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large-amplitude plasmons – PV/m fields
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These earlier techniques for radiation production are significantly di↵erent from excitation of extreme am-

plitude plasmonic modes in tubes with cylindrical sym
metry being pioneered in this work. Moreover, the field

amplitude in this work is many orders of magnitude high
er than previous work

on interaction between a particle

beam and plasmons. This is d
ue to the plasmons in earlier work being linear and oscillating at around the Fermi

velocity typical of con
duction band electrons.

Several decad
es ago there were proposals on using the channeling e↵ect in bulk metals to access high fields
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which has driven continuing work on channeling ba
sed particle beam

manipulation techniques. H
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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, particula
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2.5 Nonlinear Plasmonic oscillations:
Macroscopic assumptions vs. kinetic theory

The energy stored in plasmonic modes is maximized if collective oscillations ar
e driven to the maximum limit of

their allowabl
e 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,
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PV/m fields – non-collider physics (near-term)
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opening the vacuum

Plasmonic
nanofocusing

Plasmonic nanofocusing to open the vacuum
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Strongly driven plasmonic oscillations of the free electron Fermi gas in conducting materials have
spurred the possibility of accessing PetaVolts per meter electromagnetic fields. In this paper, we
model the excitation of high amplitude plasmonic oscillations in structured semiconductors driven
by currently accessible micron scale ultrashort electron beams. The di↵erences in orderly arrange-
ment and atomic structure of the constituent ions of an ionic lattice result in distinct energy band
characteristics exhibited by di↵erent materials. Specifically, in semiconductors the density of the free
electron Fermi gas in the conduction band is quite tunable because the ionic lattice can accommodate
dopant atoms. By choosing appropriate dopant atom and its concentration, the spatio-temporal size
of the plasmonic mode can be matched to the dimensions of the charged particle beam. Due to the
highly relativistic and nonlinear nature of plasmonic modes driven by an intense beam, we adopt the
kinetic approach and utilize particle-in-cell simulations to demonstrate the acceleration and focusing
of intense electron beams by plasmonic fields. Although not fully accounting for modifications of
the ionic lattice under high fields over plasmonic timescales, these simulations pave the way towards
experimental realization of nanoplasmonic accelerators and wigglers.

I. INTRODUCTION

Accelerators conventionally utilize cavities with metal-
lic walls to sustain electromagnetic modes driven by ra-
diofrequency waves.

Ebunch ⇠
Qbunch

r2

The ability to fabricate ionic lattices with a desired
structural arrangement of specific atoms of choice has
made it possible to engineer the electron energy band
structure and synthesize engineered materials. This
control over electron energy bands has revolutionized
a wide-range of technological and scientific domains
viz. computing with semiconductors, optics with solid-
state and diode lasers, energy production with pho-
tovoltaics, communication with radio-frequency chips,
lighting with light-emitting diodes, medicine with nano-
engineered drugs and diagnostics amongst many others.

In this paper, we uncover the use of engineered nano-
materials to open transformative possibilities in funda-
mental physics. Particularly we demonstrate that con-
ducting nanomaterials can enable controllable access to
unprecedentedly strong electromagnetic fields of many
PetaVolts per meter. These possibilities PVm�1

This is modeled to be possible by exciting novel high
amplitude modes of plasmonic oscillation with dense par-
ticle beams.

The fields of dense charged particle beams are capable
of exciting high amplitude and relativistic collective os-
cillations of the free electron Fermi gas which is inherent
in conducting solids. Particularly in metallic solids it be-
comes possible to sustain PVm�1 electromagnetic fields
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where the lattice structure allows the conduction band
free electron density as high as 1024cm�3.
The existence of structured ionic lattice underlying any

conducting solid media mandates an energy band struc-
ture with a conduction band. In conducting solids the
conduction band is always populated with free electron
Fermi gas. The free electron Fermi gas and the energy
band structure in electron energy distribution is an in-
herent property of the periodic arrangement of the atoms
which results in a periodic ionic potential [? ]. The en-
ergy band structure as well as the Fermi electron gas is
therefore a quantum mechanical entity at the most fun-
damental level.
The electrons in the outermost orbitals or the valence

electrons are released from individual constituent ions
due to the interatomic bonding in a lattice. The density
of free electron Fermi gas depends upon the properties of
the atoms as well as the structure of the lattice.
The use of orderly arrangement of atoms in crystalline

solids to access many TeraVolts per meter (TVm�1) ac-
celeration gradients was first conceptualized by renowned
physicist, R. Hofstadter [1] in 1968. Hofstadter en-
visioned the preparation of single atom excited states
across the length of a region of the ionic lattice. Upon
stimulation of this excited region of the ionic lattice by
an externally injected charged particle beam, each of
the excited ions undergoing relaxation would individually
transfer its energy and accelerate the stimulating parti-
cles.
This thought experiment, however, itself critically

identified the near insurmountable problem of random-
ized collisions of the injected charged particle beam with
the ionic lattice. It is now well known that apart from the
energy loss and gain of randomized transverse momen-
tum due to collisions referred to as emittance growth,
particle beams interacting with the lattice are also in-
flicted by a range of instabilities such as transverse fil-
amentation and hosing. These instabilities originate in

Coulomb’s law
(first principles)

probing quantum gravity

However, when electromagnetic radiation that is propagating along a surface excites these surface plasmons it
sets up a surface wave. This surface wave driven by the electromagnetic radiation is therefore nothing but a train
of localized surface plasmons. Electromagnetic radiation propagating along a surface excites an entire surface
plasmon afresh each time it spatially propagates over length exceeding a plasmonic wavelength. Specifically, the
localized combination of propagating electromagnetic energy along with the series of surface plasmons driven by
it is a propagating surface wave or surface plasmon polariton (SPP). The phase velocity of the surface wave is
almost equal to the group velocity of the electromagnetic radiation energy.

Surface wave in a tapered waveguide: As electromagnetic radiation propagates down a waveguide which
is capable of supporting plasmonic modes but with tapered dimensions, at the extreme limits of the taper, its
group velocity is expected to vary from near speed of light to near-zero.

When radiation is primarily propagating in the free-space confined (near-zero field boundary condition) by
surrounding surface of conducting material, electromagnetic dispersion relations dictate that its group velocity
is close to the speed of light (SPP phase velocity is also the same). Whereas when the waveguide dimensions
become narrow and radiation encounters conducting media at spatial extents that are a small fraction of the
wavelength, it approaches evanescent propagation with near-zero group velocity.

Although evanescent propagation indicates near-complete loss of electromagnetic energy, in conducting nano-
materials radiation e�ciently couples to surface plasmons. These surface plasmons due to their nanometric
characteristic size, as a result confine the electromagnetic energy at the nanoscale.

Local field enhancement: Plasmonic nano-focusing enabled concentration of the electromagnetic energy
was predicted to anomalously increase the field strength.1 Using computational modeling of plasmonic nano-
focusing of optical radiation, adiabatically, it was observed that the local field can be enhanced by more than
3 orders of magnitude.2 Besides the key aspect of adiabatic compression of the electromagnetic energy, over
collisional time-scales the energy stored in plasmonic oscillations su↵ers losses in the media. It is important
to note that in addition to the loss of energy stored in plasmonic oscillations, initial coupling e�ciency from
free-space radiation to plasmonic oscillations is also a critical consideration.

2. PLASMONIC NANO-FOCUSING OF CHARGED PARTICLE BEAMS

In this work, for the first-time we introduce plasmonic nano-focussing of charged particle bunches using a novel
type of surface plasmonic modes4,5 that are excited by the particle beam itself.

The conventional surface plasmon polariton (SPP) which is a Transverse Magnetic (TM) mode wave exerts
zero focusing fields within the cavity. However, the strongly electrostatic surface crunch-in plasmon that has
been pioneered in our work4,5 is capable of focusing a particle beam. Therefore, our work is based upon exciting
the surface crunch-in plasmon in a tapered tube.

The goal of this work is to demonstrate transverse compression of charged particle beams using plasmonic
nano-focusing up to densities comparable to or exceeding the free electron Fermi gas density in conducting
condensed matter materials such as metals, semi-metals and semiconductors. Particle beams with densities
around the free electron density in metals or ultra-solid beams are unprecedented. Field enhancement resulting
from transverse compression of the beam will open up new frontiers in various areas of fundamental physics.

In contrast with photons, free particles can be limitlessly focussed (estimated to be many orders of magnitude
below the optical or plasmonic wavelength, such as larger of the two quantities viz. femto-metric classical particle
radius or pico-metric deBroglie wavelength).

2.1 Impact of nano-focussed ultra-solid charged particle beams

Whenever a new frontier of electromagnetic fields become technologically accessible particularly if the field is
controllable, a range of new possibilities emerges.

Approaching the Schwinger limit: Among various other possibilities, nano-focusing of charged particle
beams can help approach the ultimate theoretical limit of electromagnetic fields in vacuum, the Schwinger limit
Es. This field limit can be simply estimated using the uncertainty principle, �E�t � ~/2. The energy required

to create a virtual electron-positron (e+-e�) pair directly from the vacuum is �E ⇠ 2mec2. This virtual e+-
e� pair spontaneously appears in vacuum over an infinitesimal time duration of �t ⇠ ~/(mec2). Within this
infinitesimal duration, the electric field amplitude which can impart these virtual pair significant momentum to
produce a detectable particle pair by “opening the vacuum” may be estimated as, �t eEs ⇠ mec. Therefore, the
Schwinger field, Es is estimated as,

Es =
m2

ec
3

e~ ⇠ 1.3⇥ 1018V/m (2)

High-field access with ultra-intense laser: Recent advances in high peak power near-infrared lasers have
lead our technological access to frontier electromagnetic fields. The peak electric field (E0) of the predominantly
transverse electromagnetic (TEM) mode of a high peak power (P0) laser in free-space is related to its peak
intensity (I0) or Poynting vector, through the free-space impedance, ⌘,

E0 =
p
2⌘ I0 (3)

Using eq.3, the TEM electric field of some of the most powerful upcoming lasers which utilize the Chirped Pulse
Amplification (CPA) technique to produce ultrafast pulses (< 100fs in duration) that are being constructed
around the world6–10 can be estimated as follows:

Extreme Light Infrastructure (ELI),Europe,P0 = 10PW, I0 = 1024W/cm2,E0 = 27 PV/m

Station of Extr. Light (SEL), Shanghai,China,P0 = 100PW, I0 = 1025W/cm2,E0 = 87 PV/m

Exawatt Center for Extr. Light Studies (XCELS),Russia,P0 = 180PW, I0 = 1025W/cm2,E0 = 87 PV/m

Optical Parametric Amplifier Line (OPAL),US,P0 = 75PW, I0 = 1024W/cm2,E0 = 27 PV/m

(4)

However, there are certain shortcomings with controllable access to high electromagnetic fields using ultra-intense
lasers which are as follows:

1. The TEM mode only has transverse electric (or magnetic) fields which average to zero over one full os-
cillation. Therefore, it is not possible to directly utilize this transverse electric (or magnetic) field. The
electromagnetic radiation couples to matter only through radiation pressure of reflecting photons which
mandates a reflection mechanism.

2. But, intense lasers have a significant energy in the pedestal or the pre-pulse which arrive ahead in time
of the main high-intensity pulse. The energy contained in the pre-pulse arrives at a sample nanoseconds
to picoseconds before the main high-intensity pulse. The energy in the pre-pulse ionizes any sample and
deposits its energy into the so-formed plasma. The sample which is now nothing but plasma due to the
destruction of its ionic lattice (and associated ionic lattice induced energy level) then thermally expands.
Thermal expansion of solid plasma is highly stochastic and cannot be easily controlled.

3. The route to high-intensities requires coherent combination of multiple laser pulses which is a significant
challenge that has not yet been fully understood.

4. Production of particles directly from free-space or “opening the vacuum” requires momentum conservation
in addition to the required energy of the virtual pair. In order to conserve momentum, two counter-
propagating laser beams will need to be collided.

Fields of a relativistic charged particle beam: Over the past few decades, relativistic particle beams
particularly leptonic beams (electron or positron) have been subjected to extreme compression using conventional
magnetic optics elements. For instance, the final focus test beam at Stanford linear accelerator lab (SLAC)
compressed the electron bunch to dimension of 10 micron overall.11 With gaussian fit the dimensions of the e�

bunch are represented as �k = �r = 10µm. Bunch length of �k = 10µm is equivalent to ⇠ 33 femtosecond.

The electric field lines of a gaussian bunch of charged particles with relativistic energy (with relativistic factor,
�b) are predominantly radial and perpendicular to the direction of the bunch velocity (|�| =

p
1� 1/�2

b ) due to
relativistic compression. When �b � 1, the opening angle of the field lines is approximately, 1/�b.

Schwinger field limit

Quantum gravity (D-brane model for space–time foam)
à VACUUM refractive index grows with photon 
energy (> TeV photons may be observable)
à higher energy photons – vp < c
àexpected EXCESS delay of 

>TeV energy photons in vacuum itself

no existing sources of TeV photons in the lab
data from astrophysical sources (AGN, GRB)

DO we WAIT for big COLLIDERs – for new discoveries ?
how EM field frontier – can drive discovery science

ONE electron (photon) per SHOT
beam-quality – NOT as critical as for colliders

extract a virtual positron-electron pair
directly off of the VACUUM
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EM field frontier – snapshot of  historical precedent
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EM field frontier

§ 1980s: Near-infrared (NIR) lasers - !(1012) V/m
- CPA solid-state lasers – Strickland/Mourou (1985)
- European Light Infra – nonlinear physics

§ 1940s: Microwave fields – !(107) V/m
- radar high-power RF pulse development – Varian / Ginzton / Hansen
- cavity-based RF mode - convert TEM to TM

§ 1900s: DC (spark-gap) and AC field – !(105) V/m
- x-rays – Roentgen (1895) / electron – Thomson (1897)
- Quantum mechanics / photon – Planck / Einstein (1905)
- plasma state – Langmuir (1928)
- Nuclear physics – proton Cyclotron – Lawrence (1930s)

DISRUPTION in accessible EM fields ~ every 40 years
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requests to the committee
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gas vs solid technologies – competitive evolution
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excitations in gases excitations in solids

discharge arc 
active media 
Gaseous lasers

ionized gas 
discharge arc 
fluorescence
CFL lamps

pa
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Quantum
shift

gaseous plasma 
classical e− gas
plasma Acc.

solid-state 
active media 
solid-state lasers

Quantum e− gas
new class of
plasmons

solid-state 
active media 
LED lamps

conduction e− control 
transistor
VLSI chip

SILICON VALLEY

control e−

flow in gas
vacuum tubes
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specific requests
§ Electromagnetic field frontier for HEP – given its historicity & promise

§ address competition on key performance metrics – against existing efforts

§ national user facilities – “open” mandate – based on scientific merit

§ funding for prototyping – $1 – 2.5M (multi-year)

§ funding for workshops and meetings - gather the “scattered” community


