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ABSTRACT Unprecedented tens of TVm�1 fields are modeled to be realizable using novel nanoplasmonic
surface crunch-in modes in nanomaterials. These relativistic nonlinear surface modes are accessible due to
advances in nanofabrication and quasi-solid density sub-micron particle bunch compression. Proof of prin-
ciple of TVm�1 plasmonics is provided using three-dimensional computational and analytical modeling of
GeV scale energy gain in sub-millimeter long tubes having nanomaterial walls with controllable free-electron
densities, nt ⇠ 1022�24cm�3 and hundreds of nanometer core radius driven by quasi-solid electron beams,
nb ⇠ 0.01nt. Besides the tens of TeVm�1 acceleration gradients, equally strong transverse fields lead to
self-focusing and nanomodulation of the beam which drive extreme beam compression to ultra-solid peak
densities increasing the crunch-in field strength. Apart from ultra-solid particle beams, extreme focusing
also opens up a nano-wiggler like tunable coherent O(100MeV) ultra-dense photon source.

INDEX TERMS Plasmons, crunch-in mode, nanomaterials, electromagnetic propagation, electromagnetic
fields, surface waves, nonlinear wave, charge carrier density, particle beams, light sources.

I. INTRODUCTION
Unprecedented TVm�1 electromagnetic (EM) fields pro-
pounded by Hofstadter [1] in 1968 to be accessible using
crystals for ultra-compact particle acceleration have how-
ever remained unrealizable. These TVm�1 EM fields were
also subsequently theorized to be realizable using collective
modes [2], [3] in bulk metals driven by charged particle
beams. But, the possibility of accessing ultra-strong EM
fields in crystals [4], [5] continues to be beset by fundamental
obstacles: (i) interaction of a particle beam with ionic lattice
of bulk crystals not only results in collisional energy loss
and emittance degradation but also drives severely disruptive
effects such as filamentation, notwithstanding the favorable
effect of channeling of particles along interatomic lattice
planes and (ii) the lack of sufficiently intense as well as short
bunches required to excite crystal modes.

Tens of TVm�1 EM fields of nanometric plasmonic
modes (plasmons, surface plasmons, polaritons etc. [6]–[8])
if proven realizable, as endeavored here, would be
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unparalleled being many orders of magnitude higher than the
fields sustained by both the time-tested radio-frequency cavi-
ties ( 100 MeVm�1) as well as the upcoming plasma-based
( 100 GeVm�1) techniques [9], [10]. In addition to the
immense impact of longitudinal fields for ultra-high gradient
particle acceleration, access to tens of TVm�1 focusing fields
offers unforeseen possibilities such as particle and photon
beams of ultra-solid densities.

Furthermore, history of physics is replete with competing
advances built on modes in different media: (i) solid-state vs.
gaseous lasers; (ii) light emitting diodes (LEDs) vs. compact
fluorescent lamps (CFLs) etc. These precedents further moti-
vate the TeraVolts per meter plasmonics as a transformative
pathway for extreme EM fields far exceeding the current
frontier set by gaseous plasma wakefields [9], [10].

In this work, by unifying advances in nanoscience with the
physics of charged particle beams, a novel surface ‘‘crunch-
in’’ plasmonic mode [11] shown in Fig.1(a) is uncovered
and demonstrated to overcome the fundamental problems of
crystals while retaining the key advantages. This relativis-
tic surface plasmonic mode in nanomaterials such as tubes
with vacuum-like core not only avoids the direct impact of
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understanding Quantum electron gas
ionic lattice 
periodic potential is PRESENT 
over plasmonic timescale (strained under high fields)

energy band structure
lattice structure – Bloch’s theorem : QUANTUM
electrons - specific occupancy states, 
near-continuum Energy levels,      – energy BANDs

non-interacting Fermions
Pauli’s exclusion principle : QUANTUM

Quantum electron gas: conduction band e− - delocalized, nearly free (collisionless limit)

PLASMON – Quantum e− gas oscillations in response to EM excitation 
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beams. In the graphene plasmon scheme, MeV electrons are shown to be capable of producing tens of keV x-rays
which paves the way for miniaturization of high-energy x-ray sources. Similarly, parametric x-ray radiation and
coherent bremsstrahlung have been modeled to produce high quality x-ray beams in van der Waals materials.16

These earlier techniques for radiation production are significantly di↵erent from excitation of extreme am-
plitude plasmonic modes in tubes with cylindrical symmetry being pioneered in this work. Moreover, the field
amplitude in this work is many orders of magnitude higher than previous work on interaction between a particle
beam and plasmons. This is due to the plasmons in earlier work being linear and oscillating at around the Fermi
velocity typical of conduction band electrons.

Several decades ago there were proposals on using the channeling e↵ect in bulk metals to access high fields18

which has driven continuing work on channeling based particle beam manipulation techniques. However, not only
does channeling rely on single particle scattering e↵ect from the ionic lattice but also requires Angstrom-scale
spot-size beams to avoid bremsstrahlung.

2.4 Conducting solid-state media vs. insulating dielectrics or ionized plasmas

Plasmonics using conducting solid-state media, particularly nanofabricated materials with free electron density
(metals, semi-metals or semiconductors) is by itself an active and well established field. However, as this work
endeavors to extend the limits of physics of extreme fields it can be specifically di↵erentiated from existing
mechanisms of plasma and dielectric wakefields. Plasmonics relies on collective oscillations of Fermi electron gas
that envelopes an ionic lattice at equilibrium, whereas plasma modes are excited in ionized gasses or solids whose
atoms have to be first stripped o↵ their outer electrons. Furthermore, the electron mean free path in ionized media
rapidly decrease at higher densities whereas in solids the electron gas possess collisionless characteristics even at
the highest metallic densities. Secondly, dielectric modes are driven in media by polarization of bound electrons
(insulators) in contrast with collective modes of the free electrons of the electron gas underlying plasmons.

2.5 Nonlinear Plasmonic oscillations: Macroscopic assumptions vs. kinetic theory

The energy stored in plasmonic modes is maximized if collective oscillations are driven to the maximum limit of
their allowable amplitude. As a consequence, this work focusses on high oscillation amplitude plasmonic modes.

In the earliest seminal work on such high-amplitude (nonlinear) collective oscillations of electrons,14 this
limit is defined as the wavebreaking limit. While the wavebreaking limit can be exceeded, around this limit the
collective oscillations loose their coherent characteristics.

By definition, collective oscillations are comprised of particles executing well ordered trajectories with specific
phase di↵erence which depends upon their relative spatial separation at equilibrium. However, when individual
particles are strongly driven and undergo high amplitude oscillations, beyond a certain amplitude threshold
oscillating particles do not remain ordered which leads to crossing or bunching up of trajectories of individual
particles. This dynamics is highly nonlinear and cannot be approximated using perturbation theory. In gaseous
plasmas, such nonlinear oscillations are studied using the kinetic theory.

The existing work in plasmonics lies in the linear or small amplitude (spatial, � and angular ✓) oscillation
limit defined as,

� = ✓(2⇡)�1� ⌧ �. (3)

In this limit, plasmonic oscillations can be e↵ectively represented using the “fluid model” where individual
electron oscillations are not important.

But, this work relies on the high-amplitude limit of plasmonic oscillations which is defined as,

� ' �. (4)

In this limit, due to the highly nonlinear nature of plasmonic oscillations a macroscopically averaged fluid model
breaks down in estimating the key parameters of interaction. Under these conditions, we utilize the kinetic
theory which relies on determination of the detailed dynamics at the level of single particle trajectories with the

Perturbative
(conventional)
Large-amplitude
or Extreme
(unexplored)

beams. In the graphene plasmon scheme, MeV electrons are shown to be capable of producing tens of keV x-rays
which paves the way for miniaturization of high-energy x-ray sources. Similarly, parametric x-ray radiation and
coherent bremsstrahlung have been modeled to produce high quality x-ray beams in van der Waals materials.16

These earlier techniques for radiation production are significantly di↵erent from excitation of extreme am-
plitude plasmonic modes in tubes with cylindrical symmetry being pioneered in this work. Moreover, the field
amplitude in this work is many orders of magnitude higher than previous work on interaction between a particle
beam and plasmons. This is due to the plasmons in earlier work being linear and oscillating at around the Fermi
velocity typical of conduction band electrons.

Several decades ago there were proposals on using the channeling e↵ect in bulk metals to access high fields18

which has driven continuing work on channeling based particle beam manipulation techniques. However, not only
does channeling rely on single particle scattering e↵ect from the ionic lattice but also requires Angstrom-scale
spot-size beams to avoid bremsstrahlung.

2.4 Conducting solid-state media vs. insulating dielectrics or ionized plasmas

Plasmonics using conducting solid-state media, particularly nanofabricated materials with free electron density
(metals, semi-metals or semiconductors) is by itself an active and well established field. However, as this work
endeavors to extend the limits of physics of extreme fields it can be specifically di↵erentiated from existing
mechanisms of plasma and dielectric wakefields. Plasmonics relies on collective oscillations of Fermi electron gas
that envelopes an ionic lattice at equilibrium, whereas plasma modes are excited in ionized gasses or solids whose
atoms have to be first stripped o↵ their outer electrons. Furthermore, the electron mean free path in ionized media
rapidly decrease at higher densities whereas in solids the electron gas possess collisionless characteristics even at
the highest metallic densities. Secondly, dielectric modes are driven in media by polarization of bound electrons
(insulators) in contrast with collective modes of the free electrons of the electron gas underlying plasmons.

2.5 Nonlinear Plasmonic oscillations: Macroscopic assumptions vs. kinetic theory

The energy stored in plasmonic modes is maximized if collective oscillations are driven to the maximum limit of
their allowable amplitude. As a consequence, this work focusses on high oscillation amplitude plasmonic modes.

In the earliest seminal work on such high-amplitude (nonlinear) collective oscillations of electrons,14 this
limit is defined as the wavebreaking limit. While the wavebreaking limit can be exceeded, around this limit the
collective oscillations loose their coherent characteristics.

By definition, collective oscillations are comprised of particles executing well ordered trajectories with specific
phase di↵erence which depends upon their relative spatial separation at equilibrium. However, when individual
particles are strongly driven and undergo high amplitude oscillations, beyond a certain amplitude threshold
oscillating particles do not remain ordered which leads to crossing or bunching up of trajectories of individual
particles. This dynamics is highly nonlinear and cannot be approximated using perturbation theory. In gaseous
plasmas, such nonlinear oscillations are studied using the kinetic theory.

The existing work in plasmonics lies in the linear or small amplitude (spatial, � and angular ✓) oscillation
limit defined as,

� = ✓(2⇡)�1� ⌧ �. (3)

In this limit, plasmonic oscillations can be e↵ectively represented using the “fluid model” where individual
electron oscillations are not important.

But, this work relies on the high-amplitude limit of plasmonic oscillations which is defined as,

� ' �. (4)

In this limit, due to the highly nonlinear nature of plasmonic oscillations a macroscopically averaged fluid model
breaks down in estimating the key parameters of interaction. Under these conditions, we utilize the kinetic
theory which relies on determination of the detailed dynamics at the level of single particle trajectories with the

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, AP2012-2462 1

Model of tens of TeraVolts per meter extreme fields
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Abstract—A nanoplasmonic surface wave mode in nano-
materials is analytically modeled to sustain unprecedented ultra-
strong tens of TVm�1 electromagnetic fields. This nonlinear
surface electron density wave mode can be excited by ultra-short
charged particle bunches interacting with nanomaterials. The
Fermi electron gas of nanomaterial lattice undergoes nonlinear
collective surface oscillations when strongly driven by the self-
fields of these particle bunches. When beam self-fields exceed
the tunneling threshold, electron gas tunnels across the surface
into the vacuum-like core regions of the nanomaterials. As the
oscillating electron gas crunches into the core and the wall
electrons accumulate inside the core, contrary to the existence
condition of well-known purely electromagnetic surface modes,
this crunch-in mode sustains strong electrostatic fields. The
unprecedented tens of TVm�1 longitudinal fields can accelerate
particles while equally strong focusing fields compress and guide
the bunch within the core. Thus, on the one hand where the
vacuum core mitigates adverse effects and disruption of the beam,
the crunch-in plasmonic mode opens a new frontier of extreme
fields. Existence condition, wave equation and field strengths of
the mode are obtained. This model opens novel pathways to
extreme fields including nanoplasmonic accelerators and light-
sources.

Index Terms—Plasmons, Nanomaterials, Electromagnetic
propagation, Electromagnetic fields, Surface waves, Nonlinear
wave propagation, Charge carrier density, Particle beams.

I. INTRODUCTION

Collective solid-state modes [1]–[3] can be controlled by
nano-structuring the media that sustain them. Structures with
dimensions approaching the inherent scales of these collective
plasmonic modes (modes of collective oscillations of the
Fermi electron gas) enable ultimate tunability of response
of the media to excitations. This is because the response of
a media to external excitations is governed by these very
modes. With the ability to control and enhance the response
of nanomaterials using plasmonic properties, a wide-range
of possibilities emerge. These possibilities not only include
various burgeoning applications of plasmonics using nano-
materials but also several already impactful ones such as
enhanced Raman spectroscopy, near-field nano-imaging, sub-
wavelength optics, etc.

While the controllability of collective modes in solids has
propelled plasmonics; long-standing [4] possibility of harness-
ing solid-state modes towards a new extreme field frontier
remains unexplored. Plasmonic modes and especially surface
plasmonic modes [5]–[7] in nanomaterials [8], [9] have the
potential to controllably sustain many tens of TVm�1 fields.

College of Engineering, Design and Computing, University of Colorado,
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email: aakash.sahai@gmail.com
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Access to unprecedented ultra-strong fields using nanoplas-
monics will revolutionize numerous areas that stand to benefit
from ultra-strong EM fields such as particle accelerators and
light sources.

Access to higher extreme fields has driven new avenues in
fundamental and applied research. For example, acceleration
of fundamental particles has for decades driven important
discoveries and innovations relying on advances in radiofre-
quency (rf) field technology. However, despite these major
advances the maximum accessible rf fields still remain .
100MVm�1. But being a reliable workhorse, rf technology un-
derlies particle colliders like Large Hadron Collider (LHC) and
x-ray free-electron laser (XFEL) light-sources. Nevertheless,
continuing to explore new phenomena well beyond what is
achievable with proposed upgrades to the LHC and XFELs is
increasingly turning out to be unaffordable merely by building
longer chains of rf accelerator modules. Not only does this
demand bigger infrastructure but also correspondingly higher
operating costs.

Beyond the . 100MVm�1 field limit the entire rf power
is quenched as the rf surface currents flow through local-
ized plasma (high conductivity) formed by field emission
of electrons from surface imperfections. This limitation has
necessitated search for new directions in usable extreme fields.
Thus, significantly exceeding the 100MVm�1 rf fields, will
open new possibilities.

In consideration of this, as early as in 1968 the transfor-
mative possibility of accessing TVm�1 fields sustained by
bulk metals or crystals was envisioned by an early pioneer of
High-Energy Physics (HEP), R. Hofstadter [4]. This visionary
proposal came much after his groundbreaking discoveries on
nucleonic structure [10]. It stemmed out of a natural resent-
ment of being severely restrained by operational complexities
of two-mile Stanford linac.

�ne ⌧ n0

�ne ' n0

Hofstadter envisioned that many TVm�1 fields of atomic
excitations in bulk crystals would shrink the Stanford linac that
made possible his key discoveries into a small room. While not
providing any rigorous proof of the extreme field mechanism,
schemes contemplated by him helped lay the seeds of TVm�1

fields in solids. Nevertheless, the atomic accelerator proposal
sought the transfer of EM energy stored at atomic-scale to
particle kinetic energy. This unlike using metallic crystals
merely as perfectly electric boundaries in rf accelerators.

However, despite collective electron modes, plasmons and
surface plasmons [1]–[3], [5], [6] being already known as

trajectory
amplitude
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strong tens of TVm�1 electromagnetic fields. This nonlinear
surface electron density wave mode can be excited by ultra-short
charged particle bunches interacting with nanomaterials. The
Fermi electron gas of nanomaterial lattice undergoes nonlinear
collective surface oscillations when strongly driven by the self-
fields of these particle bunches. When beam self-fields exceed
the tunneling threshold, electron gas tunnels across the surface
into the vacuum-like core regions of the nanomaterials. As the
oscillating electron gas crunches into the core and the wall
electrons accumulate inside the core, contrary to the existence
condition of well-known purely electromagnetic surface modes,
this crunch-in mode sustains strong electrostatic fields. The
unprecedented tens of TVm�1 longitudinal fields can accelerate
particles while equally strong focusing fields compress and guide
the bunch within the core. Thus, on the one hand where the
vacuum core mitigates adverse effects and disruption of the beam,
the crunch-in plasmonic mode opens a new frontier of extreme
fields. Existence condition, wave equation and field strengths of
the mode are obtained. This model opens novel pathways to
extreme fields including nanoplasmonic accelerators and light-
sources.

Index Terms—Plasmons, Nanomaterials, Electromagnetic
propagation, Electromagnetic fields, Surface waves, Nonlinear
wave propagation, Charge carrier density, Particle beams.

I. INTRODUCTION

Collective solid-state modes [1]–[3] can be controlled by
nano-structuring the media that sustain them. Structures with
dimensions approaching the inherent scales of these collective
plasmonic modes (modes of collective oscillations of the
Fermi electron gas) enable ultimate tunability of response
of the media to excitations. This is because the response of
a media to external excitations is governed by these very
modes. With the ability to control and enhance the response
of nanomaterials using plasmonic properties, a wide-range
of possibilities emerge. These possibilities not only include
various burgeoning applications of plasmonics using nano-
materials but also several already impactful ones such as
enhanced Raman spectroscopy, near-field nano-imaging, sub-
wavelength optics, etc.

While the controllability of collective modes in solids has
propelled plasmonics; long-standing [4] possibility of harness-
ing solid-state modes towards a new extreme field frontier
remains unexplored. Plasmonic modes and especially surface
plasmonic modes [5]–[7] in nanomaterials [8], [9] have the
potential to controllably sustain many tens of TVm�1 fields.
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Access to unprecedented ultra-strong fields using nanoplas-
monics will revolutionize numerous areas that stand to benefit
from ultra-strong EM fields such as particle accelerators and
light sources.

Access to higher extreme fields has driven new avenues in
fundamental and applied research. For example, acceleration
of fundamental particles has for decades driven important
discoveries and innovations relying on advances in radiofre-
quency (rf) field technology. However, despite these major
advances the maximum accessible rf fields still remain .
100MVm�1. But being a reliable workhorse, rf technology un-
derlies particle colliders like Large Hadron Collider (LHC) and
x-ray free-electron laser (XFEL) light-sources. Nevertheless,
continuing to explore new phenomena well beyond what is
achievable with proposed upgrades to the LHC and XFELs is
increasingly turning out to be unaffordable merely by building
longer chains of rf accelerator modules. Not only does this
demand bigger infrastructure but also correspondingly higher
operating costs.

Beyond the . 100MVm�1 field limit the entire rf power
is quenched as the rf surface currents flow through local-
ized plasma (high conductivity) formed by field emission
of electrons from surface imperfections. This limitation has
necessitated search for new directions in usable extreme fields.
Thus, significantly exceeding the 100MVm�1 rf fields, will
open new possibilities.

In consideration of this, as early as in 1968 the transfor-
mative possibility of accessing TVm�1 fields sustained by
bulk metals or crystals was envisioned by an early pioneer of
High-Energy Physics (HEP), R. Hofstadter [4]. This visionary
proposal came much after his groundbreaking discoveries on
nucleonic structure [10]. It stemmed out of a natural resent-
ment of being severely restrained by operational complexities
of two-mile Stanford linac.

�ne ⌧ n0

�ne ' n0

Hofstadter envisioned that many TVm�1 fields of atomic
excitations in bulk crystals would shrink the Stanford linac that
made possible his key discoveries into a small room. While not
providing any rigorous proof of the extreme field mechanism,
schemes contemplated by him helped lay the seeds of TVm�1

fields in solids. Nevertheless, the atomic accelerator proposal
sought the transfer of EM energy stored at atomic-scale to
particle kinetic energy. This unlike using metallic crystals
merely as perfectly electric boundaries in rf accelerators.

However, despite collective electron modes, plasmons and
surface plasmons [1]–[3], [5], [6] being already known as
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Quantum coherence limit

2014-15 proposed new mode in a tube – “crunch-in mode”
published in 2015 (IPAC) and 2017 (PRAB)
violates the well known and expt. characterized “hollow-channel mode”



Crunch-in Plasmon
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2018-19 put forth extreme plasmonics – using Quantum electron gas 
to prototype the crunch-in mode and
make use of its advantageous char. Quantum e- densities – 1024 cm-3

2019 invited talk at Fermilab XTALs workshop
Mar 2020 invited talk at CERN-ARIES workshop

PV/m EM field frontier

§ large-amplitude, relativistic plasmons
radial motion driven by collective beam fields

§ large-scale e− ionic-lattice displacement
strongly electrostatic plasmon

§ RELATIVISTIC e− - kinetic energy > surface potential
surface e− – go across the surface

§ particle-tracking sim. – highly localized e− density

beams. In the graphene plasmon scheme, MeV electrons are shown to be capable of producing tens of keV x-rays
which paves the way for miniaturization of high-energy x-ray sources. Similarly, parametric x-ray radiation and
coherent bremsstrahlung have been modeled to produce high quality x-ray beams in van der Waals materials.16

These earlier techniques for radiation production are significantly di↵erent from excitation of extreme am-
plitude plasmonic modes in tubes with cylindrical symmetry being pioneered in this work. Moreover, the field
amplitude in this work is many orders of magnitude higher than previous work on interaction between a particle
beam and plasmons. This is due to the plasmons in earlier work being linear and oscillating at around the Fermi
velocity typical of conduction band electrons.

Several decades ago there were proposals on using the channeling e↵ect in bulk metals to access high fields18

which has driven continuing work on channeling based particle beam manipulation techniques. However, not only
does channeling rely on single particle scattering e↵ect from the ionic lattice but also requires Angstrom-scale
spot-size beams to avoid bremsstrahlung.

2.4 Conducting solid-state media vs. insulating dielectrics or ionized plasmas

Plasmonics using conducting solid-state media, particularly nanofabricated materials with free electron density
(metals, semi-metals or semiconductors) is by itself an active and well established field. However, as this work
endeavors to extend the limits of physics of extreme fields it can be specifically di↵erentiated from existing
mechanisms of plasma and dielectric wakefields. Plasmonics relies on collective oscillations of Fermi electron gas
that envelopes an ionic lattice at equilibrium, whereas plasma modes are excited in ionized gasses or solids whose
atoms have to be first stripped o↵ their outer electrons. Furthermore, the electron mean free path in ionized media
rapidly decrease at higher densities whereas in solids the electron gas possess collisionless characteristics even at
the highest metallic densities. Secondly, dielectric modes are driven in media by polarization of bound electrons
(insulators) in contrast with collective modes of the free electrons of the electron gas underlying plasmons.

2.5 Nonlinear Plasmonic oscillations: Macroscopic assumptions vs. kinetic theory

The energy stored in plasmonic modes is maximized if collective oscillations are driven to the maximum limit of
their allowable amplitude. As a consequence, this work focusses on high oscillation amplitude plasmonic modes.

In the earliest seminal work on such high-amplitude (nonlinear) collective oscillations of electrons,14 this
limit is defined as the wavebreaking limit. While the wavebreaking limit can be exceeded, around this limit the
collective oscillations loose their coherent characteristics.

By definition, collective oscillations are comprised of particles executing well ordered trajectories with specific
phase di↵erence which depends upon their relative spatial separation at equilibrium. However, when individual
particles are strongly driven and undergo high amplitude oscillations, beyond a certain amplitude threshold
oscillating particles do not remain ordered which leads to crossing or bunching up of trajectories of individual
particles. This dynamics is highly nonlinear and cannot be approximated using perturbation theory. In gaseous
plasmas, such nonlinear oscillations are studied using the kinetic theory.

The existing work in plasmonics lies in the linear or small amplitude (spatial, � and angular ✓) oscillation
limit defined as,

� = ✓(2⇡)�1� ⌧ �. (3)

In this limit, plasmonic oscillations can be e↵ectively represented using the “fluid model” where individual
electron oscillations are not important.

But, this work relies on the high-amplitude limit of plasmonic oscillations which is defined as,

� ' �. (4)

In this limit, due to the highly nonlinear nature of plasmonic oscillations a macroscopically averaged fluid model
breaks down in estimating the key parameters of interaction. Under these conditions, we utilize the kinetic
theory which relies on determination of the detailed dynamics at the level of single particle trajectories with the
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ABSTRACT Unprecedented tens of TVm�1 fields are modeled to be realizable using novel nanoplasmonic
surface crunch-in modes in nanomaterials. These relativistic nonlinear surface modes are accessible due to
advances in nanofabrication and quasi-solid density sub-micron particle bunch compression. Proof of prin-
ciple of TVm�1 plasmonics is provided using three-dimensional computational and analytical modeling of
GeV scale energy gain in sub-millimeter long tubes having nanomaterial walls with controllable free-electron
densities, nt ⇠ 1022�24cm�3 and hundreds of nanometer core radius driven by quasi-solid electron beams,
nb ⇠ 0.01nt. Besides the tens of TeVm�1 acceleration gradients, equally strong transverse fields lead to
self-focusing and nanomodulation of the beam which drive extreme beam compression to ultra-solid peak
densities increasing the crunch-in field strength. Apart from ultra-solid particle beams, extreme focusing
also opens up a nano-wiggler like tunable coherent O(100MeV) ultra-dense photon source.

INDEX TERMS Plasmons, crunch-in mode, nanomaterials, electromagnetic propagation, electromagnetic
fields, surface waves, nonlinear wave, charge carrier density, particle beams, light sources.

I. INTRODUCTION
Unprecedented TVm�1 electromagnetic (EM) fields pro-
pounded by Hofstadter [1] in 1968 to be accessible using
crystals for ultra-compact particle acceleration have how-
ever remained unrealizable. These TVm�1 EM fields were
also subsequently theorized to be realizable using collective
modes [2], [3] in bulk metals driven by charged particle
beams. But, the possibility of accessing ultra-strong EM
fields in crystals [4], [5] continues to be beset by fundamental
obstacles: (i) interaction of a particle beam with ionic lattice
of bulk crystals not only results in collisional energy loss
and emittance degradation but also drives severely disruptive
effects such as filamentation, notwithstanding the favorable
effect of channeling of particles along interatomic lattice
planes and (ii) the lack of sufficiently intense as well as short
bunches required to excite crystal modes.

Tens of TVm�1 EM fields of nanometric plasmonic
modes (plasmons, surface plasmons, polaritons etc. [6]–[8])
if proven realizable, as endeavored here, would be

The associate editor coordinating the review of this manuscript and
approving it for publication was Kin Kee Chow.

unparalleled being many orders of magnitude higher than the
fields sustained by both the time-tested radio-frequency cavi-
ties ( 100 MeVm�1) as well as the upcoming plasma-based
( 100 GeVm�1) techniques [9], [10]. In addition to the
immense impact of longitudinal fields for ultra-high gradient
particle acceleration, access to tens of TVm�1 focusing fields
offers unforeseen possibilities such as particle and photon
beams of ultra-solid densities.

Furthermore, history of physics is replete with competing
advances built on modes in different media: (i) solid-state vs.
gaseous lasers; (ii) light emitting diodes (LEDs) vs. compact
fluorescent lamps (CFLs) etc. These precedents further moti-
vate the TeraVolts per meter plasmonics as a transformative
pathway for extreme EM fields far exceeding the current
frontier set by gaseous plasma wakefields [9], [10].

In this work, by unifying advances in nanoscience with the
physics of charged particle beams, a novel surface ‘‘crunch-
in’’ plasmonic mode [11] shown in Fig.1(a) is uncovered
and demonstrated to overcome the fundamental problems of
crystals while retaining the key advantages. This relativis-
tic surface plasmonic mode in nanomaterials such as tubes
with vacuum-like core not only avoids the direct impact of
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I. INTRODUCTION
Unprecedented TVm�1 electromagnetic (EM) fields pro-
pounded by Hofstadter [1] in 1968 to be accessible using
crystals for ultra-compact particle acceleration have how-
ever remained unrealizable. These TVm�1 EM fields were
also subsequently theorized to be realizable using collective
modes [2], [3] in bulk metals driven by charged particle
beams. But, the possibility of accessing ultra-strong EM
fields in crystals [4], [5] continues to be beset by fundamental
obstacles: (i) interaction of a particle beam with ionic lattice
of bulk crystals not only results in collisional energy loss
and emittance degradation but also drives severely disruptive
effects such as filamentation, notwithstanding the favorable
effect of channeling of particles along interatomic lattice
planes and (ii) the lack of sufficiently intense as well as short
bunches required to excite crystal modes.
Tens of TVm�1 EM fields of nanometric plasmonic

modes (plasmons, surface plasmons, polaritons etc. [6]–[8])
if proven realizable, as endeavored here, would be
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unparalleled being many orders of magnitude higher than the
fields sustained by both the time-tested radio-frequency cavi-
ties ( 100 MeVm�1) as well as the upcoming plasma-based
( 100 GeVm�1) techniques [9], [10]. In addition to the
immense impact of longitudinal fields for ultra-high gradient
particle acceleration, access to tens of TVm�1 focusing fields
offers unforeseen possibilities such as particle and photon
beams of ultra-solid densities.
Furthermore, history of physics is replete with competing

advances built on modes in different media: (i) solid-state vs.
gaseous lasers; (ii) light emitting diodes (LEDs) vs. compact
fluorescent lamps (CFLs) etc. These precedents further moti-
vate the TeraVolts per meter plasmonics as a transformative
pathway for extreme EM fields far exceeding the current
frontier set by gaseous plasma wakefields [9], [10].
In this work, by unifying advances in nanoscience with the

physics of charged particle beams, a novel surface ‘‘crunch-
in’’ plasmonic mode [11] shown in Fig.1(a) is uncovered
and demonstrated to overcome the fundamental problems of
crystals while retaining the key advantages. This relativis-
tic surface plasmonic mode in nanomaterials such as tubes
with vacuum-like core not only avoids the direct impact of
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expt. efforts - I
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Extreme plasmons - first expt. proposal 
large-amplitude oscillations of Quantum electron gas 
trends towards smaller bunch dim.s – match with FACET

§ proposed - metallic nanostructures (nano-porous Au walls) 
to control the quantum electron gas properties 

§ relativistic, large-amplitude dynamics of Fermi electron gas
3D simulations of plasmons - 10TV/m fields

§ 300 kA beam G. White’s work [Science meeting 2019]

PAC feedback:
§ need “ionization” ? quantum electron gas (NOT understood) 

§ discussion of measurable expt. signature ?

§ destruction of tubes ?

SLAC FACET-II 2020

sub-μm bunch: 𝜎∥ ~ 400nm, 𝜎r ~ 250nm
plasmonic tube: rt ~ 100nm, nt ~ 2 x1022 cm-3

nearly matched:  

11
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Tunable plasmon – match with FACET-II beam 

§ doped Semiconductor tubes: 
tune quantum electron gas properties

     n-type P-doped Silicon
     Quantum e− gas density ~ 1018cm-3 (~ nb:KPP)

§ tube radius: 100μm, 30μm
     λplasmon  ~ tube dim. ~ 10s of μm
     large-fraction of beam particles – inside the tube

§ 100 GV/m acceleration and focusing fields
computationally demonstrated

§ expt. ready Si tubes – designed and fabricated

PAC feedback – develop extensive expt. plan

100 & 30 μm
rect. tubes
fabricated in Si

expt. efforts - II

semiconductors: 
nt ~ 1012-21 cm-3

10.1109/ACCESS.2022.32314
81

SLAC FACET-II 2022

12
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‘Picnic Basket’

33M.J. Hogan, FACET-II Science Workshop, October 29, 2019

Picnic basket 
plasmonic sample placement

42’’

Updated Electron and Betatron Radiation Diagnostics for 
Measuring Beams after PWFA

47M.J. Hogan, FACET-II Science Workshop, October 29, 2019

Particle and Gamma-ray Working Group provides input to design 
diagnostics that simultaneously benefit multiple experiments

e-
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Final Focus Triplet

Plasma Source

Spectrometer Triplet

Spectrometer Magnet

Electron Diagnostics

Experimental Laser

Notch Collimator

Angular distribution: 
convertor + scintillator, 
and pixelized CsI 
array for higher 
sensitivity

Spectrum:
transverse array of 
filters/convertors 
Ross filters (<100keV) 
Step filters (up to 250keV)
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• Edge radiation in bunch compressors 
• High resolution in vacuum OTR in spectrometer for 

single shot butterfly or multi-shot dispersive quad scan

Electron Beam

See presentation by Doug Storey Tuesday 1:50PM expt area schematic & picnic-basket chamber 
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M. Hogan, Expt. area, Sci. meeting 2019
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Ti;Sapphire 
laser path

beam path

motorized 
stage

picnic-basket chamber schematic

potential
alignment 
laser
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motorized optical stage & custom holder

4 DoF

custom holder
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Univ of Colorado Denver – Sahai (2 stud.)

Powerbeam Inc. – opto-mechanical, electronics, embedded 
systems experts, located in Mountain View

Univ of California Irvine – P. Taborek

Univ of California Los Angeles – G. Andonian

Univ of California Los Angeles –  C. Joshi (advisory only )

Univ of Connecticut – T. Katsouleas (advisory only )
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ABSTRACT Unprecedented tens of TVm�1 fields are modeled to be realizable using novel nanoplasmonic
surface crunch-in modes in nanomaterials. These relativistic nonlinear surface modes are accessible due to
advances in nanofabrication and quasi-solid density sub-micron particle bunch compression. Proof of prin-
ciple of TVm�1 plasmonics is provided using three-dimensional computational and analytical modeling of
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self-focusing and nanomodulation of the beam which drive extreme beam compression to ultra-solid peak
densities increasing the crunch-in field strength. Apart from ultra-solid particle beams, extreme focusing
also opens up a nano-wiggler like tunable coherent O(100MeV) ultra-dense photon source.

INDEX TERMS Plasmons, crunch-in mode, nanomaterials, electromagnetic propagation, electromagnetic
fields, surface waves, nonlinear wave, charge carrier density, particle beams, light sources.

I. INTRODUCTION
Unprecedented TVm�1 electromagnetic (EM) fields pro-
pounded by Hofstadter [1] in 1968 to be accessible using
crystals for ultra-compact particle acceleration have how-
ever remained unrealizable. These TVm�1 EM fields were
also subsequently theorized to be realizable using collective
modes [2], [3] in bulk metals driven by charged particle
beams. But, the possibility of accessing ultra-strong EM
fields in crystals [4], [5] continues to be beset by fundamental
obstacles: (i) interaction of a particle beam with ionic lattice
of bulk crystals not only results in collisional energy loss
and emittance degradation but also drives severely disruptive
effects such as filamentation, notwithstanding the favorable
effect of channeling of particles along interatomic lattice
planes and (ii) the lack of sufficiently intense as well as short
bunches required to excite crystal modes.

Tens of TVm�1 EM fields of nanometric plasmonic
modes (plasmons, surface plasmons, polaritons etc. [6]–[8])
if proven realizable, as endeavored here, would be
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unparalleled being many orders of magnitude higher than the
fields sustained by both the time-tested radio-frequency cavi-
ties ( 100 MeVm�1) as well as the upcoming plasma-based
( 100 GeVm�1) techniques [9], [10]. In addition to the
immense impact of longitudinal fields for ultra-high gradient
particle acceleration, access to tens of TVm�1 focusing fields
offers unforeseen possibilities such as particle and photon
beams of ultra-solid densities.

Furthermore, history of physics is replete with competing
advances built on modes in different media: (i) solid-state vs.
gaseous lasers; (ii) light emitting diodes (LEDs) vs. compact
fluorescent lamps (CFLs) etc. These precedents further moti-
vate the TeraVolts per meter plasmonics as a transformative
pathway for extreme EM fields far exceeding the current
frontier set by gaseous plasma wakefields [9], [10].

In this work, by unifying advances in nanoscience with the
physics of charged particle beams, a novel surface ‘‘crunch-
in’’ plasmonic mode [11] shown in Fig.1(a) is uncovered
and demonstrated to overcome the fundamental problems of
crystals while retaining the key advantages. This relativis-
tic surface plasmonic mode in nanomaterials such as tubes
with vacuum-like core not only avoids the direct impact of
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Unprecedented TVm�1 electromagnetic (EM) fields pro-
pounded by Hofstadter [1] in 1968 to be accessible using
crystals for ultra-compact particle acceleration have how-
ever remained unrealizable. These TVm�1 EM fields were
also subsequently theorized to be realizable using collective
modes [2], [3] in bulk metals driven by charged particle
beams. But, the possibility of accessing ultra-strong EM
fields in crystals [4], [5] continues to be beset by fundamental
obstacles: (i) interaction of a particle beam with ionic lattice
of bulk crystals not only results in collisional energy loss
and emittance degradation but also drives severely disruptive
effects such as filamentation, notwithstanding the favorable
effect of channeling of particles along interatomic lattice
planes and (ii) the lack of sufficiently intense as well as short
bunches required to excite crystal modes.
Tens of TVm�1 EM fields of nanometric plasmonic

modes (plasmons, surface plasmons, polaritons etc. [6]–[8])
if proven realizable, as endeavored here, would be
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unparalleled being many orders of magnitude higher than the
fields sustained by both the time-tested radio-frequency cavi-
ties ( 100 MeVm�1) as well as the upcoming plasma-based
( 100 GeVm�1) techniques [9], [10]. In addition to the
immense impact of longitudinal fields for ultra-high gradient
particle acceleration, access to tens of TVm�1 focusing fields
offers unforeseen possibilities such as particle and photon
beams of ultra-solid densities.
Furthermore, history of physics is replete with competing

advances built on modes in different media: (i) solid-state vs.
gaseous lasers; (ii) light emitting diodes (LEDs) vs. compact
fluorescent lamps (CFLs) etc. These precedents further moti-
vate the TeraVolts per meter plasmonics as a transformative
pathway for extreme EM fields far exceeding the current
frontier set by gaseous plasma wakefields [9], [10].
In this work, by unifying advances in nanoscience with the

physics of charged particle beams, a novel surface ‘‘crunch-
in’’ plasmonic mode [11] shown in Fig.1(a) is uncovered
and demonstrated to overcome the fundamental problems of
crystals while retaining the key advantages. This relativis-
tic surface plasmonic mode in nanomaterials such as tubes
with vacuum-like core not only avoids the direct impact of
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