
PetaVolts per meter Plasmonics*

Aakash A. Sahai, Univ of Colorado Denver, FACET-II Science meeting, 18 October 2023 1

*conductive materials - semiconductors, semi-metals, metals

Received February 18, 2021, accepted March 30, 2021. Date of publication xxxx 00, 0000, date of current version xxxx 00, 0000.

Digital Object Identifier 10.1109/ACCESS.2021.3070798

Nanomaterials Based Nanoplasmonic
Accelerators and Light-Sources
Driven by Particle-Beams
AAKASH A. SAHAI
Department of Electrical Engineering, College of Engineering, Design and Computing, University of Colorado Denver, Denver, CO 80204, USA

e-mail: aakash.sahai@gmail.com

The work of Aakash A. Sahai was supported by the Department of Electrical Engineering, University of Colorado Denver. This work
utilized computational resources of NSF XSEDE RMACC supercomputer that was supported by NSF under Award ACI-1548562,
Award ACI-1532235, and Award ACI-1532236.

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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timeline of expt. efforts - I
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Extreme plasmons - first expt. proposal 
large-amplitude oscillations of Quantum electron gas 
trends towards smaller bunch dimn.s – match with FACET

§ proposed - metallic nanostructures (nonporous Au) 
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 – develop near-term, realistic expt. plan
              to utilize KPP beam [report - ”few micron”]

§ need “ionization” vs. quantum electron gas (NOT understood) 

§ discussion of measurable expt. signature

§ destruction of tubes 

PAC 2020

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

nearly matched:  
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Tunable plasmon – match with “few micron” 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

§ ionization of media

§ dielectric properties 

100 & 30 μm
rect. tubes
fabricated in Si

timeline of expt. efforts - II

semiconductors: 
nt ~ 1012-21 cm-3

10.1109/ACCESS.2022.3231481
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measurement # 1
plasmonic energy exchange with electron beam

36

§ 100s of MeV energy loss – large fraction of beam particles 
§ 100s of MeV acceleration – significant frac. of beam particles 

high-energy tail 

Cerenkov air spectrometer
Energy – dispersed (y) plane

energy xfer’d to plasmons

MEASUREMENT: first-ever signature of tens of GV/m acc. plasmonic fields

target-time: 0.5 to 3 yrs.

rt = 20μm,  nb = nt ~ 1018cm-3
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measurement # 2
plasmonic focusing of electron beam

37
Spectrometer - non-dispersed (x) plane - tens of mrad – opening angle

p⊥ / p∥ = 
320 / 19800 

≃ 16 × 10−3 rad 

MEASUREMENT: first-ever measurement of tens of GV/m focusing fields

target-time: 0.5 to 3 yrs.

transverse momentum-
longitudinal space

transverse-longitudinal 
momentum phase-space 
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MEASUREMENT: differentiate plasmonic vs. dielectric vs. metallic modes

target-time: 0.5 to 3 yrs.

TM01 wavelength ~ 250 μm 

UNMATCHED METAL PLASMON
FACET-II run#1 beam - nt=2 x1022cm-3

INSULATOR
Cherenkov radiation & guided mode

MATCHED PLASMON
matched dimension & density

H igh-energy physics require ever increasing beam energies
to reach the frontiers of new science. The result of this
requirement is machines of ever increasing size and cost1.

Acceleration gradients greater than gigaelectron-volt-per-metre
(GeVm! 1), exceeding those in current accelerators by an
order of magnitude, may enable, for example, a sub-km
TeV-class electron-positron collider2. Such a large instrument
has similarities to the X-ray free-electron laser3 in the present
need to construct lengthy 410GeV (ref. 4) linear accelerators.
As there is great demand for such sources5–7, ways of diminishing
their size and cost may significantly enhance their already
revolutionary impact.

In present frontier high-field linear accelerators (linacs)
extremely large electromagnetic (EM) powers are needed to
obtain the desired acceleration gradients. To mitigate this
power demand acceleration at shorter EM wavelength, moving
from the cm to the sub-mm terahertz (THz) regime, is favoured.
However, between radio-frequency and infrared wavelengths
there is a dearth of high-power sources. As such, development of
new GeVm! 1 acceleration techniques requires fundamental
rethinking of the power source. In addition, traditional
radio-frequency structures are limited by breakdown of the
metallic cavity walls. Thus to support large amplitude
longitudinal electric fields one must examine alternate power
sources and media.

A wakefield based accelerator is a system in which an intense
charged particle beam directly excites accelerating fields in a
slow-wave, phase velocity vphoc, structure or medium. This
allows for the generation of large accelerating fields at
wavelengths where no traditional power source exists. Here we
experimentally investigate this promising means of generating
and supporting GVm! 1 fields using wakefield-excited dielectric
tubes—the dielectric wakefield accelerator (DWA).

Wakefield schemes have been investigated intensively in the
context of plasmas (plasma wakefield acceleration, PWFA), in
which sustained acceleration of over 40GeVm! 1 in B1m has
been demonstrated8. More recently, high-efficiency acceleration
has been demonstrated9, exceeding 50%, using a drive-witness
bunch configuration. While the use of plasma permits extremely
high-accelerating gradients, they also introduce difficulties
such as instabilities, collisions and radiative processes that
are not present in today’s accelerators. Plasma wakefield
schemes also encounter challenges in accelerating positively
charged particles10. Investigation of optical-infrared accelerators
based on dielectrics (dielectric laser accelerators, DLA)11 have
shown deduction of 4300MVm! 1 fields12,13 from an increase
in injected beam energy spread. This recent experiment
illustrates some difficulties of the DLA approach, which include
breakdown-limiting fields at the BGVm! 1 level, as well as
production and transport of beams with unprecedented small
spatial extent, given the sub-mm apertures and wavelengths found
in optical-infrared DLA structures14. The THz-regime dielectric
wakefield accelerator demonstrated here addresses the above
mentioned challenges in addition to offering gradients of the
same order of magnitude as THz frequency plasma-based PWFA
and laser wakefield acceleration (LWFA) systems. Further, given
the expanded operating wavelength used in THz DWAs,
transport issues associated with DLA apertures are avoided.
While DWA15 have shown structure breakdown accelerating field
limits16 in excess of 5GVm! 1, acceleration gradients in excess of
69MeVm! 1 have not yet been demonstrated17–19.

In the following, we report here average drive bunch
deceleration gradients of 1.347±0.020GeVm! 1 in a 15 cm
long DWA, corresponding to a median energy change of over
202±3MeV in a 20.35GeV electron beam. We further show an
accelerating gradient of 320±17MeVm! 1, with an associated

wave-energy extraction efficiency of B80%, by dividing the
electron bunch into a driver-witness pair.

Results
Experimental description. As an electron beam traverses the
DWA, it couples to the structure EM modes via their longitudinal
electric field, Ez. Since the wakefields are excited in a dielectric
material by ultra-relativistic particles the modes excited are
classified as guided Cerenkov20 radiation. The peak Ez associated
with such a coherent Cerenkov excitation process is
estimated20,21 as EzpeNb/s2z, where e is the electron charge,
Nb the number of beam electrons, and sz the root mean squared
(r.m.s.) beam length. To obtain this scaling, we assume the
transverse structure inner and outer radii (a, b) are proportional
to sz. Emission coherence is achieved through spatial localization
of the radiating electrons, that is, using beams with longitudinal
extent short compared to the mode wavelength l, that is,
szol/2p. For a given structure the mode frequencies are
determined by the transverse boundary conditions22; thus large
Ez is obtained when higher charge eNb and small beam
dimensions (sz, sx,yooa) are used, where sx,y represents the
r.m.s. beam size in the two transverse directions. Such beams are
available at the Facility for Advanced Accelerator Experimental
Tests (FACET) at SLAC National Laboratory, where the reported
experiments were performed.

The DWA structures utilized in these experiments are
fabricated from SiO2 annular capillaries coated with an outer
metal layer to form dielectric lined waveguides ranging in length
Ls from 1 to 15 cm. The structure’s cylindrical symmetry, as
shown in Fig. 1, maximizes beam-radiation coupling. The hole in
the dielectric gives a vacuum aperture that permits unobstructed
near-axis beam passage.

The primary data presented in this work is the measured
changes—through acceleration and deceleration—in the beam’s
kinetic state after interaction with the structure. Additionally, we
characterize the beam’s EM interaction with the DWA by
examining properties of the coherent Cerenkov radiation (CCR)
generated in the structure. This combination of two types of
measurement, in concert with comparisons to theoretical models,
yields strong insights into GeVm! 1 acceleration in a DWA.

Electron beam

Wakefield

DielectricMetal cladding

Beam direction

Pulse length c!

2b

2a

Structure length L
s

Figure 1 | Graphical representation of dielectric wakefield accelerator.
A cutaway view with the dielectric shown in grey and metal cladding in
copper. The beam (dark red) travels along the structure in the vacuum region,
leaving an idealized accelerating wakefield Ez shown in a colour intensity map
(red to blue). The wakefield inside of the excited wave-train is shown as
constant in magnitude as a function of distance behind the beam, consistent
with theory and simulation assuming lossless media. This is in contrast to the
experimental results in Fig. 4, which display dissipation effects.
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The net charge of the electron compression layer that
collectively crunches from the tube wall into its core can
be estimated. During this crunch-in phase the displaced
electrons fall into the core region up to a minimum radius,
rmin. The net charge that falls into the core region is
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The radial electric field is thus obtainable apply-
ing the Gauss’s law on �Qmax. Although an analyt-
ical expression for rmin can be obtained, we consider
rmin = rt/↵. The radial electric field is Et�r(rt) =
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The peak longitudinal electric field is derived using
the Panofsky-Wenzel theorem, Et�r �r = Et�z �⇠.
The value of Et�z varies over 

p
�e 2⇡c/!pe(nt)

where  is the shortened phase of the nonlinearly
steepened surface wave, where the tube electrons
crunch into its core. The relativistic factor, �e
(' (1 + (p2r/(mec)2)1/2) reduces the oscillation fre-
quency as !pe(nt)/

p
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The expressions of tube crunch-in mode in eq.3 and
eq.4 are applicable only if the crunch-in condition in eq.1
is strictly satisfied. Moreover, closer to the critical point
in eq.1 the field amplitudes depend on the ratio.

For nt = 2 ⇥ 1022cm�3, rt = 100nm and Qb = 315 pC,
�r = 250nm, �z = 400nm; rm = 74.5nm + rt, Et�r =
↵ 8.96 TV/m (eq.3) and Et�z = �1 3.5 TV/m (eq.4) in
good agreement with the above 3D simulation.

C. Crunch-in mode focusing fields:

nanomodulation and nanowiggler

The beam envelope in eq.2 is considered to be quasi-
stationary over several surface oscillations. Transverse
envelope oscillations however result in the variation of
beam spatial profile, F(r, z, ⇠) and peak density, nb0(⇠).

The tube focusing fields and nanometric transverse
beam oscillations from the above 3D simulation are eluci-
dated in Fig.3. The beam particles within rm > rb > rt

a
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FIG. 3. 3D PIC (a) tube crunch-in mode focusing field, (b)
time evolution of the on-axis beam density which demon-
strates the beam self-focusing driven nanomodulation e↵ect.

experience transverse focusing and the beam electrons
are forced into the core which results in the folding-in of
the “wings” of the beam. The beam develops significant
nano modulation with spatial frequencies corresponding
to �osc ⇠ O(100nm) as shown in Fig.3(b). Moreover,
the peak on-axis beam density rises to many ten times
the initial density, from initial value of nb0(⇠ = 0) =
5⇥1021cm�3 to ultra-solid densities of nb0(⇠ ' 100µm) =
1⇥1024cm�3 (as shown in Fig.3(b)). With this rapid rise
in the beam density from being near-solid to ultra-solid,
the crunch-in field amplitude breaches the wavebreaking
limit.

As evidenced by the 3D simulations, the tube focus-
ing fields thus not only guide the beam but also suppress
the beam breakup (BBU) instability. This is quite unlike
the unfavorable deflecting transverse fields and BBU of
linear surface mode based hollow-channel plasma regime
[37]. However, careful analysis of transverse and longitu-
dinal acceptances as well as the conditions under which
BBU may become relevant in the crunch-in mode will be
addressed in our future work.

The bright O(100MeV) high-energy photons (eph =
hc 2�2

b /�osc) produced by nanometric oscillations of ul-
trarelativistic beam particles in the tens of TVm�1 wall
focusing fields from a nanometric source size (⇠ rt) o↵ers
a nano-wiggler light source.

It is important to note the di↵erence between the char-
acteristics of the radiation due to collective motion of
charged particles as produced by nanomodulation of the
beam in crunch-in focusing fields demonstrated here com-
pared to that produced by uncontrolled disruptive pro-

Tens of MeV photons

10s of microns – spatial features due to beam particle 
trajectories in the focusing fields

(μm)

target-time: 0.5 to 3 yrs.
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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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Quantum coherence limit

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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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—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.
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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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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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§ while ion-lattice exists: electrons in specific energy states (quantum)

§ high-field – result in intra- and inter-band transitions

§ but, need empty states to accommodate transitioning VB electrons
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§ OBSERVED: “lasik”-like effect 
    at FFTB (predecessor of FACET)

§ ultrafast magnetic switching expt. (Cobalt-Iron alloy)
2.3ps, few micron e− bunch ~ 2nC: TOP

    70fs, few micron e− bunch ~ 2nC: BOTTOM

200 mm 70 mm

2.3 ps

 70 fs

spin contrast charge contrast

§ NO DAMAGE: 
monocrystalline media  à                                              

    relativistically induced ballistic transport
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‘Picnic Basket’
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Picnic basket 
plasmonic sample placement
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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
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picnic-basket chamber – top-view

electron 
beam path

target mount 
assembly

probe laser 
mirrors
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motorized optical stage & custom holder

4 DoF

custom holder
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plasmonic sample holder assembly

20

screw holes

holder surface

existing design
initial

plasmonic design Left top: existing solid target holder assembly, 

Right top: 
modified target assembly with plasmonic 
sample holder design compatible with existing 
solid sample holder, 

Left bottom: 
custom screw rail

Right bottom: 
zoomed-in drawing of the tray-based 
plasmonic target holdersingle-tray design
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plasmonic sample holder
modified for flat plasmonic tubes
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Picnic-basket – possible alignment laser paths
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plasmonic tube alignment – prototyping effort
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diagnostics - I

Cherenkov light-based beam transverse 
profile monitor and energy spectrometer, 

reproduced from published work.
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Left, raw spectrometer image obtained using Cherenkov radiation with vertical footprint representing the 
energy profile and horizontal footprint the transverse profile. Right, estimated RMS beam-size.
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diagnostics - II
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nano2WA collaboration

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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Extreme field frontier - gas vs solid excitations
excitations in gases excitations in solids
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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”

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

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

crunch-in mode
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