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Executive Summary

Which scientific questions in plasma physics would be considered important enough to the broader
science communityotjustify the significant expense of a major experimental facility?

In an effort tobring this questionto the fore the Physics Division of the National Science
Foundationfunded a Workshogheld May 20-21, 2019 at the University of Maryland, College
Park, with supplementary funding fro@oE (FES), AFOSRand ONR,where a broad cross
section of the plasma community identified a relatively small number of iconic basic plasma
physics experiments of broad interest, discussed possible facilities mod#ieifostudy, and
assessed what works for best science outcomes.

Based on presentations and discussions during and after the Workshop among the organizers and
participants, and with input from the community, the following research areas were deemed to be
(i) fundamental and broadly scientifically compellinig) éngaging of multiple subisciplines in

plasma physics as well as other physics ar@asyéquiring a major facilityput not currently
addressable by existing US facilities or facility arrangets, andiy) conceptually and technically

ready to proceed with specific, waliticulated experimental designs.

(1).Dense, high temperature guantum plasmas

The area promises discovery of altogether new material properties such as superconductivity at
high temperature, as well as ultrahigh density effects on atomic structure and nuclear reactions,
and will provide insight into the structure and evolution of planets and stars. This research will
engage the plasmzenteedhigh energy density physics arabbratory astrophysics communities,

as well as communities from high pressure physics and geophysics, condensed matter physics, and
atomic and nuclear structure.

Main facility needsCo-location of very high energy long pulse (picosecond through nanogecond
laser with synchronized high intensity short pulse system(s).

(2) Ultra-intense laser and particle beapfasma interactions into the QED regime

From generation of intend® Q jets in intense lasesolid target interactions to, at higher laser
intensity, Q Q gener ati on fr om ' this axea lopemsghe tobreto quamtanu u m
electrodynamics in the ngperturbative regime, coupled to collective plastmehavior. The
needed facility would also be used to study a wealth of wave particle interactions of interest to
astrophysics and to develop particle accelerators aagt gources for applications to other areas

of physics. Beyond plasma physics, commigaiengaged would be from laboratory astrophysics,
high energy physics, and accelerator physics.

Main facility needsFor the QED experiments, mufietawatt short pulse laser system preferably
co-located with GeVscale electron accelerator. For somehef lab astrophysics and accelerator
experiments, lasers of the scafdhosein the LaserNetUS network may be adequate.

(3)_Confined low density plasmas: rarutral, matterantimatter, and turbulent

Basic physics of confined plasmas, with applicatmsgace physics, astrophysics, spectroscopy

of anttatoms, and fundamentals of plasma physics itself. The communities attracted will be basic
plasma and atomic physics, laboratory astrophysics, and space plasma physics.




Main facility needs Here, a networlof basic confinement devicas single or few-PI labs
existing,upgradedpr new,would be best for spanning the parameters of interest and providing a
broad infrastructure for Is&c confinement plasma physi&ome of these experimenp®tentially
onnew devicesywouldfocus onconfined pair plasmaandstudies oturbulent energy cascade and
dissipationin selected regions of parameter space

Workshop background and organization

The Wor ks h oNprkshap ort Gppoltunites, ‘Challenges, and Best Practices for Basic
Plasma Science User Faciliies was h e |-, 2018 at Me Ynivérsity of Maryland,
College Park, and echaired by Howard Milchberg (Univ. of Maryland)diarl Scime (West
Virginia Univ.). The Workshop was initiated and funded by the Physics Division of the National
Science Foundation. Supplementary support for the workshop was provided by the US Dept. of
Energy, the Air Force Office of Scientific Resegraind the Office of Naval Research. Onsite
Workshop participation was by invitation only, with interactive webcasting set up for open remote
participation from the full scientific community. Onsite participants, from junior to senior level
scientists, werdrawn from federal research facilities, academic institutions, and industry.

This Workshop was designed to examine the following questions he wor kshop *
Responses, based on the Workshop presentations and discussions, are shown later in this
document.

1) What are the science questions that require establishment and operation of plasma science user
facilities, and cannot be addressed on smaller scale $dhgbgperimental facilities? Are there
compelling plasma science questions of such value iatedest to the global scientific
community that may warrant establishment of new NSF user facilities? If so, what are they?
This might involve the expansion or upgrade of existing instrumentation or the construction of
new facilities.

2) Under constrained seurces, what are the upsides and the downsides of investing in the
operation of user facilities in each of the relevantfieids?

3) What may be the limiting factors, e.g., the size of the community of potential users or the
flexibility and ease of operatn, in establishing an experimental facility as a user facility?

4) Are there particular challenges to transparent and effective operation of user facilities specific
to plasma science or any of its siiddds? If so, what are they and what modes of operation
may be used to overcome such challenges?

5) What are the best practices for managing transparent and effective operatiorsoalmidnd
major user facilities for plasma science?

The scale of possible user facilities considered ranged frorscalé usefacilities that require a
handful of PhD scientists and engineers to manage and operate to major user facilities that require
tens of scientists and engineers to operate. User facilities that were comprised of a geographically
distributed network o$ingleand fewPI labs and instrumentatiavere also considered.
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To organize detailed discussions, the participants were grouped into ingi&@nopic areas

headed by the indicated tomic-leads (*) with the listed group members

1. Quantum properties of dense plasmas

2.

3.

4.

Sam Vinko*
Rip Collins*
Yuan Ping
Shanti Deemyad
James Colgan
Russ Hemley
Jon Eggert
Eva Zurek
Mike Desjarlais
Farhat Beg
Mingsheng Wei
Emma McBride

Plasma in super-critical fields

Alec Thomas*
Stepan Bulanov*
Gerald Dunne
Sebastian Meuren
Matthias Fuchs
Alex Arefiev
Stuart Mangles
Marija Vranic
Matthias Marklund

Univ. Oxford

Univ. Rochester

LLNL

Univ. Utah

LANL

George Washington Univ.
LLNL

Univ. Buffalo

Sandia National Lab
UCSD

Univ. Rochester (LLE)
SLAC

Univ. Michigan

LBNL

Univ. Connecticut
PPPL

Univ. Nebraska Lincoln
UCsD

Imperial College

IST (Portugal)
Chalmers (Sweden)

Single component plasmas, dusty plasmas, matter-antimatter plasmas

Joel Fajans*

Eve Stenson*

Allen Mills

Dan Dubin

Lars Jorgensen
Hui Chen

Ed Thomas
Francois Anderegg
Scott Baalrud

Laboratory astrophysics

Carolyn Kuranz*
Petros Tzeferacos*
Maria Gatu Johnson
Cary Forst

Bruce Remington

UC Berkeley
Max Planck Inst.
UC Riveside
UCSD

CERN

LLNL

Auburn Univ.
UCSD

Univ. lowa

Univ. Michigan
Univ. Chicago
MIT

Univ. Wisconsin
LLNL



5.

6.

Bill Dorland
Chris Niemann
June Wicks
Tom White
Federico Fiuza
Adam Frank
Karen O'Neil
David Sdaffner

Univ. Maryland

UCLA

Johns Hopkins Univ.
Univ. Nevada Reno
Stanford Univ.

Univ. Rochester

Green Bank Observatory
Bryn Mawr

Relativistic laser- and beam-plasma interactions

Felicie Albert*
Warren Mori*
Chan Joshi

Karl Krushelnick

Mike Downer
Dan Gordon
Bob Cauble
Tom Antonsen
Nat Fisch
Dustin Froula

Doug Schumacher

Jorge Vieira
Don Umstadter
Jorge Rocca

Cameron Geddes

LLNL

UCLA

UCLA

Univ. Michigan

Univ. Texas

Naval Research Lab
LLNL

Univ. Maryland
PPPL

Univ. Rochester
Ohio State Univ.

IST (Portugal)

Univ. Nebraska Lincoln
Colorado State Univ.
LBNL

Coherent structures and enerqy dissipation

Jim Drake*
Mike Brown*
Bill Matthaeus
Troy Carter
Greg Howes
Jan Egedal
Bill Daughton
Li-Jen Chen
Mel Goldstein
Paul Cassak
Fred Skiff
Craig Kletzing
Bill Amatucci
Saikat Thakur
Ivo Furno

Yevgeny Raitses

David Newman
Erik Tejero

Univ. Maryland
Swarthmore

Univ. Delaware

UCLA

Univ. lowa

Univ. Wisconsin

Los Alamos National Lab
NASA-GSFC
NASA-GSFC

West Virgnia Univ.
Univ. lowa

Univ. lowa

Naval Research Lab
UCSD

EPFL (Switzerland)
PPPL

Univ. Alaska Fairbanks
Naval Research Lab



7. Controlled production of chemical reactivity

Steven Shannon* North Carolina State Univ.
Mark Kushner* Univ. Michigan

Ed Barnat Sandia National Labs
Gottlieb Oehrlein Univ. Maryland

Igor Adamovich Ohio State Univ.

Igor Kaganovich PPPL

Chungi Jiang Old Dominion Univ.
John Foster Univ. Michigan

Peter Bruggeman Univ. Minnesota
Vincent Donnely Univ. Houston

Uwe Konopka Auburn Univ.

It was from the topic area presentations (availdi#ed and breakout sessions, followed by
workshopwide discussionglso availabléerd, that the facilityrelevant scientifithemes shown
below—posed asgjuestions were drawn.

1) How will high energy density quantum plasmas reshape our understanding of planets and
stars and enable new states of matter here on Earth?

2) Can relativistic interactions between laser energy and matter be sufficiently well understood
and precisely conttled to develop new technologies

3) Can experimental tests of predicted properties and behavior of strongly coupled and reactive
plasmas identify gaps in our understanding of fundamental physics?

4) Can we understand complex fundamental plasma processesramexastrophysical
environments?

5) What new plasma phenomena emerge from the interplay between collective effects and
strong field quantum processes?

6) How is energy transferred from large scales to small scales in plasmas, and how is the energy
ultimately cawerted to heat and energetic particles?

Each of these plasma physics themes is expandedaspon “ r e s € @ the fbllonwang gages.

Not everyarealent itself tobe addressed by a focused large scale facility; in some cases a facility
network wouldbe optimal. In everalcasesyesearch aredsad sufficient overlap thdacilities
couldaddress more than oaeca

Models for various facility types already exist— whether they be open access N8#&ded
telescopes or distributed networks of coortkdéacilities supported by multiple federal agencies,
e.g., the LaserdtUS effort and tle NSFsupported National Nanotechnology Infrastructure
Network.

Rationale for choice of research priorities
As outlined in the executive summary, a combination ohfrphysics appeal, lack of existing

facilities, and conceptual and technical readiness led to the three areas shown. In the first two areas,
which are lasebasedand are closest to technical feasibiliysingle dedicated open facility or
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network ofmid-scaleuser facilitiesvould be appropriatieand both would serve multiple research
areas In the case of low density confined plasmas, the extremely broad range of suggested
parameters and approaches argues against-sizefgs-all facility. Some of te research, such

as on dusty plasmas, noeutral plasmas, or reactive plasmas is best done in a network of single
or few-PI facilities, with enhancements to existing facilities as warramgdhe physicsin the

case of confined pair plasmas, the ultiengourceof high-flux positrons has not yet been
identified arguing against a premature investment in a major standalone fdckawise, the
choices of specific parameters governing a dedicated machine covering the wide span of spatial
scales for stdlying turbulenenergy cascazhnd dissipatiomn magnetically confineglasmasare

being motivated by ongoing simulation and experimental investigation in existing or upgraded
devices.

Response to workshop charge

1) What are the science questions thatinegestablishment and operation of plasma science user
facilities, and cannot be addressed on smaller scale $dhgbegperimental facilities? Are there
compelling plasma science questions of such value and interest to the global scientific
community thatmay warrant establishment of new NSF user facilities? If so, what are they?
This might involve the expansion or upgrade of existing instrumentation or the construction of
new facilities.

1 These questions are addressed throughout this report.

2) Under constrimed resources, what are the upsides and the downsides of investing in the

operation of user facilities in each of the relevantfseids?

1 For two of the threeesearch priorities, the neededskrbased facilities are inherently
sufficiently flexible t@ddress more than a single scientific area of intetestddition there
is a highly active worldwide communtityat draws from fields beyond plasma phygfos
example, the ELI effort in Europedlready pursuing related theory, simulation, and
experimats. Investments in these areas are likely to have a significant international
scientific impact. These are experiments that cannot be done without flesiétydevices;
the downside of neimvestment is to be left behind scientifically and technololgical
Funding for such efforts has not only been of NSF interest; both DoE and DoD have played
a major role. Sounder constrained resources (which may or may not apply to NSF
exclusively)major investments ilaserbasedacilities db not necessarily implg reduction
in funding for singleor fewPI laboratories.

1 For a low density plasma confinement effort, the upside of investimghsaintenance of
a spectrum of basic plasma physics devares expertisén the US(through creation of a
network), andgroundwork experiments in preparation for large device efforts to study pair
plasmas or turbulent energy cascades. It appears that such an investment could be modest,
with funding directed to existing device upgrades and support for network users and
netwak maintenance. Under constrainegsourcesthe downside is that singler few Pl
efforts in basic plasma physicsitside such a networdould suffer, as theange of US
agencies supporting basic laboratory plasma physics is limited.

3) What may be the rniting factors, e.g., the size of the community of potential users or the
flexibility and ease of operation, in establishing an experimental facility as a user facility?



1 Laserbased facilities of the type covered in this report offer flexibility in the
interdisciplinary experiments that can be done, and attract scientists from plasma physics
and beyondThe user community is broad and international. In general, the device itself
(the laserand/or colocated acceleratgris not the experiment, and a dedicdterew of
optical acceleratorengineers can maintain operation. Also important is that it is very rare
that-ofiémet echnol ogy iHghiotengtdasersfandtadtadesatrs)s y st er
are developed and exist in a highly active, worldwide estesy involving academia,
national labs, and industry.

1 Dedicatedmajor low density plasma confinement devicesgair plasmas or turbulence
studies for examplewill depend strongly on the underlying supporting simulations and
experiments of a relativelymaller communityHere the devicé the experimentand so
preliminary supporting scienéesuch as development of a reliable hix source of
positron® is essential Depending on the potential costs of the resulting desigses, u
communiesmayneed ¢ be grown

4) Are there particular challenges to transparent and effective operation of user facilities specific
to plasma science or any of its siidlds? If so, what are they and what modes of operation
may be used to overcome such challenges?

1 To the exnt that a plasma facility can maintain its justification as one of fundamental
science and wide application, with broad physics appeal, it can potentially insulate itself
from the fluctuations associated with more programmatic plasma physics endeavours,
which have tended to play a dominant role in the fiBlegarding effective operation, the
most importantequirement is stable fundirgf longtermstafft o mai nt ai n t he
technical knowhow and institutional memoryThis is akin to a basic suppbf oxygen.
Depending on the type of facility, staff may also participateserexperiments and help
train students and postdoc$his consideration is not specific to plasma physics. For
transparency, see the response to question 5) below.

5) What are thdest practices for managing transparent and effective operation-staleand

major user facilities for plasma science?

1 Presentations and discussions at the Workshop were unified in support of@eyieer
model for user access, as well the involvenoéran engaged scientific advisory board.
The plasma community has already been particularly successful with this model, as shown
in workshop presentations on LM UF (Mingsheng Wei, LLE, Univ. Rochester) and
SLAGLCLS (Emma McBride, SLAC) for user faals, and on UCLABaPSF (Troy
Carter, UCLA) for a collaborative facility.



Research area descriptions

Research Areal | How will high energy density quantum plasmas reshape our
understanding of planets and stars and enable new states of matter
here on Earth?

(contributors:Collins and Vinkd

Since the earliest days of quantum mechagjeantummatter where the d@roglie wavelength

_  becomes comparable to the interatordistance® (e.g., superfluid Hehas usually
occurred at low temperaturds the past few years, a new generation of capabilities has emerged,
openng the way to revolutionary quantum states of mdtterCompression experiments can now
tune w _ , extendinggquantum behavior to unprecedentedly high temperatures, and even
bringing ® @ , transferring quantum behavior to the macroscatel chdlenging
foundational assumptis commonly made in quantum modeli@pntrolledmegabatro gigabar
pressure can produce 10f@dd compression ofmaterials, providingcontrol of interatomic
distances and therefore quantum orbitals and their energies. These conditions creabtégh new
erergy density HED) quantumfrontier [2].

At the same timghousands oéxgplanetshave been discoverdroughout the universa which
HED conditions play a crucial role. However, we still have litight intomany aspects of their
composition, sticture and habitabilityFor this purpose,ew laboratorybased HED experiments
and theorywill be needed tainderstandhe behavior of mattesver a range of extreme pressures
and temperatures, includiteepplanetaryinterior conditions which may welloverlap with the
guantum HED realm described above.

The confluence of these two movemengxploration of new HED quantuphysicscombined
with the exoplanet revolution open new research directions for plasma science, each with key
guestions for focusegksearch

1) HED quantunplasmasatomic& material structure
What is the nature of the Periodic Tahlader HED conditions?Is there coreslectron
hybridization and bonding in HED plasmadé/hat is the ground state of ukdense HED
guantum matté&Can wecontrolquantum correlatioover a broad range of temperatuneth
extreme compressi@Do predicted high density superconducting superfluids exist, and can
such states persist to high temperatti¥¥bat is the nature of dense plasmas in rigid matrices?

2) Planets tostars
How can HED science advance our understanding of the birth and evolution of solar systems,
and the interior structure, evolution, and habitability of planets? What is the nature of cooler
exoplanet? Doquantum planetsexist? At more exteme HED conditios what controls the
dynamics and evolution of stellar interiors? What new quantum phenomena will emerge in
these ultradense systems?

HED quantum plasmas: atomic and material structure. Ever since the early days of quantum
mechanics, thé&miting high-pressure behavior of matter has been described by an approximate
solution for the electronic wave function that satisfies a simple spherical potential and Fermi
statistics. This model predicts that increasing pressure drives materials t@eaaigctron metal

10



behavior with ions locked into simple dense

paCked structures. Howevel‘, recenb ‘ L 2 ('m];'cnlionul 's'upcruomllucun‘ I I :‘”H_) at ﬁ

experimental discoveries reveal matter inz 5o}l % st ,1:(;’:,';‘;’—
. = N 22 sPa

the HED regime can behave very: ’ ;

. . . 2 s00l H,S at 153 GPa g _|
differently, producing exotic quantum £ :
states including *“ e;“:] egtrid egBaCwatjoGakx whiilch t he
electrons act as massless aniofsen £ HgBaCaCuOk
seemingly simple elemental solids canz 100- YBacwok ]
assume quite complex geometric and
electronic structures when compressed tg‘; 5""110 b NN Nbssn_f‘ft}«g&gLaBaCuO }
the HED regimd3]. For example, between & | “igpr----—-o®---#---"'F 1
3.2 anc8_8 TPa A| iS predicted to assume anm 1900 1920 1940 1960 1980 2000 2020
open cell hosguest structuref4]. In fact, .., Year of discovery

hostguest structures, which are ofte Fig. 1.1. Superconducting. plotted against yeaof

incommensurate, are known to form | discovery. New HED techniques create the prospects
many metals such as Ca, Ba, K, Rb, Cs, ¢ for identifying still higher temperature superconducto
Sc under pressure, yet the reason for theu

formation is still unclearAnother example exhibiting structurabmplexity is sodium, whose
melting temperature drops from 1000 K at 30 GPa to 300 K near 12(5EPa predictive
understanding of these new quantum phases is needed to begin to address if all matter with core
electronaultimatelyend up in such a staésufficiently high pressure

Superconductivity is a remarkable emergent property from HED experintembs.to 1985 (Fig.

1.1), the highest superconducting critical temperaflye-23 K was NbGe. Recentlyusing
diamond anvilcells and laser heagin a new class of hydrogeich superconductors was
discovered at HED pressures, beginning witB = 203 K at 155 GP4] and now withLaHao

(Te > 260 Kat 190 GPa]7]. The key to this high-temperature superconductivityas the
combination ofextreme pressure and hydrogen, with theoretical studies now predicting a broad
range of such superhydrides with extraordinarily higit>300 K) at still higher pressures (e.g.,
MgHs, Cahs, YHe, YH10, and LaHo).

Experiment and theory to date touch only theprent conditions now accessible in the laboratory,

with future research poised to yield much discovery and insigining the energy density in the

HED regime allows access to novel phases, transition mechanisms, and pathways to stable or
metastable stas with enhanced properties both near and far from equilibrium.

Planets to Stars. The observation of over a thousand planets and planet candidates outside our
solar system is one of the most exciting scientific disdeg of this generation (Fig. }.2t is
estimated that at least 1/5 of all stars have an ice giant and 1/10 of all stars have an earth or super
earth plane{8]. Many of the newly discovered planets have no analogs within our own solar
systen9]. Understanding the interior properties awblution of such bodies is a major challenge

as prasure and temperatures in supepiters may extend to mulgigabarand hundreds of
kilokelvin, conditions under which there are almost no current experimental constraints on
equation of state, thermoxgmic properties, melting curves, and transport propeftiesnsolved

problem in planetary science is identifying conclusively the mechanism by which Jupiter formed,
which is a key to understanditige evolution obur own solar system. Two competing akeare

11



the core accretion modelnd the disk instability modelThe initial interior structure and
subsequent evolution of the planet differ greatly in these two formation scenarios. To solve this
both the equation of state of hydrogen and its HED chemistder Jovian conditions must be
determinedaccurately.

Similarly, our understanding of the structure and evolution of a number of stars hinges on our
understandingf processes in the HED regirtteat remain poorly understood, as was shown by
recent expemental campaignvestigatingthe opacity of Fenearradiativeconvective zone
boundary conditions [10], and the physicsoftinuum lowering models used at high dendity.

2 Confirmed Exoplanets, 03/29/19
exoplanetarchive.ipac.caltech.edu
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Fig. 1.2. Mass radius for confirmed exoplanets (circles) together eeittulated planet profiles for pure H, CH-
H20, Basalt, Fe3Ni (black lines). From these models we can calculate the deep intesuaéprehown by the
color bar.

Facility Model: Achieving megabarto gigabarpressures and equivalent energy densitiils
controlled temperature will require a laser facility of significant scadenbining high energy
nanosecond and femtosecond laser capaliitperimentswill require x-ray probeswith atomic

to mesoscale resolution f@imtosecondimescaleseither povided by laser generateerays and
gamma rays, or by a docated xray source such as arFEL. To engage scientists around the
nation and world, such a facility would be a propdssded, open access user facility with plasma
physics enabling much die research but with strong interdisciplinary contributions from nuclear
physics, condensed matter physics, chemistry, biology, earth and planetary science, and astronomy
and astrophysicsSuch afacility, depending on available parametavsuld alsobe appropriate

for experimentsn Research Priority are&s 4, and 5and some experiments in areafor some
parameter ranges, networks of rsichle laser facilities would be appropriate.
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Research Area2 | Can relativistic interactions between laser energy and matter be
sufficiently well understood and precisely controlled to develop new
technologies?

(contributors Albert and Mor)

The invention of Chirped Pulse Amplification (CPA) [1] was recognized with the 2018 physics
Nobel Prize, partly for spawning the research area of ultrashort;intibrasse laser matter
interactions [2]Research in this area has led to fundamental discoveries and useful applications.
Due to recent advances in CPA, laser povreexcess of 1 PVénd intensitiesipproachingl.0?

Wi/cn? are nowcommon In addition,small footprintlaserdriven electron beam sources with
currents and energies of 100 kA [3] artD GeV [4], respectively, are also now possible. These
advancesn relativistic laser anddam plasma interactiongll open up new domains of physics
inquiries and lead tonportantdiscoveries and unforeseen applications. When lssenpulses or
particle beams interact with matter, a number of effects, some of which are still not fully
undestood, occur (Figure 1). In laser interactiavith solids, the laser electric field ionizes the
material creating an overdense plasmédrethe laser frequency is smaller than the plasma
frequency). At high laser intensities the radiation pressure ordlite can approach a Petabar
(10* bars)and the laser energy coupledo the surface in the form of relativistic (hot) electrons.
This energy is subsequently converted into protons, high Z ions, electron positron pair creation,
and neutrons [5,6,7]. Othe other handwhen the lase(particle bear propagates through
subcritical densitflow density)plasmas, the radiation press{space chargdorces of the beam
generates plasma wave wakefieldasmas have a remarkable ability to support extreewtrel

fields: the accelerating and focusing fields in these wakefields are more than three orders of
magnitude greater than thoseconventionakharged particlaccelerators [8]Laser and beam
driven plasma akefields came used as compact sourcemoldti-GeV electrons and &xtremely
brightsources of xays and gammeays [9,10].

Short pulse lasers >10'8 W/cm2
Short pulse particle beams > 20kA

Relativistic LPI/ BPI

Overdense Underdense
Wp>Wo Wp<Wo

Hot electrons Relativistic electrons
~MeV ~CGeV

Protons
lons

Positrons
Neutrons

Figure 2.1: the framework of relativistic laser and begtasma interaction.

While this field has made substantial progress over the past decadattie forefrohof basic
science, challenges remai(t) Can theselaser and beanplasmainteraction processes be
understood and controlled, and @3n theresultingbright sources of relativistic particlésp to

14



~GeV and beyondor electrons and >100 Meyer nucleorfor iong and high energykeV to
MeV) photonshave a big impact on applications, including as a toother fields of science®n
overriding challenge will be textendlaser and bearplasmainteractionsto even greatefield
strengths and tachievephasespacecontrol ofultra-bright photon and particle beams.

Facility Model: The ideal facilitybased model textend our understanding wdlativistic laser

and beanplasma interactioand explore new applicatiomsa coordinated netwoikor exampg,
LaserNetUs) with upgradeshd flexiblefacilities to test ideas over a broad range of parameters
such as laser energy, pulsewidth, and wavelefggherimental time would be awarded through
a peefreviewed proposal procegsdditionally, asmallnumberof dedicated facilitiesvith unique
featuress desirablesuch as very high laser pulseb@amparticle energyand facilities with ce
located lasers and Gelével particle acceleratar3here should also be ampd&Ecompanying
support for new laser tecblogy development toeachthe science goal&xperimental time for
any of these facilities would be awarded through a-pmgewed proposal process.

Such facilities with appropriatavailableparametersarealso directly relevarnb othertopicareas
within this report:Experimentson collisionless shocks thelp understandhe source of thenost
energetic particles in the universe §Reésearch Priority ared and §; experiments orollisions

of relativistic electron beaswith intensdaserpulsesthat significantly exceed the Schwinger limit
(Research Priority area,5and ultrashort pulse xay probing of strongly compressed matter
(Research Priority areh.
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Research Area3 | Can experimental tests of predicted properties and behavior of
strongly coupled and reactive plasmas identify gaps in our
understanding of fundamental physics?

(contributors:Stensen, Fajans, Shannon and Kushner

Strongly Coupled Plasmas

Strongly coupled pl asmas -asnrde efxd uredneilpyg asdenaé e a |
parameter regimes, including chomeyt phbs mhas matl
mat-aetri matter pl as maspurTsao & eExx¢pll)oirnign gp hnyesw crse g
trongly corrsailsatingarhedgidsiman smadcecomeamenasgu bmel (
roenx peri ment al reaat i maptat en pod e mas dwaracdte s
heorperteidcia8t rongerparti ¢lpé asommasel at whnsh the
nt ereancetrigoyn i s greater than the average Kkinet.i
naft t i fpulsapmausty pl acsaoamlseneamanalsga BpH RPsonea at or y
tudi es of strongly correlated plasmas provi
pl anetary physics phenomena.
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ti mescales are | ong, the diagnostic access g
exampl e, in both dusty and NNP devices, t he 1
advant agel euthpiam avilrtually any other plasma fi
particle and heat transport, phase transition
work in this field has been done®cealussmalflaciindy

already exist for dusty and NNP experiments,
(MDPX) and the network of NNP $nhoydseidckii snt st ow haons

i nf or mal "distributed facility".
Exploratiomncef of hemaphgs/ anti matter pair pl as
construction of a national user facility capa
what is possible in a single wuser ifcalceisl iitsy.wh
has kept experimental pair plasma studies | agc
counterparts fevetrhsilnaset T4é+toyeahsand Wharto
"pair ,phasma’™ch posviet i sspecaineds nheagjad]it he | @ ame anhi
pl ashmhasl at ge mas s & lnebcatl raonnasej dabbed, wi eenssdapd @&rsat i on ¢
the twdl epgcthesandand mei sscarl kkisng of terms i nc
Under staampai mrgepq uaisrreasal t i n§ pl asma physics from
Hundreds of patemsoiatvlee bteemi ewroft pair pl asmas
t heoretical and comput asdroe ailmatsrdesaitame nt sT,hibsu tf
experiment al pl asma physics is extr emenheyntcso mp e
are a valwuabl e toalipfloassmebhsd e rssitnaun daitngons at r e
been a standard tool for some time now, used
magnetic reconnection andFhewherfrhairxe,i nu nfduesrisa
pl asmamspoirsuamterisé andi ngaPBPf pluaswmasvdpmenated ¢
Epoc-hO0Ogcdontiser t he @®BidyBagpagmrmhae rnay bursts, pul
j ets from acetii v[e3]g.al actic nucl
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Among the types of pair plasmas t h®aM prawe be

pl asmas are most easily magnetized and magne
notoriously hard to come by, which is why new
There are two | eading mplptraomedales t g wdvsaimdnaethe re

[
pl asma densities in the | aboratory. The- first
i nt elnssdrys with matter (Fig. 3.1).

OMEGA EP
- . beam . . . . . . .
Figure 3.1 One route to pair plasma experiments uses intenses lEsgenerate relativistic pairs, which should tl

be possible to trap (for ~ns times) with pulsed magnetic fields.

The prospects for pair plasmas in this regi me
made i n the | Asomdementary aperaachdeing pursued for generating pair
plasmas is to amass sufficient quantities oftemperature antimatter from a cold positron source,

then combine it with electrons to form a quasutral plasma [5]. This task is made possible only

with a comprehensive understanding of-memitral plasma (NNP) physics, coupled to a sufficient

flux of positrons, so that that accumulation and storage durations are feasible.
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Figure 3.2: Another route has close ties to surface science, solid statdcgphysd AMO physics
High-flux, monoenergetic, "slow" e+ beams are also a powerful tool for characterizing matter (a) [7], while
cold, e+ plasmas in nemeutral traps are also a route to a positronium HBosstein condensate (b) and in turr
gamma ray laser (c), a modern physics "holy grail” [8].

Lowemper ad waleed(eend iotwy, magnetically confined p
di fferent section of the expeproedutceld, parcdmae
cousTihnesy.bwi lalbl e t osttheastt pparierd ipcltaigoimas ifrul tl hii snmmu
from microinstabilities that drive turbul ence
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tradielieocntarinonpl asmas [ 6] . | fentthaild yprveedii dtiiean
perhaps the first time i n tnheeuthriaslt oprlya sonia phlaass
rather than taking the opportunity to demonst
to "escape'"ermamtm ddwi ceo.nf iThhe plasmas in this
to other fields of physics t hsat aesxpBipg wn3NNP. u

Reactive Plasma

Reactive plasmas containing molecular species depend critically ectausp of energy transfer
mechanisms that challenge current theoretical models for energy dissipatsa.plasmas are of

high importance for plasma processing of materes, playa major role in the semiconductor
industry.Here as well, an informaletwork of distributed facilitiebas beepursuingbasicstudies

of the energy flow in thesglasmas, focused on time and length scales spanning molecular
guantum systems to macroscopic surfaces. The objective of those studies is to extentbmodels
bettercapture fundamental phenomena that govern theseeqahbrium processes and thereby
enable advances in health, energy, environment, and agriculture. Key to these studies is the detailed
measurement of fundamental properties across a broad spectruasmfaptonditions using a
range of diagnostics. Laser diagnostics and high resolution spectroscopy are needed to probe the
crowded molecular bands to study how interaction with electone selective and possibly
controllable transitions to form reactivehemistry Here, both the timescales obllisional
excitation andthe collective plasma responsge important Traditional radio frequency and
microwave diagnostics combined with new techniques for probing molecular transitions in the
terahertz regime fe insight into density fluctuations, collisionality, and direct vibrational
rotational transitions that are driven by charged plasma species. All of these diagnostics must
demonstrate time and length scale resolution roughly on the order of MHz timeaudlicron

length scalesThe neededbroad spectrum of diagnostic infrastructure and operational expertise
does not currently reside in one place in the U.S. low temperature plasma science conimunity.
fact, in a collaborative distributed facility mdde pursue this research, it woutdmany casebe

easier to bring thenore portablglasma sources to the diagnos(edich tend to be have more
complex infrastructural lab setupsither than the other way around.

Facility Model: Fogst udhegt yoooupbégsphasmatrobunedwdralk i

mod el i's appnobudaseexpor o @sg magp blagsngdan

nomeutral mwhagsmas ndi vi dual nodeesd cgarno usppsa Inteos i nmi
fadities 4e@chwasFtoml lexipres i ments i n reactive p
model i s appropriate, where the portability of
range of facilities thas. chn phobosi daséehesamed
such as nhaays erotl aeosen have their own program i
could become active funded participants in a i
Il n all e# htolseseei ecesafse chmit mfgrrakm t hei r jfaicn [tidg etsh
tpropose suchdadi aafrfreadgeene¢d apl asma subfield, s
pl asmas. Such networ ks woludgsledeidmemofdapdirlaitte a ¢
coll abor atisvei ebedwtrok tAhsember exampl e of col | a
under wde,par hement ofhatSne dfgagll | § F2AHOS1)9c ol | abor ati v
research facilities hosalkdr attorPyr i NnRRRIO)n & dsE
Laboratory ( SNL) t o of fer coli ampermaatbuise fplo
community access to world class capabilities
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Research Area4 | Can we understand complex fundamental plasma processes in
extreme astrophysical environments?
(contributors:Kuranz and Tzeferacps

Astrophysical observations provide a wealth of information about our Universe, including how it
was created and how it continues to evolve. However, observations can be limited by the position
and distance of an astrophysical object, for example, and oftentqanobe its internal structure.

There is significant work in astrophysical modeling and theory, but how can these theories be
tested? Laboratory-seapedi msepnt shaanekpetwelkht a
related to astrophysical systenOften the relevant dimensionless parameters can be similar for
both the experiment and analogous astrophysical system. Laboratory astrophysics aims to study
specific components and processes of astrophysical objects in a controlled laboratory layy creatin
similar dynamics in a laboratory experiment. Below we discuss the outstanding questions of
astrophysical plasma processes, eleepositron pair plasmas, planetary evolution, nuclear
astrophysics, and energy transport, and how laboratory experimernbegianto explore these
phenomena.

Fundamental plasma processes and energy transport: Visible matter in the universe is
primarily found in plasma states that are notoriously hard to recreate on Earth [1]. Consequently,
astrophysical plasma processes thatkeehind the energetics of the universe have largely eluded

our terrestrial laboratories. Through collective plasma dynamics and the agency of magnetic fields,
these physical processes cause the transformation of energy between forms and scales, creating
intricate and complex phenomena. With the advent of-pmker lasers and energetic pulsed

power devices, we are now able to reproduce astrophysical environments in the laboratory [2] and
generate magnetized turbulence that is relevant to interstellantesadluster plasmas [3].

Scaled laboratory experiments can explore a range of complex magnetic phenomena that are
actively investigated by the broad astrophysics community, and address open questions in
fundamental plasma processes such as reconnégfiddeibelmediated shocks [5]; collisionless
magnetized shocks [6], the fluctuation dynamo [7], and charged particle acceleration [8]. In
conjunction with advances in numerical modeling and {pgHormance computing, these
developments have set thegetdo (i) bridge the gap among observatidnsory, andgsimulations

(i) benchmark simulation codes and validate theoretical models; and (iii) attract new scientific
talent into the fields of laboratory plasma astrophysics and HED plasma physics.

Electron-Positron Pair Plasmas: Relativistic electrospositron pair plasmaare ubiquitous in
astrophysical phenomena including gammag bursts, blackole jets, active galactic nuclei, and
other astrophysical jet processes [9]. Particle or photon collisiohsceitterof-mass energy in
excess of twice the electron rest mass (>1.022 MeV) can produce an efmxditoon pair from

the vacuum by the quantum electrodynamic (QED) BMdieeler process [10]. Energies greatly

in excess of this threshold are produceédccretion discs and jets around massive astrophysical
bodies, and ultrahighnergy cosmic rays have been observed with energies in exces8 @10
Pair production produces an upper limit on astronomical-aigrgyy-rays beyond a critical
redshift, die to attenuation by collisions with cosmic microwave background photons, and
sufficiently energetic particles or photons interacting within large magnetic or electric fields, such
as those surrounding neutron stars and magnetars, will seed QED casthdeébgde QED
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processes are expected to dominate the formation of plasmas in extreme astrophysical
environments and understanding their formation and dynamics is a foundational scientific
challenge.

In the laboratory, pair plasmas from the Beltagtler piocess, in which energetic electrons interact
with the strong nuclear field of high ions, have been demonstrated using {@gargy,
picosecond lasefd2]. However, present sources are unable to produce jets with sufficient density
to form the relativistt collisionless shocks expected to dominate in energetic astrophysical
phenomena. Scaling of this process with intensity and energy suggests that kilojoule sub
picoseconetlass beams would produce unprecedenteedioergence, higlensity (16*to 10

cm®) electronpositron plasmas. An alternative approach includes the collision of a beam of GeV
electrons with a countgaropagating or perpendicularly propagating intense laser pulse. Electrons,
positrons, and higlkenergy gammas (> 10 MeV) are producedhe forward direction of the
electron beanf13]. At laser intensities above $0W/cn? and electron beam energies above 3
GeV, each electron is predicted to produce one eleginsitron pair on average. With sufficient
intensity (b > 3x1¢® W/cn?) a chage-neutral electrofpositron beam is also generated in the
forward direction of the lasg¢t4]. Colliding two relativistic electron/positron pair plasma jets of
sufficient density will mimic the physics of astrophysical phenomena that cannot be studied
through any other method. The injection of these sources into magnetic mirror traps of sufficient
field strength could produce magnetically confined pair plasmas for the first time. Confined
chargeneutral electron positron pair plasmas will provide a ctitiseience platform for
fundamental plasma physif&s].

Planetary Evolution: The state and evolution of planets, both sokand exeplanets, is
determined by the properties of the dense and compressed matter in the planeflifiefibis
compressed ate, known as warm dense matter, is typically defined by temperatures of a few
electron volts and densities comparable with those of solids. It is a complex state of matter where
multi-body particle correlations and quantum effects play an importantrraetermining the
overall structure and equation of state. These inherent complexities lead to the failure of
perturbative techniques resulting in predictions of transport coefficients that differ by orders of
magnitudg[17]. Explaining planetary formatigrevolution, interior structure and magnetic field
configuration is intimately connected with knowledge of the equatfesiate, the phase diagram,

and the transport and optical properties of materials at extreme conglffgngVvhile there has

been somesuccess in prediction of thermodynamic and transport properties with atomistic
simulations that treat the electrons quantum mechanically, @egsity functional theory
molecular dynamicglL8]), experimental verification remains essential.

Laboratory expriments are now able to create these conditions with a range of techniques allowing
critical tests of theory and modelingor example, @cent wavenumberand energyresolved X

ray scattering experiments at the linear coherent $ightce have@robedthedense plasma states
generated through shock compressiesoling ionic interactions at the atomic scfl®].

Nuclear Astrophysics: Plasma effects on nuclear astrophysics, specifically how such effects
moderate nuclear reaction rates and hence impat¢asynthesis and nuclear abundances in the
universe, is one of the major outstanding questions in that{#i@]JdAn example is screémg of

the Coulomb potential around a nucldysfree electrons in the plasma, reducing the Coulomb
barrier and enhanmog the nuclear reaction rate.Plasma screening is expected to affect
thermonuclear reaction rates in stars by tens of pef2éht A new plasma facility could be
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designed to uniquely study these effects in the weak, intermediate, strong, and/or pyanonucle
screening regimes

Other examples of important plasma effects are nuclear excitation by electron capture (NEEC) and
by electronic transitions (NEET). In a hiddmperature plasma environment, plagmalear
interactions can populate excited nuclearestéiirough these proces$22]. Since excited states

have different properties than the nuclear ground state, a population of nuclei in thermal
equilibrium with a hot plasma can have different rates for processes including capture reactions
and nuclear dmys. Calculations including these effects feed intoadled stellar enhancement
factors for the ratef23], and experimental studies of nuclggaisma interactions are clearly
needed to benchmark stellar models. Also interesting is the rapid neuttaregaqocess, or-r
process, which plays a vital role in producing elements heaviePtRaf24]. This process has
proven very challenging to study experimentally because of the extremelligbdnmature of
intermediate states. In stars, a requirenf@rthe rprocess to happen is neutron density?yten®

[25]. Relevant experiments would be made possible with a platform with high enough neutron flux
to study rapid doubleeutron captures. Such neutron fluxes appear achievable witho ket
plasma &cilities. Other plasmeelated effects with a potential large impact of nucleosynthesis
rates and abundances that could also be of interest to study with a new facility atertsig

effects and effects of nedMaxwellian ion distributions.

Facility Model: Laboratory astrophysics spans a broad range of science that is unable to be
performed at a single facility. Rather than propose multiple facilities, a network of plasma facilities
with coordinated usage would better serve this topic. This model wibnudfar a parameter scan

of dimensional numbers, which are key to astrophysical scaling, over several orders of magnitude.
In this model, experiments would also gain from a range of diagnostics tools available at various
facilities. In addition, laboraty astrophysics experiments would benefit fromlacation of
plasma devices and facilities that could be used in conjunction or in parallel. Such facilities would
benefit from the added capabilities, but also from the dersitization of science and mmtific
techniguesThe goals of thisesearctoverlapwith significant elements dkesearch Priority areas

1, 2, 3, and 5, and thus any facilities or facility networks ceatgte multiple communities.
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Research Area5 | What new plasma phenomena emerge from the interplay between
collective effects and strong field quantum processes?
(contributors:Thomas and Bulangv

It is thought that around a second after the big bang, until the appearance of lightarfeeV
minutes later, the universe was dominated by electron, positron, and photon plasma. With new
technologies, we will soon be able to generate in a laboratory these early universe conditions for
the first time.

In quantum electrodynamics (QED), tbetical electric field strengths the field strong enough

to ‘break down’ the vacuum, which results 1in
the form of electrons and positrons [1]. Other exotic effects predicted at such field stresigttes in
light scatteing from light. Although QED is a well verified theory, with the fine structure constant,

U measured with 18 relative precision, the phenomena that arise from electrons, positrons, and
photons being exposed to strong electromagnetic fieldst only as single particles but also
collectively — are not well understoodn particular, the prific production of electrons and
positrons can cause complpbasmainteractions with these fields, which are only starting to be
theoretically explored F2]. The physics of such plasma in strong fields is relevant to early
universe conditions, extremsteophysical objects such as neutron star atmospheres and black hole
environments, and is critical to future higliensity laser driven relativistic plasma physics.

To generate such critical strength fields in a laboratory setting is a challenge,daut make use

of the fact that electromagnetic fields can be boosted to much higher strengths in the reference
frame of an extremely higbnergy particle, which allows us to study the physics of these
environments at orders of magnitude lower field stremgtian the critical limit.Particle
acceleratorsor extremely powerful laserare able to generate higimergy particles that can
experience these boosted field strengths. Laser fields may provide both the strong electromagnetic
field and the higkenergy p@rticles and therefore represent a particularly interesting environment
for studying plasma physics in strong fields [5].

Continuing increases in laser power since the invention of chirped pulse amplification, which was
recently recognized by a Noketizein physics [6], have enabled access to the highest laser light
intensities.The physics of higlintensity laseiplasma interactions involves a number of distinct
regimes, as depicted in Figure 5.1 as a function of the laser field strength and plastgaAtensi
lower laser intensities and particle densities, the particle trajectories are determined by their
classical dynamics in the laser field alone without the influence of collective effectSjngle
particle electrodynamicsAs the density of paxles increases, collective plasma effects start to
dominate the single particle dynamics. This is when the interaction enters the domain of
Relativistic plasma physic# which interesting physics phenomesizch agplasma wakefield
accelerationomay occurEven higher particle densities result in particleskimenergies becoming
equivalent to their Fermi energy, which is characteristib@tiegenerate plasmagime

At higher laser intensities but low particle densities the interactions are in thendoinkéigh

Intensity Particle Physicddere, the particle dynamics is dominated by radiation emission and
guantum processes including interactions with the quantum vacuum, but collective effects are
negligible. For example, lighiy-light scattering, thoug to be responsible for the attenuation of
X-rays by background light in cosmology, is such a process. Under certain conditions, the
spontaneous generation of electron, positron, and photon plasma in the strong fields becomes
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possible.This prolific plasna creation in highntensity laser fields rapidly pushes the interaction
into theQED-plasmadomain, where both collective and quantum processes determine the particle
dynamics. Production of a dense electron, positron, and photon plasma will provide new
opportunities for laboratory studies of the most extreme astrophysical environments.
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Figure 5.1 Different regimes of strong field physics as a function of plasma density and laser intensity (left scales) /

laser power (right scale).

There are two natur@ED thresholds in this picture, the QED critical field in the laboratory frame
(solid line) and the QED critical field in the particle rest frame (dotted line). The latter threshold
arises due to the fact stated earlier; that the electromagnetic fieldenhayentz boosted and thus
critical field effects become accessible at lower intensities when combined witlerregdy
particles. Experimental results achieved up to date all lie below the dotted line in figure 1, including
demonstrations of matter ctemn from light [7] and quantum radiation reaction [8]. Theoretical
research studies have only recently started to explore physics beyond this boundary. Already at
this threshold, the particle dynamics is dominated by radiation emission and is not dgmplete
understood because of the approximations required in the theory to obtain tractable solutions.
Hence, achieving superitical fields in plasma is a frontier area of resealdoreover,the
interplay between collective plasma effects and strong fieddhtgun processes is terra incognita

for theoretical and experimental physitkderstanding these phenomena is central to a number
of plasma physics applications including particle acceleration, light sources, matter in extreme
conditions, electromagneti@ascades, radiation dominated regime, and laboratory astrophysics.
The coupling of QED processes with relativistic collective particle dynamics can result in
dramatically new plasma physics phenomena such as the generation of a"depsé @lasma

from near vacuum, complete absorption of the energy of a laser pulse, an thi&iarelativistic

el ectron
breadth of laser light

beam,

t hat woul d ot her wi

S e penetr at ¢

When the field strength experienced by dipkrin its rest frame greatly exceeds the critical field
strength, it is conjectured that perturbation theory breaks down and predictions become impossible
with current theoretical tools. Such relative field strengths may be reached in the futurasesisg |
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[9] or lepton beanbeam [10] collisions. Studies of physics beyond this threshold should be
important for extreme astrophysics and any future linear-dlass lepton collider as well as
providing insight, by analogy, into higgnergy hadron interacins and the creation of quagkuon
plasma.

In addition to its relevance to extreme astrophysics and next generation colliders, the physics of
plasma in strong fields is synergistic wiRelativistic laser and bearplasma interactions
research. This isdrause the generation of relativistic particles by plasma acceleration schemes,
or ultrahigh intensities required for heavy charged particle acceleration or coheragt X
production, for example, push the interactions into the-mtgnsity particlephyscs and QED

plasma domains. Acceleration of particles and generation of new sources of radiation is a major
part of the scientific case for new higlower laser facilities, such as the Extreme Light
Infrastructure in Europe [9]Since the regimes of theagplications will be affected or even
dominated by the interplay between collective plasma effects and strong field quantum processes,
it is of paramount importance that such studies become an integral part of the scientific program.

P A High intensity particle physics QED plasma physics

Shower-type cascade

100PW Multi photon Compton

and Breit-Wheeler processes

10 PW

1 PW

Avalanche-type cascade

Field in particle ]:rame
Critical field

Figure 5.2. Timeline of the QEDplasma studies envisioned as a-{stage process with a facility at intermedic
laser intensities for the study of fundamental strfielgl QED processes, and a mddeam facility at the highes
laser intensities to study the interplay beaweollective plasma effects and strdid quantum processes.

Such developments require a concentrated experimental effort in order to validate findings, test
theoretical and numerical frameworks, pave the way for future applications and explore new
phenomena. The first step in exploration of this field is to study palieden collisions with laser

fields, such that the laser field is boosted to beyond the critical field strength. This would enable
probing of the highintensity particlephysics regirme, including understanding the basic quantum
processes that affect the charged particle dynamics in strong fields. By colliding the laser with
high-energy xrays, which may be generated by converting the particle beam via bremsstrahlung
for example, lightby-light vacuum interactions may be studied. Exploring the @E3ma
regime, with the eventual goal of generating a solid density, micrometer scale droplet of antimatter
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matter plasma from the vacuum, would require an exaslads facility (18® W) ableto deliver
laser pulses with intensities not available either now or with the upcoming generation of midscale
laser facilities.

Facilities Model: To explore the terra incognita of strong field physics requires a careful, staged
approach, with certain scitific goals reached at each stagée envision two stages of higiower

laser facility development for experimental research into @EBma regime, as illustrated in
Figure 5.2.

Stage 1: The study of basic quantum processes of strong field QED inmigheintensity particle
physics regiméogether with relativistic plasma physics phenomena. This can be carried out at a
Petawattclass laser facility featuring an additional colliding beam. This could mean either with
two laser beamlines, with one of themiry used for particle acceleration, or with a laser and an
electron beam. The main laser beamline with paver should be focusable to a sgite of

order a wavelength_ such that the produd® "OQw L 0 wF_ ‘Ca o}
whereO is the beam energy.

Stage 2: The study of th&@ED-plasmaregimevi t h t h e u lproducirgtplasmgfom!| o f
light needs 10 s-clasd lasdt Yocilitiee able W deliver multiple lapelses to the
interaction point at extreme intensities. Assuming focusing to asgp®bf order a wavelength,

the laser power should satisfy 0 w 7_ ‘& p Tio fully enter this regime.

An alternative configuration foachieving these conditions could involve two extremely -high
energy and tightly focused lepton beams in a collider configuration. Foptadal laser facility
configurations, the proposed two facility stages are also well aligned with facility needs of
relativistic plasma physicsncluding novel radiation sources and advanced accelerator concepts.
The facility model shouldnhclude open access &dlow a broad range of researchers with novel
ideas to drive this new research area forward.
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Research Area 6 | How is energy transferred from large scales to small scales in plasmas,
and how is the energy ultimately converted to heat and energetic
particles?

(contributors:Drake and Browh

A ubiquitous feature of plasmas in the simtheinterpganetary space of the solar systeandin
theastrophysial environment beyonthe solar system is the conversion of energy at large scales

in the form of flows and structures in the magnetic field into kinetic and thermal energy of charged
particles. Thaecent imaging of the black hole at the center of the M87 galaxy depicts superhot
plasma (1K) extending 1000 Astronomic&lnits from the central object [1The interpretation

of this image requires an understanding of how $higerhot plasma was piuced. In our own

solar system, the solar atmosphere generates magnetic structures at all scales that heat the corona
to 1 K, accelerate particles, and generate intense flows [2]. Magnetized structures as large as 2.5
million kilometers (390 timesthe Eat h’ s radi us) have been obseryv
converting magnetic energy to fl ows?®Km3rdm Er up:
Earth’s surface drirvelsattihvei sptriocd upcatritoinc lnoefs wuilnt r
drives aur or al pdar sepgionsRosnationnof cBherent btructures are also
ubiquitous in plasmas and can occur at various length scales (astrophysical, solar, laboratory
examples galore). The role of such structures in dissipationmermaiopen question.

To predict such phenomena with sufficient accuracy to be able safeguard human infrastructure on
the surface of the Earth and in space, a key science question erkiengds:energy transferred

from large scales to small scales in plasnand how is the energy ultimately converted to heat
and energetic particlesAt the largest scales, the motion of plasmas is collective, and can be
described as a fluid. The magnetic fields and conducting fluid plasma move nearly as one. At
smaller scas, the particulate nature of the plasma (made up of electrons and positively charged
ions) comes into play, and how charged particles interact with electromagnetic fields must be
considered. This requires the kinetic theory description of a plasma, riealiation of non
equilibrium statistical mechanics as developed by Boltzmann.

A consistent theme is the emergence of lagme coherent structures that play a role in the
dissipation of energy. These structures could arisecealistently, such asam turbulent flow

in the solar wind, or from the rapid merging of large scale magnetic field structures during the
process of magnetic reconnection, or when a superpl@smaflow runs into an obstacle such as

at the magnetized interplanetary shocks teve been widely documented between the sun and
Earth [4]. Each of these examples is discussed to help identify an experimental facility that could
produce these structures, and in which laboratory scientists could measure the dissipation of
energy.

Turbulence: The salient feature of turbulence is the qtissipative transfer of energy from a large

input scale (say an accretion disk, or flow from stellar coronae), until a kinetic scale is reached and
coherent flow energy (both kinetic and magnetic) isigeted (see Figure 6.1). In collisional
plasmas, energy can be dissipated via viscosity or electrical resistivity. However, if collisions are
rare, as is the case in many astrophysical or space plasmas, these avenues for dissipation do not
occur. The colkionless kinetic processes responsible for dissipation remain poorly understood.
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Magnetic reconnection: Magnetic reconnection is an explosive plasma process referring to the

local annihilation of oppositely directadagnetic flux resulting in a global change in magnetic
topology, acceleration and heating of the surrounding plasma (Figure 6.2), and the acceleration of
charged particles [5]. Magnetic reconnection occurs when oppositely directed magnetic fields
come togther, such as when a solar magnetic field line twists on itself causing a massive solar
flare or when the interplanetary magnetic fi el
sheets are formed at the interface of the reversing magneticwiieth can convert magnetic

energy to heat and energetic particles [6].

Shocks: When highspeed plasma (i.e., faster than the fastest wave speed in the system, such as
supersonic for a neutral gas) impact obstacles like astrophysical bodies or naitcatiyng
magnetic structures, they can generate a thin shock where the flow energy is converted to thermal
energy (Figure 6.3). In a collisional plasma, viscosity and resistivity again provide the dissipation.
However, the mechanisms for plasma heating) @marged particle acceleration in collisionless
systems of relevance to space and many astrophysical systems is not fully understood [7]

30



2200

Figure 6.3: Schematic of a collisionless shock as determir
from a supercomputer simulation of the bow shockkh®
from Earth (near the uppeght). The curved bow shock on
the right envisioned in a fluid description is smooth. This
simulation containing kinetic effects reveals dramatic
differences arising from smadlcale physics. lons reflecting
off the bow shock generate waves that protemgpstream of
the shock. The thickness of the bow shock is comparable
the proton gyreradius (~100 km).
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Facility Model: To address the key scientific question in a laboratory sekiath,the largescale

fluid structues and the smadicale kinetic structures must be measured simultaneously. The scale
at which the particulate nature of the charged particles becomes important is the ion skid depth (
= chpi, where c is the speed of light amgd is the plasma frequep®f the ions). This scale is
controlled by ion number density, mass, and charge. For protons at a few titheartiGles per

cubic meter, we findi = 5 cm. Numerical simulations [8][9] show that fluid behavior begins at
scales about 1@, so the expémental device should be 1@across to adequately contain large
enough scales.

A second important capability of a laboratory facility is the ability to tune the plasahefined

as the ratio of the thermal to magnetic energies. Space and astropplgsoas can be found
with either the magnetic energy dominating<< 1, e.g., stellar coronae) or thermal energy
dominating b >> 1, e.g., accretion disks). It will be important to have a confined laboratory plasma
in which the magnetic and thermal/flowraponents of the energy can be independently selected.

Finally, a facility addressing the key scientific question should be collisionless, in the sense that
the collisional mean free pakh due to Coulomb interactions (which scales as particle velocity to
the 4" power) should be comparable to the dimensions of the device. This requires a high thermal
speed, and therefore a high temperature. An electron temperaiure 00 eV is relatively easy

to achieve in a laboratory plasma; the device considereddguire§e approaching 50 eV (which

is difficult in nonfusion plasmas). A high electron temperature is associated with a low electrical
(Spitzer) resistivity and large magnetic Reynolds nunitaerA value ofRm >> 10% is needed to

be in a fully turbuént regime.

A laboratory facility targeted at studying the dissipation of energy and formation of coherent
structure in turbulence, magnetic reconnection and shocks requires sufficient scale separation and
low enough collisionality. The left panel of F@4 is a phase diagram developed for reconnection
[10], but it is useful for other plasma processes, including particle energization in shocks and
turbulence. Here scale separation is quantified in two ways: the magnetic Reynolds number and
the size of thesystem compared to the ion skin depth. The latter parameter is important in the
formation of coherent structures during reconnection, in the formation of collisionless shock
waves, and in the turbulent cascade of energy in magnetized plasmas. The déghatp guide

the design of a facility; the shaded region indicates the high magnetic Reynolds number regime of
kinetic plasma behavior important to space and astrophysical applications. Based on experimental
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techniques developed in previous basic plagxperiments, the area encircled and marked
“Region of I nterest c @ schla@natloral useefactith ed i n an i
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Figure 6.4. Left: Phase diagram for reconnection, with the
electran dynamics important also to shocks and turbulence. Right: Sketch of a proposed user facility concept using
magnetic cusp confinement with permanent magnets.

Several schemes could be used to confine and heat a plasma of this size, including magnetic cusp
confinement, toroidal magnetic field confinement or mirror confinement in a linear geometry.
Techniques to drive large scale flows, generate current sheets and drive supersonic and super
Alfv énic flows to induce shocks have been established in existirgydtdry devices. At the
parameters proposed, probe measurements are possible, but can be augmentenvagiven
diagnostics such as interferometry, scattering, and spectroscopy.
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