
such as betatron radiation, an increase in current intensity or charge is beneficial to obtain a
higher photon number [71,72].

Figure 3. The Pierce parameters for different currents and transverse sizes.

5. Conclusions

With the continuous efforts of various research teams, LWFA has developed rapidly in
the past ten years, and the electron beam quality has gradually improved. The brightness of
the electron beam and radiation source based on LWFA have also been improved [63,73–76].
The tabletop FEL [70,77,78] based on LWFA was verified experimentally. Such proof-of-
principle experiments will expedite the development of future compact facilities with broad
applications. However, owing to limited high-field laser technology developments, insta-
bility in laser and plasma interactions, and acceleration field inhomogeneities, the current
electron beams cannot meet the application requirements in terms of performance and
repetition frequency. More theoretical and experimental research is necessary, including
the exploration of new injection methods, high-resolution diagnostic schemes, ultralong
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low-density plasma channel development, and machine learning to promote electron beam
performance optimization. It is necessary to continuously optimize the electron beam qual-
ity to meet its application requirements for various tabletop radiation sources [74,79–81],
so that the LWFA can be stably available and realize miniaturization acceleration. This
review briefly examines recent LWFA-based electron beam quality optimization schemes,
aiming to provide a complete and clear understanding of LWFA research, while promoting
cooperation and exchanges in interdisciplinary fields.

Author Contributions: Conceptualization, K.J. and K.F.; Methodology, K.J., W.W. and K.F.; Validation,
W.W.; Investigation, K.J.; Software, K.J. and K.F.; Funding acquisition, W.W. and R.L.; Writing—
original draft preparation, K.J.; Writing—review and editing, W.W. and K.F. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (grant nos.
11991072 and 11875065), the State Key Laboratory Program of the Chinese Ministry of Science and
Technology and CAS Youth Innovation Promotion Association (Y201952) and the National Natural
Science Foundation of China (grant nos. 12105353).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Tajima, T.; Dawson, J.M. Laser Electron Accelerator. Phys. Rev. Lett. 1979, 43, 267. [CrossRef]
2. Tajima, T.; Nakajima, K.; Mourou, G. Laser acceleration. Riv. Nuovo Cim. 2017, 40, 33–133. [CrossRef]
3. Emma, C.; Van Tilborg, J.; Assmann, R.; Barber, S.; Cianchi, A.; Corde, S.; Couprie, M.E.; D’Arcy, R.; Ferrario, M.; Habib, A.F.; et al.

Free electron lasers driven by plasma accelerators: Status and near-term prospects. High Power Laser Sci. Eng. 2021, 9, e57.
[CrossRef]

4. Huang, Z.R.; Ding, Y.T.; Schroeder, C.B. Compact X-ray Free-Electron Laser from a Laser-Plasma Accelerator Using a Transverse-
Gradient Undulator. Phys. Rev. Lett. 2012, 109, 204801. [CrossRef] [PubMed]

5. Pellegrini, C.; Marinelli, A.; Reiche, S. The physics of X-ray free-electron lasers. Rev. Mod. Phys. 2016, 88, 55. [CrossRef]
6. Strickland, D.; Mourou, G. Compression of amplified chirped optical pulses. Opt. Commun. 1985, 56, 219–221. [CrossRef]
7. Faure, J.; Glinec, Y.; Pukhov, A.; Kiselev, S.; Gordienko, S.; Lefebvre, E.; Rousseau, J.P.; Burgy, F.; Malka, V. A laser-plasma

accelerator producing monoenergetic electron beams. Nature 2004, 431, 541–544. [CrossRef]
8. Geddes, C.G.R.; Toth, C.; van Tilborg, J.; Esarey, E.; Schroeder, C.B.; Bruhwiler, D.; Nieter, C.; Cary, J.; Leemans, W.P. High-quality

electron beams from a laser wakefield accelerator using plasma-channel guiding. Nature 2004, 431, 538–541. [CrossRef]
9. Mangles, S.P.D.; Murphy, C.D.; Najmudin, Z.; Thomas, A.G.R.; Collier, J.L.; Dangor, A.E.; Divall, E.J.; Foster, P.S.; Gallacher, J.G.;

Hooker, C.J.; et al. Monoenergetic beams of relativistic electrons from intense laser-plasma interactions. Nature 2004, 431, 535–538.
[CrossRef]

10. Nakajima, K.; Kim, H.T.; Jeong, T.M.; Nam, C.H. Scaling and design of high-energy laser plasma electron acceleration. High Power
Laser Sci. Eng. 2015, 3, e10. [CrossRef]

11. Maier, A.R.; Delbos, N.M.; Eichner, T.; Hubner, L.; Jalas, S.; Jeppe, L.; Jolly, S.W.; Kirchen, M.; Leroux, V.; Messner, P.; et al.
Decoding Sources of Energy Variability in a Laser-Plasma Accelerator. Phys. Rev. X 2020, 10, 031039. [CrossRef]

12. Wang, W.T.; Li, W.T.; Liu, J.S.; Zhang, Z.J.; Qi, R.; Yu, C.H.; Liu, J.Q.; Fang, M.; Qin, Z.Y.; Wang, C.; et al. High-Brightness
High-Energy Electron Beams from a Laser Wakefield Accelerator via Energy Chirp Control. Phys. Rev. Lett. 2016, 117, 124801.
[CrossRef] [PubMed]

13. Leemans, W.P.; Nagler, B.; Gonsalves, A.J.; Toth, C.; Nakamura, K.; Geddes, C.G.R.; Esarey, E.; Schroeder, C.B.; Hooker, S.M. GeV
electron beams from a centimetre-scale accelerator. Nat. Phys. 2006, 2, 696–699. [CrossRef]

14. Leemans, W.P.; Gonsalves, A.J.; Mao, H.S.; Nakamura, K.; Benedetti, C.; Schroeder, C.B.; Toth, C.; Daniels, J.; Mittelberger, D.E.;
Bulanov, S.S.; et al. Multi-GeV Electron Beams from Capillary-Discharge-Guided Subpetawatt Laser Pulses in the Self-Trapping
Regime. Phys. Rev. Lett. 2014, 113, 245002. [CrossRef]

15. Gonsalves, A.J.; Nakamura, K.; Daniels, J.; Benedetti, C.; Pieronek, C.; de Raadt, T.C.H.; Steinke, S.; Bin, J.H.; Bulanov, S.S.;
van Tilborg, J.; et al. Petawatt Laser Guiding and Electron Beam Acceleration to 8 GeV in a Laser-Heated Capillary Discharge
Waveguide. Phys. Rev. Lett. 2019, 122, 084801. [CrossRef] [PubMed]

16. Oubrerie, K.; Leblanc, A.; Kononenko, O.; Lahaye, R.; Andriyash, I.A.; Gautier, J.; Goddet, J.P.; Martelli, L.; Tafzi, A.;
Phuoc, K.T.; et al. Controlled acceleration of GeV electron beams in an all-optical plasma waveguide. Light-Sci. Appl. 2022,
11, 180. [CrossRef]

115



Photonics 2022, 9, 511

17. Turner, M.; Gonsalves, A.J.; Bulanov, S.S.; Benedetti, C.; Bobrova, N.A.; Gasilov, V.A.; Sasorov, P.V.; Korn, G.; Nakamura, K.; van
Tilborg, J.; et al. Radial density profile and stability of capillary discharge plasma waveguides of lengths up to 40 cm. High Power
Laser Sci. Eng. 2021, 9, e17. [CrossRef]

18. Osterhoff, J.; Popp, A.; Major, Z.; Marx, B.; Rowlands-Rees, T.P.; Fuchs, M.; Geissler, M.; Hoerlein, R.; Hidding, B.; Becker, S.; et al.
Generation of stable, low-divergence electron beams by laser-wakefield acceleration in a steady-state-flow gas cell. Phys. Rev. Lett.
2008, 101, 085002. [CrossRef]

19. Jalas, S.; Kirchen, M.; Messner, P.; Winkler, P.; Hubner, L.; Dirkwinkel, J.; Schnepp, M.; Lehe, R.; Maier, A.R. Bayesian Optimization
of a Laser-Plasma Accelerator. Phys. Rev. Lett. 2021, 126, 104801. [CrossRef]

20. Kirchen, M.; Jalas, S.; Messner, P.; Winkler, P.; Eichner, T.; Hubner, L.; Hulsenbusch, T.; Jeppe, L.; Parikh, T.; Schnepp, M.; et al.
Optimal Beam Loading in a Laser-Plasma Accelerator. Phys. Rev. Lett. 2021, 126, 174801. [CrossRef]

21. Faure, J.; Rechatin, C.; Norlin, A.; Lifschitz, A.; Glinec, Y.; Malka, V. Controlled injection and acceleration of electrons in plasma
wakefields by colliding laser pulses. Nature 2006, 444, 737–739. [CrossRef]

22. Rechatin, C.; Faure, J.; Ben-Ismail, A.; Lim, J.; Fitour, R.; Specka, A.; Videau, H.; Tafzi, A.; Burgy, F.; Malka, V. Controlling the
Phase-Space Volume of Injected Electrons in a Laser-Plasma Accelerator. Phys. Rev. Lett. 2009, 102, 164801. [CrossRef]

23. Oz, E.; Deng, S.; Katsouleas, T.; Muggli, P.; Barnes, C.D.; Blumenfeld, I.; Decker, F.J.; Emma, P.; Hogan, M.J.; Ischebeck, R.; et al.
Ionization-induced electron trapping in ultrarelativistic plasma wakes. Phys. Rev. Lett. 2007, 98, 084801. [CrossRef] [PubMed]

24. Xu, X.L.; Wu, Y.P.; Zhang, C.J.; Li, F.; Wan, Y.; Hua, J.F.; Pai, C.H.; Lu, W.; Yu, P.; Joshi, C.; et al. Low emittance electron beam
generation from a laser wakefield accelerator using two laser pulses with different wavelengths. Phys. Rev. Spec. Top.-Accel. Beams
2014, 17, 061301. [CrossRef]

25. Yu, L.L.; Esarey, E.; Schroeder, C.B.; Vay, J.L.; Benedetti, C.; Geddes, C.G.R.; Chen, M.; Leemans, W.P. Two-Color Laser-Ionization
Injection. Phys. Rev. Lett. 2014, 112, 125001. [CrossRef] [PubMed]

26. Zeng, M.; Chen, M.; Yu, L.L.; Mori, W.B.; Sheng, Z.M.; Hidding, B.; Jaroszynski, D.A.; Zhang, J. Multichromatic Narrow-
Energy-Spread Electron Bunches from Laser-Wakefield Acceleration with Dual-Color Lasers. Phys. Rev. Lett. 2015, 114, 084801.
[CrossRef]

27. Di Mitri, S.; Cornacchia, M. Electron beam brightness in linac drivers for free-electron-lasers. Phys. Rep.-Rev. Sec. Phys. Lett. 2014,
539, 1–48. [CrossRef]

28. Manahan, G.G.; Habib, A.F.; Scherkl, P.; Delinikolas, P.; Beaton, A.; Knetsch, A.; Karger, O.; Wittig, G.; Heinemann, T.;
Sheng, Z.M.; et al. Single-stage plasma-based correlated energy spread compensation for ultrahigh 6D brightness electron
beams. Nat. Commun. 2017, 8, 15705. [CrossRef]

29. Bulanov, S.V.; Pegoraro, F.; Pukhov, A.M.; Sakharov, A.S. Transverse-wake wave breaking. Phys. Rev. Lett. 1997, 78, 4205–4208.
[CrossRef]

30. Mehrling, T.; Grebenyuk, J.; Tsung, F.S.; Floettmann, K.; Osterhoff, J. Transverse emittance growth in staged laser-wakefield
acceleration. Phys. Rev. Spec. Top.-Accel. Beams 2012, 15, 111303. [CrossRef]

31. Esarey, E.; Schroeder, C.B.; Leemans, W.P. Physics of laser-driven plasma-based electron accelerators. Rev. Mod. Phys. 2009, 81,
1229–1285. [CrossRef]

32. Lu, W.; Huang, C.; Zhou, M.; Tzoufras, M.; Tsung, F.S.; Mori, W.B.; Katsouleas, T. A nonlinear theory for multidimensional
relativistic plasma wave wakefields. Phys. Plasmas 2006, 13, 056709. [CrossRef]

33. Rosenzweig, J.B.; Breizman, B.; Katsouleas, T.; Su, J.J. Acceleration and focusing of electrons in 2-dimensional nonlinear plasma
wake fields. Phys. Rev. A 1991, 44, R6189–R6192. [CrossRef] [PubMed]

34. Migliorati, M.; Bacci, A.; Benedetti, C.; Chiadroni, E.; Ferrario, M.; Mostacci, A.; Palumbo, L.; Rossi, A.R.; Serafini, L.; Antici, P.
Intrinsic normalized emittance growth in laser-driven electron accelerators. Phys. Rev. Spec. Top.-Accel. Beams 2013, 16, 011302.
[CrossRef]

35. Li, X.K.; Chance, A.; Nghiem, P.A.P. Preserving emittance by matching out and matching in plasma wakefield acceleration stage.
Phys. Rev. Accel. Beams 2019, 22, 021304. [CrossRef]

36. Floettmann, K. Adiabatic matching section for plasma accelerated beams. Phys. Rev. Spec. Top.-Accel. Beams 2014, 17, 054402.
[CrossRef]

37. Dornmair, I.; Floettmann, K.; Maier, A.R. Emittance conservation by tailored focusing profiles in a plasma accelerator. Phys. Rev.
Spec. Top.-Accel. Beams 2015, 18, 041302. [CrossRef]

38. Loulergue, A.; Labat, M.; Evain, C.; Benabderrahmane, C.; Malka, V.; Couprie, M.E. Beam manipulation for compact laser
wakefield accelerator based free-electron lasers. New J. Phys. 2015, 17, 023028. [CrossRef]

39. Pousa, A.F.; de la Ossa, A.M.; Brinkmann, R.; Assmann, R.W. Compact Multistage Plasma-Based Accelerator Design for Correlated
Energy Spread Compensation. Phys. Rev. Lett. 2019, 123, 054801. [CrossRef]

40. Van Tilborg, J.; Steinke, S.; Geddes, C.G.R.; Matlis, N.H.; Shaw, B.H.; Gonsalves, A.J.; Huijts, J.V.; Nakamura, K.; Daniels, J.;
Schroeder, C.B.; et al. Active Plasma Lensing for Relativistic Laser-Plasma-Accelerated Electron Beams. Phys. Rev. Lett. 2015,
115, 184802. [CrossRef]

41. Hafz, N.A.M.; Li, S.; Li, G.Y.; Mirzaie, M.; Zeng, M.; Zhang, J. Generation of high-quality electron beams by ionization injection in
a single acceleration stage. High Power Laser Sci. Eng. 2016, 4, e24. [CrossRef]

42. Feng, J.; Li, Y.F.; Wang, J.G.; Li, D.Z.; Zhu, C.Q.; Tan, J.H.; Geng, X.T.; Liu, F.; Chen, L.M. Optical control of transverse motion of
ionization injected electrons in a laser plasma accelerator. High Power Laser Sci. Eng. 2021, 9, e5. [CrossRef]

116



Photonics 2022, 9, 511

43. Bulanov, S.; Naumova, N.; Pegoraro, F.; Sakai, J. Particle injection into the wave acceleration phase due to nonlinear wake wave
breaking. Phys. Rev. E 1998, 58, R5257–R5260. [CrossRef]

44. Suk, H.; Barov, N.; Rosenzweig, J.B.; Esarey, E. Plasma electron trapping and acceleration in a plasma wake field using a density
transition. Phys. Rev. Lett. 2001, 86, 1011–1014. [CrossRef] [PubMed]

45. Geddes, C.G.R.; Nakamura, K.; Plateau, G.R.; Toth, C.; Cormier-Michel, E.; Esarey, E.; Schroeder, C.B.; Cary, J.R.; Leemans, W.P.
Plasma-density-gradient injection of low absolute-momentum-spread electron bunches. Phys. Rev. Lett. 2008, 100, 215004.
[CrossRef] [PubMed]

46. Faure, J.; Rechatin, C.; Lundh, O.; Ammoura, L.; Malka, V. Injection and acceleration of quasimonoenergetic relativistic electron
beams using density gradients at the edges of a plasma channel. Phys. Plasmas 2010, 17, 083107. [CrossRef]

47. Wang, W.T.; Li, W.T.; Liu, J.S.; Wang, C.; Chen, Q.; Zhang, Z.J.; Qi, R.; Leng, Y.X.; Liang, X.Y.; Liu, Y.Q.; et al. Control of seeding
phase for a cascaded laser wakefield accelerator with gradient injection. Appl. Phys. Lett. 2013, 103, 243501. [CrossRef]

48. Schmid, K.; Buck, A.; Sears, C.M.S.; Mikhailova, J.M.; Tautz, R.; Herrmann, D.; Geissler, M.; Krausz, F.; Veisz, L. Density-transition
based electron injector for laser driven wakefield accelerators. Phys. Rev. Spec. Top.-Accel. Beams 2010, 13, 091301. [CrossRef]

49. Gonsalves, A.J.; Nakamura, K.; Lin, C.; Panasenko, D.; Shiraishi, S.; Sokollik, T.; Benedetti, C.; Schroeder, C.B.; Geddes, C.G.R.; van
Tilborg, J.; et al. Tunable laser plasma accelerator based on longitudinal density tailoring. Nat. Phys. 2011, 7, 862–866. [CrossRef]

50. Buck, A.; Wenz, J.; Xu, J.; Khrennikov, K.; Schmid, K.; Heigoldt, M.; Mikhailova, J.M.; Geissler, M.; Shen, B.; Krausz, F.; et al.
Shock-Front Injector for High-Quality Laser-Plasma Acceleration. Phys. Rev. Lett. 2013, 110, 185006. [CrossRef]

51. Burza, M.; Gonoskov, A.; Svensson, K.; Wojda, F.; Persson, A.; Hansson, M.; Genoud, G.; Marklund, M.; Wahlstrom, C.G.;
Lundh, O. Laser wakefield acceleration using wire produced double density ramps. Phys. Rev. Spec. Top.-Accel. Beams 2013,
16, 011301. [CrossRef]

52. Hansson, M.; Aurand, B.; Davoine, X.; Ekerfelt, H.; Svensson, K.; Persson, A.; Wahlstrom, C.G.; Lundh, O. Down-ramp injection
and independently controlled acceleration of electrons in a tailored laser wakefield accelerator. Phys. Rev. Spec. Top.-Accel. Beams
2015, 18, 071303. [CrossRef]

53. Lu, W.; Huang, C.; Zhou, M.; Mori, W.B.; Katsouleas, T. Nonlinear theory for relativistic plasma wakefields in the blowout regime.
Phys. Rev. Lett. 2006, 96, 165002. [CrossRef] [PubMed]

54. Corde, S.; Thaury, C.; Lifschitz, A.; Lambert, G.; Phuoc, K.T.; Davoine, X.; Lehe, R.; Douillet, D.; Rousse, A.; Malka, V. Observation
of longitudinal and transverse self-injections in laser-plasma accelerators. Nat. Commun. 2013, 4, 1501. [CrossRef] [PubMed]

55. Antipov, S.; Baturin, S.; Jing, C.; Fedurin, M.; Kanareykin, A.; Swinson, C.; Schoessow, P.; Gai, W.; Zholents, A. Experimental
Demonstration of Energy-Chirp Compensation by a Tunable Dielectric-Based Structure. Phys. Rev. Lett. 2014, 112, 114801.
[CrossRef] [PubMed]

56. Emma, P.; Venturini, M.; Bane, K.L.F.; Stupakov, G.; Kang, H.S.; Chae, M.S.; Hong, J.; Min, C.K.; Yang, H.; Ha, T.; et al.
Experimental Demonstration of Energy-Chirp Control in Relativistic Electron Bunches Using a Corrugated Pipe. Phys. Rev. Lett.
2014, 112, 034801. [CrossRef]

57. Chen, P.; Dawson, J.M.; Huff, R.W.; Katsouleas, T. Acceleration of electrons by the interaction of a bunched electron-beam with a
plasma. Phys. Rev. Lett. 1985, 54, 693–696. [CrossRef]

58. Litos, M.; Adli, E.; An, W.; Clarke, C.I.; Clayton, C.E.; Corde, S.; Delahaye, J.P.; England, R.J.; Fisher, A.S.; Frederico, J.; et al.
High-efficiency acceleration of an electron beam in a plasma wakefield accelerator. Nature 2014, 515, 92–95. [CrossRef]

59. D’Arcy, R.; Wesch, S.; Aschikhin, A.; Bohlen, S.; Behrens, C.; Garland, M.J.; Goldberg, L.; Gonzalez, P.; Knetsch, A.; Libov, V.; et al.
Tunable Plasma-Based Energy Dechirper. Phys. Rev. Lett. 2019, 122, 034801. [CrossRef]

60. Shpakov, V.; Anania, M.P.; Bellaveglia, M.; Biagioni, A.; Bisesto, F.; Cardelli, F.; Cesarini, M.; Chiadroni, E.; Cianchi, A.;
Costa, G.; et al. Longitudinal Phase-Space Manipulation with Beam-Driven Plasma Wakefields. Phys. Rev. Lett. 2019, 122, 114801.
[CrossRef]

61. Wu, Y.P.; Hua, J.F.; Zhou, Z.; Zhang, J.; Liu, S.; Peng, B.; Fang, Y.; Nie, Z.; Ning, X.N.; Pai, C.H.; et al. Phase Space Dynamics of a
Plasma Wakefield Dechirper for Energy Spread Reduction. Phys. Rev. Lett. 2019, 122, 204804. [CrossRef] [PubMed]

62. Dopp, A.; Thaury, C.; Guillaume, E.; Massimo, F.; Lifschitz, A.; Andriyash, I.; Goddet, J.P.; Tazfi, A.; Phuoc, K.T.; Malka, V.
Energy-Chirp Compensation in a Laser Wakefield Accelerator. Phys. Rev. Lett. 2018, 121, 074802. [CrossRef] [PubMed]

63. Ke, L.T.; Feng, K.; Wang, W.T.; Qin, Z.Y.; Yu, C.H.; Wu, Y.; Chen, Y.; Qi, R.; Zhang, Z.J.; Xu, Y.; et al. Near-GeV Electron Beams
at a Few Per-Mille Level from a Laser Wakefield Accelerator via Density-Tailored Plasma. Phys. Rev. Lett. 2021, 126, 214801.
[CrossRef] [PubMed]

64. Gotzfried, J.; Dopp, A.; Gilljohann, M.F.; Foerster, F.M.; Ding, H.; Schindler, S.; Schilling, G.; Buck, A.; Veisz, L.; Karsch, S. Physics
of High-Charge Electron Beams in Laser-Plasma Wakefields. Phys. Rev. X 2020, 10, 041015. [CrossRef]

65. Gordienko, S.; Pukhov, A. Scalings for ultrarelativistic laser plasmas and quasimonoenergetic electrons. Phys. Plasmas 2005,
12, 3109. [CrossRef]

66. Lu, W.; Tzoufras, M.; Joshi, C.; Tsung, F.S.; Mori, W.B.; Vieira, J.; Fonseca, R.A.; Silva, L.O. Generating multi-GeV electron bunches
using single stage laser wakefield acceleration in a 3D nonlinear regime. Phys. Rev. Spec. Top.-Accel. Beams 2007, 10, 061301.
[CrossRef]

67. Kuschel, S.; Schwab, M.B.; Yeung, M.; Hollatz, D.; Seidel, A.; Ziegler, W.; Savert, A.; Kaluza, M.C.; Zepf, M. Controlling the
Self-Injection Threshold in Laser Wakefield Accelerators. Phys. Rev. Lett. 2018, 121, 154801. [CrossRef]

117



Photonics 2022, 9, 511

68. Li, Y.F.; Li, D.Z.; Huang, K.; Tao, M.Z.; Li, M.H.; Zhao, J.R.; Ma, Y.; Guo, X.; Wang, J.G.; Chen, M.; et al. Generation of 20 kA
electron beam from a laser wakefield accelerator. Phys. Plasmas 2017, 24, 023108. [CrossRef]

69. Couperus, J.P.; Pausch, R.; Kohler, A.; Zarini, O.; Kramer, J.M.; Garten, M.; Huebl, A.; Gebhardt, R.; Helbig, U.; Bock, S.; et al.
Demonstration of a beam loaded nanocoulombclass laser wakefield accelerator. Nat. Commun. 2017, 8, 487. [CrossRef]

70. Wang, W.T.; Feng, K.; Ke, L.T.; Yu, C.H.; Xu, Y.; Qi, R.; Chen, Y.; Qin, Z.Y.; Zhang, Z.J.; Fang, M.; et al. Free-electron lasing at 27
nanometres based on a laser wakefield accelerator. Nature 2021, 595, 516–520. [CrossRef]

71. Rousse, A.; Phuoc, K.T.; Shah, R.; Pukhov, A.; Lefebvre, E.; Malka, V.; Kiselev, S.; Burgy, F.; Rousseau, J.P.; Umstadter, D.; et al.
Production of a keV X-ray beam from synchrotron radiation in relativistic laser-plasma interaction. Phys. Rev. Lett. 2004,
93, 135005. [CrossRef] [PubMed]

72. Corde, S.; Phuoc, K.T.; Lambert, G.; Fitour, R.; Malka, V.; Rousse, A.; Beck, A.; Lefebvre, E. Femtosecond X rays from laser-plasma
accelerators. Rev. Mod. Phys. 2013, 85, 1–48. [CrossRef]

73. Yu, C.H.; Qi, R.; Wang, W.T.; Liu, J.S.; Li, W.T.; Wang, C.; Zhang, Z.J.; Liu, J.Q.; Qin, Z.Y.; Fang, M.; et al. Ultrahigh brilliance
quasi-monochromatic MeV gamma-rays based on self-synchronized all-optical Compton scattering. Sci. Rep. 2016, 6, 29518.
[CrossRef] [PubMed]

74. Phuoc, K.T.; Corde, S.; Thaury, C.; Malka, V.; Tafzi, A.; Goddet, J.P.; Shah, R.C.; Sebban, S.; Rousse, A. All-optical Compton
gamma-ray source. Nat. Photonics 2012, 6, 308–311. [CrossRef]

75. Dopp, A.; Mahieu, B.; Lifschitz, A.; Thaury, C.; Doche, A.; Guillaume, E.; Grittani, G.; Lundh, O.; Hansson, M.; Gautier, J.; et al.
Stable femtosecond X-rays with tunable polarization from a laser-driven accelerator. Light-Sci. Appl. 2017, 6, e17086. [CrossRef]

76. Wenz, J.; Dopp, A.; Khrennikov, K.; Schindler, S.; Gilljohann, M.F.; Ding, H.; Gotzfried, J.; Buck, A.; Xu, J.; Heigoldt, M.; et al.
Dual-energy electron beams from a compact laser-driven accelerator. Nat. Photonics 2019, 13, 263–269. [CrossRef]

77. Nalkajima, K. Towards a table-top free-electron laser. Nat. Phys. 2008, 4, 92–93. [CrossRef]
78. Pompili, R.; Alesini, D.; Anania, M.P.; Arjmand, S.; Behtouei, M.; Bellaveglia, M.; Biagioni, A.; Buonomo, B.; Cardelli, F.;

Carpanese, M.; et al. Free-electron lasing with compact beam-driven plasma wakefield accelerator. Nature 2022, 605, 659–662.
[CrossRef]

79. Sarri, G.; Corvan, D.J.; Schumaker, W.; Cole, J.M.; Di Piazza, A.; Ahmed, H.; Harvey, C.; Keitel, C.H.; Krushelnick, K.;
Mangles, S.P.D.; et al. Ultrahigh Brilliance Multi-MeV gamma-Ray Beams from Nonlinear Relativistic Thomson Scattering.
Phys. Rev. Lett. 2014, 113, 224801. [CrossRef]

80. Schlenvoigt, H.P.; Haupt, K.; Debus, A.; Budde, F.; Jackel, O.; Pfotenhauer, S.; Schwoerer, H.; Rohwer, E.; Gallacher, J.G.;
Brunetti, E.; et al. A compact synchrotron radiation source driven by a laser-plasma wakefield accelerator. Nat. Phys. 2008, 4,
130–133. [CrossRef]

81. Svensson, J.B.; Guenot, D.; Ferri, J.; Ekerfelt, H.; Gonzalez, I.G.; Persson, A.; Svendsen, K.; Veisz, L.; Lundh, O. Low-divergence
femtosecond X-ray pulses from a passive plasma lens. Nat. Phys. 2021, 17, 639–645. [CrossRef]

118



Citation: Barraza-Valdez, E.; Tajima,

T.; Strickland, D.; Roa, D.E. Laser

Beat-Wave Acceleration near Critical

Density. Photonics 2022, 9, 476.

https://doi.org/10.3390/

photonics9070476

Received: 3 April 2022

Accepted: 28 June 2022

Published: 8 July 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

photonics
hv

Article

Laser Beat-Wave Acceleration near Critical Density

Ernesto Barraza-Valdez 1,*, Toshiki Tajima 1, Donna Strickland 2 and Dante E. Roa 3

1 Department of Physics and Astronomy, University of California, Irvine, CA 92697, USA; ttajima@uci.edu
2 Department of Physics and Astronomy, University of Waterloo, Waterloo, ON N2L 3G1, Canada;

strickla@uwaterloo.ca
3 Department of Radiation Oncology, University of California, Irvine, CA 92697, USA; droa@uci.edu
* Correspondence: ernestob@uci.edu

Abstract: We consider high-density laser wakefield acceleration (LWFA) in the nonrelativistic regime
of the laser. In place of an ultrashort laser pulse, we can excite wakefields via the Laser Beat Wave
(BW) that accesses this near-critical density regime. Here, we use 1D Particle-in-Cell (PIC) simulations
to study BW acceleration using two co-propagating lasers in a near-critical density material. We show
that BW acceleration near the critical density allows for acceleration of electrons to greater than keV
energies at far smaller intensities, such as 1014 W/cm2, through the low phase velocity dynamics
of wakefields that are excited in this scheme. Near-critical density laser BW acceleration has many
potential applications including high-dose radiation therapy.

Keywords: laser wakefield acceleration; beat wave; near-critical acceleration; fiber laser; endoscopic
radiotherapy

1. Introduction

Laser wakefield acceleration (LWFA) allows us to make high energy acceleration of
electrons [1–4]. Tajima and Dawson proposed using high-intensity pulsed laser (such
as 1018 W/cm2) to accelerate electrons with an accelerating gradient on the order of
GeV/cm [1]. Their paper launched the laser wakefield acceleration (LWFA) branch of
plasma physics, which was further aided by the advent of Chirped Pulse Amplification
(CPA) and its advent also enabled LWFA realization [5]. The main allure and applications
of LWFA has been to explore the energies that may not be covered easily by the conven-
tional accelerator approaches, either in principle or by the ever-increasing cost and size of
these. The energies of electrons accelerated by LWFA increase inversely proportional to the
plasma density [1,3]. Thus, most of the explorations of LWFA so far have been in a density
of plasma relatively far away from the critical density, the underdense regime (for a typical
optical laser, the critical density is on the order of 1021/cm3), so that the typical operating
plasma density has been densities of 1017–1019/cm3. This is a gaseous plasma regime.

Despite LWFA having nearly half a century of history, there has yet to be sufficient
exploration of laser-plasma acceleration near the critical density. Valenta et al. determined
that electron densities of roughly 0.1nc were necessary for high repetition rate, low energy,
and short pulse lasers [6]. More recently, Nicks et al. further explored how one can achieve
bulk acceleration of electrons by exploring the maximum energy achieved for different
near-critical densities, laser intensities, and laser pulse widths [4,7]. We note that in the near-
critical densities the gas plasma is replaced by other materials such as nanomaterials [8]. In
such materials, by choosing the radius of nanotubes, for example, we can raise or reduce
the average electron density that laser electromagnetic fields see. The outer shell electrons
in such materials behave as if they are in a plasma state [9].

The purpose of this paper is to theoretically and computationally explore the near-
critical density regime using laser beat-wave (BW) acceleration simulations. We will
give a brief introduction to the theory of LWFA in the underdense, relativistic, high-
intensity regime. Then we investigate the use of laser BW near the critical density with
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low-intensity lasers, by using the well-benchmarked EPOCH 1D3V (1D and 3D in spatial
and velocity calculations, respectively) and collisionless and relativistic Particle-in-Cell
code with stationary ions [10]. We will show that in this near-critical density regime,
electron energies up to 10 keV are obtained using intensities ≤ 1014 W/cm2. These low
laser intensities allow for the use of novel fiber technology described by Sha et al. [11],
along with many applications such as for radiation therapy treatment, as described by
Roa et al. [12].

This paper is structured in the following way: Section 2 will describe the theory of
conventional underdense LWFA and beat-wave acceleration (BWA). Section 3 will describe
BWA at near-critical densities and show results of PIC simulations with low-intensity lasers
and near-critical density plasma targets. Section 4 will discuss applications to medicine.
Section 5 will summarize and conclude this paper.

2. Underdense LWFA and BWA

LWFA in underdense plasma operates where the plasma density is much lower than
the critical density ne � nc. Through the Stimulated Raman Scattering (SRS) process [13,14],
an electromagnetic wave excites a plasma wave with ωp following the frequency or energy
conservation of:

ωp = ω0 − ω1 (1)

where ωp =
√

4πnee2/m and the ‘p’ subscript denotes electron plasma, ne is the electron
plasma density, ‘e’ is the electron charge, and m is the electron mass. Following the above
frequency equation where ω0 is the incident wave and ω1 is the scattered wave, the wave
number (or momentum) must also be conserved such that kp = k0 − k1.

Similarly, Rosenbluth and Liu derived the process of exciting plasma waves using the
beat wave of two lasers such that frequency difference was equal to the plasma frequency
following Equation (1) [15,16]. This is beat wave (BW) excitation of plasma waves. When
the two lasers are co-propagating, the Forward Raman Scattering (FRS) mechanism becomes
significant and electrons can then be accelerated by the plasma waves [2,13,16–18]. We
classify this as Beat Wave Acceleration (BWA). If laser fields for the pump E0 (higher
frequency) and seed E1 (lower frequency) are near the relativistic range of ∝ mω0c/e then
the ponderomotive force created by the beatwave of the two lasers drives an electrostatic
longitudinal plasma wave EL such that:

eEL = ∇
(

eE0 · E1

mω0ω1

)
= e

(mωpc
e

)
ei kpx (2)

The phase velocity of this electrostatic wave (wake or plasmon) is driven by the group
velocity of the lasers. For a plasma with density below the seed laser critical density (ncrit),

the dispersion is given by ω = ck/
√

1 − ω2
p/ω2 and the group velocity of the lasers is

vg = ∂ω/∂k = c
√

1 − ne/ncrit [19].
Therefore, in a highly underdense plasma the laser frequency ω0, ω1 � ωp and both

the laser phase velocity and plasmon group velocity reduce to vph ≈ vg ≈ c. This
is shown in Figure 1, where the 2D Fast Fourier Transform (FFT) of the transverse and
longitudinal electric field of the laser beat wave PIC simulation in an underdense plasma
(ne = 0.005 × ncrit) is plotted and shows the dispersion.
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(a) (b) 

Figure 1. The 2D Fast Fourier Transform (FFT) of the (a) transverse (Ey) and (b) longitudinal (Ex)
electric field in a 1D PIC simulation of highly underdense laser BW acceleration normalized to the
plasma frequency (ωp) and plasma wave number (kp = ωp/c). ω0 and ω1 are the two copropagating
laser frequencies of the beatwave, indicated by the orange dotted lines in (a). The diverging color
indicates the intensity of the fields in logscale. The speed of light dispersion (slope) is indicated by
the lime green dotted line. This simulation used an equivalent of a0 ≈ 0.5 and a1 ≈ 0.5, beatwave
lasers both with Gaussian shapes, wavelengths of 0.5 μm and 1 μm with 100 fs pulswidth and
ne = 0.005 × ncrit.

A high phase velocity, much larger than the thermal velocity, allows the plasma wave
to be stable and coherent against thermal plasma instabilities and allows the lasers to
drive the plasma wave until saturation. In the relativistic regime, the wakefield amplitude
saturates due to relativistic mass and detuning effects. The detuning time and length is
defined as the length it takes for the laser beat wave and plasma wave to become more
than π/2 out of phase such as described by Rosenbluth and Liu, Esarey et al. [3,15], and is
typically very long. Thus, the saturated electrostatic wakefield is [2,15]:

EL =
mωpc

e

(
16
3

a0a1

) 1
3

(3)

where a0,1 =
e|E0,1|
mω0,1c is the normalized laser vector potentials for the pump, indicated by the

0 subscript, and the seed, the 1 subscript.
With the wake waves’ high phase velocity, far away from the bulk thermal velocity

of the plasma, the strength of these wakes will have to grow large enough, near the wave
breaking limit [4,16], to be able to trap electrons from the fringes of the thermal distribution
and accelerate them. If the amplitude of the wake waves is not strong enough, electrons
will need to be externally injected at the high enough energies in order to be trapped. The
range of velocities (energies) that the excited wake waves can trap and accelerate electrons
is described by the trapping width velocity [20]:

vtrap =
√

eEL/mk (4)

where EL is the amplitude of the wake (longitudinal) wave and k is its wave number. Thus,
because vph � vth the wave number k is small, making the trapping width small. Wakes
cannot functionally trap and accelerate electrons from the bulk plasma thermal distribution.
This again reinforces that the laser and wakes are stable from thermal plasma instabilities.
Figure 2 shows the electric field and phase space of the highly underdense BW simulation
in Figure 1. One can see that only at relativistic laser intensities (a0 ≥ 1) is the electrostatic
wake amplitude driven large enough to trap a small population of electrons from the tail
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end of the thermal distribution and accelerate them to relativistic energies. Additionally,
Figure 2 shows that the observed wakefield amplitude (blue) matches Equation (3).

Figure 2. Electron phase space plot with electric fields of a 1D PIC simulation at 150 fs. The
momentum is normalized to electron mass times the speed of light (c) on the left most y-axis (Px/mc)
vs. the position in the horizontal axis. The sequential color scale indicates the population density
of electrons in that particular phase space point where bright orange indicates a large amount and
purple or dark colors indicate small populations. The electric fields are indicated by the transverse
(red) and longitudinal (blue) lines representing the laser and plasmon fields respectively, scaled to
the right most y-axis (E 1012 V/m). This simulation used an equivalent of a0 ≈ 0.5 and a1 ≈ 0.5,
beatwave lasers both with Gaussian shapes, wavelengths of 0.5 μm and 1 μm with 100 fs pulse width
and ne = 0.005 × ncrit.

Once electrons with high enough velocities are trapped in the wakes, they can be
accelerated. The maximum acceleration energy of trapped electrons is limited by the
electron dephasing length and thus is proportional to a0 and the Lorentz factor squared:
Wmax = 2a0γ2mc2 or ∝ a2

0
(
ω0/ωp

)2. For non-relativistic (nr), low intensities (a0 < 1), in an
underdense plasma we have no factor 2γ2 (due to the fact that relativistic dynamics of the
phase velocity of the wake affects the extended dephasing length). If we assume in this case
that the electron dephasing length is simply πc/2ωp, we obtain the low-intensity maximum
electron energy which may lead to an expression such as Wmax,nr = π/2 · mc2a2

0
(
ω0/ωp

)
.

This type of energy would apply if the wakefield with nonrelativistic amplitude is excited
but remains as a single wave. As we will see below, however, in the high-density regime of
wakefields (near the critical density), we observe that a series of wakefields with different
phase velocities tends to be excited.

As mentioned above, it is conventional wisdom that the maximum electron acceler-
ation energy achieved using laser wakefield schemes is proportional to

(
ω0/ωp

)2 (due
to the relativistic dynamics in underdense plasma). For this reason, we sought to see the
limitations of the BWA with respect to density, similar to what was done by Nicks et al. [7].
We ran eight BWA simulations like those shown in Figure 2, with a pump and seed intensity
given by a0, a1 = 0.1 and Gaussian pulse width of 100 fs, just below the non-relativistic
regime. The kinetic energy distribution and maximum kinetic energies achieved after 1 ps
are shown in Figure 3. Each simulation had uniform plasma density that is proportional to
the critical density of the seed laser (λ1 = 1 μm), as shown in the legend of Figure 3a.
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(a) (b) 

Figure 3. Energy distributions, maximum kinetic energies, and laser to total particle energy efficiency
with respect to plasma density for BWA simulations after 1 ps using Gaussian lasers with intensities
of a0, a1 = 0.1, and pulse width of 100 fs. The seed laser wavelength was held at λ = 1 μm while the
pump wavelength was changed in order to satisfy Equation (1). (a) Normalized energy distributions
(log-log scale) of eight different simulations with uniform plasma density from 0.005 ncrit to 1.1 ncrit.
(b) The maximum electron energies achieved after 1 ps with respect to plasma density (left y-axis,
blue), and the efficiency of the total laser energy converted to total particle kinetic energy (right
y-axis, red).

For low densities (<0.1nc), Figure 3a shows that the excited plasma waves are barely
able to trap and accelerate electrons from the fringes of the thermal distribution up to
around 10 keV. However, at 0.1nc we see that the plasma waves (with a low phase velocity
at high densities which we will show in the next section) begin to push the thermal
distribution out to higher energies. Above this density, a large tail of the distribution is
formed and accelerated beyond 10 keV.

Figure 3b shows the maximum kinetic energy achieved after 1 ps (left y-axis, blue).
Figure 3b also shows the energy efficiency or total particle kinetic energy of the plasma with
respect to the total lasers’ energy. As mentioned in this section, the low-density regime does
not allow for the high phase velocity (vph ≈ c) plasma waves to efficiently trap particles.
Thus, external injection mechanisms would be needed for high energy acceleration. In
contrast, near the critical density, particle trapping from the bulk thermal distribution
becomes significant until around 0.9ncrit. These particles can then be accelerated by the
main wakefield to high energies. Additionally, one can see that the laser energy to total
particle energy, efficiency, also increases with density which corresponds to the widening
of the energy distributions in Figure 3a. Both the maximum kinetic energy and efficiency
drops after 0.9nc, although it is unclear why. With this, the next section will focus on
lower intensities in order to achieve electron energies of 10 keV for applications such as
radiation therapy.

3. Near-Critical Density BWA

For low laser intensities (a0 < 0.1) in highly underdense plasma, the plasmon wave
amplitudes are not strong enough to trap electrons from the bulk thermal distribution and
accelerate them to high energies as described above, in Figures 2 and 3a. However, when
ne is approaches the critical density, additional physics must come into play. Nicks et al.
showed electron energy scaling with respect to laser intensity (1 > a0 ≥ 0.1) for 0.1ncrit and
0.3ncrit in their Figure 5a,b [7]. Nicks et al. also showed that a somewhat discontinuous
maximum energy gain of electrons as a function of a0 (around 1) is observed. This arises
from the transition between the nonrelativistic wakefields dynamics (a0 < 1) and the
relativistic one (a0 ≥ 1). Additionally, Figure 3 shows the electrons can be accelerated
without external injection mechanisms near the critical densities.
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Here, we show that using near-critical densities (of the seed laser) allows for low-
intensity lasers to excite low phase velocity plasmons. This introduces the opportunity to
pick up electrons in the bulk, which would not be possible in the conventional underdense
operation of LWFA. This high-density, low-intensity BWA scheme makes it suitable for
many applications.

For many industrial and medical applications, electron energies of greater than keV are
required with low laser intensities of ≤1014 W/cm2 (corresponding to a0 < 0.01 for a 1 μm
laser). For a 1 μm laser, the critical density is approximately 1021 cm3, which is about one or-
der of magnitude less than a conventional solid. This high density allows the BW accelerator
to be done in atmospheric pressure rather than vacuum. Thus, our study will focus on using
a 1 μm laser with plasma densities of approximately ne ≈ 0.9 × ncrit ≈ 0.9 · 1021 cm−3. This
density was chosen because it seems to provide the highest maximum acceleration energies
along with maximum efficiency, as shown in Figure 3.

The excitation of low phase velocity plasmons with much lower laser intensities lends
itself to the Enhanced Raman Forward Scattering (ERFS) method [21]. In the ERFS method,
the laser intensities need not be equal as in the conventional BW case. Fisher and Tajima
showed that ERFS allows for the lower frequency seed (ω1) laser’s intensity to be 10% of
the higher frequency pump (ω0) laser’s intensity. In this case, the lower frequency laser
seeds the growth of the plasma wave but there are also other seeding methods such as
pulse shaping and electrostatic plasmon seeding. The smaller seed intensity further allows
the usage of modern tabletop laser technology.

We now turn to the exploration of low-intensity, non-relativistic BW acceleration using
the EFRS method. To represent a thin target of density 0.9 × 1021 cm3 in the simulation,
the plasma is set to be between 1–20 μm thick (with ions left to be infinitely heavier and
stationary). Figure 4 shows the transverse and longitudinal field spectrum for 20 μm-thick
plasma. Figure 4a is similar to Figure 1a except that the seed frequency is now just above
the plasma frequency (ω1 ≈ 1.1 ωp). Additionally, the lasers propagate freely in vacuum
before hitting the target. The free space propagation is clearly shown by the spectrum
points that align with the speed of light in vacuum (lime green). In Figure 4b, one can see
that there is excitation at ωp with a broad range of wavenumber. This is due to nonlinear
parametric processes and is allowed by the high-density plasma (near-critical) so that their
phase velocities are low. The allowed group velocity of the photons (seed) is small (≈0.3 c)
and so the ponderomotive force can excite plasma waves with small phase velocity which
can trap and accelerate electrons from a cold thermal distribution with a temperature
on the order of 10 eV. This allowed wide range of the phase velocities in nonrelativistic
wakefields is the reason why we see this wide spectrum of plasma waves with frequency
ωp. Additionally, in the relativistic regime the detuning length between the laser beat wave
and plasma wave phases leads to saturation of the longitudinal plasma waves. However,
from the resonant detuning length given by Esarey et al. [3], we see that for an a0 = 0.007
and a1 = 0.004, the detuning length is approximately 1 mm and much larger than our
target length.

Figure 5 shows the phase space and electric field components for this simulation using
a laser intensity of 2.5 × 1014 W/cm2 (a0 = 0.007) with a pulse width of 2 ps. One can see
that at 2 ps, the tail end of the laser pulses, and the longitudinal plasma wave amplitude
(blue curve) has grown larger than the pump laser’s amplitude (red curve). At 2.5 ps, the
laser has left the simulation and one can see the strong plasma waves continue unimpeded
and are able to accelerate electrons to keV energies.
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(a) (b) 

Figure 4. The 2D Fast Fourier Transform (FFT) of the (a) transverse (Ey) and (b) longitudinal (Ex)
electric field in a 1D PIC simulation of near-critical density laser BW acceleration normalized to the
plasma frequency (ωp) and plasma wave number (kp = ωp/c). ω0 and ω1 are the two copropagating
laser frequencies of the beatwave, indicated by the orange dotted lines in (a). The diverging color
indicates the intensity of the fields in logscale. The speed of light dispersion (slope) is indicated by
the lime green dotted line. The EFRS method is used with two Gaussian lasers with intensities of
approximately a0 = 0.007 (2.5 × 1014 W/cm2) and a1 = 0.004 (9.7 × 1013 W/cm2), ne = 0.9 × ncrit ,
λ0 ≈ 0.5 μm and λ1 = 1.0 μm, and the pulse width is 2 ps.

 
(a) (b) 

Figure 5. The phase space distribution and transverse and longitudinal electric fields for a 1D 10 μm
plasma target at (a) 2 ps and (b) 2.5 ps. The momentum is normalized to electron mass times the
speed of light (c) on the leftmost y-axis (Px/mc) vs. the position in the horizontal axis. The sequential
color scale indicates the population density of electrons in that particular phase space point where
bright orange indicates a large amount and purple or dark colors indicate small populations. The
EFRS method is used with a0 = 0.007 (2.5 × 1014 W/cm2) and a1 = 0.004 (9.7 × 1013 W/cm2) and
ne = 0.9 × ncrit, λ0 ≈ 0.5 μm and λ1 = 1.0 μm, and the pulse width is 2 ps.

Figure 6 shows the electron energies with respect to different simulations parameters.
Figure 6a shows the electron energy distribution after 2.5 ps for varying thicknesses of
the plasma target using laser intensities of a0 = 0.007 (2.5 × 1014 W/cm2) and a1 = 0.004
(9.7 × 1013 W/cm2). One can see that that below 5 μm, electrons are just barely accelerated
above keV energies. This is most likely because the main plasma wave in the mix of
wakefields is the one with a phase velocity near c so that the main plasma wavelength cor-
responds to approximately 1 μm; this is confirmed by Figure 5. Thus, for small thicknesses
there is not enough wake waves to accelerate electrons. However, there does not seem to
be more enhancement in the electron energy spectrum as the plasma thickness is increased.
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(a) (b) 

Figure 6. The electron energy gain with varying parameters: target length, pulse width, and intensity.
(a) The energy distribution (log-log scale) of thin plasma target simulation after 2.5 ps with change of
thickness. The intensity of the pump wave 2.5 × 1014 W/cm−2 and the seed intensity was one-tenth of
that (a0 =

√
10·a1). Pulsewidth of 2 ps. (b) Maximum kinetic energy (y-axis, log scale) of an electron

found in simulation after 2.5 ps with respect to thickness (x-axis) given different laser parameters:
(blue) 1.3 × 1014 W/cm−2 pump (a0 = 0.005) with a pulse width of 2 ps, (yellow) 2.5 × 1014 W/cm−2

pump (a0 = 0.007) with a pulse width of 1 ps, (green) 2.5 × 1014 W/cm−2 pump (a0 = 0.007) with a
pulse width of 2 ps.

In order to make this acceleration scheme more applicable, lower laser intensities than
2.5 × 1014 W/cm2 are chosen. Figure 6b shows the maximum kinetic energy found in the
simulation after 2.5 ps for three different laser parameters: 1.3 × 1014 W/cm2 with 2 ps
pulse width, 2.5 × 1014 W/cm2 with 1 ps, and 2.5 × 1014 W/cm2 with 2 ps pulse width.
One can see that the intensity allows for higher electron energies, which is expected. In
addition, increasing the pulse width to deliver more energy also increases the maximum
kinetic energy that the electrons can achieve. Below 1.3 × 1014 W/cm2 (a0 < 0.005), we saw
that the plasma waves continued to grow beyond 2.5 ps.

4. Applications to Medicine

As we have found, the high-density operation (near the critical density) LWFA opens
an avenue to make very compact electron acceleration (though electron energies are modest,
such as 10′s keV) with modest laser intensity. The near-critical density exceeds the usual
gaseous plasma density without external injection mechanisms. The opportunity of using
carbon nanotubes (and possibly other nanomaterials) to match this regime of density with
changing its occupation ratio (such as the tube diameter) introduces an added flexibility
and value of this regime operation [8,22]. Also, this brings in a flexible density ramping, if
desired or necessary, for additional control in the acceleration process. The size of the target
in this high-density LWFA further reduces the size of the accelerator from even the gaseous
LWFA, which is already far smaller than the conventional accelerators. Additionally, near-
critical density LWFA lends itself to low-intensity schemes such as EFRS. This allows the
seed laser intensity to be 10% of the pump laser’s and still achieve 10′s keV electron energies.

Meanwhile, if and when we can use an electron accelerator so tiny that it can sit in front
of the tumor of a patient (such as at the tip of an endoscope), the electrons for radiotherapy
purposes need not have MeV of energies, as they do not have to penetrate a patient’s body.
In this case, the needed electron energies may be as low as 10′s keV. The penetration depth
of such electrons is short and reaches only the tissues facing the accelerator at the tip of a
device such as an endoscope. As an example, the penetration depth of a 10 keV electron
can be estimated using the modified relativistic Bethe formula for electrons in water and
gives a mean penetration depth on the order of 10 μm [23]. Assuming a laser spot size of
10 μm, we estimate the dose of this electron beam per pulse is approximately 102 Gy.

126



Photonics 2022, 9, 476

This study shows that our present regime of laser intensity and operation are within the
reach of the fiber laser technology, see [11]. In addition, a new fiber grating technique [24]
may help to create appropriate beat-wave resonance. Accordingly, this introduces a new
possible way to operate an endoscopic electron radiotherapy using fiber laser. That is,
an endoscopic radiation therapy. The surgeon would enter an internal part of a patient
with an endoscope that has the HD LWFA attached at its tip. When he/she sees a tumor,
he/she can turn on the HD LWFA at the suspected tumor. It could also be used to spray
electrons after the surgical removal of a macroscopic tumor by endoscope, to make sure
the remaining tissue can be devoid of active tumors (it may also be delivered as part of an
acupuncture needle).

Such electrons may be used to address other therapy such as allowing for a hand-
held radiation therapy device that can directly target superficial skin cancers such as
melanoma [25–28]. Further, we could also employ a vector medicine (with high Z) that
can guide itself toward the targeted tissue (such as cancer cells) that attracts and absorbs
electrons preferentially to the vector molecules with its high Z distinction [29].

5. Conclusions

To summarize, we used the well-benchmarked 1D3V relativistic PIC code EPOCH
and showed the dynamics of LWFA and BWA in underdense plasmas and near-critical
density plasmas. In Section 2, conventional LWFA was discussed. Conventional LWFA
relies on high laser intensities and underdense plasmas so that the group velocity of the
laser (≈ c) can excite longitudinal plasma waves with similar phase velocity. Thus, a robust
and coherent plasma wave train is excited with immunity from thermal plasma instabilities.
It is conventional wisdom that lower plasma density allows for more stable wake waves
and therefore larger electron energy accelerations [4]. However, we showed in Figure 3 that
near-critical densities allow for low phase velocity plasma waves to trap electrons deep
inside the thermal distribution and accelerate them to high energies.

In Section 3, we studied a low-intensity EFRS scheme to accelerate electrons to keV
energies using low-intensity lasers (approximately 1015 W/cm2) near the critical density.
At the near-critical densities, we have shown that using laser BW with the ERFS method,
nonlinear processes are excited. One of these processes is the growth of multiple small
phase velocity plasma waves rather than the single large phase velocity wakefield, shown
in Figure 5. This ensemble of plasmon waves with low phase velocities allows for efficient
trapping of electrons from the bulk thermal distribution.

The EFRS scheme in a thin target has two advantages: the use of low-intensity lasers
and microscopic acceleration length. The microscopic acceleration length is beneficial in
many industrial and medical applications as discussed in Section 4.
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Abstract: In order to accelerate ions by a laser, we go back to the original and the fundamental idea of
how longitudinal field structure generation can be carried out in an ionized media and how particles
may be trapped by the created wakefield. The latter condition is characterized by the phase velocity
of the longitudinal structure vph be equal to the particle trapping width vtr. Since the trapping width
is inversely proportional to the square-root of the mass of the accelerated particles, this width is much
shorter for ions than for electrons. Thus, our dictum for laser ion acceleration is to impose a near
critical density trap to decelerate laser group velocity, vg and subsequently to generate longitudinal
wakefield to be able to trap ions under the condition of vtr = vph. We demonstrate this concept by
PIC simulation and find that this method is effective, and the efficiency of laser ion acceleration is
enhanced by a couple of orders of magnitude toward unity.

Keywords: laser; ion acceleration; laser wakefield; PIC simulation; phase velocity; group velocity;
near critical density plasma

1. Introduction and History

The utilization of the collective force that resides in plasma was first put forward by
V. Veksler in 1956 [1]. The plasma was chosen for two reasons: (A) plasma does not break
down as it is already ionized; (B) the forces mediated by plasma are long-range and can
interact with many particles. Norman Rostoker was a pioneer who started to utilize an
electron beam to accelerate ions (e.g., [2–4]). Another early experiment [5] had a relatively
thick metallic foil causing the sheath formation that did not propagate with ions, which
limited ion acceleration process. In Habs’s team work [6,7] the target thickness has been
designed sufficiently thin so that the irradiating laser can form penetration enough to
(a) cause the ponderomotive fields and (b) that ponderomotive fields propagate with the
ions. The condition to realize this (a) and (b) have been established, which is called the
coherent acceleration of ions by laser (CAIL) condition:

σ = a0 (1)

where a0 is the normalized vector potential of the laser while the normalization of the target
thickness is σ = ne

nc
d

λL
, where ne is the target density, nc is the critical density, d is the target

thickness, and laser wavelength, λL.
Habs’s group likened the CAIL regime to a bullet train “Shinkansen”. In order to pick

up the much heavier ions (likened to “passengers”), it was argued that the laser (or its
ponderomotive force) induced electrostatic accelerating structure or wake (“Shinkansen
locomotive”) must become nearly stationary as it approaches the “station” before to pick
up the “passengers”. Thus, we formulate the target in such a way so as to slow down
the group velocity of the laser pulse to near 0 ( vgr → 0) before the laser interacts with the
thin foil.
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The goal of this paper is to establish the laser group velocity vgr → 0 in front of the
target. The photon group velocity in plasma is governed by

vg = c

√
1 − ω2

pe

ω2 = c
√

1 − ne

γnc
, (2)

where, ωpe and ω are the plasma and the laser frequency respectively, γ =

√
1 + a2

0
2

is relativistic factor. In this paper we assume the weakly relativistic case a0 ≈ 1. The
phase velocity of the accelerating structure speed also equal to the group velocity of the
photons [8]. Two regimes are defined in Equation (1) by the ratio of the plasma and critical
density: over-dense regime (ne > nc) with laser not propagating and under-dense regime
(ne < nc) with laser propagating. Thus, the plasma density can be adjusted to slow down
the laser group velocity. This technique has been suggested [9] to slow down the laser
group velocity to enhance proton acceleration.

In this paper we propose and show a scheme whereas the laser pulse is trapped in a
region of less than or close to the critical density, this region is followed by the usual over
dense target. It is important to resurrect the concept of trapping velocity and its role in
accelerating ions with the laser-driven waves. The trapping velocity was first introduced
by O’Neil (1965), among a series of nonlinear wave interaction studies of large (or finite
amplitude) plasma waves [10,11]. The trapping velocity is given [12] by

vtr =

√
eE
mk

, (3)

where E is the electrostatic field in the plasma, m is the mass of the particles that are to be
trapped, and k is the wavenumber of the electrostatic wave. If the particle velocity v is less
than vtr, that particle is trapped in a closed elliptical orbit of the equipotential contour orbit
of the phase space [12]. If v > vtr, on the other hand, particles execute untrapped open (and
nearly straight) orbit. Thus, in order for a particle to gain substantial energy, it is must be
trapped, i.e., v < vtr. Laser excites a growing wakefield which drives increasing trapping
velocity, vtr. Particles with velocity, v, that satisfy the condition∣∣vφ − v

∣∣ < vtr (4)

can be trapped, where vφ is the electrostatic wave phase velocity. At saturation, Equation (4)
can be written as

vφ = vtr, (5)

indicating the wakefield became large to trap bulk particles with v ≈ 0 (or v much smaller
compared with speed of light). With vφ~c and k = ωp/c, Equation (5) can be used to obtain
the Tajima-Dawson field ETD = mωpc/e [13] with vtr given in Equation (3). This also tells
us that for effective ion acceleration, we have to make the phase velocity of the electrostatic
wave (or thus the group velocity of the laser) 50 times smaller than the case for electrons.
This is the motivation that for effective ion acceleration (and trapping), we need to choose
the electron density near (or at) the critical density, reflective of Equation (2).

Because of the near critical density, the wake (or the plasma electrostatic accelerating
structure) can now be able to trap ions and begin to increase their velocities. This allows ions
to be moving with the often much faster electronic wake eventually. In this configuration
trapped laser pulse converts almost all of its energy into particle energy.

In this paper we suggest a strategy to design the density of the pre-target plasma to
decelerate and trap the laser photon to achieve a high efficiency laser-to-ion conversion.
This is achieved by a laser-created resonator with a high reflectivity inside the pre-target
region. The resulting trap-mirror configuration is akin to a to the flying mirror [14–16].

We perform parameter scan using 1D3V simulations to arrive at an optimized parame-
ter regime; this is the main goal of Section 2. In Section 3 we examine the detailed evolution
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of the laser and plasma under this condition. Section 4 extends the 1D study to 2D by
simulation the 1D best case scenario in 2D.

2. Far Increased Efficiency of Ion Acceleration by the Trap

We explore the above concept and theoretical expectation by carrying a series of
particle in cell (PIC) simulations using the explicit 1D3V EPOCH code [17]. An extensive
campaign (several hundred runs) to determine the optimal target yielded results shown in
Table 1 for a fixed laser a0 = 1. The density profile to provide the laser pulse trapping prior
to the target and their designations are shown in Figure 1 with the pre-foil region divided
into 3 segments with varying density. Each run in the campaign has been simulated using a
domain [−20, 20] μm resolved with 10,000 grids resulting with a skin depth c/ωpe resolved
with 25 grids, where we assumed electron density, ne = 10nc. To reduce noise, we used the
fifth order particle weighing and 5000 particles per grid.

Table 1. Summary of the most successful runs based on laser-to-proton energy efficiency conversion.
Parameter varied are in columns 2–8 are shown in Figure 1. The last two rows display the extreme
cases of tailor region only and foil-only.

Run # L1 L2 L3 ne1 ne2 ne3

Foil
Thickness

[nm]

Pulse
Length

[TL]
Sigma Effi. [%]

35 0.7 1.4 0.3 0.9 0.8 0.95 320 5 3.2 75

0.7 1.4 0.3 0.45 0.4 0.43 320 5 3.2 6.2

0.8 2.8 0.3 0.9 0.8 0.95 320 5 3.2 65

0.5 0.5 0.15 0.9 0.8 0.95 320 5 4.5

0.8 1.0 0.3 0.9 0.8 0.95 320 5 57

186 0.7 1.4 0.3 0.9 0.8 0.95 320 16 5.1

184 0.7 1.4 0.3 0.9 0.8 0.95 320 4 71.0

0.7 1.4 0.3 0.9 0.8 0.95 320 8 42

233 0.2 1.4 0.6 0.9 0.8 0.95 320 8 4.4

34 0.7 1.4 0.3 0.9 0.8 0.95 160 5 1.6 70.1

48 0.7 1.4 0.3 0.95 0.8 0.9 640 5 6.4 59.9

Tailor only 0.7 1.4 0.3 0.95 0.8 0.9 0 5 0 38

Foil only - - - - - - 320 5 3.2 0.5

Figure 1. Density profile showing the shape of the tailor region and the foil. Inset shows the 6 free
parameters to vary in addition to the foil density and thickness. The value of parameters shown is for
the best-case scenario.
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The first row in Table 1 shows the most successful run, yielding the highest proton
conversion efficiency of 75%. In contrast, for the foil target alone—without the photon
slowdown in the pre-foil—the efficiency is 0.5% (the bottom row of the Table 1). This case
shows that the thickness of the typical thin foil 320 nm (we model here the electrons are
pre-ionized) is far too greater than the thickness of the collisionless skin depth c/ωpe. This
makes the lack of laser field penetration into the thin foil. This leads to poor acceleration
efficiency. (We note that more realistic cases lead to some alternative developments. For
example, the laser may have a pre-pulse, which pre-ionizes part of the electrons in the thin
foil.) Under this idealized thin foil laser-foil interaction, we show the most of the laser
power is reflected due to the condition of c/ωpe << d (Figure 2).

 [μm] ݔ [μm] ݔ [μm] ݔ   
(a) (b) (c) 

Figure 2. The evolution of the laser transverse electric field, Ey, upon interaction with an overdense
foil. The field is normalized to the Tajima-Dawson field, ETD = mecωL/e, where ωL is the laser
frequency. The laser pulse is reflected and thus minimizing the interaction with the foil and sub-
sequently the conversion efficiency is 0.5%. Laser pulse is injected from the left boundary and at
t = 70.06 fs arrives at the foil (a), the maximum intensity reaches foil at t = 83.39 fs with the field
penetration exhibiting exponential decay into the foil up to a few the skin depth lengths (b). Reflected
laser pulse shape is slightly modified travelling to the left boundary (c).

Another run may be the case where we have no thin foil and institute only the pre-foil
density tailoring (PFDT) alone. In this case, we observe the efficiency at 38% in the second
from the last line in Table 1. In Table 1 we show various numerical combinations of the
PFDT and the thin foil. Upon combination of the foil and PFDT, the proton conversion
efficiency increases to 75%.

3. Excited Trapped Waves

In Figure 2 we track the evolution of the laser pulse interaction with the foil only;
the laser transverse field is black, longitudinal electric field is blue, electron and proton
densities are red and green respectively. The laser enters the computational domain at t = 0
from the left, and reaches the foil at a normal incidence at 33.4 fs, as shown in Figure 1.
Figure 1 shows the full laser wave packet as a Gaussian irradiating 320 nm thick foil
composed of hydrogen plasma at density ne = 10nc. In Figure 2b, at 53.4 fs, half of the
laser wave packet interacted with the foil compressing the electrons (red) into the foil up
to the skin depth (c/ωpe). Lastly, Figure 2c, at 70.1 fs, shows the full wave pocket reflect
and reverse the direction of propagation. Since the thickness of the foil is much greater
than the skin depth, very little of the laser field has transmitted. However, we can see
the longitudinal electric field (blue) set up at the backside of the foil indicating electrons
have penetrated the foil and created the accelerating field. Overall, since the laser-plasma
interaction duration is short, the conversion efficiency from the laser to the particles is
very low ~0.5%. The photon group velocity, vg = 0, has achieved our objective, however,
immediately reaccelerated to the speed of light.
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Lengthening of the laser-plasma interaction is accomplished by introduction of a
subcritical region (ne < nc) in front of the over dense foil as shown in Figure 1 which
reduces the photon group velocity well below the speed of light. The density is specifically
tailored to allow the laser pulse trapping by dividing the region into 3 segments, i.e.,
without the over dense foil. In this scenario, the laser pulse impinges from left and the peak
intensity arrives at 75.1 fs. The evolution of the laser pulse and the electron and proton
density in the underdense tailor region is shown in Figure 3. The laser dispersion relation
in vacuum for the laser carrier (i.e., the central frequency of the laser) is, of course, the well-
known ω = k c, where ω is the frequency of the carrier of the laser, k is the wavenumber.
When the laser pulse enters the near critical density trap, the dispersion relation changes to
accommodate the plasma frequency ωp that is close to the laser frequency ω. In the trap
region the dispersion relation of the photon is ω2 = ω2

p + k2
t c2, since the laser frequency is

conserved, we obtain

kt =

√
k2 − ω2

p

c2 . (6)

 [μm] ݔ [μm] ݔ [μm] ݔ
( ) ( ) ( ) 

Figure 3. Snapshots of the spatial profiles of the electron density (red), proton density (green), and
transverse electric field (black) at 80 fs, 90 fs, and 200 fs, respectively, for a_0 = 1 laser for the case
of the tailor region only. The laser pulse enters the trapping region and strongly modifies the local
electron density while ion density remains unperturbed (a) and penetrates the trapping region and is
partially trapped (b) while only the electron density is perturbed. Ion density is strongly perturbed
later in the evolution (c) with the laser pulse converted into a half cycle pulse; however, part of the
laser energy is transmitted to the right.

Because the trap density is near critical by our design, the wavenumber of the trap
kt is much smaller than the vacuum laser wavelength, i.e., the wavelength is expanded
as it can. The description leading to Equation (6) provides a credible explanation of the
laser entering stationary underdense target, however, it fails to capture the long-time laser
behavior within the trapped region.

Figure 3a shows the target after the laser pulse entrance. The laser pulse pondero-
motive force strongly modifies the local electron density while the ion density remains
unperturbed since proton respond on ~1/ωpi times. Indeed, this first stage is akin to laser
wakefield acceleration. However, in the next stage the strongly perturbed electron density
exceeds the critical density and forms a flying mirror [14–16] that causes the laser pulse
breaking up and trapping as shown in Figure 3b. At this stage the laser pulse entered the
plasma region, however, the proton density remains unperturbed. The laser pulse trapping
is achieved within a resonator with a high reflectivity that has an over-critical density on
both ends and a sub-critical density in the middle shown in Figure 3c together with the
highly perturbed proton density. Overall, the efficiency conversion is 38%. However, a
large portion of the laser energy is transmitted.

To suppress the laser energy transmission through the target, we introduce the over-
dense foil behind segment 3 shown in Figure 1. The laser-plasma evolution is similar to the
case with tailor region only but with very little transmission shown in Figure 4a. Due to this
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unique configuration of laser pulse trapping, a half-cycle pulse is created in front of the foil
for long times; Figure 4b shows the pulse at 1 ps with 20% of the peak transverse electric
retained, and Figure 4c shows retention of almost 10% at 2 ps. Once such a long wavelength
mode (even a subcyclic mode) is established, it exerts ponderomotive forces on the plasma.
Because the group velocity is very small, as required in Equation (5), the ponderomotive
force is effective in establishing an electrostatic longitudinal wave with small phase velocity
that is equal to or less than the trapping width even for ions, i.e., accelerating not only
electrons but also ions. This explains the enhanced efficiency of laser energy conversion
into ions, once ions catch up with electron acceleration, most of the electron energy is now
converted into ions (because they acquire the similar velocities and the large ion-to-electron
mass ratio). Furthermore, this is accompanied by the trapped laser pulse expelling plasma
electrons and ions, thus forming a depressed plasma density where the large amplitude
laser is located with small kt conveyed in Figure 4. The eigenmode is not only trapped but
also modifies the trapping region by ejecting plasma to provide a deeper well and guide
for trapping. The mode period preserves the initial laser pulse period TL = 3.3 fs.

 [μm] ݔ [μm] ݔ [μm] ݔ   
(a) (b) (c) 

Figure 4. Snapshots of the spatial profiles of the electron density (red), proton density (green) and
transverse electric field (black) at 200 fs, 400 fs, and 1000 fs respectively for a0 = 1 laser for the case of
the over-dense foil and tailor region. The laser pulse penetration of the trapping region is similar to
Figure 3 with Figure 3c taken at same time as (a) shows the electrons and the ions are expelled from
the region of the maximum trapping. The evolution of the half-cycle proceeds (b) with no laser field
penetration beyond the foil. The overdense foil prevents the transmission and thus enhances and
facilitates the laser pulse trapping for long times (c).

The proton energy spectrum is shown in Figure 5a for three different times correspond-
ing to time slices shown in Figure 4. The earlier time spectra exhibit quasi-monoenergetic
features at t = 400 fs protons with energy around 0.6 MeV coalesce into a beam indicating
trapped protons. This feature is also depicted (red ellipse) in the phase space plot of
Figure 5b is located at the leading edge of the plasma expanding to the left.

  
(a) (b) 

Figure 5. (a) Proton energy spectrum for the tailor plus foil at 200 fs, 400 fs, and 1000 fs respectively
corresponding to snapshots in Figure 4. The quasi—monoenergetic feature in energy spectrum
at 400 fs is explored in the phase plot (b) with the region highlighted in red ellipse indicating
trapped region.

134



Photonics 2022, 9, 453

However, proton trapping is observed in the later stages as well. e.g., Figure 6 shows
the proton phase plot at t = 1668 fs with the electrostatic potential color map plotted on the
bottom. The potential exhibits many peaks and valleys with the trapping region located
around −4 μm, the inset shows the zoomed in portion of the trapped region demonstrating
the protons are confined and accelerated by the potential. The electrostatic potential has
been derived from the electron and proton density and Poisson equation. The centroid
of the trapped region is moving to the left with energy 47 keV which compares well to
px = −0.01 mpc.

Figure 6. Plot of the proton phase space and electrostatic potential shown as a color plot on the
bottom at 1700 fs. The potential displays a dip in the region where protons are trapped. The trapped
region magnified in the inset.

To obtain a comparison between the various cases, we plot the total electromagnetic
energy in the computational domain (solid) and the number of protons exceeding 10 keV
normalized to laser energy, Yp, (dash-dot) vs. time in Figure 7. We can observe that for the
case of foil only the electromagnetic energy in the computational domain disappears on a
time scale of the laser pulse return trip upon reflection from the overdense foil. Interestingly,
for the case of 6 times longer pulse (magenta) the Yp is the same as for the shorter laser
pulse (τL = 5TL) cases and foil only. In contrast, for the cases of tailor only (blue) and tailor
+ foil (green) the stored energy in the electromagnetic fields is retained for much longer
duration, consequently Yp is greatly enhanced.

Figure 7. Normalized total electromagnetic energy in the computation domain (solid) and number
of protons above 10 keV per input laser energy (dot-dash) vs. time. The case of tailor + foil (green)
displays an elevated E&M energy for a long duration and subsequently high number of energetic
protons. The case of 6× longer pulse (magenta) produces the same number of energetic protons per
laser energy.
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The trapping region allows the laser pulse to enter into a unique entity of half cycled
pulse for a long time. The amplitude of this half cycle laser is very high, as the laser
pulse is now collapsed on top of each other to form the narrow condensation of the laser
trapping. Features of coherent sub-cyclic photon formation by itself must be of interest
to the ultrafast photonics in general and attosecond laser science in particular [18]. There
might be additional nonlinear plasma interaction when the stationary trap of a large
amplitude plasma waves in the density trap [19].

We believe that the enhanced (or acquired) high level of coherent phase space structure
(which we call in a general language as “structure formation” and coherent structure at it)
of electrons and in particular that of ions are quite remarkable. In earlier works [20,21], Rau
et al. remarked that sub-cyclic laser can make more coherent particle acceleration and its
phase space structure. We, in fact, observe such a highly coherent phase space structures
in our simulations. We have yet to learn how significant such highly coherent structural
formation might result into new phenomena and physics.

4. Filamentation in 2D

We have carried out a 2D3V PIC simulation studies, guided by the extensive 1D
simulation insights. A linearly polarized laser with τL = 5 TL pulse length is injected
through the left boundary onto the target of special tailored ionized hydrogen plasma (again
pre-ionized plasma is a rough but good approximation to the high intensity laser irradiation
with a0 = 1, which necessitates immediate above-field ionization). The longitudinal density
profile cross section is same as shown in Figure 1 for the 1D case with transverse extend
of ±15 μm. The computational domain of 40 × 40 μm2 is used and grid of 4000 × 2000
is applied with 40 particles per species per cell with 17 million particles per species. The
laser focal length is 19 μm thus the laser is focused 1 μm in front of the foil, i.e., in the
middle of the tailor region. The beam has a Gaussian profile exp

(−y2/w2
0
)

with w0 = 4 μm
focal spot.

The 2D energy spectrum is shown in Figure 8 at t = 1000 fs with the evolution of the
proton and electron density highlighted in Figure 9. A proton conversion efficiency of 38%
is achieved for this tailor profile, and furthermore an efficiency of 55% is reached for the
electrons. This is somewhat a reduction from the more ideal 1D results we cited above.
We will follow with further studies and optimizations in future, however for the purpose
of this paper, the foil only case with 3a0 = σ results in efficiency of 0.5% and maximum
proton energy of 0.05 MeV.

Figure 8. Spectrum of proton energy acceleration obtained from 2D PIC simulation with the density
trap and foil at t = 1000 fs and efficiency of 55%. In contrast the foil only case results with maximum
proton energy of 0.05 MeV and efficiency of 0.5%.
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(a) (b) 

Figure 9. Evolution of electron and proton density at 400 fs and 1000 fs respectively for 2D simulation.
Highly organized vortices emerge from the non-linear interaction of the laser pulse with the near
critical foil (a). As in the 1D simulation, the vortices are maintained for extended period of time
(b) compared to the case of laser foil-only.

The transverse electric field applies the ponderomotive force in 2D and is thus some-
what diminished from the 1D case as shown in Figure 10 at t = 400 fs. The maximum Ey in
the 1D case was 0.5, in contrast the maximum field for the 2D case is 0.2.

Figure 10. Transverse electric field normalized to the Tajima-Dawson field, ETD = mecωL/e, at 400 fs
exhibits high degree of coherence and large amplitude (0.2 × ETD) later in time.

The electron and proton densities are shown in Figure 9. At t = 400 fs both electron
and proton densities develop a density bubble similar to the density depression in the 1D
case. This bubble is an indication of laser pulse trapping in the near critical density tailor
region. Since both the proton and the electron exhibit the bubble, we can conclude that
the protons are following electrons closely even at the later stages as shown in Figure 9b
at t = 1000 fs. The laser pulse upon interaction with the tailor region undergoes strongly
non-linear interaction similar to Figure 3b, thus it is remarkable that out of this chaos the
plasma developes a well-organized structure shown in Figure 9.

5. Discussions

With the development of nanomaterial [22–25] and their adoption into many fields, we
believe that the near-critical region proposed in this paper can be artificially grown using
carbon nanotubes (CNT), carbon nano foams or other carbon allotropes. Indeed, this idea
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has been simulated [9,26,27]. Nanomaterials can be grown to precisely tailor density by
setting the substrate structure, for example, the design of the precise profile of the critical
or near critical density is within our capabilities.

We also observe that the laser that is trapped shows a marked coherence. In particular,
as shown in Figure 4, we observe subcyclic laser pulse generated in side of the trap. We
could design to make subcyclic laser pulse and condensation of entrant non-subcyclic laser
pulse may be done by adopting out density trap strategy. Such a scheme may also help
as a technique to generate subcyclic laser pulses. Rau et al. also mentioned that the use
of subcyclic laser pulse is helpful to create more coherent wakefield acceleration than the
case with longer laser pulse length [20,21]. Also, such creation of an intense laser subcyclic
fields may be a useful technique to lend a path of intense subcyclic laser pulse generation
field [18,28].

A potential application of the ion acceleration with a weakly relativistic laser presented
here is a neutron generation through the deuterium and tritium fusion. Such neutrons
have a large scope of applications ranging from neutron imaging to the incineration of
spent nuclear fuel [29]. We thus look forward to the application of the present laser ion
acceleration with the density trap to the transmutation of the spent nuclear waste by having
efficient and effective ion acceleration and its driven neutrons may be of interest [30–36].
Since the present acceleration technique is (relatively) simple, compact, and controllable
(via the laser operation), its application to the purpose of transmutator may be promising
and operationally attractive [36]. It may be multiple of small ion accelerators that are
attached to the vessel of the transmutator. This may be far different from a large and high
energy (several 100 MeV or even GeV) accelerator [31]. We now have a candidate for high
efficiency ion acceleration in a tiny accelerator for such a purpose.

In addition, low energy application (compared with high energy physics) of such a
trap to nuclear physics may be of interest. For example, in a nuclear physics domain ions
from our method may explore by simple and abundant ions from the present method,
to help increase luminosity or other issues in possible experiments to test recent topic in
nuclear physics experiments such as the one by [37,38].

6. Conclusions

We have demonstrated by simulations the concept of near critical density trap to
effectively trap laser pulse and accelerate ions with efficiency of up to 75%. The mechanism
is to make the laser group velocity sufficiently small so that the phase velocity of the
induced electrostatic wave (wakefield) is also made substantially reduced. The smallness
of the group velocity (“Shinkansen (bullet) train” (laser pulse)) is to pick up heavy ions
(“passengers”). Once laser pulse is trapped, this process continues till most of the trapped
laser pulse energy is used up to convert its energy into ion energy. This is the reason why
ion acceleration is made very efficient. The increase of the efficiency from the cases without
the density trap to the ones with it is a spectacular jump from sub 1% efficiency to over 70%.
Further investigation will include laser irradiation of a mixture of carbon and hydrogen, as
well as a more realistic portrayal of CNT.
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Abstract: The electron acceleration, in a laser wakefield accelerator, controlled through plasma density
inhomogeneity is studied on a basis of 2.5-dimensional particle-in-cell simulation. The acceleration
requires a concordance of the density scale length and shift of the accelerated electron bunch relative
to wake bubble during electron acceleration. This paper considers the excitation of a wakefield in
plasma with a density equal to the density of free electrons in metals, solid-state plasma (the original
idea of Prof. T. Tajima), in the context of studying the wakefield process. As is known in the wake
process, as the wake bubble moves through the plasma, the self-injected electron bunch shifts along
the wake bubble. Then, the self-injected bunch falls into the phase of deceleration of the wake wave.
In this paper, support of the acceleration process by maintaining the position of the self-injected
electron bunch using an inhomogeneous plasma is proposed. It is confirmed that the method of
maintaining phase synchronization proposed in the article by using a nonuniform plasma leads to an
increase in the accelerating gradient and energy of the accelerated electron bunch in comparison with
the case of self-injection and acceleration in a homogeneous plasma.

Keywords: laser; wakefield; inhomogeneous plasma; acceleration; high energy

1. Introduction

According to the general principles of wakefield acceleration, when a laser pulse is
injected into a plasma, a charge separation is formed and a longitudinal accelerating field
is excited. The formation of self-injected bunches in regions of increased electron density
is also observed (see [1–6]). The plasma electrons are spontaneously injected into the
wakefield due to a wave-breaking (see [4–6]). When a wakefield is excited in a solid-state
density plasma by an X-ray laser pulse, both an increase in the accelerating gradient and
an increase in the density of self-injected bunches are observed. Previously, the process of
wakefield acceleration in high-density plasma by X-ray laser pulses was investigated [7,8].
It was shown that self-injected bunches are formed, and the amplitude of the longitudinal
acceleration field reaches several teravolts per meter [9] in accordance with analytical
estimates, obtained with the formula (see [10,11]). In this paper, the process of wakefield
excitation in plasma is investigated by numerical simulation using the UMKA code [12].
Wake acceleration is a powerful tool for achieving high accelerating gradients, but often
requires specific conditions—for example, significant acceleration rates are possible in a
capillary at laser powers of 0.5 PW. Moreover, the excitation of the wakefield in capillaries
was investigated [13,14]. It was shown that in a solid-state plasma, it is possible to excite
fields whose amplitude reaches teravolts per centimeter [15]. It is possible to excite the
wakefield in other environments, for example, by a beam in a dielectric, in which the
accelerating gradient 13.8 GV/m is achieved [16]. To implement the wakefield acceleration
method in a solid-density plasma, new types of lasers are required, which, in many respects,
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remain a promising idea [17,18]. The excitation of a wakefield in a dielectric was also
previously investigated (see [19,20]). When the wakefield is excited by a beam driver, it
is possible to effectively excite the wakefield even in the non-resonant case [21–23] and
provide a high transformer ratio value, which can be approximately defined as the ratio of
the maximum accelerating field after the driver to the maximum decelerating field inside
the driver (see [24,25]). Thus, the wakefield excitation and acceleration bears great potential
for the ability to customize the application for each specific case.

This paper deals with the support of the phase synchronization of the self-injected and
accelerated electron bunch and the wake wave through the plasma density inhomogeneity.
Two cases are considered. In the first case, the plasma is homogeneous. The wakefield is
excited by a single laser pulse. The picture is standard for the wake process: the formation
of a wake bubble and a self-injected bunch. The self-injected bunch moves along the
wake bubble. At the beginning of its movement (Figure 1) the self-injected bunch is in the
acceleration phase, moving to the opposite edge of the wake bubble (Figure 2). Thus, the
phase synchronization of the self-injected bunch and the wake wave is violated, leading to
the termination of acceleration and subsequent deceleration of the self-injected bunch. The
main purpose of this work is to maintain phase synchronization as the self-injected bunch
moves. The electron bunch acceleration is considered in solid-state plasma.

 

Figure 1. Excitation of a wakefield by a laser pulse in homogeneous plasma t = 60T0. The self-injected
bunch is close to the area of maximum accelerating gradient. Separate areas in which the ratio of
electron densities reaches a value of 9 are highlighted in red. Plasma electron density and longitudinal
accelerating field distributions. x, y are normalized to λ, Ex is normalized to E0 = mecω�/2πe.

At the moment the self-injected bunch reaches approximately middle of the wake
bubble, the acceleration ceases. Now let us take into account that in a denser plasma the
plasma wavelength is lower and that the leading edge of the wake bubble is associated with
the driver. Then, if the driver moves into a denser plasma, the trailing edge of the wake
bubble shifts towards the leading edge. Now let us take into account that the maximum
accelerating gradient is on the trailing edge of the wake bubble. Then, with a certain
choice of plasma density inhomogeneity, the trailing edge moves synchronously with the
accelerated bunch, and the accelerated bunch during acceleration is in the area of maximum
accelerating gradient. In [1] plasma density inhomogeneity was used to control electron
injection into the wake wave. In [2] a negative density gradient with respect to the laser
pulse propagation direction and in [3] a positive density gradient were employed at the
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electron injection into the wake wave. In this paper a density gradient is used to support a
synchronization of accelerated electrons with the maximum wakefield phase. Thus, the
acceleration requires a concordance of the density scale length and shift of accelerated
bunch relative to the wake bubble during electron acceleration. By timely reducing the
length of the wake bubble (the length of the wake bubble is equal to the length of the
nonlinear plasma wave loaded by driver and witness) one will be able to maintain the self-
injected bunch at the trailing edge of the wake bubble in the area of the highest accelerating
gradient of the wake bubble. The reduction of the length of the wake bubble occurs owing
to a reduction in the length of the plasma wave. This is possible in inhomogeneous plasma.
Namely, the plasma density must be increased approximately by a factor of four during the
time (at a distance) until the self-injected bunch reaches the middle of the wake bubble.

Figure 2. Excitation of a wakefield by a laser pulse in homogeneous plasma t = 180T0. The self-
injected bunch is close to the middle of the bubble. Separate areas in which the ratio of electron
densities reaches a value of 9 are highlighted in red. Plasma electron density and longitudinal
accelerating field distributions. x, y are normalized to λ, Ex is normalized to E0 = mecω�/2πe.

2. Results of Simulation

The study was carried out through numerical simulation using the UMKA code. The
simulation was performed by the PIC method. The electron density of a homogeneous
plasma was n0 = 1023 cm−3. All density values are normalized to n0. The length of the
system in the longitudinal direction is 300λ and the width of the system is 50λ in the
transverse direction. All lengths and distances are normalized to the laser wavelength
λ = 10.65 nm. Laser period is T0 = c−1λ = 35.3 as.

Wakefield amplitude E = aE0 is normalized to E0 = mecω�/2πe = 48.08 TV/m, ωl repre-
sents the laser frequency. We use frequency ratio approximately equal ωpeω−1

l = 0.1008.
Excitation of the wakefield by a single laser pulse with an amplitude of a = 3 is considered.
FLHM (full length at half maximum) of laser pulse equals 2λ and FWHM (full width at
half maximum) equals 8λ. We consider a homogeneous plasma near the injection bound-
ary of a laser pulse in the formation interval of self-injected bunch. When a self-injected
bunch is formed, it, together with the driver and bubble, approaches the point of plasma
density growth (Figure 3). Moving along the system in an inhomogeneous plasma with
increasing density, the self-injected bunch is held in one position at the area of maximum
accelerating gradient. As a result, the self-injected bunch is constantly under the action of
the accelerating field, without entering the deceleration phase (Figure 4). In the considered
homogeneous case, at the moment the self-injected bunch reaches the point x1 = 47λ, the
self-injected bunch detaches from the wake bubble trailing edge. The bunch reaches the
middle of the wake bubble at point x2 = 167λ. In the interval from x1 = 47λ to the bottom
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of the system x = 300λ, the plasma density is inhomogeneous and varies according to
the longitudinal distribution ne = n0((x − 47λ)/40λ + 1). Consequently, it is possible to
reach the plasma density value ne = 4n0 at the point x2 = 167λ. Due to this, it is possible
to achieve at the point x2 = 167λ a two-fold decrease of the plasma wavelength. At the
same time, a decrease in the wake bubble length to approximately 60% of the initial length
is observed.

 

Figure 3. Excitation of a wakefield by a laser pulse in inhomogeneous plasma t = 60T0. The
self-injected bunch is close to the area of maximum accelerating gradient. Plasma electron density
and longitudinal accelerating field distributions. x, y are normalized to λ, Ex is normalized to
E0 = mecω�/2πe.

Figure 4. Excitation of a wakefield by a laser pulse in inhomogeneous plasma t = 140T0. The
self-injected bunch is close to the area of maximum accelerating gradient. Plasma electron density
and longitudinal accelerating field distributions. x, y are normalized to λ, Ex is normalized to
E0 = mecω�/2πe.

The deviation is explained by the fact that the bubble is nonlinear and its length is
greater than the linear plasma wavelength. A comparison of Figures 2 and 5 shows that the
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amplitude of the accelerating wakefield in the case of an inhomogeneous plasma is 2 times
higher than the amplitude in the case of a homogeneous one.

 

Figure 5. Excitation of a wakefield by a laser pulse in inhomogeneous plasma t = 180T0. Plasma
electron density distribution and longitudinal accelerating field. x, y are normalized to λ, Ex is
normalized to E0 = mecω�/2πe.

In Figure 2, it can be seen that at the moment when the acceleration process of the
self-injected bunch has ceased in the homogeneous case, in the inhomogeneous case (see
Figure 5) a significant part of the bunch is accelerated by field of 0.1, which is equal to
the initial acceleration field in the homogeneous case. The proposed method for restoring
phase synchronization in a laboratory experiment can be implemented, for example, when
using multilayer sputtering with different metals. Similar technologies have been widely
researched [26].

In Figure 6, one can observe self-injected bunches after about 140 laser periods after
the beginning of acceleration in inhomogeneous (a) and homogeneous (b) plasmas. The
maximum energy of accelerated electrons in inhomogeneous plasma is 1.7 times higher
than in homogeneous plasma. Comparison of Figure 6a,b shows the efficiency of phase
synchronization and confinement of the self-injected bunch in the area of high accelerating
gradient. Namely, the self-injected and accelerated electron bunch is in the area of high
accelerating gradient and is of a higher energy in the case of phase synchronization.

Figure 6. Distribution of the longitudinal momentum of self-injected bunch in inhomogeneous (a)
and homogeneous (b) plasma t = 140T0. px is normalized to mec.
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3. Conclusions

During the study, it was shown that the use of a longitudinally inhomogeneous
plasma renders it possible to provide phase synchronization of a self-injected bunch and an
accelerating longitudinal wakefield, maintaining the self-injected bunch in the area of high
accelerating gradient.

The longitudinal distribution according to which the plasma density changes must be
developed with the condition, that at the distance that the self-injected bunch shifts, for
example, to the middle of the wake bubble in the homogeneous plasma, in the inhomoge-
neous plasma, the plasma density should increase by a factor of 4.

The proposed method improves the efficiency of acceleration of the self-injected bunch
and leads to an increase in the bunch electron energy.
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Abstract: Ultra-compact electron beam technology based on laser wakefield acceleration (LWFA)
could have a significant impact on radiotherapy treatments. Recent developments in LWFA high-
density regime (HD-LWFA) and low-intensity fiber optically transmitted laser beams could allow
for cancer treatments with electron beams from a miniature electronic source. Moreover, an electron
beam emitted from a tip of a fiber optic channel could lead to new endoscopy-based radiotherapy,
which is not currently available. Low-energy (10 keV–1 MeV) LWFA electron beams can be produced
by irradiating high-density nano-materials with a low-intensity laser in the range of ~1014 W/cm2.
This energy range could be useful in radiotherapy and, specifically, brachytherapy for treating
superficial, interstitial, intravascular, and intracavitary tumors. Furthermore, it could unveil the
next generation of high-dose-rate brachytherapy systems that are not dependent on radioactive
sources, do not require specially designed radiation-shielded rooms for treatment, could be portable,
could provide a selection of treatment energies, and would significantly reduce operating costs to a
radiation oncology clinic.

Keywords: LWFA; fiber optics; medicine; brachytherapy; cancer

1. Introduction

Laser wakefield acceleration (LWFA) was initially proposed by Tajima and Dawson in
1979 as a method to accelerate charged particles from a low-density plasma using wave-like
oscillations induced by electromagnetic pulses from a laser beam targeting the plasma [1].
They calculated that a high-intensity laser of 1 μm wavelength and 1018 W/cm2 of power
irradiating a plasma density of 1018 cm−3 could accelerate electrons to GeV energies over a
1 cm distance.

Experimental verification of LWFA came to light with the advent of high-intensity
short-pulse lasers (e.g., Nd: glass laser; 1017–1018 W cm−2; 1 ps pulse width) and chirped
pulse amplification (CPA) technology described by Strickland and Mourou in 1985 [2].
Soon after, several groups reported electron accelerations to energies in the MeV to GeV
range [3,4]. However, the electron beam current, attributed to pulse repetition rate, was
significantly lower compared to conventional linear accelerators (linacs), and beam quality,
reproducibility, and stability were not consistent in most cases [4].

Subsequent experiments demonstrated the production of monoenergetic electron
beams of 25–170 MeV energies [5–9] using compact laser-plasma acceleration systems,
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which ignited the interest in a potential replacement of radiotherapy linacs with this
technology. Since then, the use of LWFA in radiotherapy has focused on the production
of external and clinically useful high-energy X-ray, electron [10–13], and proton [13–17]
beams, but to date, there is still no commercially available device with this technology.

Conversely, limited attention has been devoted to the production of low-energy LWFA
electron beams in the keV to MeV range. Production of these beams can be achieved by
increasing the plasma density, thereby reducing the electron energy gain. Furthermore, the
technology can be compact. Therefore, an LWFA electron beam could be produced from
the tip of micron thick flexible fiber-optic channel that could transport a laser beam, as
demonstrated by Nicks et al. [18] and, in a companion paper, by Barraza-Valdez et al. [19].

This could have a significant impact in radiation therapy and especially brachytherapy,
which is a cancer treatment technique that delivers a high radiation dose in close proximity
(≤1 cm) and/or inside a tumor volume in a patient’s body [20,21].

This paper provides an overview of the production, medical applications, benefits,
and cost reduction that an LWFA electron beam emitted from thin and flexible fiber-optic
channels could have in radiotherapy.

2. Rationale

The interaction of a laser beam with plasma resembles that of a tsunami wave traveling
through a body of water. If the tsunami travels in deep waters, its phase velocity can
be very fast, and very few elements can get trapped and accelerated to these velocities.
Likewise, when a laser interacts with a low-density plasma, the laser wake phase velocity
can approach the speed of light, and a few electrons are captured by the laser wake and
accelerated to very high energies.

On the other hand, if the tsunami travels in shallow waters, its phase velocity is very
slow, but its amplitude is very high, trapping a significant amount of sediment in the
process. Similarly, when a laser interacts with a high-density plasma, its phase velocity
is significantly reduced (vg ~ 0), and a strong coupling of the laser to the plasma motion
occurs. In essence, this is what occurs in the production of low-energy LWFA electrons.

In these interactions, the LWFA electron energy gain changes from a relativistic (Tajima-
Dawson [1]) to a non-relativistic interaction, as described by Barraza-Valdez et al. [19], with
a sharp reduction of maximum electron energy as a function of the normalized laser inten-
sity, a0, which in this case approaches unity, as demonstrated by Nicks et al. [18]. Moreover,
the ratio of the laser critical density, nc, and the plasma density, ne, also approaches unity at
a given a0, resulting in excited and broad plasma waves [19], and with virtually complete
absorption and/or conversion of the laser energy to an electron beam energy.

The combination of multiple plasma waves produces consecutive electron trappings
(and thus acceleration) over a wider range of plasma waves. This allows for occasional
electron energy increases when the electron density increases, as opposed to the standard
laser wakefield theory scaling described by Tajima and Dawson [1]. Increasing the laser
pulse length leads to more electrons accelerated which yields a larger dose deposition, as
shown in Figure 1.

For this application, the electron beam is produced by a laser beam traveling through
a fiber optic channel until it reaches a lens located near the tip of the channel. The lens
compresses the laser pulse and directs it to a micron-sized cavity filled with nano-tube
fabric near critical density. The electrons in the cavity are separated by the electromagnetic
field induced by the laser and accelerated to keV–MeV energies through LWFA, which
produces the electron beam to be used for treatment (Figure 2).

Theoretical and computational studies by Barraza-Valdez et al. [19] have demonstrated
that the proposed laser-matter interactions, with laser intensities of ~1014 W/cm2 and
10–100 micron target(s) at critical density, can yield a 10 keV electron beam via LWFA.
Furthermore, Sha et al. [22] have described that fiber laser technology for this regime
is feasible.
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Figure 1. Electron phase space and field structure for a critical density case nc/ne = 1 and a laser pulse
of length 8λp at a laser intensity a0 = 1. Data shows the buildup of a large population of low-energy
accelerated electrons for a high-density plasma (from Nicks et al. [18]).

 

Figure 2. Schematic of a fiber optic channel and laser beam traveling through the fiber. At the
end of the fiber, the laser enters a micro-lens which compresses the laser pulse prior to entering a
high-density nano-tube fabric target. The target is near its critical density materials, which is the
result of a nano-tube fabric spanned from a set of struts. An electron beam, produced from the LWFA
interaction of the laser with a high-density target, is used for treatment. It is envisioned that the fiber
optic channel, lens, and target cavity setup to be in the ~100 micron scale, and the electron beam
could be aimed directly at a lesion volume.

3. Significance

3.1. Applications to Brachytherapy

Brachytherapy is a radiotherapy technique that delivers a large radiation dose adjacent
to or inside a tumor in a patient’s body [20,21]. The dose is delivered in one or more
sessions and effectively conforms to the tumor volume due to its treatment proximity
while minimizing collateral radiation dose to healthy organs nearby [21]. Superficial,
intracavitary, interstitial, intravascular, and endoscopic brachytherapy techniques are
available for treatment. Interstitial brachytherapy may require the patient to stay in the
hospital overnight, while the others, for the most part, are outpatient procedures [21].

Gamma-emitting sources (e.g., 226Ra, 137Cs, 60Co, 198Au, 192Ir, 103Pd, and 131Cs) with
energies ranging from 0.2–0.8 MeV have been used for decades in needles, seeds, and
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ribbons for gynecological and prostate brachytherapy [23]. Further, electron-emitting
sources (e.g., 90Y, 0.9–2.3 MeV) in the form of microspheres are used in solutions to treat
intrahepatic cancers [24–28].

Currently, high-dose-rate (HDR) brachytherapy units equipped with either a 10 Curie
(Ci) 192Ir (half-life of 73.8 days) or a 2.4 Ci 60Co (half-life of 5.3 years) gamma-ray source
inside a capsule, the size of a grain of rice and welded to the tip of a flexible wire, are
routinely used in brachytherapy [23,28–30]. Even though kilovoltage X-rays from electronic
generators have become available [31], HDR brachytherapy with gamma-ray sources
remains the prevalent treatment modality.

HDR brachytherapy can deliver effective superficial, intracavitary, and interstitial
treatments. However, source decay that leads to progressively longer treatment times ,
source replacement costs, and shielding costs are major drawbacks. For instance, an inter-
stitial gynecological brachytherapy treatment with 20 implanted hollow needles treating a
patient’s cervix to a dose of 6 Gy in one fraction could take 5 min. (300 s) treatment time
with a new (10 Ci) 192Ir source (3000 Ci × seconds). A similar treatment (3000 Ci × seconds)
delivered 4 months later (~3 Ci) would take 17 min. treatment time.

An HDR system based on LWFA (LWFA-HDR) could eliminate these disadvantages
by removing the radioactive source and, instead, produce electron beams that can be easily
shielded. Furthermore, it could eliminate the threat of stolen radioactive material that
could be used as a dirty bomb, as stated by the United States Department of Homeland
Security, and eliminate radiation safety accidents due to damage and/or mishandling of a
radioactive source [32]. Further, radiation oncology clinics in the United States would not
be bound by the Nuclear Regulatory Commission (NRC) for HDR clinical operations since
a radioactive source would not be needed.

3.2. Current HDR and Potential LWFA-HDR Treatment

Delivery of an HDR brachytherapy treatment consists of sending a radioactive source
attached to the tip of a flexible wire through a catheter connected to a brachytherapy
applicator inside or adjacent to a tumor (lesion) volume. Some examples of brachytherapy
applicators include surface applicators for skin cancer treatments (Figure 3a), cylindrical
applicators of different diameters for vaginal or rectal treatments (Figure 3b), tandem-and-
ovoids applicators for cervical and uterine treatments (Figure 3c), and hollow needles for
interstitial treatments (e.g., gynecological and prostate) (Figure 3d).

Each applicator has a channel where the source stops at multiple predetermined
locations for specific times to deliver a portion of the prescribed radiation dose. These
locations are known as dwell positions and the times as dwell times (Figure 3e). An
applicator may have more than one insertion channel, each connected to a corresponding
catheter and with specific dwell positions/times per channel. Figure 3f-top shows 7 out of
8 catheters of a SAVI breast applicator (Cianna Medical, Aliso Viejo, CA, USA) connected
to an HDR unit. Figure 3f-bottom shows a coronal radiograph of the SAVI applicator
inside a patient. This applicator is inserted in a breast cavity left after surgical removal of a
tumor (lumpectomy). Brachytherapy treatment is administered to eliminate any residual
microscopic malignancies.

A computer simulation of the brachytherapy treatment delivery is performed before
a patient receives their treatment. For this purpose, a computer tomography (CT) scan,
encompassing the treatment region and the brachytherapy applicator, is used in the sim-
ulation to determine the dwell positions and dwell times needed to achieve a conformal
radiation dose distribution around the tumor volume (Figure 4) while minimizing dose to
nearby healthy organs.
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(a) Surface applicators (b) Vaginal cylinder applicators (c) Tandem and ovoids (d) Interstitial 

 

 

 

 

(e) (f)  

Figure 3. Surface applicators for skin cancer treatments (a), cylindrical applicators for vaginal and rec-
tal cancer treatments (b), tandem and ovoids (Fletcher Suit) for cervical and uterine cancer treatments
(c), interstitial needle array for interstitial gynecological or prostate treatments (d), number of dwells
(1–10), dwell positions (locations in cm), dwell times (s), and dose distributions for a brachytherapy
treatment using a cylindrical applicator [33]. (e). SAVI applicator catheters connected to a 192Ir HDR
source (f-top) and coronal radiograph of the SAVI applicator inside a patient (f-bottom).

The computer simulation provides a calculated dose distribution in three dimensions
(3D) that can be adjusted by increasing/decreasing dwell times for optimal dose conformity
to the tumor volume and minimal collateral dose elsewhere. The final dose is calculated by
summing the dose contribution from each dwell position in each applicator channel.

A similar process could be used with an LWFA-HDR system. A catheter connected
to an applicator is replaced by a fiber-optic channel where a laser beam could travel and
irradiate a nano-particle cavity to produce an electron beam that can be emitted from
the channel’s tip. A computer simulation performed prior to treatment could determine
the appropriate electron beam energy or mixed energies (for greater treatment depth),
beam directionality, optimal dose distribution to the target volume, and collateral dose to
healthy organs nearby. Further, a new LWFA-HDR applicator could be made of material
to minimize electron beam attenuation and facilitate fiber-optic channel connectivity for
treatment delivery.

The simplest clinical application of an LWFA-HDR could be in the treatment of skin
cancers [34–38]. At present, 50 kV X-ray beams from electronic generators (e.g., Xoft Axxent,
iCAD Inc., San Jose, CA, USA) and 6–12 MeV linac-based electron beams (e.g., Mobetron,
IntraOp Medical Corporation, Sunnyvale, CA, USA), in addition to conventional HDR
brachytherapy, are available for skin cancer treatment. From these technologies, only the
50 kV X-ray generator for electronic brachytherapy is portable, and one energy is available.
An LWFA-HDR system could offer portability and a selection of electron beam energies
suitable for superficial and deep-seated skin cancers. Moreover, electron beams emitted
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from fiber-optic channel tips could facilitate treating skin cancers near or at the nasal ridge,
eyes, and ears, to name a few, where irregular anatomical surfaces are encountered.

In addition to comparable capabilities to current HDR systems, an LWFA-HDR could
be used in theranostic and intraoperative radiation therapy (IORT). For instance, some
liver cancers are treated with radioembolization, which involves injecting a radioactive
solution containing 90Y into the cancer(s) through its (their) blood supply. Perhaps, rather
than using a radioactive solution for treatment, the LWFA-HDR could be used instead. A
specially-designed fiber-optic channel(s) with a miniature camera for endoscopy and for
LWFA electron beam irradiation could be sent to the liver cancer through the femoral artery
near the groin. Real-time imaging of the treatment site could be used to aim the electron
beam (or beams) and deliver a radiation dose. The development of a miniature endoscope
that can travel through a blood vessel and provide essential imaging is in progress and
could be available in the near future [39]. Hence, LWFA-HDR could provide a theranostic
capability that, at present, is not available in radiation therapy.

Furthermore, the LWFA-HDR theranostic capability combined with vector-medicine,
which identifies and tags cancer cells [40,41], could be a high-precision treatment against
cancer. High-Z materials such as gadolinium and iodine could be attached to vector
molecules. These molecules seek and bind to cancer cells identifying them as targets
that, subsequently, could be aimed with the LWFA-HDR electron beam(s). In this way,
the electron beam(s) aims not only to rely on real-time endoscopic imaging but also on
specific cell biomarkers. Such biomarking can enhance treatment accuracy and reduce
collateral damage.

   
(a) (b) (c) 

    
(d) (e) (f) (g) 

Figure 4. Three-dimensional computer rendering of a tandem-and-ovoids brachytherapy treatment
generated from a patient’s CT scan. Femoral heads, bladder, and rectum structures are depicted.
The arrows in the green structures indicate the radiation treatment is administered with the source
at the most distal dwell position (or farthest inside the applicator) first per applicator channel
(a). A calculated 6 Gy prescription dose distribution (pear shape) for a tandem-and-ovoids (green
structures) is shown in a coronal (b) and sagittal views (c). Axial CT image depicting interstitial
brachytherapy needles for cervical cancer treatment (d). Coronal (e) and sagittal images (f) are
also shown. Depiction of a 6 Gy prescription dose calculated from the dose contribution of all the
interstitial needle channels (g).

3.3. Potential for FLASH Brachytherapy

FLASH is a proposed treatment modality under investigation for external beam
radiotherapy (not brachytherapy) that is gaining interest in radiation oncology [42]. The
significant difference between FLASH and conventional radiotherapy is the dose rate
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used. FLASH dose rate ranges from 50–400 Gy/s compared to 0.1–0.4 Gy/s for standard
treatments. Ongoing radiobiological studies suggest that, at these dose rates, FLASH
can spare healthy tissues by depleting them from their oxygen content and making them
radioresistant. Further, it is theorized that FLASH could take advantage of a tumor’s iron
content, which is higher than healthy tissues, to inflict lethal damage to malignant cells and
trigger apoptosis [42]. However, more basic (laboratory/animal) research and technology
development (e.g., new linacs with FLASH dose rates) followed by human clinical trials
remains to be done to fully elucidate a FLASH treatment capability [42,43].

Most of the hardware development for FLASH has been focused on external beam
radiotherapy and not on brachytherapy delivery systems. Although work has been done
in the production of sub-MeV LWFA electrons with ultrahigh instantaneous dose rates
(~10 Gy/s), the average dose is still below what is required for FLASH [44]. It could be
speculated that a sufficiently powerful laser source irradiating an optimized plasma/nano-
particle medium could produce electron beams with dose rates that approximate FLASH.
If that is possible, LWFA-HDR brachytherapy could be further revolutionized with this
enhanced capability.

4. Cost Benefits and Market Size

As previously mentioned, minimal radiation shielding would be required to operate
an LWFA-HDR system which can lead to significant savings for radiation oncology clinics
due to a reduction in construction and shielding material costs. Any room could be easily
retrofitted for treatment at a fraction of the price of an existing HDR treatment room.
Moreover, it would eliminate the replacement and purchase of new radioactive sources
due to source decay every 4–6 months for 192Ir and 2–3 years for 60Co, which results in
further savings for the clinic.

It is expected that radiation oncology centers may be enticed to replace their existing
HDR units with an LWFA-HDR system, primarily for the cost savings that it would
provide. Moreover, not using a radioactive source in brachytherapy treatments eliminates
the security risks that a source implies, which could be further persuasive reasons for
adopting this technology. Table 1 provides a cost estimate comparison between existing
HDR units and the proposed LWFA-HDR system. The estimated cost for an LWFA-HDR
system accounts for laser source, and fiber-optic channel setup (see Figure 2) costs [22,44].
Costs for 192Ir and 60Co HDR units, room shielding construction, and source replacement
are based on current market prices [45–48].

Table 1. Estimated purchase and maintenance cost comparisons for LWFA-HDR and conventional
HDR systems.

Item LWFA–HDR 192Ir–HDR 60Co–HDR

Purchase Estimate
(one-time expense) $100K–$300K $200K–$350K ~$300K

Room Shielding
(one-time expense) None $200K–$500K * $300K–$500K **

Source Replacement None ~$10K every
4–6 months

~130K every
60 months

Downtime due to
Source Replacement None 1–2 days 1–2 days

5-year Estimated
Total $300K $910K $930K

* US cost estimates [46,47]. ** Latin America cost estimates [48].

Table 2 provides information on radiotherapy linacs available worldwide in 2013
according to the 2015 Lancet Oncology Commission report [49], and Table 3 shows the num-
ber of radiotherapy linacs that were available in the United States in 2004 [50]. Although
this number may be greater in 2022, the 2004 data was used to provide a conservative
market size illustration for a LWFA-HDR system.
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Table 2. Total number of radiotherapy linacs that were available worldwide in 2015 and reported in
Lancet stratified by high, upper-middle, and low-income countries.

HI UMI LMI LI Total

8911 (68%) 3115 (24%) 1014 (8%) 32 (0%) 13,072 (100%)
HI = High-Income countries; UMI = Upper-Middle-Income countries; LMI = Lower-Middle-Income countries;
LI = Low-Income countries.

Table 3. Radiation oncology clinics and radiotherapy linacs were available in the United States
in 2004.

Rad. Onc. Clinics in the US in 2004 Radiotherapy Linacs

2246 5166

On average, the number of available HDR brachytherapy units in HI and UMI coun-
tries is ~20% of the number of radiotherapy linacs [51]. Therefore, from Table 2, these
correspond to 1782 and 623 HDR units in HI and UMI countries, respectively. No pub-
lished data was found on HDR units in LMI and LI countries. Based on this information
and assuming a $300K cost (see Table 1) for an LWFA-HDR unit, the total addressable
market (TAM) revenue estimate from HI and UMI countries could be $722M. Narrowing
the market to HI countries, the serviceable available market (SAM) revenue estimate re-
duces to $534M. For the US market and using the data in Table 3, 1033 HDR units were
available in the US in 2004. Therefore, the serviceable obtainable market (SOM) revenue
estimate in the US market could be $310M. Figure 5 provides a market size depiction for
the LWFA-HDR system.

Figure 5. Estimated revenue from the LWFA-HDR brachytherapy system in HI & UMI, HI only, and
US (based on Table 2 data) markets. Market size is depicted in terms of the total addressable market
(TAM), serviceable available market (SAM), and serviceable obtainable market (SOM).

As indicated, this analysis does not include potential revenue from LMI and LI coun-
tries. However, it can be speculated that this technology could be of significant interest to
those regions and, likely, within their financial means to afford it.

5. Conclusions

The aim of this paper was to present a vision of what could be achievable with
electron beams produced via LWFA and their use in cancer treatments with brachytherapy.
Furthermore, to describe the cost savings that an LWFA-HDR system could provide to a
radiation oncology clinic since it eliminates the use of radioactive sources and radiation-
shielded rooms for treatment. Although an in-depth analysis of the LWFA electron beam
dosimetry applied to brachytherapy is not included, it will be forthcoming as the technology
develops further.

An LWFA-HDR system with its capabilities described in this paper could significantly
transform the delivery of brachytherapy treatments while making them more accessible and
cost-effective to radiation oncology clinics, particularly in low- to middle-income countries.
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Abstract: Simulations of photoneutron generation are presented for the anticipated experimental
campaign at ELI-ALPS using the under-commissioning e-SYLOS beamline. Photoneutron generation
is a three-step process starting with the creation of a relativistic electron beam which is converted to
gamma radiation, which in turn generates neutrons via the (γ, n) interaction in high-Z material. Elec-
trons are accelerated to relativistic energies using the laser wakefield acceleration (LWFA) mechanism.
The LWFA process is simulated with a three-dimensional particle in cell code to generate an electron
bunch of 100s pC charge from a 100 mJ, 9 fs laser interaction with a helium gas jet target. The resultant
electron spectrum is transported through a lead sphere with the Monte Carlo N-Particle (MCNP) code
to convert electrons to gammas and gammas to neutrons in a single simulation. A neutron yield of
3 × 107 per shot over 4π is achieved, with a corresponding neutron yield per kW of 6 × 1011 n/s/kW.
The paper concludes with a discussion on the attractiveness of LWFA-driven photoneutron generation
on high impact, and societal applications.

Keywords: laser wakefield acceleration; electron; photoneutron; high-repetition laser; few-cycle laser

1. Introduction

Neutron sources are used in a wide array of applications, ranging from transmutation
and incineration of spent nuclear fuel [1,2], neutron imaging [3], radioisotope production
for medicine [4], cancer treatment [5], oil-well logging [6], gem colorization [7], driving
subcritical nuclear fission reactors [8], security applications [9] and many others.

Neutron sources can be divided into three broad categories depending on their size:
small, medium and large. A small size source generates a neutron intensity less than
109 n/s and is based on a natural decay of a radioisotopes. Few prominent examples are the
AmBe source based on natural alpha emitters (Am) which induce (alpha, n) reactions on
the Be9 target to generate neutrons; another source is Cf-252 based on a spontaneous fission.
Medium-sized sources generate neutron intensity in the range of 109–1013 n/s. They are
based on hadron and electron accelerators. In case of hadrons, either a low energy proton
or deuteron irradiate a low-Z target such as beryllium or lithium to generate neutrons via
stripping or a knock-out process; in contrast, a relativistic proton beam irradiates a high-Z
target, e.g., lead, to initiate the spallation process. In case of electrons, a relativistic electron
beam impinges on a high-Z material, e.g., lead, tungsten, etc., to convert to gammas via
the bremsstrahlung process; generated gamma interacts with an atomic nucleus via the
giant dipole resonance mechanism to eject neutrons. Large-size neutron sources are capable
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for producing large intensity, far exceeding 1016 n/s, and are associated with nuclear
fission reactors.

One method of generating high-current (beyond 1012 n/s) neutron sources is using an
RF LINAC electron accelerator, where the electron beam is absorbed in a high-Z target, and
the generated bremsstrahlung interacts with the same target, generating photoneutrons.
Experimental demonstrations and characterizations have been carried out earlier at the
nELBE facility [10], utilizing a 1 mA 40 MeV electron beam. In an alternative configuration,
electrons are converted to gamma in a first-stage converter and transported to a neutron
generator. This configuration has been employed in the PARRNe experiment [11,12] with a
W-converter and uranium carbide (UCx) neutron generator that can produce 1013 fissions/s
using a 100 kW beam of 30 MeV electrons as part of the ALTO project. Another facility [13]
is already under implementation, using a 100 MeV, 100 kW electron beam driver, with a
maximum-predicted neutron current of 1–4 × 1014 n/s. The high-Z target can be liquid
lead [10], tungsten, or even enriched uranium [14,15]. High-intensity electron beams with
currents exceeding 10 A can generate a peak neutron yield of 1010 n/pulse, as demonstrated
at the GELINA facility [16], and 1012 neutron/pulse at ORELA [17], with both facilities able
to achieve a repetition rate of 100 Hz. An overview of the present and upcoming neutron
generator facilities leveraging particle beams was presented in [18].

Advances in laser technology also led to the demonstration of laser-driven photoneu-
tron sources by several groups. One scheme generates electrons using the interaction of a
strongly focused laser pulse on a solid (or close to solid) density target [19–21]. However,
these sources, utilizing solid targets, are suffering from the limited, low-repetition rate on
the solid-state targetry design [22].

Another laser-based neutron generation method relies on electron acceleration via
laser wakefield acceleration (LWFA) in plasma [23]. Here, a short-laser pulse is focused on
a gas target (gas jet or gas cell); this generates relativistic electrons in an acceleration length
of a few mm, then is directed into a high-Z converter. In this scheme, the RF accelerators
are essential and are replaced with a laser-driven plasma accelerator, potentially allowing
a compact, tabletop-size experimental setup. The laser target itself is a gas jet or gas cell,
which allows for operations at repetition rates of 1 kHz [24,25]. The viability of this method
has already been demonstrated in the single-shot mode [26], where a tungsten converter
was inserted in a 37 MeV-average-energy electron beam, generating few MeV neutrons.

In this paper, we investigate photoneutron generation using a laser wakefield accel-
eration (LWFA) electron source driven by a high-repetition-rate laser. Simulations have
shown that 100 MeV of electron energy can be efficiently reached by relatively modest laser
parameters (100 mJ pulse energy) [27], and ultrashort-pulse lasers with a similar pulse
energy are available working at a 1 kHz repetition rate [28]. The laser plasma interaction
generating and accelerating the electrons is simulated using a multidimensional (3d3v)
particle-in-cell (PIC) code, EPOCH [29]. The subsequent electron interaction with matter—
including gamma generation and neutron production—is simulated using the Monte Carlo
N-Particle (MCNP) code [30].

The paper is organized in the following structure: Section 2 describes the principles
of laser wakefield acceleration and presents the simulation results, including the electron
energy spectrum. In Section 3, the electron spectrum is used to generate photons and
photoneutrons. Additionally, in Section 3, a detailed study of photoneutron generation by
a monoenergetic electron beam is given. In Section 4, we will discuss applications and the
utilization of the generated neutrons, and we will concentrate on the transmutation of the
spent nuclear fuel; radioisotope production, namely, the molybdenum-99 as a precursor to
Tc-99; and neutron imaging.

2. Laser Electron Acceleration

The principle of LWFA is to send a short laser pulse through an under-dense gas
(usually He, or N), where the laser leading edge also ionizes the gas, turning it into plasma.
The mechanism that follows utilizes the laser’s radiation pressure (ponderomotive force) to
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push aside plasma. At sufficiently high laser intensities, the electrons are removed from
the axis of propagation of the laser, and a nonlinear plasma wake forms with close-to-
spherical “bubbles” that contain no electrons inside [31–33], with a characteristic size of the
plasma wavelength λp = 2πc/ωp—this is the so-called bubble or blow-out regime where
ωp =

√
n0e2/ meε0 is the plasma frequency and n0 is the plasma electron density. This

regime requires that the laser pulse length cτL is not larger than the plasma bubble. Note
that the plasma wavelength decreases with density as ∼ n−1/2

0 , so a shorter laser pulse
length is required to permit the blow-out regime at higher densities.

This laser wake travels with the group velocity of the laser in the plasma (which

equals the group velocity of light) vp = vg = c
√

1 − ω2
p/ω2

L. In this ion cavity, the charge
distribution produces a longitudinal electric field. Here, τL is the laser pulse duration
and ωL is the laser frequency. The diameter of the laser focal spot must also be of similar
magnitude, in the order of 10 μm.

The acceleration process is also helped by relativistic plasma self-focusing [34], which
keeps the laser focus from diverging, helping it to propagate further in the plasma, preserv-
ing its high intensity, and the conditions necessary for the blow-out regime.

If electrons are injected at the back end of the bubble, they will be accelerated until they
reach the mid-point of the plasma bubble, where the acceleration field is zero. As the bubble
itself moves close to the speed of light, the electrons are eventually accelerated to relativistic
velocities. Depending on the density of the plasma, the electron acceleration is generally
limited by dephasing (the electrons reach the midpoint of the bubble) or the depletion of
the laser pulse, with the latter being dominant at shorter laser-pulse lengths [33].

In this paper, we analyze photoneutron generation, assuming a state-of-the-art laser
system, similar to the one described in [28], with the assumed parameters of 100 mJ
(nominal) pulse energy, 8 fs FWHM pulse duration, 6 μm FWHM focal spot, and 900 nm
central wavelength. The energy content of the laser electric field in the simulation was
112 mJ. These figures correspond to the expected laser parameters of the SYLOS3 laser
(currently under development) at ELI-ALPS.

The simulation of the laser wakefield acceleration follows the same approach as de-
scribed in Papp et al. [27]. Simulations have been carried out using the EPOCH3D [29]
particle in the cell code. A moving window reference frame was applied, moving with
the phase velocity of the laser pulse. The dimensions of the simulation domain are
x × y × z = 24 × 24 × 24 μm and are subdivided by 480 × 120 × 120 cells with 4 macropar-
ticles per cell, applying a fourth-order electromagnetic solver which limits the numerical
dispersion effects.

The longitudinal plasma profile had half(semi)-gaussian entrance and exit ramps of
100 μm length (between 10% and 90% density values), with a flat density in between, at
400 μm length (between 90% densities of the entrance and exit ramps). This plasma length
was optimized, and was longer than the nominal depletion length of 218 μm. The electron
density in the flat region was 1.5 × 1019 cm−3, which is optimal based on preliminary
simulations. The plasma was a pure He gas.

The electron density can be seen in Figure 1a. The electron distribution function and
spectrum is shown in Figure 1b,c, respectively. The spectrum is broad, with a well-defined
quasi-monoenergetic peak at 110 MeV. The spectrum also has an exponential tail past 180
MeV—the high-space charge causes the electron bunch to expand, and it accelerates the
front end of the bunch further. The average energy of the electron bunch is 70 MeV with a
bunch charge of 453 pC (3 × 109 electrons). While the broadband nature of the electron
spectrum might not be suitable for some applications, in the generation of photoneutrons,
the spectral quality of the beam is of secondary importance.
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(a) (b) 

 
(c) 

Figure 1. Electron density at the center of the density plateau (a), electron distribution function and
spectrum after the plasma (b), spectrum on a log-lin plot (c).

The efficiency of the electron acceleration at these laser pulse parameters is very high;
the accelerated electron bunch has a total energy of 32 mJ, which corresponds to a 29%
laser-to-electron conversion efficiency. The cause of this high conversion efficiency is the
strong coupling between the laser and the plasma and the high bunch charge (number of
accelerated electrons). As discussed above, the short laser pulse duration allows for higher
plasma densities. The higher plasma density permits the self-focusing of the laser for the
whole length of the plasma accelerator, keeping the laser pulse intensity sufficiently high
for the blow-out regime. The short pulse duration also shortens the depletion length [33],
allowing for the transfer of the majority of the laser energy into the plasma. After 500 μm
of propagation, at the end of the plasma plateau, 61% of the laser energy is spent, mostly
exciting the plasma wake (some of it also diffracted out of the domain). The energy into the
plasma wake then goes into accelerating the electron bunch. The high density provides a
sufficient number of electrons to be accelerated. It must be noted that conversion efficiencies
of 3% are demonstrated in LWFA experiments with TW-class lasers [25], and with higher
laser energies, conversion efficiencies above 10% are expected [35].
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3. Photoneutron Generation

Photons usually interact with atomic electrons or with the nuclear field, leaving the
nucleus unaffected; however, a sufficiently large energy gamma photon may overcome the
neutron binding energy to cause a (γ, n) reaction to eject a neutron from the nucleus as a
result of the giant dipole resonance (GDR) mechanism. Photon energy is transferred to the
nucleus by the oscillating electric field of the photon, which induces oscillation among the
nucleons. Photoneutron production is more probable than proton ejection, since the latter
requires the need to overcome the Coulomb barrier.

Intense photoneutron production can thus be realized via a bremsstrahlung converter,
with the neutron energy spectra extending to 10 MeV and peaking around 1 MeV. The pro-
cess is initiated via an energetic-electron bombard high-Z material (e.g., lead, tungsten
or uranium) to generate energetic gamma rays with an energy spectrum extending up to
the most energetic electron. The cross-section of the (γ, n) reaction increases with photon
energy, reaching a maximum over a broad energy range of approximately 12 to 16 MeV
for medium and heavy nuclei. The peak energy of the GDR can be approximated [36] by
80 A−1/3 MeV for A > 40, where A is the atomic mass number, e.g., 208 for lead, which
corresponds to 13.5 MeV. The width of the resonance is 3 MeV for lead, as shown in Figure 2.
The neutron binding energy for Pb-208 is 7.8 MeV, indicating a threshold energy for the
photon. This fact is also reflected in Figure 2 as the threshold energy.

 

Figure 2. Photonuclear cross-section for two isotopes of lead, obtained from the END-F and TENDL
cross-sectional libraries.

Above the photon energy of 35 MeV, the photoneutron production is mainly due to the
quasi-deuteron (QD) effects. In this process, the photon interacts with the dipole moment
of the proton–neutron pair rather than the nucleus as a whole.

The electron–matter interaction is collision-dominated for electron energy lower than
10 MeV and a radiative interaction process that dominates high-energy electrons. The col-
lisional interaction is described by the Bloch–Bethe formulae proportional to Z (atomic
number), whereas the radiation process is described by the bremsstrahlung process pro-
portional to Z2. Thus, to increase the electron–matter interaction, energetic electrons and
a choice of high-Z converter material are needed. For the study presented in this paper,
we select the naturally occurring lead. Although complex geometries are readily modelled
using the MCNP code, we have chosen the simple geometry of a lead sphere with a density
of ρ = 11.35 g/cm3, and an isotropic electron source at its origin. The MCNP code samples
from the electron distribution and utilizes END-F cross-sections and models to convert
them to photons, and subsequently, from photons to neutrons. Thus, a comprehensive
electron, photon and neutron transport is realized. A total of 108 histories are run to main-
tain an error below 3% for all the energy bins. Furthermore, since the (γ, n) reaction has
a threshold of 7 MeV, we remove all electrons and photons with energy less than 5 MeV
from the simulation which speeds up computation, but as a consequence, suppresses all
positron annihilation processes.
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The pertinent metric for the photoneutron generation is the yield of neutrons generated
per electron. We investigated the yield of a mono-energetic electron source located at
the center of a natural lead sphere by varying the sphere radius and electron energy.
The results are presented in Figure 3 for various electron energies. The LWFA-accelerated
electron energy gain is given by the expression We = 2

3 a0mec2nc/ne, with a0 = 3 − 5,
mec2 = 0.511 MeV, nc/ne = 100. Thus, electron energy of 100 MeV is readily achieved.
The radiative stopping power in lead for a 100 MeV electron is 150 MeV/cm and the
mass attenuation coefficient for 1–100 MeV photon in lead is 0.1 cm2/g or 1 cm, thus, a
lead sphere of 6–8 cm is needed to sufficiently covert electrons to photons and photons to
neutrons. For a 100 MeV electron beam, the neutron yield saturates for a sphere radius
of 6 cm at around 0.03 n/e, with a yield efficiency of 3 × 10−4 n/e/MeV. In contrast the
DT fusion yield is 1 × 10−5 n/d. The yield improves for spallation to 30 n/p; however, a
proton with energy over 1 GeV is needed.

 
(a) 

 
(b) 

Figure 3. Neutron yield per electron for various electron energies and radius of a lead sphere (a),
with electrons that are sourced at the sphere origin. The efficiency of neutron generation as a function
of electron energy (b), for selected lead sphere radii.

Figure 3b also shows the energy dependence of the conversion efficiency. Even for
larger spheres, the conversion efficiency does not increase significantly beyond 100 MeV.
As a consequence, the requirements on the electron beam quality are relaxed—the electron
spectrum should have a significant component above 50 MeV. Since the LWFA electron
energy spectrum is complex, it is instructive to study the photoneutron generation using
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monoenergetic electrons. In this example, 20 MeV and 50 MeV isotropic electron sources
are introduced at the center of a 10 cm natural lead sphere. The generated photon energy
spectrum is shown in Figure 4, which extends to the highest energy electron. For the
20 MeV case, the average photon energy is 2.8 MeV and yield of 5 photons per electrons.
In contrast, the 50 MeV case generates an average photon energy of 4.9 MeV, with a yield
of 15 photons per electron. The neutron energy spectra are shown in Figure 5 with a yield
of 0.0028 n/e and 0.014 n/e for 20 MeV and 50 MeV electron sources, respectively.

 
Figure 4. Photon energy spectrum resulting from injecting mono-energetic 20 MeV (red), 50 MeV
(green) electrons and LWFA electrons (blue) at a center of a 10 cm lead sphere.

Figure 5. Neutron energy spectra for 20 MeV (red), 50 MeV (green) electron beams and LWFA
electrons (blue) sampled at r = 0.5 cm (solid), r = 10 cm (dashed) and Watt fission spectrum (gray)
for U-235.

The conversion of electrons to photoneutrons is now studied, utilizing the electron
spectrum, as shown in Figure 1. For this study, we increased the number of electrons to
transport to 109 to have a sufficient sampling of the high-energy electron tail. The highest
energy electron bin is 250 MeV, and Figure 4 confirms that the highest energy photon is
also 250 MeV. The neutron spectrum from the LWFA electrons is shown in Figure 5.

The summary of results of photoneutron generation from the monoenergetic and
LWFA electrons are presented in Table 1. The LWFA electrons’ average energy 〈Ee〉 = 71 MeV.
The average photon energy for the monoenergetic cases, 2.6 MeV and 4.9 MeV, respectively, is
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not only below the peak of the (γ, n) reaction cross-section, but also below the photoneutron
generation threshold energy of 7 MeV. For the electron of the 20 MeV case, 4% of photons
contribute to photoneutron generation, this increases to 17% for the electron source of
50 MeV case and 28% for the LWFA electrons. The neutron spectra are shown in Figure 5
along with Watt fission spectrum for comparison. The average neutron energy is same for all
cases; however, a moderation is observed when sampling neutrons at r = 0.5 cm and r = 5 cm;
i.e., the average energy decreases from 2.0 MeV to 1.7 MeV for all cases. The electron yield,
Ye, can be obtained from the electron creation table in the MCNP output. Besides the original
electrons, electrons are generated via pair production, Compton recoil, photo-electric and
knock-on effects; for this analysis, we lowered the cut-off energy to 0.5 MeV. In contrast, the
photons are predominantly generated via bremsstrahlung and positron annihilation with a
yield shown in Table 1. Lastly, the neutron yield, Yn, is shown in the last column.

Table 1. Yields and average energies for the monoenergetic and LWFA electron sources.

Energy
(MeV)

〈
Eγ

〉
(MeV)

<En>(MeV)
Ye Yy Yn

0.5 cm 5 cm

20 2.6 2.0 1.7 6.3 5 0.003

50 4.9 2.0 1.7 16 15 0.01

LWFA
(<Ee> = 71 MeV) 11.3 2.0 1.7 23 23 0.02

In Section 2, we reported 3 × 109 electrons in the bunch at the laser exit, which
generates 6 × 107 neutrons using the yield Yn = 0.02 n/e. Since the 100 mJ laser has been
used, an efficiency of 6 × 1011 n/s/kW is obtained. This neutron yield is similar to the
experimental work of Gu et al. [37], however, with a 120 J laser. The efficiency is in line
with electron linac generators [38] and exceeds 140 neutrons per shot reported in [39] for
d(d, n)3He fusion reactions using 200 mJ and a 160 fs laser.

4. Photoneutron Applications

In the introduction, we highlighted a wide spectrum of neutron applications of global
importance. In this section, we will focus on such applications and we will quantify the
attractiveness of our proposed LWFA-driven neutron generation approach:

(a) Medical radio-isotope production (Moly-99 to Tc-99 precursor);
(b) Incineration of spent nuclear fuel;
(c) Neutron radiography/imaging.

4.1. Medical Radioisotope Production

Over 40 million medical imaging procedures are performed with the radioisotope
technetium-99m per year. Tc-99m can be generated from the decay of the parent molybdenum-
99 nuclei with a half-life of 66 h. Mo-99 is generated in a nuclear reactor as a result of the
fission products with a 6.1% yield, as shown in Figure 6.
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Figure 6. Fission product yield for various neutron energy bombardment. 99Mo yield from fis-
sion is 6% of all the fission products. Adapted from data from T.R. England and B.F. Rider,
LA-UR-94-3106 (1994).

However, and mainly due to the overall controversy around the future of nuclear
power, there is a severe shortage of Tc-99m, and thus, many imaging procedures are post-
poned or cancelled. An alternative to a nuclear reactor is a sub-critical assembly irradiated
by, e.g., DT fusion neutrons, which is a path that Shine Medical [10] is following. Their
approach is to utilize a ~100s keV electrostatically accelerated deuteron beam impinging on
a tritium target (gas or solid) to produce 14 MeV neutrons, with the neutrons subsequently
interacting with 20% of enriched U-235 to produce Mo-99. Shine Medical’s approach is
constrained by tritium, which by itself imposes certain constraints in production, delivery
logistics and handling.

In this report, we propose to generate laser-driven LWFA electrons to produce Mo-99
by photoneutrons, where high-energy electrons interact with high-Z material (as de-
scribed in the introduction)—e.g., lead, tantalum or uranium, to convert to gamma—via
bremsstrahlung, which in turn, interacts with a nucleus through the (γ, n) reaction. How-
ever, a direct pathway for irradiating a uranium assembly directly with laser-generated
electrons is also an option (photofission).

Average single imaging or treatment with Tc-99m utilizes 30 mCi, assuming 5.2 × 106

Ci/g, which translates to a single treatment requiring 5.4 ng of Tc-99m. A high average-
power laser can generate a sufficient amount of Mo-99. (From Section 3, we estimate that
we can obtain 6 × 107 n per laser shot, for a Mo-99 yield of 6.1 %. Using these numbers,
we can estimate to generate the required Mo-99 amount in 10 s using a 1 MHz laser or
104 s for a 1 kHz laser. An improvement factor of 10 could be achieved if we use electron
irradiation of an enriched U-235 assembly directly together with a double-stage multiplier,
a possibility we intend to explore in our proposed experiment. Considerations of such
duty-cycle were not taken into account in this study).

4.2. Transmutation of Spent Nuclear Fuel

Conventional nuclear power plants, whether run in a critical or a sub-critical operation,
will generate spent nuclear fuel (SNF) as a waste product. The waste can be split into two
main components:

(1) Fission products such as iodine, strontium, molybdenum, etc.
(2) Actinides such as plutonium and isotopes of uranium and thorium and minor ac-

tinides (americium, curium and neptunium).

The management of SNF is usually carried out by partitioning and transmutation
(P&T), whereas uranium and plutonium (partially) are removed by the PUREX process,
and the P&T proceeds with sending the MA and long-lived fission products to transmuta-
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tion. Transmutation is accomplished by irradiation of the partitioned SNF with neutrons.
One example of transmutation by fission is shown here:

n + 240Pu (24,000 years) -> 134Cs (2 years) + 104Ru (stable) + 2 n + energy

Pu-240 has a half-life of 24,000 years; however, when bombarded by neutrons, Pu-240
fissions into Cs-134 and Ru-104 plus neutrons and energy. Thus, in this particular exam-
ple, we have reduced the required storage duration by 10,000-fold. The motivation for
the transmutation of nuclear waste is shown in Figure 7 by comparing the overall SNF
radiotoxicity to the reference of naturally occurring uranium (green line) necessary to
fabricate 1 ton of enriched uranium fuel. The reference is radiotoxicity associated with
uranium and its radioactive progenies. The reference radiotoxicity is reached after a period
of 130,000 years for nuclear waste if left untreated, which is also called the open cycle.
In contrast, a complete partitioning and transmutation without any losses can shorten the
duration to 270 years (brown curve—fission products) and decrease the storage volume by
a factor of 10, which is also called a fully-closed cycle. At this point, only fission product’s
radiotoxicity contributes. The long-term radiotoxicity is mainly dominated by transuranic
elements, in particularly the Am-241 and several isotopes of plutonium (Pu-239, Pu-240,
Pu-241) and their descendants. However, several long-lived fission products contribute to
long-term radiotoxicity with Tc-99, I-129, Cs-135, Zr-93 and Pd-107 as the prominent exam-
ples. Iodine and cesium are the most problematic as they readily diffuse out of geological
repositories and reach the biosphere.

 
Figure 7. Motivation for transmutation adapted from [40]. Comparison of the radiotoxicity of nuclear
waste from uranium-based PWR to that produced by the naturally occurring uranium needed to
generate 1 metric ton of enriched uranium. Permission to reuse figure granted from Elsevier.

The transmutation of the MA must be performed in a sub-critical assembly (ke f f < 1)
due to their neutron-rich isotopes, i.e., it is difficult to maintain criticality with a large
MA present. Thus, we propose to utilize laser-generated photoneutrons to drive the
transmutation of MA and long-lived fission products.

4.3. Neutron Radiography/Imaging and Neutron Spectroscopy

Neutrons, through their high interaction with light elements and a weak interaction
with the heavy elements, are ideal to non-destructively penetrate and imagine the content
of metal containers, e.g., shipping containers or car spark plugs, as shown in Figure 8.
The laser-generated photoneutrons are ideally suited for this application. However, it is
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required to collimate and create a quasi-monoenergetic neutron beam that is optimized for
various imaging applications. Using neutrons helps to locate rare-earth metals, can analyze
whether a canister with fuel is filled, check whether O-rings fit snuggly after assembly
(space rocket where further corrections are impractical), etc. Neutron spectroscopy, which
utilizes laser-generated neutrons, has been proposed [41,42].

 

 

Figure 8. Comparison of imaging using X-rays (top) and neutrons (bottom). Used with permission.

5. Conclusions

We present computational estimates on photo-neutron generation, using laser-driven
LWFA electron sources as the neutron drivers. Due to the rapid progress in high-average
power, high-repetition-rate laser technology, such as electron sources, are in a development
phase within the laser plasma acceleration community. Specifically, and pertinent to the
present work, all calculations have been performed with the eSYLOS electron beamline
at ELI-ALPS, Hungary [43], with which we propose to utilize (once commissioned) for
the purposes of demonstrating a novel neutron generation scheme, with comparable
or better yields to other laser-driven neutron sources. Our goal is to perform proof-of-
principle experiments which we later intend to optimize as the neutron source with the
abovementioned laser and electron source infrastructure.

The applications targeted are of high societal importance, with the added benefit of
being forgiving to the required initial electron beam quality and specifications, something
that laser-driven LWFA electron sources can nowadays routinely deliver. With the advent
of 1 kHz few TW laser systems, we envision our proposal as the first stepping stone
for introducing these laser/LWFA-driven neutron sources to these important societal
applications, and as the first necessary step to ramp up to even higher repetition rates
(1 MHz range) once the future generation of laser systems manifests.

The photoneutron generation presented is largely unoptimized. As a future work, we
propose to optimize the electron density and electron profiles to achieve higher efficiency
based on the curves in Figure 3a,b. We can observe that beyond the electron energy of
100 MeV, the yield of n/e/MeV is improved only marginally. Further, we propose to modify
the converter with other materials, e.g., tungsten, tantalum, or even fissile material such
as low-enriched uranium. An additional conversion of 9Be is proposed to leverage the
(n, 2n) reaction.
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Particle accelerators have, approximately, a 100-year history (1924 Gustav Ising) of
development, and although they have come a long way since then, they are still bulky and
costly machines. The laser driven electron sources must compete with the state-of-the-art
industrial electron beam (IBA [44], KIPT [13]) regarding energy and current. A laser-
generated electron beam current is scalable with an increasing repetition rate and number
of beam lines; however, in contrast to the RF sources, they are neither well-collimated nor
mono-energetic. These are disadvantages if the beam is required to be transported, but the
proposed application relies on in situ electron generation.
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Abstract: Recent progress of high-peak-power lasers makes researchers envisage ultra-high-field
science; however, the current or near future facilities will not be strong enough to reach the vacuum
breakdown intensity, i.e., the Schwinger field. To address this difficulty, a relativistic flying mirror
(RFM) technology is proposed to boost the focused intensity by double the Doppler effect of an
incoming laser pulse. We review the principle, theoretical, and experimental progress of the RFM, as
well as its prospects.

Keywords: intense laser; high-field science; laser plasma; laser wake wave; QED critical field

1. Introduction

Recent progress of high-peak-power lasers such as chirped pulse amplification [1]
opens a new multidisciplinary field in ultra-high-field science (UHFS), in which the plasma,
laser, beam, and quantum electrodynamics are employed. One of the scientific goals of
UHFS is to observe vacuum breakdown under the conditions of terrestrial laboratories
by electromagnetic waves such as lasers [2,3]. Currently, multi-petawatt laser facilities
are being operated, and the record focused intensity is 1.1 × 1023 W/cm2 [4], of which
the electric (magnetic) field is 9.1 × 1014 V/m (3.0 × 106 T). The forthcoming 10 PW laser
facilities may reach higher intensity, or the planned 100 PW laser facility might boost
10–100-fold focused intensity. However, this electric field is still far below the Schwinger
field, which is known as the quantum electrodynamics (QED) critical field Es = m2c3/(eh̄)
= 1.3 × 1018 V/m, where m, e, c, and h̄ are the electron mass, the elementary charge, the
speed of light, and the reduced Planck constant, respectively.

Several approaches have been proposed to overcome this difficulty, such as the colli-
sion of an intense laser pulse with a high-energy electron beam [5,6], a multiple laser beam
focusing [7], a superposition of high- and low-frequency electromagnetic waves [8], and
so on. With the help of the Lorentz boost for high-energy electron beams, the field seen
by the electron in the rest frame is enhanced by twice the Lorentz factor γ = E/(mc2),
where E is the electron energy. The multi-beam focus effectively increases the interaction
volume, thus increasing the probability of electron–positron pairs under a fixed laser energy
condition. The high-frequency radiation can be used as a catastrophe singularity to be
formed. As another technique, a relativistic flying mirror, was proposed for the pulse
intensification due to the double-Doppler effect of reflected laser pulses from a moving
focusing mirror [9]. Such mirrors are formed as electron density cusps in intense laser
interaction with underdense plasma.

This review paper discusses the relativistic flying mirror model, experimental verifica-
tions, related topics, applications to UHFS, and the prospects.
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2. Theoretical Model

Here, we review a simple theoretical model for relativistic flying mirrors (RFMs) [9–11].
As shown later, a wake wave is excited in tenuous plasma when an intense, ultrashort laser
pulse propagates in the plasma by pushing plasma electrons outwards from the center of
the laser due to a strong ponderomotive force. First, we start with an ideal moving mirror
whose velocity is close to the speed of light in vacuum.

2.1. Ideal Moving Mirror

Let us derive the relationship between the reflection angle and the reflected light
frequency [12]. The mirror propagates along the positive direction with the velocity of
V = βc, where c is the speed of light in vacuum. Light with a frequency ω is incident on
the mirror at an angle of α, as seen in Figure 1.

Figure 1. The light reflection by a flying mirror propagating perpendicular to its surface, an oblique
incidence case. (a,c) are shown in the laboratory frame of reference, and (b) is in the mirror rest frame.
From [13].

Then, consider in the mirror rest frame by performing a Lorentz transformation
x′ = γm(x − βct), y′ = y, z′ = z, t′ = γm(t − βx/c), where primes (′) denote the variables
in the rest frame and γm = (1 − β2)−1/2 is the relativistic factor of the mirror. The light
phase φ = ωt − k · r is Lorentz invariant. We obtain

ωt − ω

c
(x cos α + y sin α) = ω′t′ − ω′

c
(x′ cos α′ + y′ sin α′) (1)

and equations
ω′ = ωγm(1 − β cos α), (2)

cos α′ = cos α − β

1 − β cos α
. (3)

In the mirror rest frame, the angle of reflection is the same as that of incidence, and
the frequency does not change; thus, we obtain α′ = π − θ′ and ω′

r = ω′. Finally, we return
to the laboratory frame of reference by the inverse Lorentz transformation and obtain

cos θx =
2β + (1 + β2) cos θ

1 + β2 + 2β cos θ
, (4)

and

ωx = ω
1 + β cos θ

1 − β cos θx
≈

(
4γ2

m cos2 θ

2

)
ω. (5)

The approximation at the end of Equation (5) is the case when the velocity of the mirror is
ultra-relativistic (γm � 1). The pulse duration of the reflected pulse is shortened by the
same factor ≈ 4γ2

m cos2(θ/2) as the frequency upshift because the number of light cycles is
Lorentz invariant.
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2.2. Practical Moving (Flying) Mirror Implementation

As we saw in the previous subsection, a relativistically moving mirror has several
interesting features in a thought experiment. Several methods are proposed to realize such
moving mirrors, as in [13]. Here, we review a case of relativistic flying mirrors formed by
the breaking plasma waves in the interaction of an intense laser pulse with underdense,
gaseous plasma [9] (see Figure 2). Plasma waves are excited by the ponderomotive force of
the intense laser pulse (driver), called wake waves. Such plasma waves tend to break when
the laser intensity is high enough that a plasma density profile is not uniform due to phase
mixing. Another laser pulse (source) is incident to the breaking wave (relativistic flying
mirror) and is partially reflected by the mirror.

Figure 2. Relativistic flying mirrors formed in underdense plasma. From [9].

Several reflectivities of RFMs are given in [10] depending on the kind of the formed
singularity. Here, we show the reflectivities for the cases of the Dirac Delta function and
Cusp structure, respectively:

Rδ ≈
(

ωp

ωs cos2(θ/2)

)2 1
2γph

, (6)

Rcusp ≈ Γ2(2/3)
2234/3

(
ωp

ωs cos2(θ/2)

)8/3 1

γ4/3
ph

, (7)

where ωp =
√

nee2/(ε0m)
1/2

is the electron plasma frequency, ne is the electron plasma
density, ε0 is the permittivity of free space, θ is the incidence angle of the source pulse
(Figure 1), γph is the Lorentz factor associated with the group velocity of the driver in
plasma, ωs is the angular frequency of the source pulse, and Γ(x) is the Euler gamma
function [14]. Here, the reflectivities Rδ and Rcusp are in terms of the photon number;
therefore, they are Lorentz invariants. Recently, Liu et al. calculated the reflectivity formula
for a square-root Lorentzian distribution [15]:

n(x) =
Clsrd

L
c

ωp

√
L2

x2 + L2 , (8)

where Csrld =
√

1 + a2
0/2 sinh−1(λNP/4L), and λNL ≈ (2

√
1 + a2

0/2/π)λp,
a0 = eE/(mcωd) is the normalized driver laser amplitude, ωd is the angular frequency of
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the driver, λp is the plasma wavelength, and L is a characteristic length. The reflectivity for
the SRLD case is

Rsrld =

[
ωpCsrld

2γphωs
K0(4γ2Lωs/c)

]2

, (9)

where K0(x) is the modified Bessel function of the second kind. Liu et al. also presented
the modified reflectivity formula for a Gaussian temporal source beam. One-dimensional
PIC simulations reproduce these new formulas well.

2.3. Limitations of Relativistic Flying Mirrors

The temperature of the plasma is essential for how densely the plasma electrons form.
The higher temperature typically results in lower cusp density. Nonetheless, the reflectivity
is reduced, but the above-breaking limit regime can increase the reflectivity because the
higher-order singularities are formed in such a case [16].

The reflected source pulse gains energy from the electron singularity, and its energy
comes from the driver laser energy. Thus, the reflected source energy has a certain limit
determined by the driver laser energy.

The other limitation comes from the mirror’s recoil effect during the reflection of
the source laser pulse. The recoil effect degrades the upshifting factor and, thus, the
performance of the RFM. Considering energy and momentum conservation, the modified
formula for the upshift factor is given in [14,17].

In addition, to minimize the recoil effect, Valenta et al. proposed a characteristic time
τc using a one-dimensional PIC simulation [14]:

τc = κ
34/3mc2

2Γ2(2/3)

(
ωs

ωp

)8/3
γ1/3 neλp

Is
, (10)

where κ is a parameter that may be obtained from the simulation and Is is the source pulse
irradiance. The source pulse duration should be smaller than τc. An example estimate for
κ of 1.5 × 10−4, an electron density of 0.01nc, and a normalized source laser intensity of
as = 0.1 gives a duration of 9 fs.

The modified frequency upshift factor for taking this recoil effect is described as [14,17]

ωr ≈ 4γ2
phωs

(
1

1 + 4γphRPsτs/(Nemc2)

)
≈ 4γ2

phωs

(
1 − 4γphRPsτs

Nemc2

)
(11)

where Ne is the number of electrons in the cusp, R is the reflectivity of the RFM, Ps is the
power of the incident source pulse, and τ is the source pulse duration. The last expression
is obtained by approximating the second term in the bracket in the last expression smaller
than unity, which is typical for the RFM. Thus, we can recover Equation (5) in the limit
using θ = 0.

3. Experimental Demonstration

This section introduces experimental demonstrations of the relativistic flying mirror
concepts and related ones. The broader experiments, including the reflection of electromag-
netic radiation from moving objects, were listed in the previous review [13].

3.1. Relativistic Flying Mirrors

The relativistic flying mirror experiment was conducted with the setup [18,19] as
shown in Figure 3a. The target was a gas-jet target, and the wakes were excited by irradi-
ating a 2-TW, 76-fs Ti: sapphire laser pulse (referred to as “Driver”) onto it. The onset of
the wake breaking or flying mirrors formed was the generation of energetic electrons up
to 30 MeV. Another laser pulse split from the driver pulse was focused onto the gas-jet to
collide with the driver pulse in plasma with a counter-crossing angle of 135◦ with respect
to the driver propagation axis. The reason for not using the 180◦ colliding angle was to
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avoid possible damage to the laser system by the returning pulse. After the spatial and
temporal overlapping high-frequency radiation was observed in the forward direction of
the driver pulse. With careful statistical analysis, they concluded that the observed signals
were around 13 nm.

The same group conducted the second experiment. The setup was similar to the first
experiment, except for the head-on colliding configuration thanks to the countermeasures
for the returning pulse problem [20,21] (see Figure 3b). In this experiment, reflected light
into (13 ± 4)◦ was detected with an imaging spectrometer, and the photon number was
half the theoretical estimate (see Figure 4). Furthermore, the timing scan shows that the
reflection from the flying mirrors occurred at some proper timing range.

Figure 3. Experimental setups for the RFM. (a) A counter-crossing setup where the source beam is
directed to the driver at 135◦. (b) A head-on colliding setup. D: driver pulse, S: source pulse, P: probe
laser, G: gas-jet target, TM: toroidal mirror, DG: diffraction grating, A: aperture slit, F: filters, SFM:
spherical focusing mirror, TG: transmission grating, C1: X-ray charge-coupled device (CCD), C2:
image intensified camera, e: electron beam.

Figure 4. Reflected signals from [20]. (a) Raw CCD image of the reflected light after the transmission
grating in the spectrometer. (b) Reflected light spectra with the diffraction orders of +1 and −1.
(c) The reflected light intensity (CCD counts within the 1st diffraction order) vs. time delay between
the driver and source pulses with the source-off shots (time is assigned arbitrarily).

3.2. Burst Intensification of Stimulated Emission of Radiation

RFMs utilize the electron density cusps as a moving mirror. We can see other singu-
larities in the nonlinear interaction in Figure 5. Experimentally, the intense XUV light was
observed in an experiment similar to that of the flying mirror without a source laser pulse.
The emission contained harmonics of the fundamental driver laser wavelength with even
and odd numbers in the forward direction [22–24]. The emission was considered a result of
collective synchrotron radiation in density singularities. This is called burst intensification
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by singularity emitting radiation (BISER) [25]. The duration of the XUV harmonics is
calculated to be sub-fs. This regime of coherent X-ray radiation is very sensitive to the
driving laser quality [26].

Figure 5. (a) The 3D PIC simulation of the BISER. The electron density and its cross-section are
shown together with the electromagnetic energy (shown in red). (b) Electron density and phase space
distribution with the catastrophe model. (From [22]).

3.3. Measurement of Plasma Waves

We have seen in the previous subsections that the radiation of shorter wavelengths
in the XUV region has been demonstrated in the flying mirror experiments and in the
experiments on high-order harmonic generation in underdense plasma [22]. In both
experiments, the electron density singularities play an essential role in generating the
shorter-wavelength radiation. However, the direct measurement of such density cusps has
not been demonstrated. Here, we describe potential methods to measure electron density
singularities in future experiments.

The regular wake waves were measured with the frequency domain interferometer
(FDI), which utilizes two temporally separated probe pulses to co-propagate with a driving
laser of the wakes [27,28]. The timing of the two pulses is set so that one sits on the higher
density region of the wake or plasma electron density oscillation and the other on the
lower part. By scanning the timing between the driving laser and the two probe lasers
and keeping the probes’ separation time the same, the probe pulses can map the electron
density distribution as a function of time. The readout of the density is performed by
the phase retrieval algorithm as in standard interferometers. The difference is that an
interferogram is formed in the frequency domain. The FDI is suited for a relatively longer
plasma wavelength or a lower-density plasma. The drawback of this method is that several
scans are necessary to map the distributions.

The modified scheme was proposed where chirped probe pulses are used instead
of short (usually, the shortest in the given experimental conditions) probe pulses. The
method is referred to as frequency domain holography (FDH) [29]. The technique was
demonstrated to map electron density distribution in a weakly nonlinear regime in a single
shot. The feature of the curved wake structure was successfully observed, as is seen in the
numerical simulations.

Another method is also used for characterizing wake waves, and the shorter probe
pulse is introduced in a shadowgraphy configuration [30,31]. In a standard shadowgraph
setup, a moderate pulse duration (same as the driving laser duration such as 30 fs) cannot
resolve the fast oscillation of the wakes because the wake time scale is very fast, in tens of
femtoseconds, driven by typical Ti: sapphire laser pulses. The shorter pulses are created
by spectral broadening due to the self-phase modulation in a gas-filled, hollow capillary.
Negative chirped mirrors recompress the broadened pulse. The measured images are very
similar to those obtained with numerical codes showing the electron density modulations
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(see Figure 6). However, the RFMs or high-density singularities of electron densities are not
apparent. Measuring density singularities with improved spatial and temporal resolutions
may be possible [32,33].

Instead of the optical probe, laser-accelerated electron beams are also used to probe
plasma density modulations. The electron beam has a similar pulse duration to the laser
pulse duration because the accelerating phase of the wake is somewhat limited to a shorter
wake cycle that is on the order of femtoseconds. The probe electron beams are sensitive
to the wake’s electromagnetic field; thus, the initially uniform distribution is modified
after passing through the probing region. The measured profiles are referred to as the first
measurement of breaking wakes [34].

Figure 6. Shadowgrams measured with a 5.9 fs probe laser pulse. (a–f) Measured at different
longitudinal positions described in the left figure. (From [31]).

4. Applications

In this section, applications to ultra-high field science using RFMs are discussed.

4.1. Intensification

Intensification of an incoming laser pulse is one of the favorable features of the RFM
and was proposed in the original paper [9]. In the mirror rest frame, the density cusp
distribution is parabolic, and the reflected light is focused to a diffraction-limited spot
determined by the source wavelength in the boosted frame λ′

s ≈ λs/(2γph). The photon
energy is finally multiplied as ∼ 4γ2

ph, and the pulse duration is also scaled as the same
factor. A particle-in-cell (PIC) simulation demonstrates the intensification of the reflected
light, as seen in Figure 7.
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Figure 7. Reflection of laser light by the flying mirror seen in the three-dimensional PIC simulation.
The cross-sections of the electric field components are shown at each time step of t = 16, 18, 20, and
22 × 2π/ωd (top-down). The reflection and focusing of the source pulse are seen in Frames 3 and 4
from the top (from [9]).

Thus, the reflected pulse is ideally intensified as (4γ2
ph)

2 × (2γph)
2R = 64γ6

phR. Here,
R is the reflectivity of the RFM in terms of the photon number. If we use a delta-function-like
cusp structure as Eq.(6) and ωs = ωd, i.e., ωs ≈ γphωp, the focused source intensity is

Ir = 32γ3
ph Is. (12)

S. S. Bulanov et al. proposed to use a converging plasma wake by using a focusing
beam to excite wake waves [35]. In the ideal case, the focused spot size of the reflected
pulse is improved down to the diffraction limit, i.e., ≈ λr in the laboratory frame. The
focused intensity may be

Iconv
r = (4γ2

ph)
2 × (4γ2

ph)
2R = 256γ8

phRIs

= 128γ5
ph Is, (13)

where we use the reflectivity of a delta function distribution in the last expression.
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Recently, Jeong et al. calculated a detailed electric field distribution focused by an
RFM with the vector diffraction model [17]. Jeong et al. proposed to use a colliding setup
to achieve a single electron–positron pair production under the focused electric field by the
RFM in a vacuum by carefully considering the recoil effect. This is one of the fascinating
goals of UHFS. Using a delta-function reflectivity Equation (6), the required laser and
plasma parameters are a drive laser power of 250 TW, a driver spot radius of 158 μm, a
source power of 180 TW at the fourth harmonic with a duration of 3.5 fs, and a γ factor
of 12.2.

4.2. Photon–Photon Scattering

Koga et al. proposed to use RFMs to observe photon–photon scattering, which has not
yet been detected in experiments [36]. The experimental difficulties mainly come from the
extremely small cross-section (∼10−30 pb at a photon energy of 1 eV). The cross-section
increases as the photon energy increases; thus, using coherent X-rays is a possible solution
of that problem. Of course, increasing the colliding number and energy of photons and
decreasing the area are essential. As is seen in the RFMs’ features, the RFMs can approach
these two points. In addition, the stimulated scattering using three-photon beams is also
employed to enhance the effect. Photon–photon scattering can be observed using the
relativistic mirror concept and future powerful laser facilities.

4.3. Ultrashort X-ray Pulse Generation

Because the reflected pulse is compressed in time, the RFMs can offer a coherent,
ultrashort X-ray pulse. If a mirror works ideally, the pulse shape of the X-ray pulse can be
relatively easily modified by shaping a source laser temporal profile. Since the source pulse
is generated by a near-infrared laser, several optics are available to manipulate a temporal
profile, such as chirping, double-pulse, and so on. Probably, it is an upper limit for the
pulse duration due to how long the cusp structure remains. Here, we give an example for
an attosecond pulse duration. Assuming that ne = 1.7 × 1019 cm−3, γ = 10, the source
energy of 180 μJ, τs = 20 fs, and Is = 1 × 1016 W/cm2, the reflected pulse has a photon
energy of 620 eV and a pulse energy of 0.8 μJ with a duration of 50 as. These parameters
are chosen so that the source pulse does not affect the mirror due to the recoil effect.

As introduced in the previous section, the BISER can emit coherent electromagnetic
radiation in the forward direction. This can be a simple mechanism to generate coherent,
attosecond XUV to soft X-ray regions. The maximum harmonic number is estimated to
be nH = ωc/ω f ≈ a3

0, where ωc and ω f are the critical frequency and laser frequency,
respectively, and a0 is the normalized laser amplitude. In practical units,

nH ≈ 500
(

P
1 PW

)(
ne

1019 cm−3

)(
λ

1 μm

)2
, (14)

where P, λ, and ne are the laser peak power, the laser wavelength, and the electron density,
respectively. The total emitted photon energy ε in cgs units is approximately equal to

ε ≈
e2N2

e a4
0γω2

f τH

8c
∝ N2

e P4/3n5/6
e ω1/3τh, (15)

where Ne is the number of electrons in the singularity, γ is the Lorentz factor associated
with the laser group velocity in plasma, and τH is the duration of the emission. Assuming
practical parameters P = 100 TW, ne = 5 × 1019 cm−3, a0 = 12, γ = 5.8, τH = 0.1 fs, and
λ = 0.8 μm, the maximum harmonic number is nH ∼160 (the photon energy of 250 eV)
and the maximum energy ∼0.6 mJ. This can be a very bright, soft X-ray source.

4.4. Analog Black Holes

Chen and Mourou proposed to use accelerating plasma mirrors for investigating the
black hole information paradox in laboratories [37]. The current research on analog black
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holes is mainly theoretical because it seems impossible to address this paradox by direct
astrophysical observations; typical stellar-sized black holes are too cold and young to see
the paradox, which might be observed in the end-stage of black hole evaporation.

Among several proposals to investigate the Hawking effects in laboratories, an accel-
erating mirror is recognized that can mimic black holes and emit Hawking-like thermal
radiation (Unruh radiation). According to the equivalence principle, the Hawking tem-
perature of gravity g is expressed as TH = h̄g/2πckB, and the observer at the uniform
acceleration of a feels radiation in a vacuum such as TU = h̄a/2πckB, where kB is the
Boltzmann constant.

The acceleration of the mirror is achieved by varying a plasma density along the laser
propagation [37–39]. Assuming that the plasma density ne(x) = np0(1 + x/D)2(1−η0), the
acceleration is

a(x) ≈ (1 − η0)c2

D(1 + x/D)2 exp
(
(1 − η0)x/D

1
+ x/D

)
. (16)

This is an extensive experiment, and much still needs to be considered and verified before
the actual experiment is conducted. An international, Analog Black Hole Evaporation via
Lasers (AnaBHEL), collaboration is currently pursuing an experimental realization of the
Chen–Mourou proposal. The concept, design, and status of AnaBHEL are presented in [40].

5. Discussion

The relativistic flying mirror (RFM) concept was reviewed, and the potential applica-
tions of the RFMs were also presented. Here we give the necessary theoretical considera-
tions and technological challenges to realize the proposed visions.

The detail of the realistic parameters is owed to numerical calculations such as PIC. In
PIC calculations, resolving the upshifted frequency is problematic due to the high spatial
and temporal resolutions necessary for shorter wavelengths. For example, in standard
parameters, a spatial grid is determined by the laser wavelength to be 0.8 μm, which is
shorter than the plasma wavelength. Treating shorter wavelengths of 10 nm requires finer
spatial and temporal grids. Thus, a new scheme might be necessary for resolving shorter
wavelengths and/or smaller spot sizes.

As is shown in theoretical consierations, the plasma temperature effect reduces the
density of the electrons in a cusp, which limits the effectiveness of the RFMs. The initial
plasma temperature is strongly affected by the prepulse condition of the driving laser. Ion-
ized electrons can be heated by absorption of the laser’s energy and transfer the energy via
collisions. This effect in an actual situation has not yet been addressed in gaseous plasma.

Experimental challenges remain in many aspects. The focusability of the RFM to the
theoretically estimated size has not yet been demonstrated. This is a crucial fundamental
property of the RFM.. Another concept to be demonstrated is the pulse compression of
the reflected pulse. According to the theory, the compression must happen as long as the
upshift of the frequency happens. However, the effect must be measured experimentally to
prove the concept. This is crucial for ultrashort X-ray generation.

Practically, the repeatability of the reflection must be improved. This is necessary
for the applications and the precise characterization mentioned above. For example, the
temporal characterization in the sub-femtosecond regime requires many shots. The detailed
mechanism for forming a cusp structure or singularities in plasma has been addressed
experimentally, mainly investigated numerically. Singularities or breaking waves should
be monitored with an ultrashort pulse (optical light or an electron beam).

6. Conclusions

We reviewed the relativistic flying mirror concept highlighting the theoretical and
experimental achievements. The flying mirror has several attractive properties, such as
high-frequency and ultra-short pulse generation. In addition, the intensification can be
expected due to the focusing mirror shape. Some of these features are to be demonstrated
experimentally. In the near term, the ultra-short, coherent source can be realized. In the long
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term, the RFM might enable terrestrial laboratory experiments in quantum electrodynamics
and astrophysics, which would be nearly unattainable without it.
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BISER Burst intensification by singularity emitting radiation
CCD Charge-coupled device
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RFM Relativistic flying mirror
SRLD Square-root Lorentzian distribution
UHFS Ultra-high-field science
QED Quantum electrodynamics
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Abstract: Accelerating relativistic mirrors have long been recognized as viable settings where the
physics mimic those of the black hole Hawking radiation. In 2017, Chen and Mourou proposed a
novel method to realize such a system by traversing an ultra-intense laser through a plasma target
with a decreasing density. An international AnaBHEL (Analog Black Hole Evaporation via Lasers)
collaboration was formed with the objectives of observing the analog Hawking radiation, shedding
light on the information loss paradox. To reach these goals, we plan to first verify the dynamics of the
flying plasma mirror and characterize the correspondence between the plasma density gradient and
the trajectory of the accelerating plasma mirror. We will then attempt to detect the analog Hawking
radiation photons and measure the entanglement between the Hawking photons and their “partner
particles”. In this paper, we describe our vision and strategy of AnaBHEL using the Apollon laser
as a reference, and we report on the progress of our R&D concerning the key components in this
experiment, including the supersonic gas jet with a graded density profile, and the superconducting
nanowire single-photon Hawking detector. In parallel to these hardware efforts, we performed
computer simulations to estimate the potential backgrounds, and derived analytic expressions for
modifications to the blackbody spectrum of the Hawking radiation for a perfectly reflecting point
mirror, due to the semi-transparency and finite-size effects specific to flying plasma mirrors. Based
on this more realistic radiation spectrum, we estimate the Hawking photon yield to guide the design
of the AnaBHEL experiment, which appears to be achievable.

Keywords: AnaBHEL (Analog Black Hole Evaporation via Lasers); Hawking radiation; information
loss paradox; relativistic flying mirror

1. Introduction

The question of whether the Hawking evaporation [1] violates unitarity and, therefore,
results in the loss of information [2], has remained unresolved since Hawking’s seminal
discovery. The proposed solutions include black hole complementarity [3], firewalls [4,5]
(see, for example, [6,7], for a recent review and [7–9] for a counterargument), soft hairs [10],
black hole remnants [11], islands [12,13], replica wormholes [14,15], and instanton tunneling
between multiple histories of Euclidean path integrals [16]. So far, the investigations
remain mostly theoretical since it is almost impossible to settle this paradox through direct
astrophysical observations, as typical stellar-size black holes are cold and young; however,
the solution to the paradox depends crucially on the end-stage of the black hole evaporation.
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There have been proposals for laboratory investigations of the Hawking effect, including
sound waves in moving fluids [17,18], electromagnetic waveguides [19], traveling index of
refraction in media [20], ultra-short laser pulse filament [21], Bose–Einstein condensates [22],
and electrons accelerated by intense lasers [23]. It should be emphasized that the Chen–
Tajima proposal [23] differs from other concepts mentioned above in that it is based on the
equivalence principle, which mimics the Hawking radiation of an eternal (non-dynamical)
black hole. Experimentally, Reference [22] reported on the observation of a thermal spectrum
of the Hawking radiation in the analog system and its entanglement. However, most of these
are limited to verifying the thermal nature of the Hawking radiation.

It has long been recognized that accelerating mirrors can mimic black holes and emit
Hawking-like thermal radiation [24]. In 2017, Chen and Mourou proposed a scheme to
physically realize a relativistic mirror by using a state-of-the-art high-intensity laser to
impinge a plasma target with a decreasing density [25,26]. The proposal follows the same
philosophy as Reference [23], but differs in that it mimics the Hawking radiation from
gravitational collapse and, therefore, from a dynamical black hole, which is a more direct
analogy to the original Hawking evaporation. It is also unique in that it does not rely on a
certain fluid to mimic the curved spacetime around a black hole, but rather a more direct
quantum field theoretical analogy between the spacetime geometry defined by a black hole
and a flying mirror.

Based on this concept, an international AnaBHEL collaboration has been formed to
carry out the Chen–Mourou scheme, which is the only experimental proposal of its kind in
the world. Our ultimate scientific objectives are to detect analog Hawking radiation for the
first time in history and through the measurement of the quantum entanglement between
the Hawking particles and their vacuum fluctuating pair partner particles, to shed some
light on the unresolved information loss paradox. From this perspective, the AnaBHEL
experiment may be regarded as a flying EPR (Einstein–Podolsky–Rosen) experiment [27].

The concept of a flying plasma mirror was proposed by Bulanov et al. [28–31]. It pro-
vides an alternative approach to the free electron laser (FEL) in generating high-frequency
coherent radiation. The flying plasma mirror approach provides a great prospect for fu-
ture applications. A series of proof-of-principle experiments led by Kando at KPSI in
Japan [32–35] has validated the concept. However, the mirror reflectivity (as a function of
frequency) as well as other physical properties, such as the reflection angular distribution,
etc., have not been characterized in those two experiments.

In this paper, we first review the physics of a flying mirror as an analog black hole. We
then reveal the concept of accelerating relativistic plasma mirrors as analog black holes,
with the attention paid to the aspects pertinent to the investigation of the Hawking radiation
and the information loss paradox, including the laser–plasma dynamics that give rise to
the acceleration of the plasma mirror, the reflectivity, the frequency shift of the reflected
spectrum, and corrections due to the finite-size and semi-transparency effects of a realistic
plasma mirror to the blackbody spectrum of the analog Hawking radiation based on an
idealized, perfectly reflecting, point mirror. We then report on the progress of our R&D, i.e.,
of the key components in the AnaBHEL experiment, including those of the supersonic gas
jet and the superconducting nanowire single-photon Hawking detector. We conclude by
projecting our experimental outlook.

2. Flying Mirror as Analog Black Hole

Figure 1 depicts the analogy between the Hawking radiation of a real BH (left) and
that of an accelerating mirror (right). The fact that accelerating mirrors can also address
the information loss paradox was first suggested by Wilczek [36]. As is well-known,
the notion of black hole information loss is closely associated with quantum entanglement.
In order to preserve the “black hole unitarity”, Wilczek argued that, based on the moving
mirror model, in vacuum fluctuations, the partner modes of the Hawking particles would
be trapped by the horizon until the end of the evaporation, where they would be released
and the initial pure state of a black hole would be recovered with essentially zero cost of
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energy. More recently, Hotta et al. [37] argued that the released partner modes are simply
indistinguishable from the zero-point vacuum fluctuations. On the other hand, there is also
the notion that these partner modes would be released in a burst of energy, for example,
in the Bardeen model [38] (See Figure 2).

One common drawback in all analog black hole concepts involves setting up in a
laboratory with flat spacetime (therefore, the standard quantum field theory is known to be
valid); it is inevitable that any physical process, including analog black hole systems, must
preserve the unitarity. Therefore, none of the proposed analog black holes can in principle
prove the loss of information even if that is indeed so. The real issue is, therefore, not so
much about whether the unitarity is preserved, but more about how it is preserved. That is,
it is even more important to determine how the black hole information is retrieved. Does
it follow the Page curve [39], a modified Page curve where the Page time is significantly
shifted towards the late time [16], or alternative scenarios [40]? The measurement of the
entanglement between the Hawking particles and the partner particles as well as the
evolution of the entanglement entropy [41], should help to shed much light on the black
hole information loss paradox. As pointed out by Chen and Yeom [41], different scenarios
of black hole evolution can be tested by different mirror trajectories [42,43].

Figure 1. The analogy between the Hawking radiation from a true BH (left) and that from an
accelerating mirror (right). One may intuitively appreciate the analogy based on Einstein’s Equiva-
lence Principle.

187



Photonics 2022, 9, 1003

Figure 2. (Reproduced from Reference [25].) The ’worldline’ of an accelerating relativistic plasma
mirror and its relation with vacuum fluctuations around the horizon. In particular, the entangle-
ments between the Hawking particles (blue) emitted at early times and their partner particles (red)
collected at late times are illustrated. The green strip represents either a burst of energy or zero-point
fluctuations emitted when the acceleration stops abruptly.

3. Accelerating Plasma Mirror via Density Gradient

As is well known, plasma wakefields [44,45] in the nonlinear regimes of plasma
perturbations will blow out all intervening plasma electrons, leaving an “ion bubble”
trailing behind the driving laser pulse or electron beam. Eventually, the expelled electrons
will rush back and pile up with a singular density distribution. S. Bulanov et al. [28–31,34]
suggested that such a highly nonlinear plasma wake could serve as a relativistically flying
mirror where an optical frequency light, upon reflecting from the flying plasma mirror,
would instantly blueshift to an X-ray. For a more in-depth understanding of the flying
plasma mirror, please read [46,47] for an overview. To apply this flying plasma mirror
concept to the investigation of black hole Hawking evaporation, one must make the plasma
mirror accelerate.

In this regard, one important issue is the correspondence between the plasma density
gradient and the mirror spacetime trajectory. In order to mimic the physics of the Hawking
evaporation, the plasma mirror must undergo a non-trivial acceleration that gives rise
to a spacetime trajectory that is black hole physics meaningful. Such black hole-relevant
trajectories have been well studied theoretically in the past 40 years with a wealth of
literature available. This, as proposed [25,26], can be realized by preparing the plasma target
with a prescribed density gradient (See Figure 3 for a schematic drawing of the concept).
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Figure 3. Schematic drawing of the concept of accelerating plasma mirror driven by an intense laser
that traverses a plasma with a decreasing density. Due to the variation of the laser intensity in the
transverse dimension, which is typically in Gaussian distribution, the flying plasma mirror induced
by the laser is concave in the forward direction.

Mirror Trajectory and Plasma Density Correspondence

Two effects govern the acceleration of a plasma mirror [26]. One is the speeding up
of the driving laser pulse as it traverses a plasma with a decreasing density, the so-called
“down ramp”, due to the increase of the laser refractive index. The other is the change of
the local plasma wavelength and, therefore, the length of the ion bubble, which enlarges
the distance of the plasma mirror from the laser. The acceleration and, thus, the trajectory
of a plasma mirror as a function of the local plasma density and its gradient was derived
in [26], where both effects mentioned above are included. For the detailed derivations of
the flying plasma mirror trajectory, the reader should consult Reference [26]. We caution
that our theoretical description of the plasma mirror trajectory should be experimentally
verified. In general,
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where xM is the position of the plasma mirror, ẍM is its second time derivative, ω0 the

laser frequency, ωp(x) = c
√

4πrenp(x) us the local plasma frequency, re = e2/mec2 is

the classical electron radius, and ω′
p ≡ ∂ωp(x)/∂x. Our desire is to achieve the highest

acceleration possible. To accomplish that, one should design the system in such a way that
the denominator of Equation (1) is minimized.

A simple but well-motivated plasma density profile is the one that corresponds to
the exponential trajectory investigated by Davies and Fulling [24,48], which is of special
geometrical interest because it corresponds to a well-defined horizon [49]. Inspired by
that, we consider the following plasma density variation along the direction of the laser
propagation inside the plasma target with thickness L:

np(x) = np0(a + bex/D)2, −L ≤ x ≤ 0, (2)

where np0(a + b)2 is the plasma density at x = 0, D is the characteristic length of density
variation. Accordingly, the plasma frequency varies as

ωp(x) = ωp0(a + bex/D), −L ≤ x ≤ 0, (3)
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where ωp0 = c
√

4πrenp0. In our conception, the time derivatives of the plasma frequency
are induced through the spatial variation of the plasma density via the relation ωp(x) =

c
√

4πrenp(x). Thus,

ω′
p(x) =

b
D

ex/Dωp0, (4)

ω′′
p (x) =

b
D2 ex/Dωp0. (5)

Inserting these into Equation (1), we then have, for the constant-plus-exponential-
squared distribution of Equation (2),

ẍM

c2 = −
1 − (ω2

p0/2ω2
0)(a + bex/D)2

[1 + (3b/4)(λp0/D)ex/D/(a + bex/D)2]3

×λp0

D
bex/D

(a + bex/D)

{ω2
p

ω2
0

1
λp0

+
3

4D

[ 1
a + bex/D − 2bex/D

(a + bex/D)2

]}
. (6)

PIC simulations of the laser–plasma interactions were performed based on the above
plasma density profile [50]. The acceleration of the plasma mirror agrees well with the
formula (See Figure 4).

Figure 4. PIC simulation of plasma mirror acceleration [50]. (a) A plasma target with a constant-plus-
exponential density gradient, np(x) = np0(1 + e−x/D)2, np(x = 0) = 1.0 × 1017cm−3. (b) Compar-
ison of the plasma mirror speed, β = ẋM/c, between the analytic formula (solid blue curve) and
the PIC simulations (orange circles). The two agree extremely well. Note that the convention of the
laser propagation direction in this PIC simulation is from left to right, which is opposite to that in the
typical theoretical treatment of flying mirrors as analog black holes.

4. Analog Hawking Temperature

There exists a wealth of literature on the vacuum fluctuating modes of quantum fields,
their reflections from a flying mirror, and the analog “Hawking temperature” of such a
flying mirror as an analog black hole [49]. In general, such analog Hawking temperature
depends on the actual mirror trajectory. According to Reference [26],

∫ t

0
c̄dt =

∫ 0

xM

dx
[
1 +

3bλp0

4D
ex/D

(a + bex/D)2

]
, x ≤ 0, (7)

where c̄ = ηc = (1 − ω2
p/2ω2

0)c is the speed of light in the plasma medium, which is
position dependent. In our conception [25], the plasma target thickness is supposed to
be much larger than the characteristic scale of the density variation, i.e., L � D. In this
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situation, it is safe to extend the integration to xM → −∞ (and t → ∞). Taking this
approximation, we find

xM (t) = −ηact − Ae−ηact/D + A, t → ∞, (8)

where ηa = 1 − a2ω2
p0/2ω2

0 and A = ηaD[ab(ω2
p0/ω2

0)− (3b/4a2)(λp0/D)]. This is identi-
cal to the Davies–Fulling trajectory, i.e., Equation (4.51) of Reference [49],

z(t) → −t − Ae−2κt + B, t → ∞, (9)

where A, B, κ are positive constants and c ≡ 1.
Transcribing the xM (t) coordinates to the (u, v) coordinates, where u = ηact − xM (t)

and v = ηact + xM (t), we see that only null rays with v < A can be reflected. All rays with
v > A will pass undisturbed. The ray v = A, therefore, acts as an effective horizon [49].
Following the standard recipe [49], we obtain the Wightman function as

D+(u, v; u′, v′) = − 1
4π

ln
[
2Ae2ηac(t+t′)/2D

× sinh(ηacΔt/2D)
]
, (10)

where Δt = t − t′ = Δu/2ηac in the t → ∞ limit. The constant factors in the argument
of the log function in the above equation do not contribute to the nontrivial part of the
physics. Note that in our notation, t is the time when the ray hits the mirror. Let us denote
the observation time and position by T and X. Then u = ηacT − X = ηact − xM . For large
t, u = ηacT − X = 2ηact − A. This leads to Δu = 2ηacΔt = ηacΔT for a static mirror at
X = const. Integrating over T and T′, we then have, in the asymptotic limit of t, t′ → ∞,

D+(u, v; u′, v′) = − 1
4π

ln
[

sinh(ηacΔt/2D)
]
. (11)

This leads to the response function (of the particle detector) per unit of time with
the form

F (E)/unit time =
1
E

1

(eE/kB TH − 1)
, (12)

where the analog Hawking temperature of the mirror measured by a stationary particle
detector is

kB TH =
h̄c
4π

ηa

D
. (13)

Here, kB is the Boltzmann constant. It is interesting to note that the analog Hawk-
ing temperature associated with our constant-plus-exponential-squared density profile
depends strongly on the characteristic length D and only weakly on the plasma density
(through ηa). This points to the possibility of employing gaseous instead of solid plasma
targets, which would greatly simplify our proposed experiment.

5. Conceptual Design

The original experimental concept proposed by Chen and Mourou [25] invoked a
two-plasma-target approach, where the first plasma target converts an optical laser into an
X-ray pulse through the flying plasma mirror mechanism. The converted X-ray pulse then
impinges on a nano-thin-film that is fabricated with a graded density in different layers.
This design has the advantage of having a solid-state density, providing a higher plasma
frequency, which is proportional to the square root of the plasma density and, therefore,
a higher density gradient for maximizing the Hawking temperature. On the other hand,
the drawbacks of this concept are multiple. First, the typical conversion efficiency of flying
plasma mirrors is ∼10−5, rendering it difficult for the converted X-ray pulse to remain in
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the nonlinear regime. Second, the solid plasma target would induce extra backgrounds,
which are linearly proportional to the target density.

In 2020, Chen and Mourou proposed a second design concept [26], where the conversion
of optical laser to X-ray was no longer needed and, thus, the first plasma target was removed,
and the nano-thin-film solid plasma target was replaced by a supersonic gas jet. This largely
simplifies the design and the technical challenges. Figure 5 shows a schematic conceptual
design of the single-target, optical laser approach. The key components now reduce to a
supersonic gas jet with a graded density profile and a superconducting nanowire single-
photon Hawking detector, the R&D progress of which will be described in later sections.

In our design of the AnaBHEL experiment, we assume the driving laser has the
frequency ω0 = 3.5 × 1015 s−1 and the wavelength λp = 540 nm. For the plasma tar-
get, we set a = b = 1 in Equation (2) so that np(x) = np0(1 + ex/D)2, and we assume
np(x = 0) = 1.0 × 1017 cm−3 = 4np0. The corresponding plasma frequency is
ωp0 = 0.9 × 1013 s−1 and the plasma wavelength λp0 = 200 μm. Next, we design the
plasma target density profile. Since our formula is not constrained by the adiabatic condi-
tion, we are allowed to choose a minute characteristic length D = 0.5 μm. Then we find

kB TH ∼ 3.1 × 10−2 eV, (14)

which corresponds to a characteristic Hawking radiation frequency ωH ∼ 4.8 × 1013 s−1

> ωp0. Thus, the Hawking photons can propagate through and out of the plasma for detection.

Figure 5. A conceptual design of the7 AnaBHEL experiment. The enlarged figure is a gaseous plasma
target with a decreasing density profile where the penetrating optical laser pulse (red) would induce
an accelerating flying plasma mirror (blue). Hawking photons would be emitted to the backside of
the mirror, and would suffer from the Doppler redshift and be in the infrared range. The partner
photons, on the other hand, would penetrate the semi-transparent plasma mirror and propagate in
the same direction as that of the laser, which does not suffer from the Doppler redshift and would be
in the EUV range.

6. Hawking Photon Yield

Among the proposed models, the physics of flying/moving mirrors is perhaps the one
closest to that of real black holes, since in both cases the radiation originated from vacuum
fluctuations. The essence of the Hawking radiation lies in the gravitational redshift of the
field modes’ phases. Since the key is the phase shift, various analog models or experimental
proposals attempt to generate the same phase shift as that of the Hawking radiation but
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now in flat spacetime, i.e., laboratory. Indeed, in the flying mirror model, the gravitational
redshift is mimicked by the Doppler redshift.

Due to the spherically symmetric nature of typical black hole spacetimes, the spherical
coordinate origin is effectively a perfectly reflecting point mirror and the corresponding
Hawking radiation is expected to be emitted radially, hence the situation is effectively
(1+1)-dimensional and, thus, most of the flying mirror literature only considers a real
perfectly reflecting point mirror in (1+1)-dimensional flat spacetime. Nevertheless, in the
laboratory, the spacetime is (1+3)-dimensional. In addition, our proposed relativistic flying
mirror generated through laser–plasma interaction has a low reflectivity [26] and a finite
transverse/longitudinal size; therefore, it is necessary to take these practical effects into
consideration to estimate the particle production yield.

The standard treatment in the flying mirror model [24,48,49,51] considers a real scalar
field in (1+1)D flat spacetime subjected to a single, relativistic, time-dependent Dirichlet
boundary condition in space to represent a relativistic perfectly reflecting point mirror.
Since the boundary condition is externally provided, the breakdown of Poincaré invariance
leads to the possibility of spontaneous particle creations following quantum field theory.

The generalization of this standard calculation to a flying plasma mirror with a fi-
nite reflectivity in n-dimensional flat spacetime can be made by starting with the action
functional [52]:

Sμ[φ] =− 1
2

∫ ∞

−∞
dnx ∂μφ(x)∂μφ(x)

− μ

2

∫ ∞

−∞
dnx V(x)φ2(x),

(15)

where natural units are employed, μ = 4πnsα/me is the coupling constant with dimension
of mass, α = 1/137 is the fine structure constant, ns is the surface density of the electrons
on the mirror, and

V(x) = γ−1(t)H(x⊥) f (x − xM (t)), (16)

encodes the mirror’s trajectory xM (t), longitudinal/transverse distribution H/ f , and the
Lorentz factor γ.

Solving the equation of motion for φ with the in-mode/out-mode boundary conditions
in (1+1) dimensions, one finds (assuming the field to be in the in-vacuum state |0; in〉 with
the mirror flying to the negative x-direction) the created particles (due to the field mode
reflected to the mirror’s right to have the frequency spectrum) [53–56]:

N =
∫ ∞

0
dω

∫ ∞

0
dω′|βωω′ |2, (17)

where

βωω′ = − ω

2π
√

ωω′

∫ ∞

−∞
du Rω′(u)e−iω′p(u)−iωu, (18)

and ω′/ω is the incident/emitted plane wave mode’s frequency, R is the mirror’s reflec-
tivity, u = t − xM (t), and p(u) = t + xM (t) is the phase shift/ray-tracing function induced
upon reflection off the receding mirror. From Equation (18), one sees that for a given
trajectory xM , the spectrum would be different depending on the reflectivity.

A simple model that mimics the formation and evaporation of a Schwarzschild black
hole is the collapse of a spherical null shell. In this scenario, the relevant ray-tracing
function is

u = p(u)− 1
κ

ln[κ(vH − p(u))], (19)
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where κ > 0 is the black hole’s surface gravity, and vH is the past event horizon, which is
conventionally set to zero. For field modes propagating in the vicinity of vH (late time),
u ≈ −κ−1 ln[−κp(u)], and ω′ � ω (extreme gravitational/Doppler redshift), one obtains

|βωω′ |2 ≈ 1
2πκω′

1
eω/TH − 1

, (20)

for a perfectly reflecting point mirror, and

|βωω′ |2 ≈ μ2

8πκωω′2
1

eω/TH + 1
, (21)

for a semi-transparent point mirror, where TH = κ/(2π) is the analog Hawking temper-
ature. In general, the accelerating mirror radiates along the entire worldline, but only
those radiated in the late time are relevant to the analog Hawking radiation. In particular,
the spectrum Equation (20) for a perfectly reflecting point mirror is in exact accordance
with the Hawking radiation emitted by a Schwarzschild black hole. Although a semi-
transparent point mirror possesses a different spectrum due to the time-dependent and
frequency-dependent reflectivity, it nevertheless has the same temperature as that of a
perfectly reflecting point mirror.

As previously mentioned, practical considerations in the laboratory force us to work
in (1+3)-dimensional spacetime and a mirror with some kind of longitudinal/transverse
distribution. In the case of a semi-transparent mirror, it is possible to find the corresponding
analytic spectrum through a perturbative approach. The result is

dN
d3k

=
∫

d3 p
∣∣βkp

∣∣2, (22)

where [56]

βkp ≈ 〈k, p; out|0; in〉
〈0; out|0; in〉

≈ F(k, p)× −iμ
16π3√ωkωp

×
∫

dt γ−1(t)ei(ωk+ωp)t−i(kx−px)xM (t),

(23)

where ωp/ωk is the incident/emitted plane wave mode frequency, respectively, and

F(k, p) =
∫

d2x⊥H(x⊥)e−i(k⊥+p⊥)·x⊥

×
∫

dζ f (ζ)e−i(kx−px)ζ , ζ = x − xM (t),
(24)

is the form factor due to the mirror’s longitudinal and transverse geometry, which is
independent of the mirror’s motion and reflectivity.

According to particle-in-cell (PIC) simulations [50], a mirror of square-root-Lorentzian
density distribution and a finite transverse area can generate a good-quality mirror. Thus,
we shall consider the case:

V(x) =
γ−1(t)[Θ(y + L/2)− Θ(y − L/2)]√

(x − xM (t))2 + W2

× [Θ(z + L/2)− Θ(z − L/2)],

(25)

where W is the half-width at half maximum of the square-root-Lorentzian distribution and
L × L is the transverse area. In addition, according to the plasma density profile designed
in Reference [26], the mirror follows the trajectory:
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t(xM ) =

⎧⎨
⎩
− xM

v , v → 1, 0 ≤ xM < ∞,

−xM + 3π
2ωp0(1+b)

[
1+b

1+bexM /D − 1
]
, else,

(26)

where {ωp0, b, D} are positive plasma mirror parameters and time t is written as a function
of the trajectory xM . This trajectory is designed such that it approximates the black hole-
relevant trajectory: u ≈ −κ−1 ln[−κp(u)] either (i) at the late-time (t → ∞) for any value
of b, or (ii) in a near-uniform plasma background (b � 1) during the entire accelerating
phase. In either case, the spectrum relevant for the analog Hawking radiation is

dN
dωkdΩ

≈ μ2

8πκ

ωk

eωk/Teff(θk) + 1

∫
dpx

FL(k⊥, P⊥)FW(kx, px)

p2
x

, (27)

where Teff(θk) = κ/[(1 + cos θk)π] is the effective temperature, κ = 1/(2D), and FL/W are
complicated form factors due to the mirror’s transverse/longitudinal distributions given
in Reference [56]. Notice that the form factor FL leads to diffraction, whereas FW may
enhance the production rate.

Using the PIC simulation parameter values: μ = 0.096 eV, κ = 0.2 eV (D = 0.5 μm),
ωp0 = 0.006 eV, W = 0.0074 eV−1 (1.5 nm), L = 254 eV−1 (50 μm), and b = 1, the resulting
analog Hawking temperature is Teff ∼ 0.031 eV (369 K) in the far infrared regime and the
number of produced analog Hawking particles per laser crossing is

N ≈
∫ κ

0
dωk

∫
dΩ

dN
dωkdΩ

= (0.27 + 0.02),

where 0.27 and 0.02 correspond to the red and the blue areas in Figure 6, respectively.
Assuming a petawatt-class laser, such as that in the Apollon Laser Facility in Saclay,

France, which can provide 1 laser shot per minute and 8 h of operation time per day,
a 20-day experiment with a 100% detector efficiency would give the total yield of events as

Ndetect = (1 × 60 × 8 × 20)× 1 × N ≈ 3000. (28)

It should be reminded that this value is highly idealized. Fluctuations of the physical
parameters, especially that of the characteristic length of the density gradient, D, which we
have not yet measured, would impact the expected Hawking photon yield.

Figure 6. Frequency spectrum of analog Hawking particles [56]. The area shaded in red gives a total
number of 0.27 while that shaded in blue gives 0.02.

7. Supersonic Gas Jet

As estimated in Reference [25], the gradient of the electron number density required
for the experiment is ∼1020/cm3/cm, which is attainable with a supersonic gas jet. There
are several methods proposed in the literature, such as a shock wave generated induced
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by a laser that propagates perpendicular to the gas jet [57,58], and a supersonic gas flow
impinged by a thin blade [59,60]. The estimated gradients of the electron number densi-
ties reached by different groups in [57,59,60] are summarized in Table 1. It is clear that,
in principle, both methods can provide gradients that satisfy our requirement. As our first
attempt, we chose the latter method for its simplicity.

Table 1. The maximum gradients of the electron number densities obtained from different groups.
Our target value is also shown.

Method Laser-Induced Shock Wave Blade-Induced Shock Wave Our Target Value

Groups Kagonovich et al. (2014) [57] Schmid et al. (2010) [59] Fang-Chiang et al. (2020) [60]

( ∂ne
∂x )max [cm−4] 1022 ∼4 × 1022 ∼1020 2 × 1020

The supersonic gas jet can be realized by passing high-pressure gas through the de
Laval nozzle, which is also known as the converging-diverging nozzle. The gas flow will
reach sonic speed at the throat of the nozzle and then be accelerated in the diverging section
to reach supersonic speed. Based on the design of the nozzle in [61], we produce our own
nozzle to generate supersonic gas flow. Figure 7 shows the inner geometry and the image
of the nozzle we built. The nozzle is connected to the tank of an air compressor that can
provide air with pressure up to 8 atm. An electrically controlled valve is placed between
the nozzle and the tank to control the flow.

Figure 7. (left) Sketch of the nozzle used in our work. (right) The photo of our nozzle.

There are several techniques to quantitatively characterize the density of a supersonic
gas jet, including interferometry and shadowgraphy [62–65], tomography [62,66,67], planar
laser-induced fluorescence (PLIF) [60,68,69], Schlieren optics [70,71] (more references can
be found in [71]). As the first step, we built a Schlieren imaging system in the lab for the
jet characterization. Our Schlieren optics is equipped with a rainbow filter, which allows
for the visualization of the gas jet as well as quantitative analysis of its refractive index.
Figure 8 demonstrates the schematic diagram of our system.

Figure 8. Schematic diagram of our Schlieren optics.
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The principle behind the Schlieren optics is that the variation of the refractive index
would diffract light. A rainbow filter that intercepts the diffracted light then provides
information that would quantitatively determine the diffraction angle according to the
color codes. The imaging system is calibrated with a plano-convex lens, whose refractive
index is known. In this way, the map of the refractive index gradient, which is directly
related to the gas density gradient, can be obtained.

Figure 9 shows the image using our Schlieren optics. The figure shows the supersonic
jet produced by the nozzle. The so-called “shock diamonds” are clearly demonstrated,
which is an indicator of the jet propagating with supersonic speed in the atmosphere.

Figure 9. The obtained image with our Schlieren imaging system. Supersonic jet with shock diamonds
are shown.

The design of the nozzle is verified by comparing the shock diamond structure from
the data with the computational fluid dynamic (CFD) simulation result. The 3D fluid
simulation was performed with OpenFOAM code. In the simulation, a compressible
Navier–Stokes flow solver, rhoCentralFoam [72], is used to study the behavior of the
supersonic jet.

With the conventional Abel inversion technique, the gradient of the refractive index
was reconstructed and compared with the simulation result in Figure 10. Line profiles
at different horizontal positions, y, relative to the axial center of the gas jet are shown
in Figure 11. We found the positions of several peaks in the data agree reasonably with
simulation results. This implies the behavior of our self-made supersonic nozzle is as
expected and our Schlieren optics can characterize the profile of the supersonic jet. Further
improvement is ongoing to obtain results with higher accuracy.

Figure 10. Two-dimensional map of the gradient of the refractive index, ∂n/∂y, based on the (a)
simulated result and (b) reconstructed data. Here, y and z are the horizontal and vertical coordi-
nates, respectively.
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Figure 11. The line profile of ∂n/∂y as a function of the vertical position z. The data successfully
captured the positions of the first few shock diamonds.

8. Superconducting Nanowire Single-Photon Hawking Detector

Observing the Hawking photons is the main goal and one of the major challenges of
the planned AnaBHEL experiment. There is probably no single technology that satisfies all
requirements. The detector must be a single photon detector, with efficiency close to 100%.
The desired Hawking photon sensitivity wavelength range should be from 10 μm to 100 μm.
A second detector design is required for the forward-moving partner photon with sensitivity
at the UV (1–100 nm). The low expected signal yield and the potentially large asynchronous
thermal and plasma-induced backgrounds set stringent detector timing requirements (to
picosecond level or better). Since within the data acquisition timing window accidental
coincidences may still be present, single photon pair polarization measurement will be
required in order to unambiguously tag the pair as Hawking and partner photons. In
addition to the above requirements, the detector should have a very fast recovery to avoid
photon pile-up, a very low dark current rate (DCR), and the ability to cover relatively
large areas.

Superconducting nanowire single-photon detectors (SNSPDs) satisfy most of the above
requirements [73]. Thin superconducting films (∼10 nm) from materials such as NbN and
WSi are sputtered on substrates. Subsequently, electron nanolithography is used to etch
narrow wire structures (50–100 nm wide). The detector operates at a temperature below the
Curie temperature TC at an appropriate bias current that maximizes efficiency. Additional
cavity structures are needed in order to bring the efficiency close to 100%.

The intrinsic time jitter of SNSPDs is ∼1 ps. Recently, time jitters using short straight
nanowires and are found to be <3 ps for NbN [74] and 4.8 ps for WSi wires [75]. Thanks to
their short reset time, these devices exhibit very high count rates at the level of hundreds of
MHz. Although the expected Hawking photon yield is low, such a fast recovery detector
reduces dramatically the probability of photon pileup (multiple counts in the same time
window). The dark count rate (DCR) is extremely low at the level of one count for a period
of hours, depending on the operating temperature and the bias current.

Typical SNSPD designs relevant to AnaBHEL are based on a superconducting nanowire
patterned from a thin film of thickness between 5 and 10 nm. The most common nanowire
design follows a meandering structure geometry. However, in our case, we need to consider
specific structures that have sensitivity to polarization. SNSPDs are DC-biased with opera-
tion currents close to their critical currents so that efficiency is maximized. As discussed
in [73], the detection process is divided into the following steps: (I) Photon absorption;
(II) Creation of quasiparticles and phonons combined with their diffusion; (III) Emergence
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of a non-superconducting nanowire segment; (IV) Redirection of the bias current in readout
circuitry, leading to a voltage pulse; and (V) detector recovery.

During step (II), the impinging near-IR photon photo-excites an electron (the relaxation
of which leads to the formation of a cloud of quasiparticles and phonons). An instability
of the superconducting state emerges due to the quasiparticle cloud, which results in the
reduction of the effective critical current density and a part of the nanowire experiences a
transition to the non-superconducting state (III). The occurrence of a normal-conducting
hot spot in the nanowire can lead to the detection of the photon event as the current
flowing through the bias resistor (bias current) is re-directed. Due to internal Joule heating,
the resistive domain of the nanowire keeps growing, which leads to increased resistance
at the level of kΩ. This significant non-zero resistivity causes the redirection of the bias
current from the nanowire to the readout electronics (IV). Finally, the resistive domain is
cooled down and the superconductivity is restored, bringing the nanowire back to its initial
state (V).

Specific requirements of the AnaBHEL experiment photon sensors are summarized in
Table 2 (first row). Realistic operational parameters and performance for typical SNSPD
materials are also presented.

Table 2. SNSPD superconducting material properties and performance for specific designs summa-
rized in [73]. Operating prototype WSi sensors for wavelengths close to 10 μm have been reported
in [76].

Material Curie T (K) Operating T (K) Wavelength (μm) Efficiency [%] t-Jitter (ps)

Requirements <10 1–4 >10 (for UV: 1–100 ns) >95 <10

NbN 10 0.8–2.1 1.55 92–98.2 40–106
NbTiN 14 2.5–2.8 1.55 92–99.5 14.8–34
WSi 3 0.12–2 1.55 93–98 150
MoSi <3 0.8–1.2 1.55 80–87 26–76
MoSi (UV) 5 <4 0.250 85 60

In most applications, SNSPDs are coupled to fibers with a typical operation wave-
length at the telecom window (1550 nm). AnaBHEL is an open-air experiment with a
tight requirement of operation at mid to far infrared (λ > 10 μm) regime. As reported
in [76,77], significant progress has been made for open-air longer wavelength operating
SNSPDs. To achieve sensitivity for wavelengths longer than 10 μm, materials of lower
Curie temperatures must be used. WSi is an example of such material. However, further
R&D on other materials is needed.

In addition to efficiency, successful detection of the Hawking and partner photons
in AnaBHEL requires good detector acceptance in both the forward and backward parts
of the experimental apparatus. A single-pixel SNSPD covers a very small active area of
the order of 10 × 10 μm2. To maximize photon acceptance, a 1 × 1 mm2 pixel array would
be preferred. This kilopixel array has already been produced [78] and used in exoplanet
transit spectroscopy in the mid-infrared regime.

Hawking Photon Sensor Fabrication and Characterization

In 2021, a R&D program was initiated in Taiwan to develop photon sensors for Hawk-
ing photon detection. Academia Sinica, NTU, and NCU groups are currently sharing
equipment and laboratories for the fabrication and testing of prototype SNSPDs, the pre-
ferred technology for Hawking-photon sensors.

We have been producing NbN films of 10 nm thickness using the Academia Sinica
magnetron sputtering machine shown in Figure 12 (Kao Duen Technology, Model: KD-
UHV, N-11L17). The films grown on two different substrates, MgO and distributes Bragg
reflector (DBR), were used. The films were sputtered at UHV pressure of 10−9 Torr. Sample
NbN films on a sample holder are shown in Figure 13.
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Figure 12. Sputtering machine for film production (Kao Duen Technology, Model: KD-UHV,
N-11L17).

Figure 13. NbN films on a sample holder as they come out from the sputtering machine. The blue
sample pieces are 10 nm-thick NbN on the DBR substrate. The gray sample piece shown in the
middle is 10 nm-thick NbN grown on the MgO substrate. The difference in color is due to the fine
NbN layer thickness.

The superconducting transition properties of the NbN films have been determined
using magnetic susceptibility measurements with a SQUID, as well as electric resistivity
measurements. In the left side of Figure 14, the MPMS3 SQUID magnetometer is used
to measure the magnetic susceptibility of the NbN samples grown on MgO. On the right
side of the same figure, the superconducting transition is shown as the material becomes
diamagnetic. A 4 mm × 4 mm NbN sample was placed in the SQUID and its magnetic
susceptibility was measured in the temperature range of 2–20K in steps as small as 0.1K
per step as it approached the Curie temperature TC.
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Figure 14. MPMS3 SQUID magnetometer.

Electric resistivity measurements were performed with the Triton 500 cryogenics
system set up by the NTU-CCMS group, shown in Figure 15 (left). A superconducting
transition measurement for a NbN film sample is shown in Figure 15 (right). Samples of
3 × 3 mm2 sizes were prepared and glued on a sample holder with CMR-direct GE varnish.
The sample was wire-bonded to readout pads on the sample holder using aluminum
wires. The holder carried 20 readout pads, allowing us to perform more than the minimum
requirement of 4 bonds. In this way, we ensured that we still had connectivity in case some
bonds broke in very low operating temperatures. The resistivity was first measured at
room temperature to check for possible oxidation or defects in the film growth process,
and to test the connectivity of the wire bonds.

Figure 15. Triton 500 Cryogenics setup by the NTU-CCMS group (left). Resistance versus temperature
measurement of a NbN film sample grown on MgO substrate (right).

After the successful characterization of the NbN-sample superconducting properties,
we proceed with the production of prototype nanowire sensors. The performance require-
ments for the Hawking photon sensors necessitate the use of the electron beam lithography
(EBL) for the etching of nanowires from the NbN films. Currently, nanowire prototypes
of different widths and lengths are under design. The baseline design using an autoCAD
drawing of a 20 × 20 μm2 sensing area, with a nanowire with a width of 100 nm and a
pitch of 100 nm, is shown in Figure 16 and the zoom-in is shown in Figure 17.
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Figure 16. Baseline SNSPD sensor prototype autoCAD drawing.

Figure 17. Nanowire prototype fabricated by the AnaBHEL Collaboration, shown here through the
autoCAD zoom-in.

The SNSPD sensor prototypes are produced by the EBL, ELS-7000 ELIONIX, machine
located in the Academia Sinica laboratories, as shown in Figure 18 (Left). Mean while,
our AnaBHEL Collaboration has purchased a Junsun Tech MGS-500 sputtering machine
installed at the NEMS center of NTU Figure 18 (Right), which will be fully utilized.

Figure 18. Electron beam lithography machine located in (Left) Academic Sinica laboratories (EBL,
ELS-7000 ELIONIX); and (Right) Junsun Tech MGS-500 sputtering machine installed at the NEMS
center of NTU.

In order to maximize the single photon detection efficiency, various structures such as
cavities or Bragg reflectors can be utilized. As part of the ongoing R&D, distributed Bragg
reflectors (DBR) have been grown in the NTU MEMS facility. The measured reflectivity of
a DBR for a sensor sensitive at 1550 nm is shown in Figure 19. The good agreement with
a finite-difference time-domain method (FDTD) simulation of the structure, gives us the
confidence to proceed with new cavity designs optimal for longer wavelengths.
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Figure 19. Reflectivity of a distributed Bragg reflector structure used to enhance the efficiency of
sensors sensitive at 1550 nm. Data are shown in black and the FDTD simulation is in red.

We are currently in the process of setting up a system test bench to characterize
the Hawking sensors, using single photons at the infrared. The setup includes a SPAD
commercial sensor for single photon calibration shown in Figure 20. We plan to first verify
the sensor operation at 1550 nm where most commercially available SNSPDs operate, as
shown in Figure 21. Finally, the sensors will be tested at longer wavelengths relevant to the
AnaBHEL experiment shown in Figure 22.

Figure 20. Single-photon calibration setup using SPAD.

Figure 21. Test-bench setup for testing sensors at 1550 nm using fibers connected to sensors.
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Figure 22. Test-bench setup for testing sensors in open-air transmission by bringing the lasers in the
cryostat. In the actual AnaBHEL experiment, the entire experimental chamber would be embedded
in a cryogenic system with a high vacuum.

9. Experimental Backgrounds

The propagation of the high-intensity laser through a plasma target would necessarily
induce background photons that would compete against the rare Hawking signals. The
plasma electrons perturbed by the propagating laser would execute non-trivial motions and
can therefore emit photons. In addition, they can interact with the electromagnetic fields
induced by the laser and charged particles, and also with the plasma ions through scatterings.

The radiations induced from interactions between the electrons and the background
ions can be categorized into Thomson/Compton scattering and Bremsstrahlung. These
processes have long been well studied and the radiation so induced can be estimated when
the electron trajectories are given.

There is also the possibility of radiation caused by electron acceleration. The analytic
solution for plasma accelerating in the blowout regime of plasma wakefield excitations
has been studied by Stupakov [79], where it was shown that there are not only accelerated
plasma inside the bubble but also charged particles that oscillate along the boundary of
the plasma bubble. The work [79] was for the case of the plasma wakefield accelerator
(PWFA) [45], but the method can also be applied to a laser wakefield accelerator (LWFA) [44],
which is the basis of our flying plasma mirror. Thus we also expect to have the same type
of electron motions that are oscillating around the plasma bubble. These electrons in the
plasma wakefields perform a figure-8 motion in the plasma, and they can emit low-energy
photons through synchrotron radiation. These photons are propagating in the direction
parallel to the laser, which could affect the observation of the partner photons downstream.
Therefore, we should study these electrons carefully.

In the following, we categorize the trajectories of the plasma electrons obtained from
simulations by using a machine learning-based technique. We classify the electrons into
several categories, according to their characteristic motions. After this classification, we are
able to identify the leading radiation processes for the electrons and evaluate the radiation
spectrum. We use SMILEI [80] for particle-in-cell (PIC) simulations and python and the
scikit-learn library [81] for the clustering analysis.

9.1. Simulation Setup

The PIC simulations are in 2D and we refer to the coordinate as x and y. The sim-
ulation box size is 250 μm× 150 μm, i.e., 0 ≤ x ≤ 250 μm, −75 μm ≤ y ≤ 75 μm, with
4000 × 400 grids. A Gaussian laser with 800nm wavelength and a0 = 5.0 is applied at the
boundary of x = 0 (left end of the simulation) and travels in the x-positive direction. We
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place helium gas in the simulation box that can be ionized by the impinging laser. The
helium density ρHe is given by

ρHe =

{
n0
2 (1 + e−(x−�0)/2))2, x ≥ �0,

2n0, else,
(29)

where n0 = 1 mol/m3 and �0 = 10 μm. We do the simulation for 265 time steps, where
each step is 3.82 femtoseconds in real-time.

9.2. Categorization of Electron Motions

Following the categorization technique introduced in [82], we identify electron trajec-
tories that would induce photons that dominate the background signals. The trajectory
categorization introduced in [82] is essentially clustering in momentum space using k-mean
clustering method.

Let us denote the i-th particle’s trajectory by pi(t) = (xi(t), yi(t)), where xi(t) and
yi(t) are the x, y coordinate of the i-th particle at time t, respectively. The total time steps
of the simulation are denoted as T. (In this case, T = 265). If we have N particles to track,
then our data set S will be S = {pi|i ∈ 1 . . . N}. Let us denote the Fourier coefficient of
xi(t) and yi(t) as x̃i(k) and ỹi(k), respectively. The categorization will be done with the
following steps.

1. Restrict the tracked particle data to those that have been simulated for more than
380 femtoseconds.

2. Prepare a data set,

S̃ = {(x̃i(k1), x̃i(k2), . . . , x̃i(kT), ỹi(k1), . . . , ỹi(kT),

ȳi, p̄ix, p̄iy, amax
y , amin

y ), i ∈ 1, . . . , N},
(30)

where p̄ix and p̄iy are the mean of momentum of the i-th particle in x and y direction,
respectively, ȳi is the mean of the y-coordinate of the i-th particle, amax

y and amin
y

are the maximum and minimum of the acceleration in the y-direction, and kt is the
corresponding frequency of the t-th Fourier coefficient.

3. Calculate k principal component values (PCVs) from the data set. This reduces
the space of clustering from 2T + 5-dimensional vector space to k dimensional vec-
tor space.

4. Perform k-mean clustering in the k-dimensional space, for a given number of clus-
ters K.

Our choice of data set at step 2 is different from the one used in [82], where we have
additional value ȳi and the information of its acceleration in the y-direction. We added these
since the longitudinal behavior is quite important for the experimental purpose, and indeed,
by adding these we were able to separate the modes into more reasonable categories.

9.3. Classification Results

We have used k = 30, K = 12 in the following, i.e., we classify the particles into
12 sets by using 30 PCs. Although we have classified them into 12 categories, since we have
included the mean value of y coordinate, ȳi, into the data, we obtain pairs of categories that
are almost symmetric along y = 0. In the following, we classify those two into the same
category, since their physical processes are the same.

9.3.1. Wakefield Accelerated Electrons

The first kind is the electrons accelerated with the LWFA process. They are accelerated
in the forward direction, to a highly relativistic regime β ∼ 1. These are shown in Figure 23.
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Figure 23. Electrons accelerated by the laser wakefield acceleration (LWFA) mechanism. The top
figure is the electron density distribution shown by different colors The bottom left figure is the
velocity distribution in β = v/c, where v is the velocity of the electron and c is the speed of light.
bottom right of the figure shows the acceleration of the electron on the y-axis.

These electrons can radiate photons by interacting with the nuclei, i.e., through Thom-
son/Compton scattering or as Bremsstrahlung.

9.3.2. Snowplowed Electrons

Snowplowed electrons are the ones that are pushed forward by the laser’s pondero-
motive potential and are clustered at the front of the laser pulse.

Figure 24 is a snapshot of the snowplowed electrons.

Figure 24. Snowplowed electrons. The top figure is the electron density distribution shown by color.
The bottom left figure is the velocity distribution in β = v/c, where v is the velocity of the electron
and c is the speed of light. The bottom right of the figure shows the acceleration of the electron on the
y-axis.
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9.3.3. Backward Scattered Electrons

These electrons typically have β ∼ 0.7 and are shown in Figure 25.

Figure 25. Backward accelerated electrons. The top figure is the electron density distribution shown
by color. The bottom left figure is the velocity distribution in β = v/c, where v is the velocity of the
electron and c is the speed of light. bottom right of the figure shows the acceleration of the electron
on the y-axis.

They might contribute to the background radiation via Thomson/Compton scattering
or Bremsstrahlung.

9.3.4. Slide-Away Electrons

There are certain fractions of plasma electrons that are pushed by the transverse
plasma wakefields and propagate in the transverse direction. In practice, they would not
affect the experiment since they are not moving toward the sensor, however, one would
have to consider their hitting and reflection from the gas nozzle, which would induce
background photon events.

Figure 26 is a snapshot of slide-away electrons. As pointed out previously, slide-away
electrons slide toward the positive y direction, and are classified into a different category
through the process.
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Figure 26. Slide-away electrons. The top figure is the electron density distribution shown by color.
The bottom left figure is the velocity distribution in β = v/c, where v is the velocity of the electron and
c is the speed of light. bottom right of the figure shows the acceleration of the electron on the y-axis.

9.3.5. Transverse Oscillating Electrons

The last ones are the oscillating electrons. These are the electrons that are attracted by
the Coulomb force of the plasma ion bubble and they oscillate around the laser trajectory in
the traverse direction. Figure 27 shows the density distribution, velocity, and acceleration
in the y-direction of these electrons.

Figure 27. Oscillating electrons. The top figure is the electron density distribution shown by color. The
bottom left figure is the velocity distribution in β = v/c, where v is the velocity of the electron and c is
the speed of light. bottom right of the figure shows the acceleration of the electrons in the y-axis.

This distribution has a tail that extends into the non-relativistic region. We expect that
they would emit photons through synchrotron radiation, which can affect the identification
of the Hawking photon signals.
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9.3.6. Low-Frequency Soliton Radiations

We note that laser–plasma interaction also induces additional low-frequency back-
ground photons emitted by collective effects such as solitons, which are not included
in the above discussion. Such near-plasma-frequency radiation was first pointed out by
Bulanov [83] and has been recorded experimentally [35]. The radiation released by the
solitons propagates essentially in the forward direction, where the seek-after partner photon
signals are expected to be in the EUV range. Thus such soliton-induced radiation signals
may not render competing backgrounds to our experiment. Nevertheless, we will further
investigate this collective soliton effect to determine whether some of such radiation might
be reflected backward so as to confuse the Hawking photons, whose wavelengths are
indeed close.

Our next step is to estimate the radiation with the corresponding process according to
these categories, and compare the result with the radiation spectrum generated by the PIC
simulation code and assess their impacts on the AnaBHEL experiment.

10. Strategy of AnaBHEL

We execute the AnaBHEL project based on the following strategy.
Stage-1

R&D of the key components, namely the superconducting nanowire single-photon
Hawking detector and the supersonic gas jet with the designed density profile, are mainly
carried out at the Leung Center for Cosmology and Particle Astrophysics (LeCosPA),
National Taiwan University. These are going well, as reported in the previous sections.
Stage-2

Dynamics of the laser-induced plasma mirror trajectory and its correspondence with
the plasma density profile. The first attempt was scheduled at Kansai Photon Science
Institute (KPSI) in Kyoto, Japan, using its PW laser facility, in the summer of 2022. We expect
that the iterative interplay between the gas jet design and the laser–plasma interaction data
acquisition is indispensable.
Stage-3

The full-scale analog black hole experiment used to detect Hawking and partner
photons will be pursued when the Hawking detector is fully developed and the plasma
mirror trajectory is characterized. It is our desire that the Stage-3 experiment be carried out
at the Apollon Laser Facility in Saclay, France.

11. Conclusions

The information loss paradox associated with the black hole Hawking evaporation is
arguably one of the most challenging issues in fundamental physics because it touches on
a potential conflict between the two pillars of modern physics, i.e., general relativity and
quantum field theory. Unfortunately, typical astrophysical stellar-size black holes are too
cold and too young to be able to shed light on this paradox. Laboratory investigation of
analog black holes may help to shed some light on this critical issue.

There have been various proposals for analog black holes. Different from the approach
of invoking fluids (ordinary and superfluid via the Bose–Einstein condensate) that tries to
mimic the curved spacetime related to the black hole environment, our approach attempts to
create an accelerating boundary condition to a flat spacetime while relying on its nontrivial
interplay with the quantum vacuum fluctuations. We believe that these different approaches
have their respective pros and cons, and are complementary to each other. Together, a more
complete picture of black hole evaporation would hopefully emerge.

Since its launch in 2018, the AnaBHEL collaboration has shown progress (although,
there was the COVID-19 pandemic). Although the R&D is not yet complete, we are
confident that the end is in sight.
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