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Executive Summary

This Multi-Petawatt Physics Prioritization (MP3) Workshop Report captures the outcomes from a
community-initiated workshop held April 20-22, 2022 at Sorbonne Université in Paris, France. The
MP3 workshop aimed at developing science questions to guide research and future experiments in
four areas identified by corresponding MP3 working groups:

• high-field physics and quantum electrodynamics (HFP/QED),

• laboratory astrophysics and planetary physics (LAPP),

• laser-driven nuclear physics (LDNP), and

• particle acceleration and advanced light sources (PAALS).

The PAALS working group focused on the unique laser-driven particle and photon sources that
will enable the science questions (SQs) identified by other working groups.

A year-long series of virtual working group and all-hands meetings reviewed concepts, developed
science themes, and evolved SQs derived from 97 white papers solicited from 265 registered MP3
community members. The combined in-person and Zoom participation for the MP3 workshop to-
taled 154 people. Participants enjoyed seeing long-time colleagues and meeting new ones in person
after a long hiatus imposed by the COVID-19 pandemic.

Science Theme 1: Highest-energy phenomena in the universe – High-power laser facilities now
enable unprecedented focused intensities and field strengths in the laboratory. Experiments using
multi-petawatt laser pulses promise access to extraordinary field strengths exceeding the thresh-
old where quantum-electrodynamics (QED) effects play an important role in the dynamics of the
system.

• SQ1A – How might multi-petawatt lasers reveal the physical mechanisms that produce the
most energetic particles and brightest events in the universe?

• SQ1B – How does light transform into “plasma fireball” composed of matter, antimatter and
photons?
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Science Theme 2: The origin and nature of space-time and matter in the universe – Current and
future facilities can create matter and radiation at extreme conditions so that on a tiny scale one
may replicate a huge variety of environments known to exist in the visible universe. Some exper-
iments do not produce results predicted from first-principles calculations showing the importance
of testing theoretical predictions. Multi-petawatt lasers can generate these conditions of ultra-high
temperature, pressure, and acceleration, as well as new diagnostic probes to interrogate them.

• SQ2A – How do complex material properties and quantum phenomena emerge at atomic
pressures and temperatures relevant to planetary cores?

• SQ2B – How can multi-petawatt lasers study black hole thermodynamics through the link
between gravity and acceleration?

• SQ2C – How does the electromagnetic interaction behave under extreme conditions?

Science Theme 3: Nuclear astrophysics and the age/course of the universe – Nuclear physics
using intense lasers can open new frontiers in scientific research. Laser-driven sources of energetic
particles, such as protons and neutrons, and photons can induce nuclear reactions, probe nuclear
physics, and enable practical applications.

• SQ3A – What can be learned about heavy-element formation using laser-driven nucleosyn-
thesis in plasma conditions far-from-equilibrium?

• SQ3B – How can high-flux gamma sources generated from multi-PW lasers be used to explore
hadronic physics (low-energy QCD)?

High-energy particle and radiation sources based on multi-petawatt lasers with unique capabilities
for addressing the science questions posed in this report constitutes a core area of research, as well
as enabling new applications based on these sources.

Chapters 2, 3, and 4 address the MP3 science themes and each of the SQs using a common
approach: (1) road mapping science goals and flagship experiments for each SQ using and building
on existing capabilities; and (2) identifying any missing critical needs, like diagnostics, theory,
computation. Chapter 5 outlines underlying research to produce needed high-energy particle and
photon sources, while Chapter 6 summarizes collaborative frameworks and joint strategies to realize
needs for meeting roadmap goals, and Chapter 7 presents a vision for next-generation facility
capabilities.
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1 Introduction to the Multi-Petawatt Physics Prioritization (MP3)
Workshop

Multi-petawatt laser systems can produce light pressures in the exa-Pascal regime, copious amounts
of photons and extremely bright beams of energetic particles up to multi GeV energies including X-
rays, electrons, ions, neutrons, or antimatter. These novel capabilities enabled by multi-PW lasers,
described in a series of recent reports shown below, open new frontiers in research and development,
such as high-field physics and nonlinear quantum electrodynamics (QED), laboratory astrophysics,
and laser-driven nuclear physics.

1.1 MP3 Workshop Charge, Organization and Process

The top-level charge of the Multi-Petawatt Physics Prioritization (MP3) workshop, sponsored
by the National Science Foundation, includes:

• defining key science goals and flagship experiments;

• identifying joint strategies for developing diagnostics; and

• discussing a vision for the optimal next-generation facility.

The MP3 workshop process employed an atypical approach adapted to the circumstances of the
COVID-19 pandemic. It used virtual networking tools to engage a broad range of global experts
to prepare for the in-person workshop. The chairs first established the MP3 process and tools, and
then recruited and engaged working group (WG) leaders in January to March 2021. The process
organized around four topics:

High-Field Physics and Quantum Electro-Dynamics (HFP/QED)
Alexey Arefiev (UCSD)
Tom Blackburn (U. Gothenburg)
Stepan Bulanov (LBNL)
Dmitri Uzdensky (CU Boulder)

Laboratory Astro/Planetary Physics (LAPP)
Gianluca Gregori (Oxford)
Hye-Sook Park (LLNL)
Eva Zurek (U. Buffalo)

Particle Acceleration and Advanced Light Sources (PAALS)
Sudeep Banerjee (ASU)
Gennady Shvets (Cornell Univ.)
Scott Wilks (LLNL)

Laser-Driven Nuclear Physics (LDNP)
Calvin Howell (Duke Univ.)
Markus Roth (TU Darmstadt)
Kazuo Tanaka (ELI-NP)
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The chairs solicited white papers addressing the WG topics and invited participants to join one
or more WGs that aligned with their interests by signing up for the MP3 mailing list. The MP3
mailing list includes 265 individuals self-identifying in the HFP/QED (118), LAPP (91), PAALS
(132), and LDNP (71) working groups. The MP3 mailing list includes participants from Europe
(135), North America (110), and Asia (22). White paper submissions totaled 97 that aligned with
the HFP/QED (51), LAPP (27), PAALS (42), and LDNP (13) working groups.

WG leaders led a series of April to June 2021 virtual WG meetings where participants discussed
the white papers and identified preliminary science questions that were summarized at a “working
group cross-check meeting” in June 2021. Chairs and WG leaders refined these science questions
during a summer break in the process and presented distilled questions into three science themes
that were presented at an “MP3 all-hands” meeting in early November 2021 and further refined.

1. Highest-energy phenomena in the universe

• How might multi-petawatt lasers reveal the physical mechanisms that produce the most
energetic particles and brightest events in the universe?

• How does light transform into a “plasma fireball” composed of matter, antimatter, and
photons?

2. The origin and nature of space-time and matter in the universe

• How do complex material properties and quantum phenomena emerge at atomic pres-
sures and temperatures relevant to planetary cores?

• How can multi-petawatt lasers study black hole thermodynamics through the link be-
tween gravity and acceleration?

• How does the electromagnetic interaction behave under extreme conditions?

3. Nuclear astrophysics to understand the age of the universe

• What can be learned about heavy-element formation using laser-driven nucleosynthesis
in plasma conditions far-from-equilibrium?

• How can high-flux gamma sources generated from multi-PW lasers be used to explore
Hadronic Physics (Low Energy QCD)?

COVID-19 pandemic surges led to postponement of the three-day, in-person workshop until
April 20-22, 2022. Additional working group meetings prepared material for consideration at the
workshop, including summaries of the working group findings and a draft workshop report.

The first day of the MP3 workshop started with a plenary session to kick off the workshop
with opening remarks by the chairs. It included plenary sessions to report the WG findings and
draft recommendations by WG leaders for all three science themes after an opening keynote talk,
as noted in Table 1. The second day started with a plenary session summarizing key points from
Day 1 and charged breakout groups with the goals for parallel, all-day breakout sessions. Each
breakout group reviewed the draft workshop report materials in three areas:

1. roadmap each MP3 science question using and building on existing capabilities, and defining
any new needs;
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2. identify any missing critical needs (diagnostics, theory, computation, etc.); and

3. develop collaborative frameworks to realize them for meeting roadmap goals.

The third day started with a plenary session summarizing key points from Day 2 that was followed
by an open discussion for any long-term needs beyond what can be realized with existing or up-
graded facilities. Workshop chairs and working group leaders met after closing the workshop to

define the process for finalizing the workshop report. Working group leaders updated summary
material and forwarded it the co-chairs for review. Two co-chairs were assigned primary writing
and editing duties for each section. Upon completion, all sections were reviewed by all chairs and
distributed to working group leaders for their feedback. Chairs resolved any concerns that were
identified during this review.

Topic Speaker

Multi-petawatt science and
underlying physics

Keynote:
Prof. Stuart Mangles (Imperial College London)

Highest-energy phenomena
in the universe

Summary:
Prof. Thomas Blackburn, (Univ. Gothenberg, Sweden), &
Prof. Dmitri Uzdensky, (Univ. Colorado, Boulder, USA)

Plenary:
Prof. Mattias Marklund (Univ. Gothenberg, and Secretary
General for Natural and Engineering Sciences, Swedish
Research Council, Sweden)

Probing matter and space
from the microscopic scale to
their emergent (collective)
behavior

Summary:
Prof. Gianluca Gregori, (Oxford University, UK)

Plenary:
Prof. Lúıs Silva (Inst. Superior Técnico, Portugal)

Nuclear astrophysics to
understand the age of the
universe

Summary:
Dr. Klaus Spohr (ELI Nuclear Physics, Romania)

Plenary:
Prof. Norbert Pietralla (TU Darmdstadt and Managing
Director of the Inst. for Nuclear Physics, Germany)

Table 1: Speakers who presented in the MP3 workshop plenary sessions
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1.2 Overview of the global MPW status

Multi-petawatt physics experiments using ultraintense lasers have started emerging now that laser
technology has recently crossed the multi-petawatt threshold. Ref. [1] provides a recent overview of
petawatt- and exawatt-class lasers worldwide and includes Fig. 1 that illustrates the technological
progress leading to this new regime.

Figure 1: Record ultra-short-pulse laser peak powers at since the invention of the laser. [From Ref. [1]]

Numerous petawatt-class lasers have operated around the world (see Fig. 2). The development
of chirped-pulse amplification (CPA) by Strickland and Mourou [3] in 1985 enabled rapid progress
in the ensuing decades. Implementation of optical parametric chirped-pulse amplification (OPCPA)
continued this progress with ever increasing peak powers since it can support broader bandwidth for
shorter pulses, as well as higher pulse energies. The pace of advances slowed as technological limits
arose, most notably due to the large diffraction gratings required to compress highly energetic,
ultrashort laser pulses. Commissioning lasers and experimental systems to full specifications takes
careful and deliberate steps, especially as the facility scale increases.

Table 2 notes multi-petawatt laser facilities that have come online, started construction, or
planned/proposed along with their ultimate MPW peak power and the start or expected year
operating.

Chapters 2-4 of this workshop report present science questions and grand challenges in three
research themes enabled by this new generation of ultra-intense and powerful lasers – high-field
physics and quantum electrodynamics (HFP/QED), laboratory astrophysics and planetary physics
(LAPP), and laser-driven nuclear physics (LDNP). Chapter 5 presents research and development
required to produce particle acceleration and advanced light sources (PAALS) using multi-petawatt
lasers needed for the grand-challenge experiments. Research will exercise the petawatt and the
multi-petawatt laser facilities existing now and those to come.
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Figure 2: The existing, being built, and planned laser facilities in the (pulse energy, pulse duration) plane,
according to Ref. [1] and the data from individual facilities. In order to illustrate the potential reach of
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of beams and colliding them so that the electric field is summed up coherently is shown in the insert.
Reproduced from Gonoskov et al., [2].
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Facility (country) MPW Peak Power Laser Technology Year

Operating (actual start of MPW operations)

CORELS (South Korea) 4.2 PW (83 J/19 fs) Ti:sapphire CPA (0.1 Hz) 2017

SULF (China) 12.9 PW (551J/23 fs) Ti:sapphire CPA (shot/min) 2019

ELI-NP HPLS (Romania) 10.2 PW (230 J/23 fs) Ti:sapphire CPA (shot/min) 2022

Under construction / commissioning (expected full commissioning year)

Apollon (France) 10 PW (180 J/18 fs) Ti:sapphire CPA (shot/mins) 2023

ELI-ALPS HF (Hungary) 2 PW (34 J/17 fs) Ti:sapphire CPA (10 Hz) 2023

NSF ZEUS (USA) 3 PW (75 J/25 fs) Ti:sapphire CPA (shot/min) 2023

ELI-Beamlines L4 (Czechia) 10 PW (1.5 kJ/150 fs) OPCPA-glass (shot/mins) 2023

Planned / Proposed (expected full commissioning year)

SEL (China) 100 PW (1.5 kJ/15 fs) All-OPCPA (shot/mins) ∼2027

EP-OPAL (USA) 2 × 25 PW (500 J/20 fs) All-OPCPA (shot/5 mins) ∼2029

Vulcan 20-20 (UK) 20 PW (400 J/20 fs) All-OPCPA (shot/5 mins) ∼2029

Table 2: Multi-petawatt lasers worldwide.
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2 Science Theme 1: Highest energy phenomena in the universe

2.1 Science Question 1A: How might multi-petawatt lasers reveal the physical
mechanisms that produce the most energetic particles and brightest events
in the universe?

2.1.1 Introduction

Extremely energetic, ultrarelativistic particles pervade the Universe and produce very
high-energy gamma-rays.

Extremely energetic ultrarelativistic particles, often with power-law distributions covering sev-
eral decades in particle energy, pervade the Universe and emit high-energy gamma-rays. Astro-
physical systems producing these particles usually involve relativistic compact objects – neutron
stars (NSs) and black holes (BHs) — and their relativistic plasma outflows, such as pulsar magne-
tospheres and pulsar wind nebulae or spectacular relativistic jets driven by supermassive BHs in
active galactic nuclei (AGN), including blazars; they can also involve dramatic cosmic stellar explo-
sions, like supernovae (SN) and Gamma-Ray-Bursts (GRBs). Perhaps the most notable example
of extremely energetic particles is cosmic rays (CRs) — ultra-relativistic protons with energies up
to 1020 eV. While most CRs with moderate energies . 1015-1016 eV are believed to be produced by
Galactic sources such as SN shocks, the most energetic particles, including, ultra-high-energy CRs
(UHECRs, E & 1018 eV), require extragalactic origin, with AGN jets and GRBs being the most
plausible sources.

In addition to direct detection of CRs on Earth, extremely relativistic charged particles can also
manifest themselves observationally in other ways. For example, accelerated electrons and positrons
can produce very high-energy gamma-ray emission, e.g., the TeV emission observed from SN shocks
or ultra-rapid TeV flares from blazars, or as MeV-GeV emission, also often rapidly flaring, from
many classes of astrophysical NS or BH objects. In addition, multi-PeV CR protons in, e.g., AGN
jets are capable of producing, via various hadronic processes, PeV neutrinos that are detected with
the NSF’s IceCube neutrino observatory. Along with Cosmic Rays (and also gravitational waves),
these neutrinos open up the rapidly developing frontier of Multi-Messenger Astronomy.

How these particles are accelerated in Nature to their extremely high energies has been an
outstanding scientific question in Plasma Astrophysics over many decades, driving copious obser-
vational, theoretical, and computational research. It is generally believed that relativistic particles
are accelerated by nonlinear collective plasma processes; the most important examples are magnetic
reconnection, collisionless shocks, and turbulence, taking place in highly dynamic relativistic plasma
environments around NSs and BHs. These plasma processes are complex: they are nonlinear, often
involve nontrivial kinetic physics requiring full 6D phase-space treatment, and are typically char-
acterized by huge (many orders of magnitude) scale separations between global macroscales and
fundamental kinetic plasma microscales. All these aspects make numerical modeling and developing
theoretical physical understanding of these processes and of their associated particle acceleration a
profound challenge of modern plasma physics.

Laboratory studies of these astrophysically relevant collective plasma processes could in principle
be of great help, as they could provide invaluable fundamental physics insights into the underlying
mechanisms of relativistic particle acceleration and strongly impact astrophysics and fundamental
plasma physics research. Dedicated experimental campaigns, including those employing power-
ful lasers, have started and show great promise, especially in regard to developing the necessary
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experimental platforms and diagnostics with some already starting to yield unique physics insights.
First-principles, kinetic (particle-in-cell, or PIC) numerical simulations and analytical theory

have shown that nonthermal particle acceleration to extremely high relativistic energies becomes
especially effective (resulting in harder power laws, greater high-energy cutoffs) when the underly-
ing collective plasma processes occur in the so-called relativistic regime, in which magnetic energy
density greatly exceeds the rest-mass energy density of the plasma. Most of today’s laser-based ex-
periments studying basic collective plasma processes (such as those using Omega-EP, NIF, Vulcan,
etc.) employ relatively long pulses with only modest intensities making it difficult to achieve rela-
tivistic plasma conditions, which makes them not very well-suited for studies of relativistic plasma
processes.

Experiments using ultra-intense, short-pulse lasers available today already access the relativistic-
electron regime and enable pilot laboratory studies of collective plasma processes in semi-relativistic
plasmas (relativistic electrons but sub-relativistic ions) under the conditions similar to those in ac-
creting BH coronae, although only at the electron scales.

Direct experimental investigation of truly relativistic collective plasma processes initially re-
quires using a relativistic electron-positron pair plasma as its basic platform, since making ions
relativistic in an electron-ion plasma is even more difficult. Creating a relativistic pair plasma in
the lab represents a top priority for High-Energy-Density plasma physics in general and for the next
generation of laser facilities in particular. Both collisionless and optically thin relativistically hot
pair plasma, and a dense, optically thick, collisional photo-leptonic fireball (see SQ 1B) would be
of great interest from the astrophysics point of view.

Just creating a cloud of relativistic electrons and positrons is not enough. In order for such a
platform to be useful for studies of collective plasma phenomena, the relativistic pair plasma needs
to be “macroscopic”, — i.e., have a sufficiently large spatial extent and sufficiently long life time, —
so that it could, in fact, be capable of exhibiting collective behavior. In particular, the plasma size
should exceed the basic plasma kinetic scales such as Debye length, collisionless skin depth, etc.,
preferably by a factor of 10 to 100. Accessing this demanding regime requires not just a very high
(& 1023 W/cm2) laser intensity, but also a large (kJ) overall laser pulse energy that could enable
a sufficiently large transverse spot size (mm) and long duration (ps). Next-generation multi-PW
lasers coming on-line in the next decade can achieve this ambitious goal, as discussed below.

One particularly interesting key aspect of this quest, especially important for studies of high-
energy particle acceleration by astrophysically-relevant plasma processes, is the need to generate
very strong magnetic fields that are coherent and long-lasting on macroscopic scales. Indeed,
charged particle acceleration is ultimately accomplished by the electric field, whose magnitude,
in a macroscopic plasma exhibiting relativistic bulk motions, can approach a sizable fraction (e.g.,
∼ 0.1 in collisionless relativistic reconnection) of the magnetic field. The maximum attained particle
energy, which is limited by the work done by the electric field on the particle, is thus controlled by
the product of the electric (and hence magnetic) field strength and its coherence scale. Likewise,
the same product controls the maximum energy of particles that can be confined by the magnetic
field within the system. For example, accelerating electrons in magnetic reconnection to γ = 100
over a 10µm accelerating length by an Erec ' 0.1B0 reconnection electric field would require a
reconnecting magnetic field of at least B0 & 106 T = 1010 G (ignoring radiation losses). Producing
coherent fields of such strength is not really feasible now, but should be possible with future
next-generation lasers reaching intensities of order 1024 W/cm2, requiring laser power [assuming a
(10µm)2 active spot area] of order 103 PW or an exawatt (EW) (see § 2.1.5).

10



Strong coherent plasma magnetic fields of 105−107 T = 109−1011 G, which are needed to study
relativistic particle acceleration via collective plasma processes and which are expected to be pro-
duced in such next-generation multi-PW class laser facilities, are impressive even by astrophysical
standards. They exceed the fields expected near accreting stellar-mass BHs in X-ray Binaries such
as Cyg X-1 (up to 108 G) and super-massive BHs in AGN (104 G). They also exceed the magnetic
field at the light cylinder of the Crab pulsar (106 G) or near the surface of weakly-magnetized NSs
in X-ray bursters (108 − 109 G), although they are still much weaker than the surface magnetic
fields of most normal NSs, such as regular radio- and X-ray pulsars (1012 G), and, by an even larger
margin, those near magnetars (1014 − 1015 G). At the same time, 109 − 1011 G are expected in the
intermediate (r ∼ 10− 100RNS) zone of magnetar magnetospheres, a hypothesized site of Fast Ra-
dio Bursts (FRBs); thus, investigating in the lab relativistic pair plasma behavior in the presence
of fields of such strength may be instrumental for understanding this enigmatic phenomenon.

2.1.2 Roadmap: progress using current facilities

Main idea: Current facilities have the capability, for the first time, to study electron-scale collective
plasma processes (like magnetic reconnection) in the semi-relativistic regime, where the ions are
subrelativistic but electrons can become ultra-relativistic, with some radiation effects. This regime
is of great interest in high-energy astrophysics, specifically, for understanding electron energization
processes in accretion flows and coronae around accreting black holes. However, these experiments
will not yet be able to achieve QED plasma conditions, necessary for the creation of macroscopic
pair plasmas.

Current state-of-the-art, ultra-intense laser facilities (see Table 2, and a detailed list in Ref. [2]),
employing ∼ 1 PW-power laser beams tightly focused onto ∼ 1 µm2 (comparable to laser wave-
length) spots, achieve intensities of order 1023 Wcm−2. This corresponds to a classical relativistic
nonlinearity parameter of a0 ∼ 200, corresponding to a laser magnetic field of about 2 × 106 T.
Assuming for simplicity that the resulting coherent magnetic field generated in the plasma is about
5 times weaker than the laser field, we can reasonably hope to be able to generate plasma fields
of 4 × 105 T = 4 × 109 G. This may enable one to accelerate electrons in a magnetic reconnection
scenario, to moderately relativistic energies with a Lorentz factor of a few; however, the small hot
spot size, limited by the available laser power, will not be large enough to create a macroscopic
pair plasma. Nevertheless, these intensities, when used in a laser-solid-target experiments, will
allow researchers to produce a small-scale, relativistically hot electron plasma embedded in a sub-
relativistic, essentially stationary or slowly moving quasi-uniform ion background. This, in turn,
will enable important pioneering studies of collective nonlinear processes like shocks and magnetic
reconnection on small (namely, electron kinetic) scales in the semi-relativistic regime [e.g., WP-81],
opening new vistas in laboratory plasma astrophysics research and laying down the groundwork for
future experiments with relativistic pair-plasma fireballs.

2.1.3 Roadmap: theoretical understanding

The growth in theoretical understanding over the next decade will continue benefiting from state-of-
the-art 2-D and 3-D simulation studies of collective plasma processes in the relativistic and radiative
regimes. Such studies have recently become possible thanks to the advent of novel radiative-PIC
and radiative-QED PIC codes, such as EPOCH, OSIRIS, PICLS, Zeltron, Tristan v2, and Smilei.
These codes can simulate complex kinetic plasma processes from first principles, while taking into
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account all relevant “exotic” radiation and QED physics. Codes like EPOCH, OSIRIS, Smilei,
and Tristan v2 include the basic QED processes of nonlinear Compton scattering and nonlinear
Breit-Wheeler pair production, whereas PICLS and OSIRIS also include effects related to photon-
photon scattering and vacuum polarization, respectively. These novel capabilities, combined with
ever-growing computing resources, will put understandings of astrophysically-relevant collective
plasma processes in relativistic and radiative plasmas on a rigorous, firm theoretical basis. The
parameter regime of interest, motivated by astrophysical applications, is, however, very broad and
multi-dimensional; thus, exploring it comprehensively with rather expensive large-scale 3D kinetic
simulations, and then analyzing these simulations, will require very substantial resources, both
in terms of computing allocations and human time. This requires the community to develop a
systematic, organized approach to such computational studies, which will require coordination
between different research groups.

In addition to numerical simulations, further progress will require concerted theoretical (analyt-
ical) efforts, to guide both numerical simulation campaigns and experimental explorations. WP-8 is
an example of new schemes to generate extreme electric and magnetic field conditions. Analytical
theory will push the frontiers of understanding plasma-astrophysical particle-acceleration processes
into new, so far relatively unexplored, extreme plasma regimes where familiar collective plasma pro-
cesses interplay in nontrivial ways with radiative and QED physics. Analytical theory will also play
a key role in building bridges between laboratory laser-plasma experiments, fundamental plasma
physics, and phenomenological models of extreme astrophysical plasma environments around NSs
and BHs.

2.1.4 Roadmap: flagship experiments requiring new capabilities

Main idea: New capabilities at existing facilities will feature more complex experimental configu-
rations involving multiple beams. The resulting increased flexibility will enable studies of diverse
physical regimes with a broader coverage of the parameter space. In addition, the new capabilities
will open up access to the radiation-dominated regime of collective plasma processes, including some
QED effects like radiation recoil.

In the next few years, upgraded capabilities at existing laser facilities, such as new beam lines,
and intensity and/or power upgrades, the ability to shoot fixed plasma targets, will add flexibility
to the experimental configurations, such as arrangements involving multiple laser and particle
beams. Among other benefits, these enhancements will raise the available laser beam power up
to around 10 PW, allowing one to reach intensities of order 1023 − 1024 W cm−2, depending on
the focusing. This, in turn, will open the new radiation-dominated regime of plasma processes to
direct experimental exploration [e.g., WP- 77]. In this regime, the emitted radiation is not just a
passive tracer of the plasma dynamics and energetics (still extremely useful for diagnostics) but also
strongly affects them. The interplay between quantum (e.g., quantum recoil on emitting particles)
and collective effects will significantly determine the dynamics of the plasma, opening for the first
time the possibility to investigate such interactions in the relativistic regime.

In terms of experiments aimed at producing strong coherent plasma magnetic fields, the com-
missioning of the L4 laser at ELI Beamlines poses an important milestone. The combination of
longer pulse duration (150 fs vs. 30 fs) and high intensity (∼ 1023 W cm−2) will enable generation
of volumetric plasma magnetic fields in the MT range, enabling meaningful reconnection experi-
ments in new, strongly radiative regimes relevant to many extreme astrophysical systems described
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in § 2.1.1. Reconnection experiments require configurations with at least two laser pulses, which
introduces additional demands for laser facility capabilities; these demands, however, will be met
with the planned upgrades to the above-mentioned facilities in the next few years.

Volumetric laser-plasma interactions leading to generation of strong plasma magnetic fields
coherent over relatively large scales are also likely to require specifically designed targets. These
might be foam targets with a density that guarantees relativistically induced transparency for the
expected laser intensity. Structured targets might be introduced to improve control over the laser-
plasma interaction. Currently, such targets are expensive, so new target fabrication capabilities
will need to be developed to address the cost. This aspect becomes even more important for high
repetition rate laser facilities.

2.1.5 Roadmap: flagship experiments requiring next-generation facility capabilities

Main idea: Flagship experiments on next-generation laser facilities will create a revolutionary exper-
imental platform — macroscopic (i.e., plasma size exceeding kinetic scales) relativistic pair-plasma
fireballs — used to study collective plasma processes in the truly relativistic regime.

Next-generation laser facilities (Chapter 7) — those reaching laser power of several tens, perhaps
up to a hundred, of PW — will create relativistically hot pair-plasma fireballs via the avalanche-type
electromagnetic cascade process using two or more very powerful laser beams [e.g., WP-71, WP-77].
Creating such pair-plasma fireballs of macroscopic size will be a great scientific breakthrough on
its own right. How to achieve it using multi-PW-class lasers is described in Science Question 1B
(§ 2.2), but here we shall briefly discuss how to use these fireballs to build a new experimental
platform for laboratory studies of relativistic collective plasma processes [e.g., WP-72], and the
associated particle acceleration, and what progress can be expected from such studies.

Most promising schemes will require creating two such fireballs (and hence several, at least 4
beamlines) and make them interact with each other by bringing them into direct contact (e.g.,
colliding them with each other). This is particularly useful for setting up laboratory studies of
magnetic reconnection and shocks — the two plasma processes that are broadly regarded as the
most important astrophysical mechanisms of nonthermal particle acceleration. Lasers have already
been used for studies of these processes in traditional, non-relativistic electron-ion plasmas, so
some of the key guiding design principles of such experiments are understood. Extending them
to studies of similar processes but in the relativistic pair-plasma regime should not cause much
difficulty, especially for shock studies, provided that pair plasmas of sufficient size (preferably tens
of hundreds of skin depths) can be created. If the two lasers involved in the creation of each fireball
are asymmetric, then the resulting fireball can be made to fly with a relativistic speed; colliding two
such fireballs can set up a scenario for studying a relativistic shock, mimicking processes that occur
at the pulsar-wind termination shock or in the internal shock model of GRB prompt emission.

2.1.6 Broader Impacts

The study of relativistic plasma with the parameters relevant to astrophysical phenomena would
require significant technological advancement of the high intensity high power laser facilities. Some
initial progress can be achieved at current facilities, but in order to move forward, new capabilities
at existing facilities need to be introduced and, ultimately, next-generation facilities built. This
can not be achieved without concentrated efforts by scientists and engineers, academic institutions,
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and industry partners. It will require much broader efforts to train a new generation of special-
ists who will build and then use these facilities to answer the scientific question outlined in this
report. New capabilities and new facilities mean not only more powerful lasers, but new and more
precise diagnostic tools (Chapter 6) able to cover much wider parameter space, and new advanced
targets. Last but not least, the efforts will build a robust collaboration between laser scientists,
astrophysicists, and those working in the emerging field of QED plasma.

2.1.7 Recommendations

Since the collective plasma processes in the semirelativistic regime, where ions are subrelativistic
but electrons ultra-relativistic with some radiation effects, prove of great interest in high-energy as-
trophysics for understanding electron energization processes in accretion flows and coronae around
accreting black holes, they should be studied at current facilities capable of carrying out such
experiments. New capabilities on existing facilities will enable more complex experimental con-
figurations involving multiple beams to provide increased flexibility and enable studies of diverse
physical regimes with a broader coverage of parameter space. In addition, the new capabilities will
open up access to the radiation-dominated regime of collective plasma processes, including some
QED effects like radiation recoil. Flagship experiments on next-generation laser facilities will create
relativistic pair-plasma fireballs and use them to study collective plasma processes in the truly rel-
ativistic regime. These experimental efforts will require accompanying theoretical and simulation
advances.

These conclusions are based on the white papers received: the importance of the study of
pair plasmas was emphasized in WPs-[25,26,59,64,72,77], the study of magnetic reconnection in
WPs-[65, 81], the study of instabilities/particle acceleration in WP-69, and shocks in WP-74.

2.2 Science Question 1B: How does light transform into a “plasma fireball”
composed of matter, antimatter and photons?

2.2.1 Introduction

The creation and acceleration of high-energy particles in astrophysical environments usually require
strong electromagnetic fields, highly relativistic plasmas, and interactions governed by quantum
electrodynamics (QED). QED is the best verified quantum field theory with astonishing agree-
ment between theoretical predictions and experiments, and it represents one of the cornerstones
of the Standard Model of particle physics; however, one sector of this theory has remained quite
undeveloped compared to everything else: the interaction of charged particles and photons with
strong electromagnetic fields, which is quite different from the usual single-particle scattering and
decay processes [2, 4–6] and which is usually referred to as strong-field QED (SF-QED). The basic
building blocks of the description of such interactions are well known for many years [7], but the
consistent theoretical description of the interaction, which can be verified experimentally, is still
under development [5]. Moreover, the number of experimental campaigns addressing the challenges
of particle interactions with strong electromagnetic fields has been quite limited (see, e.g., [8–11]),
which hopefully will change soon with the advent of MPW lasers.

The electromagnetic (EM) field is considered strong in QED when it is on the order of thw
critical (Schwinger) field of QED, Ecr. This field produces work of mc2 = 0.51 MeV over an
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electron Compton length λc = ~/mc = 3.9 × 10−11 cm, Ecr = m2c3/~e = 1.32 × 1016 V/cm.
Such fields can produce an electron-positron pair from vacuum, the so-called Schwinger effect.
However, the critical QED field does not only characterize the Schwinger effect, but also provides
a scale for the onset of quantum field theory effects in charged particle and photon interactions
with electromagnetic fields. For example, the probabilities of the nonlinear Compton scattering
(e → eγ) and nonlinear Breit-Wheeler pair production (γ → − > e+e−) are characterized by two
parameters χe =

√
|Fµνpν |2/mcEcr and χγ =

√
|Fµνkν |2/mcEcr, where Fµν is the tensor of the

strong EM field and pν and kν are the four-momenta of the electron and photon, respectively.
These probabilities acquire optimal values at χe,γ ∼ 1. Both χe and χγ are the products of EM
field tensor and the particle momentum normalized to the critical field. An electron in a strong
field provides a straightforward interpretation of χe, which is the EM field strength in electron rest
frame normalized to Ecr:

χe =
γE

Ecr
= 0.3

(
E

500 MeV

)(
I

1022 Wcm−2

)1/2

, (1)

where the laser intensity and the amplitude of the vector-potential of the EM field are connected
in the following way:

a0 =
eE

mcω
= 85

λ

µm

(
I

1022 Wcm−2

)1/2

. (2)

Thus, these parameters literally compare EM field strength to the critical one, indicating the im-
portance of quantum corrections to the particle dynamics, radiation emissions, and pair production
in EM fields.

Strong EM fields can be found in different interaction setups, including close proximity of
compact astrophysical objects, such as magnetars and central engines of GRBs, high-Z nuclei,
dense particle beams in the interaction points of high energy particle accelerators, aligned crystals,
and in the foci of high-power lasers. Whereas some of these environments provide fields of critical
value, others provide fields that are below and need to be combined with high-energy particle beams
(below critical fields may appear of critical strength in the reference frame of the relativistic particle
beam) or fixed plasma targets to probe SF-QED effects. For example, the case for aligned crystals
and in the foci of high power lasers. The latter seems to be the most attractive option due to its
flexibility from the point of view of providing different interaction configurations, especially, at the
multi-PW level.

While many phenomena in SF-QED have attracted a lot of attention over the last several
decades, one stands really apart from the others: the so-called electromagnetic cascade, which is
a multi-staged process of initial particle and/or laser pulse energy transformation into secondary
electrons, positrons, and photons. Here the dynamics of particles is dominated by photon emission
and pair production, the laser pulse properties might be severely affected by emerging electron-
positron-photon plasma. This is the intersection of SF-QED and relativistic plasma physics. It is
exactly here, where SQ1B comes from: “How does light transform into plasma fireball composed of
matter, antimatter and photons?” The most general answer to that would be “through the electro-
magnetic cascade.” There are two types of cascades, usually associated with either longitudinally
or transversely dominated motion of electrons, positrons, and photons with respect to the laser
pulse propagation direction. The former is referred to as a shower-type cascade, while the latter as
an avalanche-type cascade.
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A typical setup for a shower-type cascade is a head-on collision of a high energy particle beam
with a laser pulse with γ � a0. In this case the laser works as a target for the particle beam.
As the particles interact with the laser field they experience Compton and Breit-Wheeler effects
leading to beam energy transformation into secondary electrons, positrons, and photons, which are
mainly streaming in the same direction as the initial particle beam.

A typical setup for an avalanche-type cascade is the interaction of two or more colliding laser
pulses with a fixed target. In this case the lasers not only accelerate charged particles, but also
provide conditions for Compton and Breit-Wheeler effects, and then re-accelerate electrons and
positrons either after a photon emission or after being produced in a Breit-Wheeler process. Due to
the re-acceleration, the avalanche-type cascade is significantly more effective in producing secondary
particles, when comparing to the shower-type cascade. This process can produce a plasma fireball
consisting of matter, antimatter, and photons. Theoretical estimates show that an avalanche-type
cascade starts when the interaction enters the radiation dominated regime, which can be defined
as the electron (or positron) being able to emit almost all of its energy via a single Compton
process. This occurs at laser intensities approaching 1024 W/cm2. Multi-PW laser facilities are
needed to reach such intensities; however, as was repeatedly emphasized in the literature (see [2]
for details), the availability of tens of PW of laser power is not enough to observe the cascade.
The electromagnetic field should be structured in a way that enhances the emission of photons and
production of electron-positron pairs, as well as the re-acceleration. The multiple colliding laser
pulses seems to offer the most advantageous and robust scheme to satisfy this requirement.

2.2.2 Roadmap: progress using current facilities

As mentioned above, strong EM fields can be found in different interaction setups. Here we consider
those that need to be combined with high-energy particle beams to observe quantum behavior.
Experiments using aligned crystals were reported recently [12, 13]. Experiments using the beams of
particle colliders are being proposed [14] but can not be carried out yet due to the lack of accelerators
with necessary parameters. Therefore, experiments involving high-power lasers provide the best
immediate path forward for studying SF-QED effects. It was already demonstrated at SLAC (E144)
[8, 9] and at CLF (GEMINI) [10, 11] that a high-energy electron bunch interacting with a counter-
propagating laser will not only loose a lot of energy due to radiation but this radiation needs to be
described in the SF-QED framework. The parameter χe was approximately 0.3 for the E144 and
0.2 for GEMINI experiments. The main difference between the SLAC and CLF experiments was
that the former used the conventional SLAC accelerator to produce high energy electrons, while
the latter resorted to the all-optical scheme, where the lasers are used to both accelerate electrons
via laser wakefield acceleration (LWFA) and to scatter off the accelerated electrons.

Building on these results, many facilities are planning experiments that aim to increase χe or
χγ well above unity to reach into previously inaccessible quantum regime and track the transition
of the radiation reaction from classical to quantum description. For example, SLAC is running
the E320, and DESY is planning the LUXE experiment [15] using conventionally accelerated 10 or
17.5 GeV electron beams in collision with tens of terawatt laser pulses. The University of Michigan
ZEUS facility will use two laser pulses (with 2.5 PW and 0.5 PW), one to accelerate electrons (either
& 10 GeV or several GeV) and one to provide the electromagnetic field (intensity 1021 W/cm2 or
1023 W/cm2). Other laser facilities with active SF-QED study program include J-Karen in Japan,
Apollon in France, CORELS in Korea, CALA in Germany, ELI-NP in Romania, and ELI-BL in
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Czech Republic (for an expanded list see Ref. [2] and Fig. 2).
These experiments at current facilities all share the same features. First, the experimental

setup utilizes PW-class lasers colliding with GeV-class electron beams. Second, the transition of
the radiation reaction description from classical to quantum will be studied. Third, the proposed
experiments are supposed to test the validity and the applicability limits of different theoretical
and computational models used now. Other possible applications of the laser pulse collision with
a high-energy electron beam include but are not limited to gamma-ray sources, positron sources,
and strong magnetic field generation for astrophysical studies (see Fig. 3).

2.2.3 Roadmap: theoretical understanding

Theoretical understanding of SF-QED processes is based on a number of approximations, including
plane wave, external field, and local constant field ones. Most of them result from an inability to
obtain solutions of Dirac’s equation in any EM field configuration other than a plane wave, which
prevents us from carrying out analytical calculations to quantize the strong field to account for the
backreaction of the SF-QED processes on the field itself, and to calculate radiative corrections and
multi-staged processes. In addition, one can identify the limits where SF-QED methods should fail,
but were not able to formulate a self-consistent approach how to go beyond these limits.

In most cases we rely on the separation of scales, assuming that SF-QED processes happen
instantaneously, i.e., their formation lengths are much smaller than the characteristic temporal and
spatial scales of strong fields. This allows to consider the motion of charged particles and photons
in strong fields according to the classical equations of motion between SF-QED processes (either a
photon emission by a charged particle, or an electron-positron pair production by a photon). Such
approach turned out to be extremely advantageous for computer modeling of SF-QED processes in
different field configurations with the majority of the results obtained with the help of PIC-QED
codes.

That is why any new high power laser facility should be accompanied by a robust theoret-
ical/simulation effort. The immediate theoretical goals are to go beyond the mentioned above
approximations and develop a theoretical framework for the analysis of shower- and avalanche-type
cascades, which should involve the ability to calculate rates for multi-staged processes and to take
into account the backreaction of the SF-QED processes on strong EM fields.

2.2.4 Roadmap: flagship experiments requiring new capabilities

It is well understood that the current facilities are quite limited in their studies of the SF-QED
effects. That is why many of these facilities plan to acquire new capabilities, like new beamlines,
intensity and/or power upgrades, the ability to shoot fixed plasma targets, etc. From the point of
view of EM cascades development studies new capabilities should involve a multi-GeV, laser-driven
source of electrons to collide with a second intense laser pulse to study shower-type cascades. The
avalanche-type cascades would require approximately 20 PW of laser power in the form of colliding
laser pulses to become observable. So this task might be more appropriate for the next generation
laser facilities; however, the avalanche “pre-cursors” can be observed at lower power levels corre-
sponding to current facilities with new capabilities [16]. These “pre-cursors” are characterized by
the enhanced energy absorption from the laser pulse (or pulses) by charged particles, which hints
towards energy loss due to photon emission and energy gain due to the re-acceleration.
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The interaction setups relevant for the cascade studies can also be used to generate gamma-ray
sources, positron sources, and strong magnetic fields (see Fig. 3).
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Figure 3: Timeline of the HFP/QED studies leading to answering SQ1B and SQ1C envisioned as a three-
stage process starting with “current facilities” operating at PW level, then using “new capabilities” to reach
new regimes of interaction at up to 10 PW level, and then “next generation” facilities to study the most
fundamental SF-QED phenomena at laser power level approaching 100 PW.

2.2.5 Roadmap: flagship experiments requiring next generation laser facilities.

The main experimental goal of the next-generation laser facilities from the point of view of SQ1B will
be the observation and study of the avalanche-type cascade in order to advance our understanding
of “how does light transform into plasma fireball composed of matter, antimatter and photons?”
This would require a multi-beam, multi-PW facility of the type shown in Fig. 4.

Such a facility design arises naturally from laser-driven particle acceleration. It is due to the
fact that one of the more efficient ways of accelerating electrons and positrons is laser wakefield
acceleration, which uses a staged approach [17]. This means the utilization of many laser pulses,
each powering its own acceleration stage. Alternately, these pulses can instead be simultaneously
focused to produce a multi-beam configuration yielding the highest intensity.

Due to the exponential growth of the number of electrons, positrons, and photons, the avalanche-
type cascade provides a natural environment for the study of backreaction of produced lepton-
photon plasma on the laser electromagnetic field and subsequent laser energy depletion. This is the
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Figure 4: A multi PW laser facility, which can operate in two modes: electron-beam interaction with high
intensity laser pulses for the study of shower-type cascades (left), and ultimately SQ1C and all the laser pulses
are brought to the interaction point to generate highest intensity possible for the study of avalanche-type
cascades and ultimately SQ1B (right). Reproduced from Zhang et al. [5]

domain of QED plasma physics, which is highly relevant for the astrophysical studies and almost
unexplored by theory, simulations, and experiments. The coupling of high-energy physics processes
with collective plasma effects will likely challenge our understanding of this state of matter and
lead to significant scientific discoveries.

2.2.6 Broader Impacts

Significant scientific and technological efforts must be undertaken to answer the question, “how
does light transform into plasma fireball composed of matter, antimatter, and photons?” To reach
the required laser parameters, next-generation facilities need to be built that are equipped with
advanced targetry, laser controls, detectors, and computational capabilities. They will also require
the next generation of scientists and engineers trained at existing and upgraded facilities.

The obvious connection of this scientific program is to the astrophysical studies (WP-86), since
the parameters of generated electromagnetic fields, plasma densities, and particle energies are of
relevance to that field. Different particle and radiation sources can become available as we explore
the parameter space of laser plasma interactions towards high energies and high intensities.

Last but not least, the possible design of a next generation, multi-PW laser facility (see Fig. 4)
can lead to an electron-positron collider for high energy physics studies.

2.2.7 Recommendations

The scientific question “how does light transform into plasma fireball composed of matter, antimat-
ter, and photons?” lies at the heart of QED plasma physics studies. Though it can be addressed
with the help of multi-PW laser facilities able to reach 1024−25 W/cm2 intensities in a matter of
tens of femtoseconds and accelerate charged particles to the energies exceeding 10’s and 100’s of
GeV, this requires much progress. Current facilities need to study individual SF-QED processes to
build up understanding of particle behavior in strong fields. These facilities need to be upgraded
with new capabilities to make the study of the electromagnetic cascades possible. It will open up
possibilities to study the plasma dynamics in a QED/radiation-dominated regime, where collective
effects of the produced electrons, positrons, and photons begin to manifest themselves for QED
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plasma studies at next-generation, multi-PW laser facilities. The experimental effort should be ac-
companied by theoretical and computational advances, which would require to significantly expand
the existing workforce and the resources available to it.

This conclusion is based on multiple MP3 white papers received: WPs-[12,23,24,31,40,54,60,
67,68,70,78,80] emphasize the importance of the study of particle dynamics in strong fields, WPs-
[7,37,61,72,75] consider the study of plasma dynamics in strong fields, and WP-28 investigates
the theoretical possibility of investigating the “duration” of the process of pair production using
muti-petawatt lasers.

The production of particles from light is probably the most striking manifestation of the in-
teraction among electromagnetic fields in vacuum, as predicted by QED. The community has also
shown interest on another still untested aspect of light-light interaction in vacuum: Intense elec-
tromagnetic fields alter the dielectric properties of the vacuum, which, according to the predictions
of QED, behaves as a birefringent medium. For instance, the WPs-[17, 19 and 62] propose differ-
ent setups involving either optical or x-ray photons, as probes of the birefringence properties of
the vacuum as induced by a super-intense optical laser beam (WPs[17, 19), and interferometric
techniques already tested to study the dielectric properties of materials (WP-62). The elementary
process responsible for vacuum birefringence is photon-photon scattering and the WPs-[30, 84] aim
at measuring the corresponding cross section using multi-petawatt laser beams (WP-30), as well
as at improving our theoretical understanding by using novel analytical techniques (WP-84).

The mentioned WPs agree on the fact that, according to existing and soon-available detectors,
such processes cannot be observed without multi-petawatt laser beams. Moreover, experiments
aiming at measuring such small cross sections, like that of photon-photon scattering and/or related
processes require a high-quality vacuum (better than 10−7 mbar) and high-sensitivity photon detec-
tors. Another key requirement from the detection point of view is the spatial/angular and temporal
resolution,to be able to discern the photon-photon scattering from unavoidably high background.
WP-17 discusses the possibility and the challenging aspects of co-locating a multi-petawatt laser
with an x-ray free electron laser, a setup suitable also to observe vacuum birefringence.
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3 Science Theme 2: The origin and nature of space-time and mat-
ter in the universe

3.1 Science Question 2A: How do complex material properties and quantum
phenomena emerge at atomic pressures and temperatures relevant to plan-
etary cores?

The interiors of planets (e.g. silicates, oxides, iron, ices and hydrogen) are subject to extreme
pressures that dictate their crystal structures, and also alter the electronic shell structures of atoms.
Such pressures therefore impact phase transitions, the dynamics of planetary interiors, and their
evolution. Moreover, these conditions may be harnessed to create materials with new chemistry
and unprecedented properties. Multi-petawatt laser facilities allow one to use convergent direct- or
indirect-drive techniques to access pressures higher than those currently available using shock and
ramp compression, as well as to employ advanced diagnostics including: femtosecond x-ray and
electron diffraction, spectroscopy, and broadband reflectivity. New developments at multi-petawatt
laser facilities will enable the experimental study of matter under the unchartered extreme pressures
at which most of the known mass in the universe resides [WPs-87,88].

3.1.1 Introduction

The quantum unit of pressure, 29.4 TPa, is the pressure required to disrupt the shell structure
of atoms, engage core electrons in bonding, and unlock a new regime where correlations of elec-
trons and ions can grow to the macroscale at high temperatures. Most of the recently discovered
extrasolar planets and stars have internal pressures approaching or exceeding such conditions. First-
principles calculations have predicted remarkable behavior of matter at these conditions including
transforming simple metals into transparent insulators, superionic phases, hot superconductors,
unexplained bonding in dense plasmas, and more. We seek to harness the power of multi-petawatt
lasers to create these quantum materials here on Earth, and to probe their structure and electronic
structure via advanced diagnostics. The results will make it possible for scientists to model and
understand the behavior of Earth and exoplanets.

One can create ultrahigh pressures using high-power laser facilities, such as the National Ig-
nition Facility (NIF), to conduct material studies under extreme conditions. In the direct-drive
configuration, the lasers irradiate the ablator material directly producing an ablation plasma. An
approximate formula to calculate the ablation pressure in direct-drive laser experiments is [18]:

PDD(Mbar) = 40 (I15/λµm)
2
3 (3)

where PDD is the direct-drive pressure in Mbar, I15 is the laser intensity in units of 1015 W/cm2, and
λµm is the laser wavelength in µm. As an example, if one has a 351 nm (λ = 1.053/3 µm) wavelength
and deposits 10 kJ of laser energy onto a 1 mm diameter spot in 1 ns (I = 2.5×1015W/cm2), the
ablation pressure is ∼100 Mbar, i.e. 10 TPa.

To reach ultrahigh pressures without melting the sample, the compression must be ramped up
along a quasi-isentropic path. The easiest way to compress a sample is to apply a strong shock;
however, this method quickly reaches its limit as the sample follows the Hugoniot curve and melts if
the shock strength is too high. Melting can be avoided by either staging the shocks or ramping the
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compression following a quasi-isentropic path. In this way, as the sample is gradually compressed
to higher pressures, compression is achieved with minimal entropy generation; thus, the sample
stays in a solid-state while reaching high pressure.

Another interesting line of study is to shock melt the sample first and then apply a ramp
compression. There are several ways of creating a ramped compression: In gas gun experiments,
one uses a graded-density impactor to shape the impact pressure profile; in laser experiments, one
uses the laser pulse shape to control the pressure profile; or one can use a reservoir-gap configuration
where a strong shock in a reservoir material releases a plasma across the gap and then stagnates
on the sample, creating a ramp compression profile on the sample [19].

While the drive capability exists on existing facilities, the diagnostic capability is very limited
especially probing lattice spacing using diffraction techniques. Laser-generated x-ray sources are
commonly used in diffraction experiments at laser facilities. A subset of the lasers is used to heat a
backlighter foil to generate helium-like, quasi-monoenergetic x-rays [20]. These laser-generated x-
ray sources convert ∼1% of the laser energy into x-rays and usually include different emission lines
and continuum bremsstrahlung components. The most dominant source is the Heα line emission
with the spectral resolution of: ∆Ex/Ex <∼0.6%, where Ex is the backlighter x-ray energy.

Current capabilities limited to generating only ∼10 keV x-ray sources prevents probing very
high pressure planetary core conditions. Diffraction of up to ∼MeV electrons or ∼20-100 keV x-rays
would provide information about the long-range order of phase transitions at TPa pressures.

3.1.2 Roadmap: progress using current facilities

Recent exciting results have been obtained at the National Ignition Facility at LLNL and the Omega
Laser Facility that are revealing the complexity of matter in extreme environments at which most of
the known mass of the universe resides. These experiments show that the results of first-principles
calculations do not necessarily reveal the phases that will be adopted at these conditions because
they typically do not consider kinetic effects, or finite temperatures. For example, ramp compression
of carbon [21], the fourth-most abundant element in the universe, probed by nanosecond-duration
time-resolved XRD showed that it retains the diamond structure up to 2 TPa, in contrast to
theoretical predictions. Other examples include measuring the melting curve of iron at conditions
similar to those of super Earth cores [22], spectroscopic signatures of superionic phase of ice that
may be the predominant form of H2O throughout the universe [23], and phase behaviour of H-He
mixtures [24].

3.1.3 Roadmap: theoretical understanding

First-principles calculations have revealed that molecules and their mixtures at extreme pressures
exhibit entirely new and unprecedented behavior [25]. They have shown that the long-held belief
that all matter, when sufficiently compressed, will assume a Thomas-Fermi-Dirac state where a sea
of electrons surrounds ionic cores, and simple compact structures are assumed, is too simple. Ele-
ments that are metallic at 1 atm (such as sodium) become insulating with accumulation of charge in
interstitial regions, which can be thought of as “quasi-atoms”, the energy ordering of atomic orbitals
is affected so that normally unoccupied orbitals become valence, and core or semi-core orbitals mix
with the valence states. This allows core electrons to participate in bonding, and atoms may assume
unprecedented oxidation states. Theoretical studies of hydrogen, a major constituent of planetary
interiors, turns out to be extremely challenging because they must consider complex phenomena,
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such as quantum nuclear and anharmonic effects. Unsolved predictions for hydrogen include a high-
temperature superconducting phase, a dense plasma ground state, Wigner crystallization, and a
high-temperature plasma state of hydrogen isotopes. Density-functional theory has predicted “hot
superconductivity” in hydrogen-rich alloys. Many first-principles calculations on complex materi-
als performed at 0 K do not take into account anharmonic or quantum nuclear effects, nor strong
correlations of the electrons. As computer power increases, and algorithms implemented to treat
these effects efficiently, routine modelling of these effects will reveal new phenomena to be searched
for experimentally.

3.1.4 Roadmap: flagship experiments requiring new capabilities

Recent advances in generating radiation sources using laser wakefield acceleration (LWFA) have
led to the possibility of using them for diffraction [26, 27]. LWFA-driven electron or x-ray (from
betatron or Compton scattering processes [26, 28]) probe beams can provide high flux over short
femtosecond time scales. Collocation with terawatt, long-pulse (>30 ns) lasers with precise laser
pulse shaping can ramp, shock, or shock-ramp compress materials to study planetary materials at
the pressures, densities, and temperatures needed to make a meaningful impact on our understand-
ing and modeling of terrestrial and gas giant planets.

LFWA-based probes produced by ultrashort-pulse lasers prove advantageous when x-ray free
electron lasers (XFELs) or synchrotron sources cannot be collocated with the required long-pulse
lasers drivers. The probe beams should be quasi-monochromatic (δE/E ≈ 1) and have a duration
of several femtoseconds [26]. Approximate requirements for the electron beam are energies of ∼100
keV to several MeV, a divergence of < 0.1◦, and flux of ∼1 pC/pulse. Significant target design
and development efforts will be necessary when using electron probes given their short and may
require collimation of the electron beam to obtain the desired energy and spot size [29]. The x-ray
beam should have energy of several 10’s to 100 keV to investigate the long-range coordination and
> 1011 photons/pulse to be competitive with XFELs. Extending these tools would benefit studies
of ionization balances, line shapes, and opacities of warm dense matter (WP-27, WP-20) and would
allow validation of theory and simulations (WP-80).

3.1.5 Roadmap: flagship experiments requiring next-generation facility capabilities

Current dynamic diffraction experiments in the HED realm cannot determine the structure of
complex solids (10’s to hundreds of atoms per unit cell), or warm dense matter, which is now
thought to have significant atomic or partially bonded coordination. Next-generation facilities, like
EP-OPAL (Fig. 11), when combined with a compression facility, such as the Omega Laser Facility,
could enable a high-energy, x-ray source that could reveal the first dynamic, complex solid-and-fluid
structure determination for HED matter. Such a short-pulse, high-intensity source will open the
door to very large Q scattering, thus revealing this long-range structural complexity. Much like
the difference between graphite and diamond, this atomic arrangement will likely play a pivotal
role in the behavior of such solids. Also, recent observations of partially bonded complex fluids in
CO2, SiO2, MgSiO3, carbon, all suggest these materials are highly viscous, nominally electrically
conducting, and structurally complex, in a pressure-temperature regime where scientists imagined
the atoms were more or less random and unbonded until recently.

Other flagship experiments that require a significant compression facility coupled to an intense,
short-pulse laser capability, like EP-OPAL, include determining the most extreme structures of
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electrides (compounds composed of positively charged ionic cores, where localized electrons serve
as anions), the quantum states of electron pairs (such as those comprising quasiatoms within
electrides), the viscocity of warm dense matter, the chemistry of extreme matter (keV chemistry -
where core electrons take part in bonding), the multiscale evolution of matter (going from cascade
to turbulence), testing for Hawking radiation, and the breakdown of the vacuum continuum.

3.1.6 Broader Impacts

The findings will impact the field of chemistry, where it is traditionally assumed that only va-
lence electrons are involved in chemical bonding, resulting in the development of new periodic
tables for specific pressure regimes. Within materials science and energy-related research, the tech-
niques will be useful to probe the long-range order and extraordinary properties of high-pressure,
high-temperature superconducting and topological materials that contain a substantial fraction of
light-element atoms. Higher flux x-ray or more sensitive electron diffraction probes could aid in
their structural determination. The experimental observables will be used to benchmark theoret-
ical developments in next-generation density functionals, methods that can be employed to treat
anharmonic and quantum nuclear effects, and evolve crystal structure prediction techniques so they
may be used at finite temperatures. Moreover, the explored matter states could help determine if
white dwarf stars are in a glassy or crystalline state, which would affect their thermal conductivity,
luminosity, and determine the age of the halo and disk in galaxies.

3.1.7 Recommendations

Upgrade existing high-compression facilities by implementing high-intensity lasers to produce rela-
tivistic particle beams and advanced light sources for creating and probing matter at atomic pres-
sures and temperatures. These new capabilities will extend and expand forefront science already
performed at major facilities, such as high-energy-density physics and laboratory astrophysics.
Next-generation multi-petawatt lasers envisioned in Chapter 7 that exercise newly developed meth-
ods described in § 5.1, § 5.3, and § 5.5 will enable even deeper experimental studies of extreme
material properties and quantum phenomena found across the universe.

3.2 Science Question 2B: How can multi-petawatt lasers study black hole ther-
modynamics through the link between gravity and acceleration?

In pursuit of a ”theory of everything,” gravitationally driven particle productions through quan-
tum processes may hold keys to new breakthroughs. The physical mechanisms involved bring
together general relativity, particle physics, and thermodynamics to the limits of our understand-
ing of fundamental physics. Multi-petawatt laser facilities will enable one to access and control the
unprecedented large acceleration that may lead to the laboratory observation of particle production
in an accelerating frame for the first time. This would include the experimental confirmation of
Unruh radiation, considered by many to be equivalent to Hawking radiation as a consequence of
black hole thermodynamics and a pointer to quantum gravity. WP-51 introduced ideas on how
high-power lasers can access physics beyond the Standard Model. WP-57 and WP-29 considered
how to detect Unruh radiation in a laser experiment.
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3.2.1 Introduction

It is well known that particle-production phenomena can occur in a curved or dynamic spacetime
[30]. For example, thermal radiation can arise from particle production near the event horizon
of a black hole, an effect commonly known as Hawking radiation [31, 32]. The expansion of the
universe also occurs in curved spacetime described by the Friedmann-Lemâıtre-Robertson-Walker
metric. Particle production occurs due to the varying gravitational field, [33–36]. Understanding
particle production [37–39] during inflation [40, 41] will help to address fundamental questions in
cosmology and may also be relevant for (non-thermal) production of supermassive dark matter in
the early universe.

Particle production is a consequence of the mappings between the Fock (particle number) states
associated with different reference frames, called the Bogoliubov transformation, a technique widely
used in condensed matter, particle physics, and cosmology. The Bogoliubov transformation between
a non-inertial frame to another reference frame results in particle non-conservation, which may arise
from a curved spacetime or an accelerating frame in flat spacetime, both of which can be interpreted
as gravitational particle productions through the equivalence principle. While these techniques are
generally accepted, gravitational particle production has not yet been observed in the laboratory.

3.2.2 Roadmap: progress using current facilities

Recent advances in ultra-high intensity lasers [3] have stirred interest in the possibility of detecting
both the Schwinger effect and testing non-perturbative QED effects [42–45] using facilities, such
as the European Extreme Light Infrastructure [46], which will provide radiation beams of intensi-
ties exceeding 1023 W/cm2. An electron placed at the focus of such beams would experience an
acceleration comparable to what it would feel if placed near the event horizon of a 6 × 1018 kg
(= 3× 10−12 Msun) black hole. For such low-mass black holes, the surface gravity is strong enough
that pairs of entangled photons can be produced from the vacuum, with one of the pair escaping
to infinity. The black hole can then radiate, and the spectrum of such radiation is a blackbody at
the Hawking temperature.

3.2.3 Roadmap: theoretical understanding

Given the insurmountable difficulties in directly observing Hawking radiation, Unruh proposed, by
virtue of the equivalence principle (of gravitational and inertial accelerations), that a similar effect
could be measured by an accelerated observer [47].

While the scientific community generally believes that the derivation of Hawking radiation is
sound, this is nevertheless made possible by several approximations that have not been tested.
Similarly, while an accelerated observer experiences the equivalent Unruh radiation, it remains
unclear what a detector in the laboratory frame will ultimately measure. Views are split, with
some researchers believing the answer only comes from ordinary quantum field theory, while others
pointing out that additional effects due to the acceleration must be included. A reason for these
many opposing views is that an experimental proof of Hawking and Unruh radiation requires a
deep knowledge of seemingly disparate fields such as gravity, non-equilibrium quantum field theory
in curved space-time, and high-intensity lasers. Figure 5 is emblematic. Acceleration temperature
is still a mystery now as it was then. High-power lasers may finally unlock what is needed to learn
and address the meaning of acceleration temperature.
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Figure 5: Photo of Feynman’s blackboard left at time of his death. Note the section “To learn: Accel
Temp”. Courtesy from the California Institute of Technology.

The exact derivation of the Unruh effect is far from simple, but some physical intuition can be
gained by considering an idealized two-level atom that is subject to a constant acceleration [48, 49].
In the accelerated state, higher-order processes by which a photon is simultaneously emitted and
absorbed can also be considered. Since the acceleration incrementally changes the velocity of the
atom, the frequency at which the photon is emitted can be slightly different than the frequency at
which it is absorbed. If this change in frequency exceeds the linewidth of the atomic transition, the
emitted photon disentangles with the absorbed one, and we are left with an atom in the excited
state and a real photon being radiated away.

If the acceleration continues for a sufficiently long time, the process of emission and absorption
of photons by the atom reaches a steady state. Equilibration requires that the duration of the
acceleration to be at least comparable to the inverse of the Einstein coefficient for spontaneous
emission (for the case of natural broadening of the lineshape). Unruh showed that the flux of
emitted photons can be represented in terms of a blackbody function at a temperature

TU =
~v̇

2πkBc
, (4)

which is the Unruh temperature, where v̇ is the acceleration.
From the above considerations, we see that the key element in the realization of the Unruh effect

is the atom having discrete energy levels. This can be understood as a system that can change its
state or its internal energy. We call this system a detector. An elementary particle with internal
structure, such as a proton or a neutron, would also be considered as a detector. The situation
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is less trivial for a particle without any internal structure, such as an electron. In this case, the
interaction with the photon bath in the accelerated frame occurs through a continuous change
in its momentum via Thomson scattering [50, 51]. These energy changes can be infinitely small,
meaning that those small continuous transitions may require infinitely long times to equilibrate
and consequently the power radiated by the Unruh effect at those frequencies is very small. Note,
however, that a flip in the electron spin can also be considered as a change of its internal structure.
In fact, the residual depolarization of electrons in storage rings has been claimed to be the result
of the Unruh effect [52].

The power emitted by Unruh radiation is given by[53]

Pν =
2

3

(
~
c2

)
α2v̇2, (5)

where α is the fine structure constant. Assuming that the electron had sufficient time to thermalize,
we indeed reproduce the classical Larmor formula for electromagnetic radiation, which can be seen
as the limit power achieved by accelerated detectors with no internal structure [54]. Thus, the
Unruh effect reduces to the classical Larmor radiation for accelerated electrons. This is correct if
we consider only the lower order (classical) limit. In fact, the above formula was derived assuming
that the electron carries no recoil; however, as photons are exchanged with the detector, the latter
experience a finite recoil. Adding this effect, the power emitted by Unruh radiation now becomes
[53]

Pν =
2

3

(
~
c2

)
α2v̇2

(
1− ηkBTU

2mc2

)
, (6)

and η is a coefficient that depends on the details of the detector. For electrons, η = 24 [53].
The above formula shows that quantum corrections to the Larmor formula contain terms of order
v̇2kBTU/mc

2 [53, 55]. This is what should be understood as the Unruh effect for an accelerated
electron (that is, a detector with no internal structure).

3.2.4 Roadmap: flagship experiments requiring new capabilities

Large accelerations can already be realised in the laboratory using existing high-intensity lasers.
For example, lasers with intensity I ∼ 1019 W/cm2 can accelerate electrons to a Unruh temperature
of about 1 eV [56]. While, in principle, this can be measured in the laboratory, it is very challenging
to separate the effect of Unruh radiation against other classical and quantum radiation processes
involving acceleration of charged particles. For this reason, Unruh and others have instead adopted
an alternative approach to exploit the mathematical analogy between trans-sonic flowing water [57],
Bose-Einstein condensates [58] and other analogue systems [59], and the behaviour of quantum fields
in the vicinity of a black hole horizon. While these experiments have successfully demonstrated
the mathematical soundness of Hawking’s solution, they may have fallen short in proving that
the radiation is actually emitted by non-inertial bodies and that the underlying theory is indeed
physically correct [60].

3.2.5 Roadmap: flagship experiments requiring next-generation facility capabilities

Unruh radiation has been a controversial subject in the literature [61]. For the case of accelerated
electrons, distinguishing Unruh radiation from other processes is essential. Since Unruh radiation
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is thermal, it is very different from non-thermal Larmor radiation. But how to do this in practice
is unclear. Likely, higher accelerations are needed. For intensities I > 1023 W/cm2, TU > 100 eV,
making it simpler to separate Unruh radiation from the optical background. A more direct obser-
vation of the Unruh effect would involve the acceleration of atoms; however, acceleration of atoms
and ions is extremely challenging. Using radiation pressure acceleration [62], even at intensities
I > 1025 W/cm2, we only expect TU > 10−3 eV. This temperature is already high enough to af-
fect the ionization state of the bound levels in the accelerated ion. Measurement of the ionization
balance or line emission spectral changes as a function of the acceleration, particularly for rota-
tional/vibrational spectra of molecules, would provide possible avenues for the detection of Unruh
radiation.

The detection of thermal radiation from an accelerated oscillator is not, by itself, sufficient to
prove the Unruh effect. We will need to develop a unified new theoretical framework, based on which
a convincing experimental test can be constructed and a reliable data analysis and interpretation
can be carried out. Such a framework must be able to address the fact, for example, that in the
laboratory acceleration is not constant (as assumed in Unruh’s derivation) [47], and compare Unruh
radiation against conventional QED processes [63].

3.2.6 Broader Impacts

The significance of the proposed research could hardly be overstated. It will lead to the first
experimental test of the Hawking-Unruh radiation. The ability of doing so will already be a major
scientific milestone marking a new era of experimentally testing quantum gravity that would have
required an inconceivable 1019 GeV high-energy collider based on the standard particle physics
approach.

This will shed important light on a wider range of fundamental scientific issues related to the
(im)possibility of information loss and the smallest possible scale in nature, with crucial implications
on the foundation of physics to justify whether quantum evolution is indeed the correct framework
for all laws of physics and what would be the size of the basic building blocks of space and time. The
project may further impact on application areas such as quantum computing (as a quantum process
under unscreenable gravitational fluctuations) to drive the next generation of artificial intelligence.

The proposed research will yield important implications for classical and quantum theories
of gravity by testing the equivalence principle. High-order acceleration with Unruh radiation as
a special case are manifestations of gravitational particle productions rooted in the equivalence
principle. Therefore, their direct detection are crucial in fundamental physics.

Moreover, the recently discovered double copy correspondence between QED/QCD and classical
and quantum gravity [64, 65] can be employed to effectively perform strong-gravity experiments
relating to black holes and graviton scatterings using new intense lasers.

3.2.7 Recommendations

The extreme conditions required for accelerating atoms or ions to directly observe the Unruh effect
and address controversies surrounding Hawking-Unruh radiation depends on two next steps: (1)
developing a new, unified theoretical framework for devising experimental tests and analyzing data;
and (2) establishing next-generation multi-petawatt laser facilities that can produce intensities
greater than I > 1023 W/cm2, TU > 100 eV,
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3.3 Science Question 2C: How does the electromagnetic interaction behave un-
der extreme conditions?

3.3.1 Introduction

The creation of ultrastrong electromagnetic fields would enable exploration of QED, the most
precisely tested component of the Standard Model, in an entirely new region of parameter space.
The theory of QED has had great success in predicting interactions at increasing energies, thanks
to perturbative approaches that exploit the small size of the fine-structure constant α; the same
cannot yet be said for increasing intensities, where the number of particles participating in a single
interaction is large and perturbative approaches fail. It is convenient to imagine the physical
electromagnetic field divided into two components: a strong classical background and a quantized
radiation field. In the region a0 & 1, it is necessary to take all orders of the interaction with
the background field into account, using what we have already indicated as SF-QED, because
the probability of a single interaction is increased by the high photon flux to P ∼ αa2n0 , which
is not necessarily small for larger n. Investigation of this regime is the subject of SQ1B. If the
field strength is increased even further, the interaction with the radiation field itself also ceases
to be perturbative. Ever higher orders of interaction, featuring virtual electron-positron loops,
absorption and re-emission of photons, become as likely as lower orders of interaction. Perhaps
even the identification of individual electrons or photons becomes impossible. No existing theory
describes this regime, although encouraging progress is being made (see § 3.3.3). Experimental
investigations could shed light on the fundamental structure of the electromagnetic interaction and
the dynamics of extreme environments in the early Universe.

The theoretical argument underlying these points is the Ritus-Narozhny conjecture, which posits
that the ‘true’ expansion parameter of strong-field QED is αχ2/3 [66, 67], where χ is the quantum
non-linearity parameter. This may be understood in the following way (see Fig. 6).

At large values of χ, perturbative strong-field QED predicts that photon emission rate is given by
P = αmχ2/3. Thus at αχ2/3 ' 1, the mean free path between emission events collapses to the scale
of the Compton length λc = 1/m and theory becomes strongly coupled (see [6, 68]). Theoretical
analysis suggests that the conjecture holds, at least in the strong-field limit a30/χ � 1 [69, 70], as
would be achieved with multipetawatt lasers. In order to explore this region experimentally, it is
necessary to reach αχ2/3 & 1 or χ & 1600. The quantum parameter achieved in the collision of an
electron beam of energy E and a laser with peak intensity I is

χ ' 1600

(
E

200 GeV

)√
I

1024 Wcm−2
, (7)

and therefore the region αχ2/3 is well beyond the capability of currently existing laser facilities,
and indeed that of currently existing conventional accelerators. Furthermore, the above expression
optimistically ignores the effect of radiative energy losses: at such extreme intensities, electrons
would radiate away a significant fraction of their energy in a single laser period, reducing their
χ below the target value. Overcoming this means concentrating the electromagnetic field into
as small a spatiotemporal region as possible (in principle, below the mean free path of a single
photon emission). Various methods have been proposed to do so, including the use of beam-beam
collisions [14], oblique-incidence electron-laser collisions [71], collisions with the attosecond pulses
emitted during laser irradiation of a plasma mirror [72], or aligned crystals [73]. We remark also
the highest field strength for fixed input power is achieved using a dipole wave (4π focusing via
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Figure 6: The acceleration induced by an electromagnetic field on an electron is quantified by the quantum
parameter χ = Erf/Ecr, where Erf is the background electric field in the rest electron frame. As the
acceleration increases in strength, the distance travelled by an electron before it emits a high-energy photon
decreases, allowing us to explore new kinds of physics with ultrashort lasers. At χ ' 0.1, where one photon
is emitted per laser pulse duration, it is possible to explore single-vertex processes of strong-field QED in
detail. At χ & 1, the electron emits multiple photons per laser wavelength, leading to an electromagnetic
cascade (see SQ1B). For the most extreme parameters, χ & 1000, the distance between QED events collapses
to the scale of the Compton length and individual electrons and photons can no longer be identified.

coherent combination of multiple laser pulses) [74, 75] and that this too could be used as the target
of a high-energy electron beam [76]. In Fig. 7 we show the electron-beam energy and laser power
necessary to reach χ = 100 and 1000, assuming a collision with a single-cycle optical pulse, a dipole
wave, or an attosecond pulse from a plasma mirror.

The bounds we show account for radiative energy losses, using the scaling given in [71], and
we also estimate what laser power would be necessary to reach a given electron-beam energy in
LWFA [78]. It is clear that probing the extreme-field regime, χ > 100 requires several lasers of
multipetawatt power that also have (or can be used to generate secondary radiation with) ultrashort
duration or XUV wavelengths.

3.3.2 Roadmap: progress using current facilities

It is possible at present to probe the onset of SF-QED effects at 0.1 < χ < 1, using ‘all-optical’
collisions between LWFA-electron beams and lasers at multi-laser facilities [10, 11], see review [79].
Collocation of an intense laser with a conventional electron accelerator facility [8, 9] is also being
revisited [80, 81] (see WP-75). Such experiments will build our understanding of the basic processes
of SF-QED, including tree-level processes of nonlinear Compton scattering and nonlinear Breit-
Wheeler pair creation (see WP-12), and test the approximations used in simulations, including
the locally constant field approximation (LCFA), an important component of the Ritus-Narzohny
conjecture.
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Figure 7: Requirements on the electron-beam energy and the laser power required to reach a quantum
parameter of 100 (dashed lines) and 1000 (solid lines). The electron beam is considered to collide with:
(blue regions) a single-cycle optical pulse (f/2 focusing); (red regions) a dipole wave (4π focusing, or the
coherent combination of multiple laser pulses); or (green stars) the focused attosecond pulse from a curved
plasma mirror (CPM+HHG) [77]. The bounds account for radiative energy losses during the collision, as
estimated in [71]. The right-hand axis gives the laser power necessary to reach the given electron energy in
single-stage LWFA acceleration, estimated using a plasma density of 3× 1017 cm−3 [78]. More sophisticated
field geometries and particle-acceleration schemes could lead to lower requirements on the necessary power:
see chapter 5.

3.3.3 Roadmap: theoretical understanding

Our theoretical understanding of electrodynamics in strong fields takes as its starting point the
separation of the electromagnetic field into a fixed, classical background and a fluctuating, quantized
radiation field [6, 79]. It is possible to find exact, all-order, solutions for the interaction with the
background for fields of particular symmetry, including plane electromagnetic waves [82]. What
follows is a perturbative expansion of the interaction with the radiation field, in the so-called Furry
picture [83], using the Volkov solutions to construct Feynman rules for the tree-level processes of
photon emission e→ eγ and electron-positron pair creation γ → e−e+.

The non-trivial spacetime dependence of the basis states makes it difficult to obtain analytical
results for higher order processes, although there has been much progress in the study of trident
pair creation (e → ee−e+), loop contributions, and chains of bubble diagrams [6, 45, 79]. If the
interaction with the radiation field does indeed become nonperturbative for χ� 1, as conjectured,
then it may be necessary to develop new ‘all order’ methods for this interaction as well. For example,
resummation techniques have been used to study the analogous breakdown of perturbation theory
in the classical regime [84], to construct high-order predictions of quantum radiation reaction [85],
and to compute the probabilities of nonlinear Compton scattering and nonlinear Breit-Wheeler
pair production by taking into account that electrons, positrons and photons in a plane wave are
unstable (electrons and positrons under radiation of photons) [86, 87]. How these techniques could
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be applied to more general field configurations or combined with numerical simulations requires
research.

3.3.4 Roadmap: flagship experiments requiring new capabilities

Probing χ > 10, while mitigating radiative energy losses, requires not only 10-GeV class electron
beams but also ultrashort-duration electromagnetic pulses. One method to achieve very high fields
is to use a relativistic plasma mirror as an optical-to-XUV converter (see §5.5.1). Intense, optical
laser light incident on such a mirror drives nonlinear, relativistic oscillations of the plasma surface.
These relativistic oscillations in turn temporally compress (over tens of attoseconds) and intensify
the reflected light at each laser cycle, producing a broadband spectrum of high harmonics [88, 89].
The reduced diffraction limit for higher frequency radiation means that this secondary emission can
be focused more tightly [90–93]. So far, the proof-of-principle experiments that have been carried
out have not demonstrated light intensification [94–96].

Proposed implementations of relativistic plasma mirror focusing suffer from two major imped-
iments. The first is a lack of robustness to laser-plasma imperfections: in realistic conditions, it
was predicted that the maximum intensity achievable would actually be limited to 1024 W/cm2,
at most, with PW-class lasers [97]. The second comes from the high degree of experimental con-
trol required in most implementations, which may mandate sub-micron and/or sub-fs laser sta-
bility/alignment. Nevertheless, high-resolution numerical solutions now show that the natural
curvature of the plasma mirror surface induced by the incident laser radiation pressure can very
tightly focus the high harmonics at an unprecedented optical quality [77]. For a PW-class laser,
intensities close to 1025 W/cm2 could be reached at the plasma mirror focus. In combination with
a 10-GeV electron beam [98], it would be possible to reach 10 < χ < 100. Testing SF-QED predic-
tions would, however, require careful characterisation of the field’s spatiotemporal structure, such
that differences between theoretical predictions and measured spectra could be attributed with
confidence to the underlying theory, as opposed to uncertainties in the interaction conditions.

3.3.5 Roadmap: flagship experiments requiring next-generation facility capabilities

Reaching the point where αχ2/3 ' 1 requires 100-GeV class electron beams (as shown in Fig. 7) and
ultrashort electromagnetic pulses, in order to mitigate the extreme radiative energy losses expected.
Only a next-generation facility would be able to achieve the electron energies required, either by
colocation of an ultraintense laser (or laser-driven secondary source) with a new linear collider, or
by the construction of a staged laser-driven plasma accelerator facility, as shown in Fig. 4. The
electromagnetic field with which such an electron beam would be made to collide would need to
be highly confined. Apart from the laser energy being used to drive a curved plasma mirror of
the type describe in the previous section, it could be split and recombined into a dipole-wave
structure, which would confine the electromagnetic field to a λ3 volume. The essential idea is as

follows [79]. If focusing a single laser pulse leads to a peak amplitude of a
(1)
0 , splitting the laser

into two beams of equal power and focusing them to the same point (from opposite directions)

yields an increased field amplitude of a
(2)
0 =

√
2a

(1)
0 . Extending this concept to n ‘multiple colliding

laser pulses’ (MCLP), arranged in counterpropagating pairs in a common plane (Sec. 7.1, Pf. 15),

leads to an even higher amplitude of a
(n)
0 =

√
na

(1)
0 [74]. The theoretical limit, with 4π focusing,

provides the strongest possible field strength for fixed total power P , a0 ' 780(P [PW])1/2 [99–101].
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Realizing a dipole wave by the use of six or twelve beams is discussed in the Appendix of [102].
Colliding a 10-GeV electron beam with such a field structure has already been proposed as a means
of generating a high-flux of multi-GeV photons [76]. A 100-GeV class electron beam would ensure
that the χ & 1000 region could be reached.

3.3.6 Broader Impacts

There may be connections between QED in electromagnetic fields of extreme intensity and other
nonperturbative quantum field theories, such as QCD, although the theory of this regime of QED
is at a much earlier stage of development. From a theoretical point of view, the long experience
acquired in QCD can be exploited to investigate analytically and numerically also the fully non-
perturbative regime of QED at χ & 1000. The experimental tools required to reach such high values
of χ themselves represent significant technological development, from the creation and control of the
ultrastrong electromagnetic fields themselves, to the generation of 10 to 100-GeV electron beams.

3.3.7 Recommendations

QED has proven the best-tested and most accurate physical theory so far, but unprecedented
regimes will enable deeper investigations. Reaching the ‘fully nonperturbative’ regime (χ & 1000)
demands entirely new methods of generating and focusing light at the highest intensity, as well as
accelerating electrons to energies of the order of 10-100 GeV. Current and next-generation multi-
petawatt laser facilities will play a decisive role to achieve the required conditions. For the sake of
a clean signal, one needs to produce ultra-short, ideally few-cycle, pulses and it may be necessary
to work in the XUV domain because optical lasers of such strength might drive pair cascades (see
SQ1B) of such density as to shield the focus from incoming radiation. Accurate synchronization of
laser and electron beams proves crucial so that the electrons cross the laser field at the maximal
intensity. Experiments will require the detection of photons and/or electrons with energies on the
scale of 100 GeV, which will require methods and know-how from the high-energy particle physics
community. Corresponding advancements in analytic (resummation) and numerical (strong-field
QED in a lattice) techniques are also required in order to possibly compare theory with experiments.

A proposal to reach ultra-high intensity and ultimately the Schwinger limit has been put forward
in WP-11, whereas electron energies of the order of 20-30 GeV are envisaged in WP-22 by employing
multi-petawatt lasers. WP-54 proposes an experiment on quantum radiation reaction employing
a 60-PW laser beams a 10-GeV electron beam. Although a tight focusing is not required in this
proposal, if the 60-PW beam can be focused down to a spot 1-2 wavelengths in size, sufficiently
high values of the nonlinear quantum parameters could be reached so as to detect signatures of the
fully-nonperturbative regime. Finally, the importance of studying plasma dynamics in the presence
of supercritical electromagnetic fields has been pointed out in WP-79.
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4 Science Theme 3: Nuclear Astrophysics and the age/course of
the universe

Nuclear physics using Intense lasers can open new frontiers in nuclear physics research. Laser-driven
sources of energetic particles, such as protons and neutrons can induce nuclear reactions, probe
nuclear physics, and enable practical applications. Exploring nuclear science at high temperature
conditions is important to test models of astrophysical reaction rates (WP-55, WP-58). Scaling
laser-driven Compton sources to MeV photon energies with extremely high fluxes and using their
unique properties can excite and manipulate atomic nuclei. The MP3 workshop identified two
frontier science areas enabled by new secondary radiation sources generated by multi-petawatt
lasers: studies of nuclear astrophysics using intense neutron sources; and studies of the strong
nuclear force in low-energy quantum chromodynamics (QCD) using tunable intense gamma sources.

4.1 Question 3A: What can be learned about heavy-element formation using
laser-driven nucleosynthesis in plasma conditions far-from-equilibrium?

4.1.1 Introduction

All elements other than hydrogen result from fusing lighter elements into successively heavier ele-
ments, like carbon, oxygen, aluminum, iron, and nickel, which are synthesized in the cores of stars,
like the sun. For example, two hydrogen atoms fuse to form helium, two helium atoms fuse to form
beryllium, and three helium atoms fuse to form carbon.

Heavier elements, like copper, silver, gold, or uranium, form via nucleosynthesis in the helium-
and carbon-burning shells of massive stars or via proton and neutron capture processes in supernova
explosions. In almost every case, these nuclear fusion processes happen in a hot, dense plasma
environment. Until now, Measurements of nuclear fusion reactions using accelerators do not include
these plasma backgrounds. Significant discrepancies exist between the calculated abundance of
elements based on the measured cross sections and those observed in astronomical measurements
[103]. These discrepancies influence our understanding of stars and their evolution, as well as the
use of these processes in fusion technologies.

In nuclear astrophysics, the rapid neutron-capture process, also known as the r-process,
is a set of nuclear reactions responsible creating approximately half of all the “heavy elements” with
atomic nuclei heavier than iron. The proton “p-process” and another slow neutron-capture “s
process” account for the other heavy elements. The r-process also contributes to abundances of
some lighter nuclides up to about the tin region and occurs in supernova explosions, while the
heaviest elements are produced in binary neutron-star mergers. Figure 8 highlights the isotopes
produced by these nucleosynthesis processes.

The r-process [106] proceeds at high temperatures (several giga-Kelvin, GK) and high neutron
fluxes. Neutron captures occur on time scales comparable to the lifetime of excited nuclear quantum
states. This sequence can continue up to the limit of stability of the increasingly neutron-rich
nuclei, as governed by the short-range nuclear force. Figure 9 illustrates schematically how the
r-process and beta decay create new heavy isotopes and elements. The r-process must occur where
a high density of free neutrons exists, such as the material ejected from a core-collapse supernova
[108] or decompression of neutron-star matter thrown off by a binary neutron star merger [109].
The relative contribution to the astrophysical abundance of r-process elements proves a matter of
ongoing research [109].
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Figure 8: The chart of the nuclides in the (Z,N) plane [104]. Stable nuclides indicated by squares along
with pathways of different astrophysical processes. The rapid neutron capture r-process drives nuclear
matter far to the neutron-rich side and is interrupted by fission. The rapid proton-capture rp-process on the
neutron-deficient side produces nuclides close to the proton drip-line; p-process deals with γn-processes [105]

Quantitative modeling of the r-process path requires knowing the neutron-capture cross sections
of these excited nuclear states, or theoretical modelling benchmarked with experimental data on
nuclei where this can be done. Research facilities dedicated to the production of neutron-rich
radioactive ions, such as the Facility for Rare Isotope Beams (FRIB) [110] or the Facility for
Antiproton and Ion Research (FAIR), [111] (WP-53), will investigate the structure of r-process
nuclei to provide direct or indirect information on neutron capture on the nuclear ground states,
but neutron-capture cross sections on excited nuclear states will not be possible, except for a few
very specific long-lived isomers.

4.1.2 Roadmap: laser-driven nucleosynthesis using current facilities

Experimental demonstrations can produce sequential neutron-capture reactions on short-lived nu-
clear excited states by exposing target materials of interest to short-pulse laser-driven neutron
beams with neutron fluences exceeding 1020 n/(cm2s) [112, 113]. For ordinary neutron-capture
cross sections (typically of the order of barns), a sufficient number of neutron-capture processes will
produce isotopes with mass number A+1 in the ground state and in excited states and secondary-
neutron captures on the unstable A+1 isotopes. These reactions will produce unstable A+2 isotopes
that will eventually decay by beta- decay with typical half-lives of hours to their Z+1 isobars, typi-
cally odd-odd nuclides that are unstable by themselves and further decay to the Z+2 isobar, which
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Figure 9: Schematic of nucleosynthesis r process. Successive rapid absorption of neutrons leads to unstable,
neutron-rich nuclei with higher atomic weight, N. Beta decay increases the atomic number, Z, and lowers
the neutron:proton ratio resulting in more stable nuclei. [107]

will be stable.
After being exposed to the short-pulse neutron burst, the target will be retrieved and put into

a low-background counting station to measure its radioactive decay to determine the production
of consecutive two-neutron captures. The lifetimes of the longest-lived and lowest lying levels will
be known. The sequential double-neutron capture cross section could be measured as a function of
the temporal length of the neutron burst, which would vary the contribution of subsequent neutron
captures on excited states.

Current PW-class laser facilities can produce 10+ MeV-class proton beams suitable for high-flux
neutron generation, including beams with more than 1011 protons above 1 MeV [114]. Achromatic
divergence allows refocusing proton beams onto secondary proton-to-neutron converter targets with
small spot sizes to generate intense neutron bursts [115].

Experiments can scale up stepwise using laser systems listed in Table 4.1.2 ultimately leading to
experiments using the 10-PW lasers coming online at ELI-Nuclear Physics (ELI-NP) in Romania
near Bucharest and ELI-Beamlines (ELI-BL) in the Czech Republic near Prague.
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Table 4.1.2: Experimental steps moving from current to next-generation laser facilities

Laser Facilities Laser Parameters Experimental Steps

BELLA (LBNL)
VEGA-3 (CLPU)

1 PW
(30 J, 30 fs, 1 Hz)

• Optimize proton, deuteron acceleration &
neutron production
• Test neutron flux/angular dist. and source size
• Develop and test “rabbit” and nuclear
detection systems

L3 (ELI-BL)
HPLS (ELI-NP)

1 PW
(30 J, 30 fs, 10 Hz)

L4 (ELI-BL)
into E5 Hall

10 PW
(1500 J, 150 fs, shot/1
min)

• Optimize ion acceleration and neutron produc-
tion, scale for laser energy

HPLS (ELI-NP)
10 PW (230 J, 23 fs,
shot/1 min

• Optimize proton acceleration to cut-off energies
Ep > 100 MeV

Next-generation
facilities
(Chapter 7)

≥ 25 PW
multi-kJ, multi-beam

• To be determined!

These experiments will require improving plasma and neutron measurements on well-understood
CD2 and cryogenic deuterium targets at current petawatt-level facilities. The high instanta-
neous fluxes encountered in these laser-plasma interactions will require state-of-the-art neutron
and plasma diagnostics (§ 5). The L3 laser at ELI-Beamlines and the two 1-PW HPLS beamlines
at ELI-NP offer performance similar to earlier PW-class experiments but at higher shot rates.
Experiments using the two 10-PW HPLS beamlines at ELI-NP are expected to increase reaction
rates by up to 10×. Longer pulses at the ELI-BL L4 beamline will deliver more laser energy and
generate more protons and neutrons.

Intense proton sources developed to drive r-process experiments can also drive p-process exper-
iments, and the extensive suite of photon and neutron diagnostics available at ELI-NP may enable
searching for secondary nuclear reactions. Theory suggests an intricate coupling of the ground-state
in 26Al and its first excited isomer 26mAl via higher-lying excitation levels resulting in a dramatic
reduction of the effective lifetime of 26Al, which will influence the abundance of this isotope in our
Galaxy. It is estimated that a short burst of laser-driven protons with energies > 5 MeV can induce
the 26Mg(p,n)26Al reaction that proves out of reach with current DC- and RF-accelerator systems.
A multi-PW laser-driven experiment could lead to high and comparable spatial and temporal yields
of the three lowest-lying states in 26Al including the short-lived state at 417 keV. After such a p-
process reaction, the yield ratios between the ground and the two lowest-lying excited states will
represent thermodynamic imbalance. This condition can mimic thermodynamic equilibrium at high
temperatures experienced in stellar conditions and serve as a first step towards investigating the
interplay between those states in plasma environments that will inform studies of nuclei decay in
astrophysical conditions.

Tight laser focusing combined with techniques to enhance laser temporal contrast [116] could
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enable new ion acceleration mechanisms, like magnetic vortex [117, 118] and radiation pressure
acceleration (light sail), that could scale to multi-PW experiments at higher particle fluxes and
energies to potentially access proton energies > 100 MeV [119].

Ultraintense lasers can create hot, dense plasmas in which to measure fusion processes. The
laser will create a billion-degree hot plasma and accelerate atoms to the required energies to cause
them to fuse. By measuring the different escaping particles, it is then possible to understand both
the plasma conditions and how they influence the fusion reactions. This data can then be used to
improve nuclear and stellar models and improve our understanding of the universe, and possibly
even help to develop controlled fusion technology here on earth, providing a clean energy source.

4.1.3 Roadmap: theoretical understanding

Fusion reactions between light nuclei in far-from-equilibrium plasmas, such as deuteron-deuteron
fusion [d(d,n)3He] reactions using laser-driven neutron sources with flux > 1025 neutrons/cm2/s,
carry information about the plasma in the output neutron spectrum. Experiments can provide
observables from plasma conditions to compare and improve theoretical understanding and com-
putational models used to compute corrections to nuclear reaction rates. Numerical simulations
will optimize laser and target parameters to maximize energy transfer to deuterons, the distribu-
tion of electrons and deuterons as inputs to the fusion cross sections and their plasma-dependent
corrections, as well as reaction volume and confinement time. Continuous theory support during
experiments will analyze and understand the data gathered and connect it with existing stellar and
nuclear models.

4.1.4 Roadmap: flagship experiments requiring new capabilities

Experiments with existing PW-class systems have yielded 1011 MeV protons in single shots. Multi-
PW lasers will extend this capability and access the currently elusive Radiation Pressure Accel-
eration (RPA) or even the Single-Cycle Laser Acceleration (SCLA) regimes that could herald the
advent of “collective ion acceleration” reaching GeV proton energies. Developing high-repetition-
rate lasers and targetry at multi-Hz rates would enable highly productive experiments with good
statistics. The two-beam, 10-PW HPLS system at ELI-NP drives development of nuclear detec-
tion and analysis tools for fast and slow neutrons, ion characterization (Thomson parabola, LaBr3
scintillation detectors for delayed γ photons, and activation methods), and γ-flash measurements
with optical-based scintillator and image plate systems. Part of these detector systems are already
in construction at PW-class sites such as ELI-NP.

4.1.5 Roadmap: flagship experiments requiring next-generation facility capabilities

Nuclear physics experiments benefit from high flux and high repetition rates for low-probability
interactions to collect experimental statistics using ever larger single-beam laser systems. Figure 10
illustrates an alternate, modular approach for a next-generation facility that implements multiple
state-of-the-art petawatt lasers.

The SHARC (Scalable High-power Advanced Radiographic Capability) laser concept [120] de-
livers 150-J, 150 fs laser pulses at 10 Hz. A concentric arrangement of SHARC lasers focuses on
a ring of deuterated water jets to generate protons that interact with an inner-ring jet of liquid-
lithium jets to produce a high-flux source of neutrons for irradiating samples that pass through the
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Figure 10: “Multi-SHARC” laser concept to produce a high-repetition-rate, high-flux neutron source for
nuclear physics research.

central void. The lithium ring also works as a neutron reflector to confined the neutrons. Scaling
from existing laser systems and experimental demonstrations leads to estimates of average neutron
flux of 1024 n/s/cm2 at 10 Hz with 1013 n/s in the inner void to irradiate samples before delivering
them where detectors count decay reactions.

4.1.6 Broader Impacts

Laser-driven nuclear physics experiments described above entail scientific and technological ad-
vances with potential broader impacts. Understanding and controlling excited nuclear states and
isomers offers the potential to identify and create unique signatures for identifying nuclear mate-
rial by active interrogation, as well as understanding and realizing transmutation of actinides for
nuclear waste disposal.

The broader impacts of laser-driven nucleosynthesis research can inform applied and fundamen-
tal research topics with societal impact that includes:

• the quest for a net-zero carbon emission energy source to combat global warming, such as
novel approaches to inertial fusion energy that can profit from high-field effects [121], high-
energy proton and ions [122], and isochoric heating [123];

• new methods for nuclear waste characterization [124]; and

• enhanced by in-situ studies of the FLASH effect for efficient cancer treatments [125].

4.1.7 Recommendations

Multi-petawatt laser systems offer new and powerful tools for nuclear astrophysics research. They
provide ultrashort pulses that can recreate or at least mimic conditions that exist in the inner
core of stars and were present at the time of the Big Bang. Plasma conditions will be far from
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equilibrium, but corrections can be applied to deduce the interaction to be measured experimentally
in plasma for the first time. Experimental programs can start now with existing petawatt lasers
and scale with the laser intensity to shed much-needed light (pun intended!) on the abundance of
heavy elements by evaluating the r-process path, their creation and decay within the first moments
at high kBT values after the Big Bang and stellar lifecycles (e.g., 26Al). The study of multi-neutron
absorption processes spanning over the relevant energy windows seems in reach due to the high
temporal and spatial confinement of the produced neutrons. Recommendations include:

• Experimentally develop high-flux, high-energy particle (proton, neutron, deuteron) generation
and characterization methods using existing laser facilities.

• Conceive and implement next-generation facilities (Chapter 7) with kJ laser pulse energies
that increase particle energy and flux rates for experiments and applications.

4.2 Science Question 3B: How can high-flux gamma sources generated from
multi-PW lasers be used to explore Hadronic Physics (Low-Energy QCD)?

4.2.1 Introduction: Nuclear physics with precision photon sources

The US and EU Nuclear Physics Long-Range Plans [126, 127] both identify the following as one of
the central questions of nuclear physics: “How does subatomic matter organize itself and what phe-
nomena emerge?”. Answering this question requires high-intensity gamma-ray beams with narrow
energy spread (∆Eγ/Eγ < 0.03 FWHM) and high beam polarization, both linear and circular. A
recent white paper [128] identifies the required beam parameters for pursuing the low-energy QCD
research described in this section. Gamma-ray beams in two distinct energy ranges are needed:
(1) Eγ < 12 MeV for studying hadronic parity violation in light nuclei via photonuclear reactions,
and (2) 60 < Eγ < 300 MeV for nucleon structure measurements via Compton scattering and
charge-symmetry investigation using photo-pion production. In both energy ranges beam intensi-
ties greater than 1010 photons/s/cm2 on target are needed. This required beam intensity is about a
factor of × 100 the capability of current gamma-ray beam technology. The research opportunities
and estimated beam parameters are summarized below.

Nucleon Low-Energy Electromagnetic Structure
In real Compton scattering on nucleons and light nuclei, electric and magnetic fields induce radia-
tion multipoles by displacing a hadron’s electric charge constituents and currents. The energy- and
angle-dependence of the emitted radiation encodes in the form of the nucleon polarizabilities the
strengths and symmetries of the interactions with the incident photon and between them. That
is, the nucleon polarizabilities parametrize the stiffness of the responses of the nucleon’s internal
charge and magnetic constituents to applied electromagnetic fields. The difference in the mag-
netic polarizabilities between proton and neutron values is a salient contribution which narrows the
mass gap between protons and neutrons. Additionally, the spin-polarizabilities describe hadronic
birefringence caused by the electromagnetic field of the spin degrees, like in the classical Faraday
effect. They therefore parametrize the response of the nucleon itself, complementing experiments
at Jefferson Lab. Thus far, these quantities are not well known, often with error bars of 40% to
100%. Reference [128] identified that the parameters above allow extractions from data to the
20% level or better from “aspirational” uncertainties for the cross section of 3% and beam-target
asymmetries of 0.03. This suffices to answer the fundamental questions raised.
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The QCD Origin of Charge-symmetry Breaking
The mechanism for charge-symmetry breaking (CSB) in the nucleon-nucleon interaction is well
established in terms of hadronic degrees of freedom, e.g., ρ−ω mixing in the meson-exchange inter-
action between identical nucleons [129]. Steven Weinberg postulated that the fundamental cause
of CSB is the differences in the masses of the up and down quarks and in their electromagnetic
interactions [130]. In this paper, Weinberg showed that the difference is the masses of the down and
up quarks is proposal to the difference in the s-wave π0n and π0p scattering lengths. High-accuracy
pion-photoproduction on the proton and light nuclei at energies above about 140 MeV will answer
the question of how CSB emerges from QCD. The most relevant amplitudes are the photon-pion
charge-transfer reactions (at 1% accuracy), as well as neutral pion photoproduction (to 7%). Data
on the proton and the lightest nuclei at energies up to 300 MeV will elucidate the interplay of chi-
ral physics and resonance physics in the transition from non-perturbative to perturbative quarks,
and hence the emergence of the complex structures and interactions of nuclear physics from the
deceptively simple QCD interactions between quarks and gluons.

Hadronic parity violation in few-nucleon systems
Hadronic parity violation (HPV) in light nuclei provides an important probe of two phenomena that
are not well understood: neutral-current nonleptonic weak interactions and nonperturbative strong
dynamics. While PV is well understood in quark-quark weak interactions, it is ultimately the in-
terplay of different forces at different length scales that is responsible for hadronic PV phenomena.
Neutral-current interactions are suppressed in flavor-changing hadronic decays, making hadronic
PV between nucleons the best place to study neutral-current effects. Because parity-violating,
nucleon-nucleon (NN) interactions manifest the interplay of nonperturbative strong effects and
short-range weak interactions between quarks, they are sensitive to short-distance, quark-quark
correlations inside the nucleon.

Weak NN interactions at low energy are suppressed by six to seven orders of magnitude com-
pared to strong NN interactions making them difficult to observe. Unambiguous extraction of
information about weak interaction among nucleons requires parity violating measurements in very
light nuclei (e.g., the deuteron, the triton, and 3He) where theory is under good control. These
light nuclei can be calculated using two- and three-nucleon interactions formulated in terms of
effective field theories (EFTs) that systematically incorporate the symmetries of QCD [131]. The
EFT approach can consistently be applied to strong and weak nucleon interactions as well as to
external currents.

Initial experiments will measure parity violation in photodisintegration reactions of few-nucleon
systems, such as 2H and 3He. These experiments put stringent demands on the photon source-
performance parameters because the parity violating asymmetry is extremely small (∼ 10−7) and
these measurements are optimally performed near the reaction threshold energy where sensitivity to
parity-nonconserving interactions is greatest but the cross section is changing rapidly with energy.
The most recent DOE-NSF Nuclear Science Advisory Committee (NSAC) Long-Range plan lists
P-odd deuteron photodisintegration [126] near threshold as a priority NN weak interaction mea-
surement. Table 4.2.1 lists the beam requirements to carry out such measurements – no photon
beam facility currently can provide these parameters.
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Table 4.2.1: P-odd deuteron photodisintegration beam requirements

Photon Beam Parameter Value

Energy < 12 MeV

Flux
∆E/E
Polarization
Diameter
Time Features

1010 photons/s
< 1% FWHM
Circular (> 97%)
< 12 mm on target
> 10 Hz pol. flip

4.2.2 Roadmap: progress using current facilities

Precision nuclear physics in the area of low-energy QCD requires beams of the range of 1010 ph/cm2/s
at 10- to 300-MeV photon energies are needed with percent-level energy spreads. Measurements
aimed at advancing topics in low-energy QCD described in this section have been performed dur-
ing the last decade using conventional accelerator-driven laser Compton and tagged bremsstrahlung
sources. The Compton-scattering experimental programs using the tagged bremsstrahlung photon
beam at the Mainz Microtron (Eγ > 150 MeV) [132–135] and the quasi-monoenergetic phton beam
from Compton source at the High Intensity Gamma-ray Source (HIγS), Eγ < 110 MeV [136, 137],
have significantly contributed to improving the accuracy of the electric and magnetic dipole polar-
izabilities of the proton. Also, asymmetries for elastic Compton scattering from a polarized proton
target using a circularly polarized photon beam were measured at the Mainz Microtron. These
asymmetries were used to determine spin-dependent polarizabilties of the proton. In addition,
photo-pion production measurements are carried out at the Mainz Microtron.

There are currently no research programs in low-energy QCD using photons produced by high-
power fast pulsed laser systems. However, there is potential on the horizon for developing such
photon beam sources. Compton backscattering gamma sources based on plasma accelerators have
advanced with recent experiments at Lawrence Berkeley National Laboratory (LBNL) [98] and
University of Texas, Austin [138] that have demonstrated electron beams of few GeV energies with
108 to 109 electrons/pulse, suitable for the required photon energies. Separate experiments at lower
energy at University of Nebraska, Lincoln [139], University of Texas, Austin [140], Max-Planck-
Institute for Quantum Optics (MPQ) [141], and LBNL [142] have demonstrated photon production
efficiencies approaching a photon per electron, and electron energy spreads at the percent level
[142–144]. Research and development underway aims to reach the required low divergence via
either refocusing or advanced injection techniques [145, 146]. Integration of these results at current
facilities could result in a source at the range of a few 107 photons/shot with the required energy
spread and energy. The required areal flux could be achieved in mm-scale spots at the 1- and 10-Hz
repetition rates available at current facilities or at higher laser powers in the multi-PW range at
Hz rates. Multi-PW systems could also offer high single-shot intensities if multi photon processes
are important.
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4.2.3 Roadmap: Theoretical understanding

New theory efforts focused on this science will provide important input to experimental planning
and ensure quick and efficient analysis of data. Such efforts are well-aligned with the recommended
“Theory Initiative” of the 2015 NSAC Long-Range Plan and continue the strong tradition of synergy
between theory and experiment in this area. A range of initiatives would ensure that the strong
international theory community working on this physics stays fully engaged:

1. Workshops with small lead times and duration of up to a month.

2. Funding for long-term theory visitors, including sabbatical and summer stays.

3. Support for off-site Postdoctoral Researchers and Graduate Students to ensure continued
scientific progress and workforce development.

In addition, computing resources must address the high-level computational needs of related theory
projects. This contributes to the Long-Range Plan’s recommendation of “new investments in
computational Nuclear Theory that exploit US leadership in high-performance computing”.
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5 Particle-acceleration and high-energy-photon sources

Observing the emitted particles and photons or probing interactions with secondary beams of par-
ticles or photons, provides a way to understand and diagnose the physics involved in a laser-plasma
interaction. Historically, as laser-pulse intensities were increased, certain laser-plasma interactions
gave rise to accelerating structures that created beams of particles, and secondary sources of pho-
tons. Through careful tailoring of the interactions – choosing suitable laser pulse properties and
target conditions – a wide variety of particle and photon sources have been engineered with many
unique properties. These sources are compact compared to conventional sources, and have a huge
range of potential applications across science, technology, engineering and medicine. They are also
extremely useful, essential even, to enable and probe the new science questions presented in this
report. Indeed, sometimes the physics investigated in the science questions may lead to new ra-
diation sources. This makes the development of laser-driven sources of high-energy particles and
photons a core area of multi-PW laser research. The “2020 roadmap on plasma accelerators” gives
a forward-looking overview of these advanced accelerator concepts [26].

In response to the solicitation for white papers (WPs) the Particle Acceleration and Advanced
Light Sources (PAALS) working group received thirty-six WPs that in part or in whole addressed
the question of high-energy particle and radiation sources using the next generation of multi-PW
lasers. The WPs covered all of the major sub-areas of research and addressed topics such as
electron and proton acceleration, generation of neutron and positron beams, as well as approaches
to generate keV to MeV energy x-rays. Additionally, several WPs focused on the diagnostic aspects.
The need for high-repetition rate laser facilities and diagnostics to enable large data sets for statistics
and to cover parameter space, as well as for active feedback and machine learning was highlighted
in WP-21 and WP-10 as a need for high quality science.

In this chapter, the main mechanisms for generating these particle (electron, positron, pro-
ton/ion, neutron) and high-energy photon sources will be reviewed and the current state-of-art
summarized, before introducing the future work that may be enabled by the multi-PW lasers. On
the low-frequency side, instead, the interaction of kJ class lasers with solid and gaseous targets
have been proposed in the WP-85 to generate unprecedented J-class THz pulses, which in turn can
open up a new regime of relativistic optics. Diagnostic development goes hand-in-hand with the
source development, and some of the ideas are described in chapter 6.

5.1 Particle sources: Relativistic electron beams and heating

Multi-PW laser systems will drive compact, high-energy electron accelerators that are predicted to
enable energies up to 20–30 GeV for physics applications and also enable new sources of ultrafast,
high-brightness x-rays for applications [147]. The electrons may gain energy from laser-driven
plasma waves in a scheme known as Laser WakeField Acceleration (LWFA) [17, 148] that can
generate multi-GeV, quasi-monoenergetic, high-charge, small-emittance, few-femtosecond duration
electron beams, or directly from the laser fields (Direct Laser Acceleration or DLA) [149–152]
that are well-suited for generating broadband x-rays with high-efficiency. DLA will likely be a
key mechanism in transferring laser energy to the electrons for creating the extremely hot dense
plasma in very strong magnetic fields that are required for addressing SQ1A. For other applications,
such as the colliding beam experiments that will be the first steps to addressing SQ1B, the high-
energy, small energy-spread LWFA electron sources are preferable. Other laser-to-electron heating
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mechanisms are important in different configurations, such as for solid target interactions typically
used for producing laser-driven proton, ion and neutron beams.

5.1.1 Laser wakefield acceleration (LWFA)

In LWFA, an electron bunch “surfs” on the electron plasma wave (the “wakefield”) generated by the
ponderomotive force of an intense laser [17, 148]. The plasma wave has a strong longitudinal electric
field that stays in phase with the relativistic driver so that relativistic particles may remain in phase
with the accelerating field over long distances and gain ultra-relativistic energies. The accelerating
electric field strength that the plasma wave can support can be many orders of magnitude higher
than that of conventional metallic RF accelerators, which makes laser wakefield acceleration an
exciting prospect as an advanced accelerator concept. LWFAs using PW-class, short pulse lasers
are able to generate ∼ 8 GeV electron beams in underdense plasmas [98]. Not only can these
compact, centimeter-scale accelerators generate high-energies, they can also have small energy
spread (less that a few percent [138, 143, 153, 154]), small transverse emittance (0.1 mm mrad,
[155–157]), short duration (few femtoseconds) bunch length [158], and high-charge (5 pC for the
current record energy beam [98]); considerably higher for smaller energies [159, 160]). Despite
these successes, it is still challenging to optimize all of the beam properties simultaneously. The
rational for using multi-PW laser pulse is that, owing to the scaling of the critical beam power as
Pcrit ∝ 1/np ∝ λ2p (where λp is the plasma wavelength), such pulses can be self-guided in a fairly
tenuous plasma (np < 1016cm−3), resulting in a longer dephasing distance Ldeph ∝ λ3p and higher
beam energy γbmc

2 ∝ 1/np [17].
Once high-quality electrons beams have been formed, secondary sources of radiation, such as

positron beams or high-energy photons can be generated. Of particular note, the electrons undergo
transverse oscillations in the multi-PW-laser-driven plasma wave during and after their acceleration.
These so-called betatron oscillations result in the emission of energetic (keV-MeV) photons (see
§ 5.5.3) that could be used for a variety of scientific applications.

LWFA using multi-Petawatt lasers
The MP3 science questions and realizing next-generation, all-optical light sources (WP-44) both
require improvements to LWFA source brilliance, shot-to-shot reproducibility, conversion efficiency
and repetition rate. A number of interesting new concepts were proposed in this area of research.
Multi-PW laser pulses are expected to generate beams with energy exceeding 10 GeV (WP-47 and
WP-22), i.e. the electron beams have large γ, such that the χ of an electron beam-laser counter-
propagating interaction will be greatly increased (SQ 1B). Novel concepts were also proposed to
overcome the limitations of traditional LWFA to enable even more compact accelerators. Ap-
proaches to overcome dephasing, where the electron beam outruns the accelerating structure and
thereby limits the energy gain, include the combination of two obliquely incident pulses with tilted
phase fronts using cylindrical mirrors to create line foci along the accelerated electron trajectory
[161] or controlling the spatiotemporal structure of the laser pulse [162] (WP-2, and WP-92). Post-
acceleration of LWFA beams is also proposed, through adding acceleration stages either optical,
by transitioning to a beam driven stage (WP-76), or by combining electron bunch and laser pulse
drivers [163]. WP-9 proposes using vacuum post-acceleration of relativistic electrons by a combina-
tion of THz electromagnetic pulses and constant magnetic fields to boost the energy of the electron
beams.
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Study of LWFA using multi-PW facilities promises more stable and better control of the electron
beam characteristics, and higher energy beams beyond current scaling limits that would advance the
understanding of laser-plasma acceleration for future high-energy physics colliders. The interaction
of these multi-GeV electron beams with high intensity laser pulses will enable the study of nonlinear
quantum electrodynamics (QED) addressed in SQ 1B and 2C. Use of these electron beams to
generate positrons and x-rays are covered in § 5.2 and § 5.5.

5.1.2 Direct Laser Acceleration (DLA) and electron heating mechanisms

The mechanisms through which a laser pulse transfers energy to electrons can be complex and
depends on the target and laser pulse conditions. Vacuum heating [164] or j × B heating [165]
prove to be key mechanisms for solid target interactions at laser intensities > 1018 W/cm2, but
intensity to electron temperature scalings are tricky because of the dynamic energy partition. For
a laser pulse interacting with a solid-density target, heating of plasma electrons is the first and
foundational step for several interesting secondary processes, such as positron generation, proton,
ion and neutron beam generation, compact x-ray sources, or the creation of extreme field or pressure
conditions. Understanding the key energy transfer step of laser-pulse energy to the electrons is
therefore of vital importance.

For a laser pulse duration longer than the inverse of the plasma frequency in a low density
plasma, or at higher densities with ultra-intense laser conditions, the plasma electrons quickly
respond to the ponderomotive force of the laser to create a channel. Within this channel strong
transverse electric fields are present, and as an electron beam is driven forward, large azimuthal
magnetic fields form. These channel fields can enable considerable energy gain [166].

DLA and electron heating using multi-Petawatt lasers
DLA in underdense plasmas could be used to demonstrate high-energy, high-charge electrons beams
for a variety of potential applications (WP-50). At ultra-high-intensities, DLA may play an ever
increasing role in the energy transfer process as even solid-density targets will become transparent
due to the relativistic heating [167] and radiation reaction will also influence DLA [168]. At high
enough intensities, the radiation reaction force alters the electron trajectories, both as a loss mech-
anism into a bright photon beam (see below, WP-7) and by interfering with the dephasing from
the laser fields [169]. For picosecond, kilojoule-class, multi-petawatt pulses, the energy distribution
evolution will be affected by multiple interactions with the laser and self-generated fields, stochastic
effects including collisions, re-circulation and radiation loss effects (WP-36). WP-42 and WP-45
both consider how the hot electron generation can be enhanced by magnetizing the plasma. WP-43
also noted that understanding how fast electrons behave in highly magnetized environments is of
significance to laboratory astrophysics and may be beneficial for advanced inertial fusion schemes.
WP-49 considers using nanowire foam targets to form uniformly heated, relativistic electron tem-
perature conditions [170]. Schemes with multiple multi-petawatt pulses with overlapping focal
spots are considered as a way to enhance the intensity and the laser energy coupling to the elec-
trons and consequently proton acceleration (WP-82). WP-82 identifies that laser-driven magnetic
reconnection [171] may play a role in this enhancement.
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5.2 Particle sources: Positron generation

Addressing SQ1A requires a macroscopic relativistic plasma created from electrons and positrons
is required. The current route to creating positrons uses high-Z targets and produces an electron-
positron jet. Relativistic electrons are either produced through laser-solid interactions [172], or via
LWFA [173]. As the relativistic electrons propagate through the high-Z material (typically gold),
the high-energy electrons produce high-energy Bremsstrahlung photons. These photons interact
with the high-Z nucleus and the photons decay into electron-positron pairs via the Bethe-Heitler
process. These methods have been shown to generate almost charge neutral jets [173, 174], and
confining the pairs in a magnetic bottle has been demonstrated [175, 176], although not yet at
sufficient density and scale to be considered a pair plasma.

SQ1B has the ultimate aim of using strong fields to create a plasma fireball of matter (electrons),
anti-matter (positrons) and photons. The diagnostic techniques developed for characterizing the
positrons using the high-Z targets will benefit the experiments designed to study the routes to
positron generation via strong fields.

Positron generation using multi-petawatt lasers
The ultimate goal of creating a pair plasma fundamentally requires sufficient positrons to be created,
which translates back to the laser energy as well as the conversion efficiencies involved in each
step of the process. The goal is to achieve a high pair density, volume and lifetime (WP-26).
For example, the duration of the pair jet needs to be greater than the typical instability growth
time of interest. For a Weibel instability, this means for a 1 ps duration requires a pair density
> 1015 /cm3. Experimental data using the direct heating of a high-Z target has shown a quadratic
scaling of positron yield with laser energy [174], making a case for high-energy multi-Petawatt
lasers. Optimization and control of the pair plasma promises to be a unique laboratory platform
to study extreme astrophysical phenomena (WP-64).

Beyond the scope of the science discussed in this report, future laser-driven colliders for high-
energy-physics experiments are envisioned [177], requiring synchronized electron and positron beams.
Multi-PW laser systems generating ultra-relativistic positron beams with femtosecond duration,
and high spatial and spectral quality via LWFA would be an important step towards building
plasma-based colliders. The initial stage of positron generation experiments will involve charac-
terization of the positron beam properties such as the emittance, divergence and energy spread
(WP-39). An important next step would show that these positron beams can subsequently be
accelerated using plasma waves. Standard plasma waves defocus positrons, so WP-22 proposed
creating azimuthally symmetric “donut-shaped” wakefields by manipulating the laser focus.

5.3 Particle sources: Proton and ion beams

The relative inertia of protons and ions compared to electrons means the laser fields do not directly
interact with them over a single laser cycle. Once the laser heats the plasma electrons, the electrons
move and expand to form electric sheath fields, the resulting currents form magnetic fields that can
launch a collisionless electrostatic shock. These high-gradient (∼TV/m), longer timescale secondary
fields can accelerate protons and ions.

A number of ion-acceleration mechanisms that depend on target and laser conditions have been
identified [178–180]. The most robust and well-studied is target normal sheath acceleration (TNSA)
[181]. A solid foil is irradiated with the laser pulse, a hot electron cloud expands in all directions
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out into the vacuum. The sheath field on the rear surface of the target rapidly ionizes and then
accelerates protons and ions from a thin layer typical composed of hydrocarbons. Protons are
preferentially accelerated due to their higher charge-to-mass ratio, but special surface cleaning may
allow improved acceleration of higher-Z ions. The energy spectra is broad and Maxwellian-like,
with maximum proton energies up to ∼ 100 MeV achieved [182–184]. The proton beams have a
divergence of < 30◦ and a very small transverse emittance [185], making the beams suitable for
imaging applications [186]. Typical energy-conversion efficiencies from laser-energy into proton-
beam energy are a few percent [187].

To boost maximum energies, the rear surface fields can be enhanced. The Break-Out After-
burner (BOA) acceleration mechanism uses relativistically induced transparency in exploding thin
foil targets to enhance the sheath field through a relativistic Buneman instability [188]. Carbon
ions with greater than 1 GeV have been accelerated in this way [189]. Magnetic Vortex Acceleration
(MVA) [117, 118] is another mechanism where the rear surface field is enhanced by the laser pulse
relativistically channeling through the target, confining and heating electrons so that they emerge
as a huge current from a small region at the rear. The exiting electron current induces a magnetic
field on the rear surface that acts to enhance the accelerating fields.

For many applications, a proton or ion beam requires a narrow energy spread. It is possible
to perform a post-acceleration energy selection step on the TNSA proton beam, but this is not
efficient. Alternative schemes have been developed to tune the accelerated ion spectra. Extensive
theoretical and numerical simulation studies indicate that Radiation Pressure Acceleration (RPA)
has the potential to achieve energies per nucleon beyond the GeV range [118, 190–194]. The required
targets are very thin (∼ 10’s nanometers thick), so the light pressure of the high-intensity laser
pulse moves the whole volume of electrons forward, and generates a large electric field that then
accelerates the whole ion volume in a uniform potential, to create a quasi-monoenergetic spectra
with high efficiency [195]. Experimentally realizing results predicted by numerical modeling proves
extremely difficult for several reasons:

(1) RPA requires exceptionally high-temporal-contrast laser pulses to avoid pre-plasma forma-
tion expansion/destruction of the ultra-thin targets, even on a picosecond timescale. This proves
particularly tricky to attain for the ultra-high intensities required. Enhancing the contrast usually
requires plasma mirrors [116] that add significant complexity to the experimental set up.

(2) The ultra-thin foil targets are susceptible to instabilities, such as Rayleigh-Taylor, that are
detrimental to the acceleration [196]. Various remedies, such as using multi-species or variable-
thickness targets, are being explored [197, 198]. Furthermore, minimal heating of electrons is
required, so circular polarization of the laser pulse is superior to linear.

(3) To achieve high intensities, tight focusing is currently required and the rapid deformation of
the target enables efficient electron heating reducing the effectiveness of the acceleration [199, 200].

The laser interaction at the front surface provides at least two other possible ion acceleration
mechanisms: skin-layer ponderomotive acceleration [201] or shock acceleration [202, 203]. The
ponderomotive force of the laser exerts a pressure on the target electrons driving them away from
regions of highest intensity into the target. The ions are unaffected by the laser fields directly, but
respond to the electric field due to the electron displacement. Under optimum density conditions, a
high-Mach-number electrostatic shock can be driven into the target that is capable of accelerating
ions. Proof-of-principle experiments for this ion beam acceleration mechanism, Collisionless Shock
Acceleration (CSA) [202, 204, 205], have accelerated quasi-monoenergetic ion beams [206, 207].
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Proton and ion beams using multi-petawatt lasers
Multi-PW laser pulses bring significant improvements to the stability, efficiency and achievable
energies of proton and ion beams. Enhancements to TNSA through temporally shaping the laser
pulse and secondary effects, like relativistic transparency, are predicted to boost the maximum
energy by a factor of 2.5-3 (WP-46). Multiplexing petawatt-class laser beams in different configu-
rations [171, 208, 209] would enhance the laser coupling, matter heating, and particle acceleration
(WP-82). Ideas for using laser-generated proton beams to produce isotopes that might be used
as a nuclear battery were proposed (WP-59) which requires high-flux proton beams. Using the
high-intensity and energy density laser pulses provides a potential route to creating highly ionized,
high-Z plasmas and accelerated ions (WP-5).

Multi-PW laser pulses promise to better match the criteria required for RPA: high-intensity,
high-contrast, with a sufficiently large focal spot. Recent theoretical work demonstrated that proton
beams can be simultaneously accelerated and focused to a tiny volume when non-uniform thickness
targets are used, and that ultra-high laser power (tens of PW) improves target stability with
respect to Rayleigh-Taylor instability [198]. Likewise, dual RPA in a colliding ion beam geometry
is proposed for a compact hadron collider (WP-73), or to generate TeraBar pressures (WP-90).
How the QED process that will likely occur at the highest intensities will affect the ion acceleration
mechanisms is also of considerable interest (WP-63). There is an experimental need for ultra-thin
(possibly as thin as tens of nanometers) foils, and one leading contender for enabling relatively
high repetition rates is liquid crystal targets [210]. WP-66 considered using helical laser beams
to impart unique orbital angular momentum to ion beams, and it was suggested that the hollow
intensity profile could be beneficial for RPA.

5.4 Particle sources: Neutron generation

Once high-energy electrons, protons, ions or photons (Secs. 5.1, 5.3, 5.5) have been generated,
nuclear reactions may take place that create neutrons. This opens the door to compact, high-flux,
high-energy neutron sources. Neutron beams can be generated through nuclear spallation, when
beams of particles (typically GeV protons) pass through a “catcher” target made from a material
with a large cross-section for the neutron generating reaction of interest. The beam-target reaction
can upshift the neutron energy from the reaction center-of-mass energy. Examples of reactions that
have been used are 2d(d,n)3He [211, 212], 7Li(p,n)7Be [213], 7Li(d,n)8Be [214], 9Be(d,n)10B [215].
Electron-beam-induced nuclear reactions via Bremsstrahlung in copper (reactions 65Cu(γ, n)64Cu
and 63Cu(γ,n)62Cu) can create a neutron beam with short pulse duration (< 50 ps) and high peak
flux (> 1018 n/cm2/s)[216].

Neutron generation using multi-petawatt lasers
Scaling to multi-PW lasers opens the possibility to combine the high-flux of a conventional spallation
source, the ultrashort nature of the laser pulse with the ability to collocate a compact facility with
existing infrastructure (WP-1). The potential exists to produce directional, short-duration neutron
sources with energies of up to 100’s MeV.

5.5 High-energy photon sources

A variety of approaches exist to create compact and ultrashort XUV to x-ray light sources based on
laser-plasma accelerators. Laser-based, high-energy photon sources have made tremendous progress
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and have huge potential. LWFA-based sources now produce keV-MeV photon sources with unprece-
dented spatial, temporal and spectral characteristics [147]. They are becoming standard tools for
high-energy-density physics experiments and used for imaging [217], absorption spectroscopy [218],
or diffraction (WP-48). These photon sources may have a much broader potential across STEM
disciplines, with medical imaging [219] and material science [166] applications already demon-
strated. This section briefly reviews the basic mechanisms for high-energy photon generation –
high-harmonic generation, Bremstrahlung, emission of betatron radiation, radiation reaction, in-
verse Compton scattering (ICS), x-ray free electron lasers (XFELs) – along with their photon source
properties and their potential using Multi-PW laser pulses.

5.5.1 Relativistic high-order harmonic generation (RHHG)

A high-intensity laser pulse focused onto an overdense target with a sharp density gradient induces
the surface electrons to rotate in relativistic orbits [220, 221]. The relativistic motion causes them
to emit temporally coherent photons at high-harmonics of the driving laser pulse fundamental
frequency. The superposition of these coherent high-harmonics forms attosecond pulse trains. The
photon spectrum can extend into the extreme ultraviolet and even x-ray energies. Science Question
2C discusses how RHHG or this can be considered a relativistic plasma mirror could be used to
intensify the light energy (see §3.3.4).

A key challenge for creating efficient relativistic high-harmonic generation at high-intensity is
preserving a steep density gradient on the target. Chirped Pulse Amplification-based laser systems
have non-compressible energy component due to Amplified Spontaneous Emission (ASE) that forms
a ∼nanosecond pre-pulse pedestal that the high-intensity short pulse sits on. A measure of the size
of the pre-pulse is the intensity temporal contrast, the ratio between the pedestal intensity to the
peak intensity. Even with advanced pulse cleaning techniques in the laser systems, best contrast
ratios would be ∼ 10−11. To remove this pre-pulse laser energy, plasma mirrors can “clean” the
pulse [116]. Double plasma mirrors typically can improve the temporal contrast by several orders
of magnitude or more at the expense of some of the pulse energy.

RHHG using multi-petawatt lasers
Work by Edwards and Mikhailova examines how HHG might scale with intensity (excluding QED
effects) [222]. Science Question 2C (§3.3.4) also requires the focusing properties of the naturally
curved interaction surface to be tested and characterized, which will be challenging.

5.5.2 Bremsstrahlung radiation sources

High-energy electrons passing through a dense material, particularly a higher-Z material, can pass
near to nuclei such that they are scattered by the fields and generate Bremsstrahlung photons.
The Bremsstrahlung photon spectrum is continuous, up to a maximum photon energy being about
that of the maximum electron energy. The Bremsstrahlung method is a straightforward technique
for generating a lot of high-energy photons and has been demonstrated to have applications for
imaging of high-energy-density materials. Using LWFA to generate the Bremsstrahlung source,
spatial resolutions of better than 30 µm have been achieved [223].

Bremsstrahlung sources using multi-petawatt lasers
The brightness of Bremsstahlung sources increase with increasing laser-pulse peak power and LWFA
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electron beam energy that will translate directly to the highest photon energies achievable.

5.5.3 Betatron radiation sources

LWFA accelerates a highly relativistic electron bunch in a moving plasma wave, with longitudinal
electric fields accelerating the beam forward. Transverse electric fields act to center the electron
bunch and the electron bunch undergoes betatron oscillations that generate an x-ray beam. The
properties of the x-rays closely resemble synchrotron radiation, a well collimated broadband beam
in the 1-100 keV range. The duration of the LWFA electron bunch, and therefore the emitted x-
rays, are a few-to-tens femtoseconds in duration, making them ∼ 1000-fold shorter pulse duration
compared to conventional synchrotron facilities. Additionally, the betatron radiation has µm source
size giving a high degree of spatial coherence that enables phase-contrast imaging [217].

Betatron sources using multi-petawatt lasers
Moving to multi-PW laser pulses will increase the energy of the electron beam created during
LWFA. The synchrotron-like betatron spectrum peaks at the critical energy, Ecrit ∝ γ2. Therefore
the increase in electron γ expected from increasing laser power will shift the critical energy of
the photon spectra to higher energies. WP-3 proposed a LWFA based scheme to create a tunable,
ultra-bright γ beam (> 1012 γ photons per shot with a brilliance of 1026 photons/s/mm2/mrad2 per
0.1% bandwidth) with energy conversion efficiency above 10% for photons above 1 MeV. A double
stage process is used; first an efficient laser-driven stage, then a second higher density beam driven
stage to increase the trapped charge, enhancing the betatron photons [224].

5.5.4 Photon sources from radiation reaction effects

A bright, directional photon beam is also created during during direct laser acceleration (DLA) of
electrons [225] in a mechanism similar to the betatron source. The laser-induced oscillation of the
electrons coupling with channel fields in the plasma act to confine the electrons in the laser focal
region. Increasing the intensity of the laser pulses eventually gives rise to the onset of a regime
where a large fraction of the energy gained by electrons, usually directly from the laser, is radiated
into photons as the electrons oscillate.

Radiation reaction effects using multi-petawatt lasers
Numerical modeling studies have shown that plasma channels can sustain extremely strong az-
imuthal magnetic fields (∼mega-Telsa for multi-PW conditions) that efficiently convert the electron
energy into a dense γ-ray pulse (WP-7). Furthermore, the intensity increase for multi-PW condi-
tions mean radiation reaction will begin to influence the DLA mechanism (see above). Similarly,
optimizing the density profile of a solid target should lead to very efficient gamma beam sources
(WP-41). These intense γ beams are a potential source for testing two-photon Breit-Wheeler pair
production [163, 226], and photon-photon scattering [227].

5.5.5 Inverse Compton Scattering (ICS) sources

Inverse Compton Scattering of laser photons from a relativistic electron beam leads to an upshift in
photon energy by a factor 4γ2, where γ is the electron relativistic factor. ICS promises collimated,
ultrafast, tunable, and narrowband MeV and GeV photon beams. Even for modest electron beam
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energies, ICS sources are attractive because the scattered photon energies can be > 100 keV. A laser
pulse scattering off a conventional RF-accelerator-generated electron beams is a well established x-
ray source for many applications. All-optical approaches, using high-quality LWFA electron beams
to perform ICS experiments have been demonstrated. Challenges for ICS include the need for a
very high-quality (dense) electron beam, and overlapping the micron-scale electron bunch with the
comparably sized laser pulse in space and time. The quasi-monochromatic photon energy can be
tuned by controlling the electron and laser parameters [141]. Increasing the laser intensity requires
additional efforts to retain the narrow energy spread. It has been shown that a chirped laser pulse
can compensate for the ponderomotive line-broadening in the scattered radiation [228–232] (WP-
14). Recent experiments have shown ICS schemes showing evidence for radiation reaction with
photons with a critical energy > 30 MeV [233].

Inverse Compton Scattering using multi-petawatt lasers
Prospects for ICS using multi-PW laser pulses look excellent. Not only can LWFA potentially
produce higher quality electron beams with higher γ values, but multi-PW lasers can deliver them
with higher peak powers. Properties of the ICS output beam may be better controlled through
the properties of the laser pulse, such as the spectral chirp (WP-14, WP-15), manipulating the
focusing properties to create caustics [234], or using polarization gating techniques to generate
MeV frequency combs [235] (WP-15). Using electron beam with a correlated energy spread may
reduce the spectral bandwidth [236] (WP-15). WP-33 [237] proposed an alternative scheme using
ultrahigh-intensity laser pulses with 10s of femtosecond duration to irradiate near-critical-density
targets. Prospects for ICS beyond all-optical schemes include coupling a multi-PW laser to a
meter-long, x-band linac to generate 20-keV x-rays for probing warm dense matter states (WP-52).
WP-16 looks to ICS experiments as a way to inspect the conditions of the coherently emitting
region of pulsars and fast radio bursts.

5.5.6 X-ray free electron lasers (XFELs)

X-ray free electron lasers (XFELs) have proven a revolutionary tool to probe ultrafast, and ultra
small phenomena across STEM fields. An electron beam in an XFEL passes through an undula-
tor (periodic magnets) that induces the beam to oscillate and emit radiation. The radiation then
continues to interact with the electron beam so it forms mircobunches at the wavelength of the
emitted radiation. These microbunches then begin to emit coherent, mono-chromatic radiation
that reinforces the microbunching process. The energy extracted from the electrons generates a
coherent x-ray beam. Conventional XFEL facilities require kilometer-scale electron accelerators,
which limits their availability due to size and expense. This makes compact LWFA electron sources
a desirable alternative to drive an XFEL and may even open the door to attosecond x-ray pulses.
Making small-scale XFEL systems widely available can potentially transform science and appli-
cations (WP-89), but this requires an electron beam of exceptional quality with a narrow energy
spread, small emittance, and high current. This challenges the limits of what LWFA can achieve,
but a breakthrough experiment has recently demonstrated the use of a LWFA to drive a 27 nm
wavelength FEL [238].

XFEL sources using multi-Petawatt lasers
Potential improvements at multi-PW laser facilities in electron beam current and stability will
directly translate to the success of future LWFA-driven XFELs. Improvements to modeling and
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simulation are another tool that can further the optimize scheme for specific configurations (WP-
4). A further challenge for LWFA driven XFELs is increasing the repetition rate to compete
with conventional facilities, with the laser technology being a bottleneck (WP-4). Schemes for all-
optical free-electron-lasers are being developed, that use LWFA electron beams, and they replace
the magnetic undulator with the electromagnetic fields of a laser pulse [239–241]. This reduces
the undulator period to the laser wavelength of the and shrinks the overall size of the FEL. One
all-optical scheme uses traveling-wave Thomson Scattering (WP-91). A relatively long laser pulse
with a few 100 to several 1000 cycles is required for FEL operation. The traveling-wave Thomson
Scattering scheme creates the electron-laser overlap by passing the electron beam at angle to the a
laser pulse with a compensating phase-front tilt.

5.6 Broader Impacts of laser based particle and high-energy-photon sources

New laser-driven particle acceleration technology could lead to better understanding of potential
screening and high-field effects that may affect fusion cross sections relevant to fusion processes for
future energy sources. Intense, high-charge proton beams would enable fast ignition and warm-dense
matter studies, and multi-100-MeV ion beams for cancer radiotherapy treatments. Fundamental ion
acceleration studies could develop sources using radiation pressure acceleration, magnetic vortex,
single-cycle laser acceleration to generate ion beams with > 1 GeV particle energies that could
access even more extreme regimes of nuclear physics.

Enabling advanced lights sources represents one of the most promising applications of laser-
wakefield acceleration of electrons, with applications in medicine, high-energy-density and material
sciences, and national security [147, 242].
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6 MP3 joint strategies for needed diagnostic capabilities

The new capabilities needed to answer the MP3 science questions with flagship experiments iden-
tified in Chapters 2-4 using high-energy particle and photon sources identified in Chapter 5 will
require concerted efforts. Advancing ultrahigh-intensity scientific research depends on establishing
a stable ecosystem that sustains existing laser facilities, upgrades them, and builds new ones to
pursue new frontier science. Often, these efforts will exceed the capacity of any individual research
institutes, or even national science and international organizations, so a key charge for the MP3
workshop included identifying common interests and joint strategies for developing diagnostics
needed for the flagship experiments.

This chapter addresses this charge, as well as new theoretical constructs and computa-
tional capabilities needed to guide and interpret the flagship experiments, and novel targets
that can relieve some laser constraints by tailoring laser-matter interactions to achieve desired re-
sults. Chapter 7 addresses next-generation lasers needed for advancing multi-petawatt laser-based
science that could benefit from coordinated efforts. This MP3 workshop report does not explicitly
treat next-generation experimental systems, ultrahigh vacuum, and other support systems, since
these advances typically require engineering to meet requirements at each specific facility.

Research networks offer excellent opportunities to pursue joint strategies. Laserlab Europe
[243], an integrated initiative of European laser research infrastructures, fosters new research and
developments in a flexible and coordinated fashion beyond the national scale. It brings together
leading organizations in laser-based inter-disciplinary research from 18 countries and its main ob-
jectives include: maintaining a sustainable inter-disciplinary network of European laboratories;
strengthening research through Joint Research Activities; and offering access to state-of-the-art
laser research facilities to researchers from all fields of science and from any laboratory in order
to perform world-class research. LaserNetUS [244] the Extreme Light Infrastructure Euro-
pean Research Infrastructure Consortium (ELI ERIC) [245] provide similar benefits in the
United State/Canada and across Europe, respectively.

The US National Science Foundation (NSF) recently announced funding of to develop an in-
ternational “network of networks” to apply “extreme light” to advance the frontiers of science
and engineering. The Ohio State University will lead development of this Extreme Light in
Intensity, Time, and Space (X-lites) collaboration initiative. X-lites aims to promote col-
laboration among researchers around the world to make full use of new laser facilities to improve
communications among, and promote broad participation at the frontiers of laser-driven science.

Adopting standards and sharing best practices promises a way to reduce both capital
and operating costs, while improving performance and maximizing compatibility, interoperability,
safety, repeatability, and quality. Adopting standards depends on setting performance specifications
and timelines that can meet broad needs, as outlined in this report. Road maps can identify facilities
required to meet established scientific research needs, as well as needed technologies that can benefit
by taking a standards-based approach to research and development. Developing and implementing
technical standards requires consensus and compromise among parties involved, including both
users and suppliers. All parties can realize mutual gains by making mutually consistent decisions.

One of the greatest benefits from research networks would be enhanced network effects. In
economics, a network effect (also called network externality or demand-side economies of scale) is
the phenomenon by which the value or utility a user derives from a good or service depends on
the number of users of compatible products. Network effects are typically positive, resulting in a
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given user deriving more value from a product as more users join the same network. Upon reaching
critical mass, a “bandwagon effect” can result. [246]

Standards and coordination increase compatibility and interoperability, allowing informa-
tion to be shared within a larger network and attracting more users of new technologies, further
enhancing the network effects. Standardization can facilitate commoditization of formerly custom
products and processes, which can lead to broader markets where only niche markets might other-
wise exist. De facto standards can arise organically, but coordinating research and development to
satisfy the broader needs of the community and aligning it with a coordinated strategy generally
prove more effective. Nonrecurring engineering costs can be spread across multiple units and users.
Proven designs can be easily adapted and extended to new applications while minimizing cost and
development time.

Near-term upgrades to existing facilities can serve two important purposes: (1) they meet the
ever-increasing demands of frontier science at established research centers, and (2) they provide
platforms for developing technology required in new facilities. Pursuing upgrades at existing infras-
tructure proves essential to realize future opportunities, and cooperation among university, national
laboratory and industry stakeholders, as well as retain, renew and grow the talent base.

6.1 Diagnostics

The diagnostics for multi-petawatt physics experiments present excellent opportunities for exer-
cising joint strategies and realizing the benefits of network effects. Some diagnostics can port to
multiple facilities by defining standard interfaces or just by providing adaptable space and services.
In other cases that demand substantial diagnostic installations, such as those requiring heavy shield-
ing, multiple facilities can leverage common designs and technology to minimize cost and schedule
with the added benefits of improving the ability to compare experimental results and to support
the equipment with common logistics.

• Laser pulse peak intensity on shot at full energy - measuring the intensity at focus represents
a critical need for practically every ultraintense laser used for experiments. Typically mea-
surements of the energy on target, the focal spot profile (taken at low power), and pulse
duration by autocorrelation measurement are combined to estimate the peak laser intensity.
WP-34 discusses the prospects and challenges of measuring extreme intensities using Nobel
gas ionization states. WP-32 proposed a method using Thomson scattering of protons from
within the focal volume to achieve an in-situ measurement for the intensities of ∼ 1024 Wcm2

[247]. WP-13 proposed methods to generate electrons or electron-positron pairs with the
desired density distribution at the surface of a thin flat foil target and detecting the number
and angular distribution of electrons or positrons generated. The multiphoton Breit-Wheeler
process, the dominant process responsible for pair creation, has a very sharp intensity thresh-
old above I = 1022 W/cm2. Below this threshold, no pairs are created and above the number
of pairs increases with laser intensity. This sensitivity of detectable positron number on laser
intensity makes this diagnostic very precise. Joint and/or coordinated development of this
approach can start with demonstrations at PW lasers using electrons and proceed to MPW
lasers that exceed the threshold.

• Colliding beam overlap - The colliding electron beam and laser pulse experiments required
to study SQ1B will be challenging. Both beams will need to have extremely stable pointing

56



stability to overlap the micrometer scale electron beam with the tightly focused laser beam.
WP-83 considered the development of a performance metric to assist with the optimization
process.

• High-energy X-ray diagnostics – Multi-petawatt lasers being developed or commissioned around
the world will generate copious multi-MeV photons associated. WP-18 describes diagnostics
to measure photons with energies greater than 100 keV. It also summarizes the requirements
for successfully implementing these diagnostics on upcoming facilities. WP-38 considers the
feasibility of using di-muon production as a diagnostic of the high-energy photons.

• Phase-based X- and gamma ray diagnostics – Novel phase-based diagnostics for laser-produced
X-ray and gamma ray sources can measure pre-plasma electron density profiles. Phase-based
(refraction and diffraction) measurements prove much more accurate and feasible at high pho-
ton energies than attenuation-based methods, because the real part of the complex index of
refraction that determines the phase effects is orders of magnitude larger than the imaginary
part determining the attenuation effects (1/E2 scaling, versus 1/E4 energy scaling). Phase-
based X-ray measurements are well suited for diagnosing the extreme gradients expected in
the dense pre-plasmas produced by high-temporal-contrast, multi-PW laser pulses (gradient
scale lengths of a few microns), as refraction-based diagnostics measure directly the plasma
electron density gradients. One phase-based X-ray method proposed for diagnosing multi-PW
laser experiments is grating-based Talbot-Lau X-ray Deflectometry (TXD). (WP-6)

• Laser-generated x-ray sources for diffraction experiments – probing the lattice spacing of mat-
ter at extreme conditions often uses diffraction techniques that prove limited. Lasers heat
a backlighter foil to generate helium-like, quasi-monoenergetic x-rays [19]. These sources
convert only ∼1% of the laser energy into x-rays that usually include emission lines with
the spectral resolution ∆Ex/Ex . 0.6 %, where Ex is the backlighter x-ray energy, along
with continuum bremsstrahlung components. Current capabilities limit these x-ray sources
to only 10 keV photons, which prevents probing very high-pressure planetary core conditions.
Diffraction by up to ∼MeV electrons or ∼20-100 keV x-rays would provide information about
the long-range order of phase transitions at TPa pressures needs to study complex mate-
rial properties and quantum phenomena that emerge at atomic pressures and temperatures
relevant to planetary cores (§ 3.1).

• Positron detection – the strong fields used to create a plasma fireball of matter (electrons),
anti-matter (positrons) and photons described in § 2.2 will require diagnostics to study the
routes to positron generation via strong fields.

• Intense proton and neutron sources for probes – Intense proton sources developed to drive
r-process experiments with intense neutron fluxes described in § 4.1 can also probe mag-
netic fields in plasmas studied in Chapters 2 and 3, while the neutron sources can enable
non-destructive imaging of dense materials and active interrogation for identifying nuclear
materials. Joint and/or coordinated development of these sources at existing and upgraded
PW and MPW facilities would advance many scientific areas.

• Electromagnetic pulse (EMP) – EMP generated by MPW laser-matter interaction will create
a hostile environment and render many diagnostics vulnerable to disruption or even damage.
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An ongoing Expert Group Laser-generated EMP Workshop supported by Laserlab Europe
and held five times since 2018 provides a venue for collaboratively addressing these issues.

• High-count-rate diagnostics – many existing experimental approaches depend on single-photon
or single-particle counting techniques to analyze and differentiate outcomes. Some MPW ex-
periments enable new regimes that require operating in a high-intensity, low-shot-rate mode
cannot apply these techniques because the experimental signatures comprise copious out-
puts. These will require diagnostic strategies that can record and distinguish signals with
potentially large backgrounds both coincident and time-delayed with respect to the signal.

• Real-time data collection and analysis – fast and accurate data processing can provide im-
proved experimental productivity and flexibility when coupled with high shot-rate or high
repetition rate lasers, especially if machine learning can be applied to the large data sets that
result.

• Machine learning for 3D reconstruction of high-density laser plasmas – WP-56 proposed to
develop and demonstrate machine learning (ML) algorithms as a tool to reconstruct the 3D
plasma plume using a high speed x-ray imaging from different lines of sight. The formation
and time evolution of X-ray emission from the plasma formed when the laser pulse hits the
target would be diagnosed so that the 2D radiographs are converted to 3D models. This
will enable to identify the corresponding ion and proton acceleration phases based on plasma
dynamics.

6.2 Opportunities for joint development strategies

Specific examples of diagnostics that would benefit from joint development strategies:

• Laser focal spot intensity

• X-ray and gamma-ray light sources for probes

• Gamma spectrometers for radiation up to E = 50 MeV via the conversion of gamma radiation
by Li target into electron-positron pairs.

• Triggered LaBr3 arrays to measure delayed gamma radiation from produced isotopes with
lifetimes above the ns-regime.

• Intense proton and neutron sources for probes

• Thomson parabolas for proton energies above 200 MeV.

• Time-of-flight MeV-neutron detection systems to measure neutron energy spectra.

• Electromagnetic pulse (EMP) detectors and mitigation schemes

58



7 MP3 vision for the optimal next-generation facility

The Adam Project (2022)
“It’s not meant to be easy. That is the beauty of physics ... that
is the beauty of life. We are meant to work on problems that our
children will solve. You will die before your life’s work is done.”

The science questions identified and developed in Chapters 2-4 present grand challenges in
three research themes – high-field physics, laboratory astrophysics and planetary physics, and
nuclear physics – enabled by a new generation of ultra-intense and powerful lasers. Chapter 5
presents research and development required to produce high-energy particle and photon sources
using multi-petawatt lasers needed for the grand-challenge experiments. Research in the three
research themes can start using existing petawatt and a few multi-petawatt laser facilities now
coming online, some with upgrades to provide additional capabilities, but all would benefit from a
next-generation facility with performance possible beyond the current state.

Science enabled by multi-petawatt lasers depends on several important laser parameters: pulse
peak power (or peak intensity), pulse energy, pulse duration, focal spot size, and repetition rate.
These parameters relate in relatively simple ways physically, but advancing all of these parameters
simultaneously presents challenges that will entail compromises and optimizing across them for
different experimental applications.

• Peak power (intensity): Laser power and focusing conditions determine the attainable laser
intensity and field strengths. The record intensity from CoReLS using a 4-PW laser with
tight focusing (56 J, 20 fs, 0.9 µm focus, 0.68 Strehl ratio) stands at just over 1023 W/cm2

[248]. Achieving significantly higher focused intensities requires higher pulse energy, shorter
pulse durations, and/or tighter focusing.

• Pulse energy: Kilojoule-class, multi-petawatt lasers promise 10× to 100× improvements in
pulse energy in a single beamline. Combining the output of multiple beamlines may provide
a path to even higher energies. Higher pulse energy can yield higher peak intensities with
ultrashort pulses for some physics experiments to achieve threshold conditions, like producing
electromagnet cascades (§ 2.1.4, Fig. 3); or longer pulses with larger focal spots where peak
intensity or power is not so important as the total number of secondary particles generated
and accelerated, like solid-density neutron beams for laser-driven nucleosynthesis (§ 4.1).

• Pulse duration: Shorter pulses require laser systems that can deliver broader bandwidth
and/or employ nonlinear compression techniques. Demonstrated nonlinear compression tech-
niques have shown to up to 6× improvements, as described below, but realizing this kind of
performance at very high pulse energies with large beams poses challenges.

• Focal spot size: Tighter focusing requires exquisite control and promises less than a factor of
two given the CoReLS result; not much improvement is expected using conventional focusing
schemes.

• Repetition rate: Increased experimental repetition rates provide a way to study low-probability
events and reducing measurement uncertainties by producing large data sets and using sta-
tistical methods. Realizing higher shot rates and ultimately multi-Hz and even multi-kHz
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repetition rates requires technological advances in thermal management and high-average-
power optics.

7.1 Opportunities to advance laser performance

The following highlights opportunities to advance laser parameters and offers a vision for next-
generation, high-intensity lasers to address the frontier science goals.

Kilojoule-class, multi-petawatt lasers: Most of the petawatt and the few multi-petawatt
lasers operating now employ titanium-doped sapphire (Ti:Sa) laser amplification, which has likely
reached its maximum output energy due to technical limitations. Optical parametric chirped pulse
amplification (OPCPA) pumped by high-energy laser systems promise to surpass this limit and
potentially increase the bandwidth to produce even shorter pulses.

Several proposed facilities aim to deliver beamlines each delivering up to 25 PW (e.g. 500 J
in 20 fs) and even possibly to 100 PW with advances in large optics required for larger beams.
Figure 11 illustrates a concept proposed for an optical parametric amplifier line pumped by the
OMEGA EP laser system (EP-OPAL) at the University of Rochester Laboratory for Laser En-
ergetics (UR/LLE) [249]. This all-OPCPA system approach promises to achieve high energy and

Figure 11: Schematic for EP-OPAL facility proposed by UR/LLE.

ultrahigh temporal contrast by leveraging multi-kilojoule beamlines to pump large-aperture, highly
deuterated dihydrogen potassium phosphate (DKDP) crystals in a ultrabroadband phase matching
configuration [250, 251]. Figure 12 shows a similar approach being pursued at the Shanghai Insti-
tute of Optics and Fine Mechanics (SIOM) for the Station of Extreme Light (SEL-100PW) that
targets a 100-PW, 20-fs, 2 kJ beamline [252]. SEL-100PW will serve three end stations: Dynam-
ics of Materials under Extreme Conditions (DMEC); Ultrafast Sub-atomic Physics (USAP); and
Molecular Dynamics and Extremely fast Chemistry (MODEC).

Plasma amplification and plasma optics: As noted above, technical limitations of the
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Figure 12: CAD rendering of SEL-100PW project underway at SIOM [252]

optic size that can be feasibly manufactured is a challenge for creating higher power pulses. An
alternative is to consider plasma amplification methods of the laser pulse and plasma optic, to
replace conventional gratings for example. WP-35 highlighted the possibility of using multi-PW
laser facilities to explore pushing the potential of plasma optics beyond the academic and apply to
real systems.

Coherent combination of multi-PW modules: Figure 13 shows a concept developed at the
2019 Brightest Light Initiative (BLI) workshop. It envisions an approach to realize exawatt peak

Figure 13: Concept layout for an exawatt laser facility with an array of coherently combined 100-PW
beams with a 4×4 array of beamlines arranged to provide low-effective f-number focusing.

powers with an array of coherently combined 100-PW beams with low effective f-number focusing.
The higher energy could be capable of reaching 1026 W/cm2 with near-diffraction-limited focusing
to an approximately 1 µm2 spot.

61



Figure 14 illustrates the “Nexawatt” concept [253] that coherently combines the output of high-
energy, chirped-pulse amplification where grating and focusing optic size and damage thresholds
typically limit the maximum compressed pulse energy. This scheme divides final pulse compression
into multiple channels where each channel completes compression of the pulse and focuses it on
target. Maximizing performance depends on matching precisely the dispersion and timing of all
the channels.

Figure 14: Schematic of Nexawatt concept [253].

Maximizing the electric field at a focusing point requires coherently combining multiple laser
beams to reproduce a phase conjugated dipole radiation field. Figure 15 illustrates a “dipole
focusing” concept [254–256], where a number of tightly focused laser pulses mimic such a dipole-
like wave structure that can reduce the total power needed to reach a desired field intensity with a
minimum dipole focusing volume, Vdp ≈ 0.032λ3 or (0.32λ)3. A “double-belt” configuration with

Figure 15: A “double-belt” focusing configuration using coherent beam combination and f/1 focusing optics
can approach the ultimate intensity or field strengths possible with a given amount of laser power.
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Figure 16: Nonlinear pulse compression: Thin-film compressor

12 beams using f/1 focusing optics can theoretically simulate a 10 PW electric-dipole wave with
only 12 PW of laser power. This advanced form of coherent combination approaches the ultimate
intensity or field strength possible with a given amount of laser power.

Higher repetition rates: Running any of the schemes noted above at higher repetition rates
poses significant but surmountable technical challenges that can be met with appropriate research
and development efforts. Lasers generate heat due to inherent quantum defects and this heat
load can degrade performance or even damage the lasers without proper thermal management.
Minimizing heat loads by using lower-quantum defects laser materials [257], and actively cooling
the laser gain media [258] have enabled 10-Hz repetition rates at 100-J pulse energies that deliver
kilowatt average powers. Scaling to higher pulse energies and repetition rates looks feasible but it
will require investments and careful engineering. Figure 10 illustrates another approach to realize
multi-petawatt lasers that can operate at high repetition rates. Many petawatt lasers working
simultaneously can essentially run multiple experiments in parallel to produce high-energy particles
and drive nuclear reactions that do not depend on laser pulse coherence with experimentally useful
yields. This “multi-SHARC” concept could lead to otherwise unreachable peak neutron fluxes of
1021 n/s/cm2 and average fluxes of 1013 n/s.

Shorter pulses using nonlinear mechanisms: Figure 16 shows an approach to shorten
pulse durations using self-phase modulation of ultrashort pulses to broaden their spectrum and
subsequently compress them [259]. It employs two stages of “thin-film” compressors that each
might achieve several factors of compression to approach single-cycle pulses.

Figure 17 illustrates another approach that implements a relativistic mirror with focusing,
where the light pressure of a few-cycle pulse interaction with a solid target distorts the target [259].
The plasma takes the form of a shaped mirror that reflects and compresses the pulse by a factor
proportion to a0, the vector potential, into the attosecond or even the zeptosecond regime.

7.2 Vision for a next-generation facility

A multi-petawatt laser facility would ideally combine every “trick in the book” noted above to
achieve the highest peak intensity, pulse energy and repetition rate possible to address all of the
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Figure 17: Nonlinear pulse compression: Relativistic mirror/focusing

MP3 science questions. Achieving this ultimate goal with a single facility looks unlikely because the
laser requirements vary greatly, but a flexible and comprehensive approach could make significant
progress towards it. The first next-generation facility would implement at least two multi-10+
PW laser beamlines required for science questions that involve colliding electron-laser or laser-
laser beams. These beamlines would provide adjustable pulse widths and focusing geometries in
different target areas optimized for specific types of studies. A prudent approach would also make
provisions for coherently combining beamlines, as well as applying nonlinear pulse compression and
advanced focusing schemes to extend their performance. The facility would implement state-of-
the-art technologies, like actively cooled kJ lasers with shot per minute shot rates, and provide
clear upgrade pathways to provide multi-Hz and even higher repetition rates. Each of these steps
depend on commensurate improvements in target and experimental diagnostic capabilities.
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Toncian (Helmholtz-Zentrum Dresden-Rossendorf, GERMANY), Csaba Toth (Lawrence Berkeley
National Laboratory, USA), Marija Vranic (Instituto Superior Tecnico, PORTUGAL), Mingsheng
Wei (Laboratory for Laser Energetics, USA), Scott Wilks (Lawrence Livermore National Labora-
tory, USA), Yuanbin Wu (Max Planck Institute for Nuclear Physics, Heidelberg, GERMANY),
Weipeng Yao (Institut Polytechnique de Paris, FRANCE), Kaikai Zhang (Amplitude Laser, USA).

A.2 Additional Report Contributors

Henri Vincenti (CEA, France), Charles Wang (University of Aberdeen, UK)
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B Acronym Glossary

• AGN: Active galactic nucleus

• ASE: Amplified Spontaneous Emission

• BH: Black hole

• BLI: Brightest Light Initiative

• BOA: Break-Out Afterburner

• CPA: Chirped pulse amplification

• CR: Cosmic ray(s)

• CSA: Collisionless Shock Acceleration

• DC: Direct-current

• DKDP: deuterated dihydrogen potassium phosphate

• DLA: Direct Laser Acceleration

• DMEC: Dynamics of Materials under Extreme Conditions

• DOE: Department of Energy

• EFT: effective field theories

• ELI: Extreme Light Infrastructure

• ELI-BL: ELI-Beamlines

• ELI ERIC: Extreme Light Infrastructure European Research Infrastructure Consortium

• ELI-NP: ELI-Nuclear Physics

• EM: Electromagnetic

• EMP: Electromagnetic pulse

• EU: European Union

• EW: exawatt

• FAIR: Facility for Antiproton and Ion Research

• FRIB: Facility for Rare Isotope Beams

• GRB: Gamma ray burst

• HED: High-energy-density

• HFP/QED: high-field physics and quantum electrodynamics
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• ICS: inverse Compton scattering

• LAPP: laboratory astrophysics and planetary physics

• LBNL: Lawrence Berkeley National Laboratory

• LCFA: Local constant field approximation

• LDNP: laser-driven nuclear physics

• LWFA: Laser wakefield acceleration

• MCLP: multiple colliding laser pulses

• ML: machine learning

• MODEC: Molecular Dynamics and Extremely fast Chemistry

• MP3: Multi-Petawatt Physics Prioritization

• MPQ: Max-Planck-Institute for Quantum Optics

• MPW: Multi-Petawatt

• MVA: Magnetic Vortex Acceleration

• NIF: National Ignition Facility

• NN: nucleon-nucleon

• NS: Neutron star

• NSAC: Nuclear Science Advisory Committee

• NSF: National Science Foundation

• OPCPA: optical parametric chirped-pulse amplification

• PAALS: particle acceleration and advanced light sources

• PIC: Particle-in-cell

• PV: parity violation

• PW: Petawatt

• QCD: Quantum chromodynamics

• QED: Quantum electrodynamics

• RF: Radio-frequency

• RHHG: Relativistic high-order harmonic generation

• RPA: Radiation Pressure Acceleration
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• SEL-100PW: Station of Extreme Light

• SCLA: Single-Cycle Laser Acceleration

• SF: Strong-field

• SF-QED: Strong-field quantum electrodynamics

• SHARC: Scalable High-power Advanced Radiographic Capability

• SIOM Shanghai Institute of Optics and Fine Mechanics

• SN: supernovae

• SQ: Science Question

• STEM: Science technology engineering and medicine

• Ti:Sa: titanium-doped sapphire

• TNSA: target normal sheath acceleration

• TXD: Talbot-Lau X-ray Deflectometry

• UHECR: ultra-high-energy cosmic ray(s)

• UR/LLE: University of Rochester Laboratory for Laser Energetics

• US: United States

• USAP: Ultrafast Sub-atomic Physics

• WG: Working group

• WP: White Paper

• XFEL: x-ray free electron laser

• X-lites: Extreme Light in Intensity, Time, and Space

• XUV: Extreme Ultraviolet

• ZEUS: Zettawatt-Equivalent Ultrashort pulse laser System
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C White Papers

This appendix contains a list of the white paper author(s) and titles that were received for the
MP3 workshop. Listed in the order they were received. The list is linked to the full text of each
white paper as they were submitted.

1. Markus Roth, Marc Zimmer, Stefan Scheuren, Christian Rödel, Laser Neutron Production
entering the Spallation Mode

2. J.P. Palastro, A. Arefiev, J. Bromage, M. Campbell, A. Di Piazza, M. Formanek, P. Franke,
D.H. Froula, B. Malaca, W. Mori, J. Pierce, D. Ramsey, J.L. Shaw, T.T. Simpson, J. Vieira,
M. Vranic, K. Weichman, J. Zuegel, Novel Plasma Physics Regimes enabled by Spatiotempo-
rally Shaped Laser Pulses

3. Xing-Long Zhu, and Zheng-Ming Sheng, Ultra-brilliant GeV gamma-ray emission with multi-
petawatt lasers

4. Henry P. Freund, Advanced Light Sources with Polarization Control Based upon Laser-Based
Accelerators

5. Yasuhiko Sentoku, Natsumi Iwata, Mamiko Nishiuchi, Alexey Arefiev, Dynamics of multi-
petawatt laser driven high Z radiative plasmas

6. D. Stutman, M.P. Valdivia, D. Kumar, M. O. Cernaianu, D. Doria, P. Ghenuche, N. Safca,
Phase-based X and gamma ray diagnostics for multi-Petawatt laser research

7. Hans Rinderknecht, A. Arefiev, T. Toncian, M. Wei, T. Wang, G. Bruhaug, A. Laso Garcia,
K. Weichman, J. Palastro, D. Doria, K. Spohr, M. Cernaianu, P. Ghenuche, J. Williams,
A. Haid, T. Ditmire, H. Quevedo, and Dan Stutman, Relativistically transparent magnetic
filaments: a platform for high-field science and efficient gamma-ray sources

8. Kathleen Weichman, M. Murakami, J.J. Honrubia, S.V. Bulanov, J.K. Koga, M.A.H. Zosa,
A.V. Arefiev, and J. Palastro, Microcavity implosions for the generation of extreme electric
fields and ultrahigh magnetic fields

9. Oleg B. Shiryaev, Michael Yu. Romanovsky, and Vladimir V. Bukin, Vacuum post-acceleration
of relativistic electrons by combinations of THz electromagnetic pulses and constant magnetic
fields

10. Stephane Branly, Franck Falcoz, Catalin Neacsu, Kaikai Zhang and Pierre-Mary Paul, Status
and future of high energy high average power lasers

11. James K. Koga, Masaki Kando, Sergei V. Bulanov, Timur Zh. Esirkepov, Alexander S.
Pirozhkov, Petr Valenta, Tae Moon Jeong, Georg Korn, Stepan S. Bulanov, Relativistic Flying
Mirrors for Fundamental Science and Applications

12. T. Heinzl, A. Ilderton, and B. King, Laser-Matter Interactions at the Intensity Frontier

13. Zsolt Lécz1, and Alexander Andreev, Positron detection for plasma and field diagnostics in
high-power laser-solid interactions
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14. Balvsa Terzić, and Geoffrey Krafft, Improving Performance of Inverse Compton Sources in
High-Field Regime via Laser Chirping

15. D. Seipt, M. Zepf, and S. G. Rykovanov, Advanced Concepts for Monoenergetic γ-Ray Gen-
eration using Nonlinear Compton Scattering

16. Shuta J. Tanaka, Keita Seto, Yasuhiro Kuramitsu, Yuji Fukuda, and Youichi Sakawa, Exper-
imental observation of induced Compton scattering

17. Felix Karbstein, Holger Gies, Elena A. Mosman, Gerhard G. Paulus, Kai S. Schulze, and
Thomas Stöhlker, Co-location of a multi-petawatt laser with an x-ray free electron laser

18. Deepak Kumar, Chris Armstrong, Florian Condamine, Thomas Cowan, Alejandro Laso Gar-
cia, Tae Moon Jeong, Ondvrej Klimo, Paul McKenna, Alexander Pirozhkov, Sushil Singh,
Dan Stutman, Vladimir Tikhonchuk, Roberto Versaci, June Wicks, High energy X-ray diag-
nostics for interaction of a high repetition rate multi-petawatt laser with solid targets

19. Holger Gies, Felix Karbstein, Jörg Schreiber, and Matt Zepf, Quantum vacuum signatures in
laser pulse collisions

20. Hiroshi Sawada, Relativistic Electron Isochoric Heating with Petawatt Femtosecond Lasers for
Creation of Warm Dense Matter

21. Peter V. Heuer, Hans G. Rinderknecht, Derek B. Schaeffer, Scott Feister, The Role of High
Repetition Rate Experiments in Advancing HEDP Science

22. Karl Krushelnick, Laser wakefield acceleration with Multi Petawatt lasers

23. Matteo Tamburini, Antonino Di Piazza, Christoph H. Keitel, The quest for precision mea-
surements of strong-field QED effects

24. Yan-Fei Li, Wei-Min Wang, Yu-Tong Li, The interaction of a multi-petawatt laser pulse with
an ultrarelativistic electron beam could be utilized to produce polarized positron-beam source
or conduct confirmatory experiments on QED theory

25. Bruce A. Remington, Hui Chen, Relativistic astrophysical jets from accreting massive black
holes in galactic centers

26. Hui Chen, Frederico Fiuza, and Bruce Remington, Laser produced relativistic pair plasmas in
the laboratory

27. Stephanie Hansen, and Brent Jones, MP3 Opportunities for Benchmark-quality Lab-Astro
Experiments

28. Reinhard Alkofer, Matthias Diez, and Christian Kohlfürst What are the time-scales of particle
formation in the Schwinger effect?

29. Ronnie Shepherd, Mark Sherlock, Max Tabak, Steve Libby, Yuan Shi, Nathaniel Roth, Hui
Chen, Howard Scott, Soft X-ray emission spectroscopy to search for Unruh radiation
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30. Wendell T Hill, III, Andrew Longman, Calvin Z He, Smrithan Ravichandran, José Antonio
Pérez-Hernández, Jon I Apiñaniz, Roberto Lera, Luis Roso, and Robert Fedosejevs, Direct
Measure of Quantum Vacuum Properties

31. Luis Roso, Andrew Longman, Calvin Z He, Smrithan Ravichandran, Jose Antonio Pérez-
Hernández, Jon I Apiñaniz, Roberto Lera, Robert Fedosejevs, and Wendell T Hill, III Radi-
ation from the electron-positron virtual pairs accompanying laser driven electrons.

32. Robert Fedosejevs, Andrew Longman, Calvin Z He, Smrithan Ravichandran, Jose Antonio
Pérez-Hernández, Jon I Apiñaniz, Roberto Lera, Luis Roso, and Wendell T Hill, III, In situ
intensity gauge adapted for extremely-high intensities

33. Ondrej Klimo, Stefan Weber, Controlled γ-ray secondary source

34. Marcelo Ciappina, Stefan Weber, Atomic high-field diagnostic using multiple sequential ion-
ization

35. Caterina Riconda, Stefan Weber, Plasma Amplification for High-Power Lasers

36. N. Iwata, Y. Sentoku, A. J. Kemp, and S. C. Wilks, Stochastic laser-plasma interaction with
kJ-class petawatt laser light

37. Timur Zh. Esirkepov, Akito Sagisaka, Koichi Ogura, Hiromitsu Kiriyama, James K. Koga,
Masaki Kando, Danila R. Khikhluha, Ilia P. Tsygvintsev, Chris D. Armstrong, Deepak Ku-
mar, Stepan S. Bulanov, Georg Korn, Sergei V. Bulanov, Alexander S. Pirozhkov, Experi-
mental Access to Laser-Driven Gamma Flare

38. Calin Ioan Hojbota, Mohammad Rezaei-Pandari, Mohammad Mirzaie, Vishwa Bandhu Pathak,
Doyeon Kim, Jeongho Jeon, Kiyong Kim, Chang Hee Nam, Muon production for the detection
of high-energy photons from laser-electron collisions

39. G. Sarri, M. Streeter, L. Calvin, N. Cavanagh, High-energy and high-quality positron beams
from a laser wake-field accelerator

40. G. Sarri, M. Streeter, L. Calvin, N. Cavanagh, K. Fleck High-field quantum electrodynamics
in the field of an intense laser

41. Sergei V. Bulanov, Prokopis Hadjisolomou, Gabriele Grittani, Tae Moon Jeong, Georg Korn,
Danila R. Khikhlukha, Pavel V. Sasorov, Petr Valenta, Kirill V. Lezhnin, Ilia P. Tsygvintsev,
Vladimir A. Gasilov, Timur Zh. Esirkepov, Alexander S. Pirozhkov, James K. Koga, Masaki
Kando, Tetsuya Kawachi, High Power Gamma Flashes Generated in Multi-Petawatt Laser-
Matter Interaction for Fundamental Science and Applications

42. Thomas G. White, Matthew Oliver, and Tilo Döppner, Measurements of Transport Properties
in Warm Dense Matter with Multi-Petawatt Lasers

43. K. Matsuo, M. Bailly-Grandvaux, S. Bolanos, D. Kawahito, C. McGuffey, M. Dozières, J.
Peebles, J. R. Davies, M.S. Wei, W. Theobald, P.-A. Gourdain, J. Honrubia, J.J. Santos, and
F.N. Beg, Energy deposition in magnetized dense plasma by laser-driven relativistic electrons
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44. Matthias Fuchs Next-generation Lightsources and Applications

45. Lili Manzo, Matthew Edwards, Yuan Shi, Enhancing hot electron generation via magnetized
laser absorption

46. J. Kim, D. Mariscal, B. Djordjevic, Efficient laser-driven ion acceleration using temporally
shaped high-intensity pulses

47. C. B. Schroeder, C. Benedetti, E. Esarey, C. G. R. Geddes, J. van Tilborg, Laser wakefield
acceleration using multi-PW lasers

48. Félicie Albert X-ray light sources from laser plasma acceleration and their applications

49. Andreas Kemp, S.C.Wilks, G.Grim, E.Hartouni, S.Kerr, G.Cochran Development of a new
laser-based platform capable of measuring nuclear reaction rates in hot plasmas

50. Amina E. Hussein, Multi-petawatt electron acceleration and strong magnetic field generation

51. G. Gregori, S. Sarkar, R. Bingham, C. H.-T. Wang, Going Beyond the Standard Model with
High Power Lasers

52. Pierre Gourdain, and Georg Hoffstaetter, Using inverse Compton scattering from a short
pulse laser to measure the properties of warm dense matter produced by pulsed-power drivers

53. P. Neumayer, V. Bagnoud, Research at the high-energy short-pulse laser system PHELIX user
facility

54. Keita Seto, Jian Fuh Ong, Yoshihide Nakamiya, Mihai Cuciuc, Stefan Ataman, Cesim Dumlu,
Madalin Rosu, Ovidiu Tesileanu, Takahisa Jitsuno, and Kazuo A. Tanaka, Radiation reaction
experiment with 60 PW laser pulse and 10 GeV electron bunch

55. Bruce A. Remington and Hui Chen, High power laser experiments probing plasma nuclear
science

56. Alexandru Măgureanu, Viorel Nastasa, Deepak Sangwan, Bogdan Diaconescu, Dan G. Ghiţă,
Marius Gugiu, Theodor Asavei, Zhehui Wang, Cătălin M. Ticoş, Machine Learning for 3D
Reconstruction of High Density Laser-Plasma

57. Andrei Tudor Patrascu, Unruh Radiation Detection

58. K. M. Spohr, D. Doria, K. A. Tanaka, G. Bruhaug, C. Forrest, and H. Rinderknecht, et
al., Nuclear physics research in laser induced plasma with a multi-petawatt laser system:
production and decay studies of cosmogenic 26Al

59. K. M. Spohr, D. Doria, K. A. Tanaka, M. O. Cernaianu, D. O’Donnell, V. Nastasa, P.
Ghenuche, P. A. Söderström, G. Bruhaug, C. Forrest, and H. Rinderknecht, Laser-driven
population and release of the 2.4 MeV isomer in 93Mo, towards a ‘Nuclear Battery’

60. Cesim K. Dumlu, Keita Seto, Stefan Ataman, Jian-Fuh Ong, Ovidiu Tesileanu and Kazuo A.
Tanaka, A Proposal for the Observation of Pair Production in Intense Field Regime
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61. M. Vranic, T. Grismayer, A. AreBiev, H. Chen, S. Corde, R. A. Fonseca, M. Grech, C.
Joshi, A. G. R. Thomas, B. Martinez, S. Meuren, W. B. Mori, C. Riconda, C. Ridgers, D.
Seipt, L. O. Silva, T. Silva, J. Vieira, L. Willingale, Positron creation and acceleration with
multi-petawatt lasers

62. Stefan Ataman, Keita Seto, Cesim Dumlu, Jian-Fuh Ong, Andrei Berceanu, Ovidiu Tesileanu,
Kazuo A. Tanaka, MP3 all-optical vacuum birefringence experiment proposal

63. Domenico Doria, A. Arefiev, M. O. Cernaianu, P. Ghenuche, K. Spohr, K. A. Tanaka, Laser
driven-acceleration of ion and energy scaling modification by competitive processes.

64. Edison Liang, High-Energy Astrophysics Experiments Based on Ultra-intense Lasers Irradi-
ating Solid Targets

65. Sergei V. Bulanov, Yan Gun Gu, Magnetic field annihilation and charged particle acceleration
in ultra-relativistic laser plasmas

66. P. Ghenuche, M. O. Cernaianu, D. Stutman, F. Negoita, D.L. Balabanski, A. V. Arefiev, D.
Schumacher, and, D. Doria, Enhanced laser-plasma experiments with helical laser beams

67. Edmond Turcu, Electron-Positron Pair Production Interaction Chambers with Counter-propagating,
Colliding multi-PW Laser Pulses

68. M. Grech, L. Lancia, I. A. Andriyash, P. Audebert, A. Beck, S. Corde, X. Davoine, M.
Frotin, A. Grassi, L. Gremillet, S. Le Pape, M. Lobet, A. Leblanc, F. Mathieu, F. Massimo,
A. Mercuri-Baron, D. Papadopoulos, F. Pérez, J. Prudent, C. Riconda, L. Romagnani, A.
Specka, C. Thaury, K. Ta Phuoc, T. Vinci, Investigating strong-field QED processes in laser-
electron beam collisions at Apollon

69. C. A. J. Palmer, B. Reville, A. R. Bell, A. F. A. Bott, H. Chen, G. Gregori, D. Lamb, C.
K. Li, J. Matthews, J. Meinecke, H-S.Park, R. Petrasso, S. Sarkar, A. Schekochihin, L. Silva,
A. Robinson, P. Tzeferacos, and M. Vranic, Exploring cosmic-ray physics with high-energy,
high-intensity lasers

70. Jian-Xing Li, Yue-Yue Chen, Yan-Fei Li, Karen Z. Hatsagortsyan, Christoph H. Keitel, Gen-
eration of polarized high-energy lepton and photon beams

71. Sergei V. Bulanov, Gabriele Grittani, Tae Moon Jeong, Martin Jirka, Georg Korn, Pavel
V. Sasorov, Timur Zh. Esirkepov, James K. Koga, Stepan S. Bulanov, Francesco Pegoraro,
Nonlinear Electromagnetic Waves in Quantum Vacuum

72. Matteo Tamburini, Brian Reville, Jim Hinton, Christoph H. Keitel, Laboratory gamma-
electron-positron plasma – a new frontier in strong-field QED and relativistic laboratory as-
trophysics

73. Sergei V. Bulanov, Timur Z. Esirkepov, Stepan S. Bulanov, Compact Hadron Collider with
the Ion Accelerator Using the Laser Radiation Pressure

74. J. Fuchs, W. Yao, V. Horny, K. Burdonov, C. Ruyer, L. Gremillet. X. Davoine, E. d’Humières,
X. Ribeyre, S.N. Chen, D. Schaeffer, W. Fox, P. Heuer, Towards investigating astrophysically
relevant fast collisionless shocks
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75. Sebastian Meuren, David A. Reis, Roger Blandford, Phil H. Bucksbaum, Nathaniel J. Fisch,
Frederico Fiuza, Elias Gerstmayr, Siegfried Glenzer, Mark J. Hogan, Claudio Pellegrini,
Michael E. Peskin, Kenan Qu, Glen White, and Vitaly Yakimenko, Research Opportunities
Enabled by Co-locating Multi-Petawatt Lasers with Dense Ultra-Relativistic Electron Beams

76. Vishwa Bandhu Pathak, Calin Ioan Hojbota, Mohammad Mirzaie, and Chang Hee Nam,
Electron acceleration beyond the single-stage laser wakefield acceleration

77. J. Fuchs, V. Horny, K. Burdonov, V. Lelasseux, W. Yao, L. Gremillet. X. Davoine, E.
d’Humières, X. Ribère, S.N. Chen, F. Negoita, P-A Söderström, I. Pomerantz, Opening the
experimental investigation of heavy elements nucleosynthesis through extreme brightness neu-
tron beams generated by multi-PetaWatt-class lasers

78. P. Zhang, S. S. Bulanov, D. Seipt, A. V. Arefiev, and A. G. R. Thomas, Relativistic Plasma
Physics in Supercritical Fields

79. D. Seipt, C. P. Ridgers, M. Vranic, T. Grismayer, and A. G. R. Thomas, Spin and Polarization
in High-Intensity Laser-Matter Interactions

80. Chris Fryer, Shane Coffing, Suzannah Wood, Chris Fontes, Todd Urbatsch, Understanding
Transients: Needs from the Laboratory Astrophysics Community

81. Brandon K. Russell, Marija Vranic, Paul T. Campbell, Kevin M. Schoeffler, Alexander G. R.
Thomas, Dmitri Uzdensky, and Louise Willingale, Electron-only radiation dominated mag-
netic reconnection

82. J. Fuchs, W. Yao, V. Horny, K. Burdonov, L. Gremillet, X. Davoine, E. d’Humières, X.
Ribèyre, S.N. Chen, Enhanced laser coupling, matter heating, and particle acceleration by
multiplexing PetaWatt-class lasers

83. B. Manuel Hegelich, Lance Labun, Ou Zhang, Performance metrics for laser-electron colliders
to aid design and discovery

84. James P. Edwards, Misha A. Lopez-Lopez, Christian Schubert, Photon-photon scattering in
a plane-wave background

85. G. Bruhaug, H. G. Rinderknecht, J.R. Rygg, G. Collins, Y. E, K. Garriga, X.C. Zhang,
Extreme THz Pulse Generation and Interaction with Matter

86. M. Lyutikov, Astrophysical analogues of laser-plasma interaction

87. M. C. Marshall, D. N. Polsin, G. Bruhaug, G. W. Collins, and J. R. Rygg, Ultrafast phase
transformation studies in planetary materials to terapascal pressures using x-ray and electron
diffraction

88. Gilbert Collins, Tom Duffy, Danae Polsin, Scott Wilks, Gianluca Gregori, Eva Zurek, Multi-
Petawatt Laser Systems to Interrogate Matter at Atomic Pressures

89. Henry Freund, Discussion of XFELs & Laser-Driven FELs Petawatt Laser Initiative
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90. Ion Cristian Edmond Turcu, Colliding Relativistic Light-Sails accelerated by Multi-PW lasers

91. Klaus Steiniger, Alexander Debus, and Ulrich Schramm, Petawatt Class Lasers for Realizing
Optical Free-Electron Lasers with Traveling-Wave Thomson-Scattering

92. Alexander Debus, Klaus Steiniger, Ulrich Schramm, Scaling Laser-Plasma Electron Acceler-
ators to 100GeV-scale Energies using TWEAC and Multi-Petawatt Lasers
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