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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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NOT ANOTHER plasma sim.
PIC - generalized Maxwell solver
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Plasmonics fundamentals

ionic lattice 
is PRESENT over
plasmonic timescale
(may be modified under high fields)

energy band structure
lattice structure – Bloch’s theorem
electrons have specific occupancy states
near-continuum Energy levels – energy BANDs
energy band-gap – characterizes media

free electron Fermi gas
conduction band e− – Quantum mechanical entity – highest e− density - conductive media 

delocalized, free (in the collisionless limit) to move around the entire lattice

PLASMON – Fermi e− gas oscillations in response to EM excitation 

metal
semi-metal
semiconductor
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Large-amplitude Plasmons – new research area
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§ 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
PIC codes – instead of FDTD - large-amp. plasmons
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Model of tens of TeraVolts per meter extreme fields
using surface crunch-in nanoplasmonic mode

Aakash A. Sahai

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

trajectory
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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

e- density
displacement

! is angular disp. of collective e− osc.
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metals: nt ~ 1022-24 cm-3

semi-metals: nt ~ 1020-22 cm-3

semiconductors: nt ~ 1015-21 cm-3

TUNABLE PLASMONs – tune the properties of free e− gas – doped semiconductor

2020 proposal based on FACET-II TDR
sub-μm bunch: !∥ ~ 400nm, !r ~ 250nm
plasmonic tube: rt ~ 100nm, nt ~ 2 x1022 cm-3

nearly matched:  
metallic plasmons – <μm bunch NOT accessible YET

TUNE Fermi electron gas properties to
MATCH

CURRENTLY available beam

arxiv:2208.00966



FACET-II beam phase-space for 
run 1 simulated using Lucretia code

(many thanks to Dr. G. White)

FACET-II run#1 transverse profileFACET-II run#1 transverse profile Match with FACET-II

3Aakash A. Sahai, Univ of Colorado Denver, FACET-II PAC meeting, 26 October 2022 5

Qb = 1.49nC

�r = 6.5µm

�z = 10.4µm

nb = 1018cm�3

orderly Collective oscillations of free Fermi electron gas inherent in certain solids (metals, semi-metals and
semiconductors) support a range of plasmonic modes. Whereas discovery of a “plasmon” and existence of
plasmonic modes of coherent oscillations of the free electron gas1,2 were originally formulated to characterize
a fixed loss of energy observed in sub-MeV electron beams interacting with ultra-thin metal foils3 and their
surfaces,4 the introduction of nanomaterials based plasmonics has revolutionized applications in photonics and
optics.

Scattering of light from nanoparticles (modeled as spheres with non-vacuum dielectric constant and magnetic
permeability) of dimensions comparable to the wavelength of light has been known since early 1900s. But, the
well-known earlier model of Mie7 was based on generalized solutions of macroscopic Maxwell’s equation in terms
of infinite series of vector spherical harmonics (dipole modes experimentally dominated). Only upon uncovering
of the modes of free electron gas particularly in nanomaterials, microscopic physics of light-matter interaction
was established on a rigorous framework. Observations such as dipole modes being dominant in metallic nano-
spheres could now be understood in terms of a solitary plasmon of electron-ion charge separation functioning as
a dipole. Accurate physical models of plasmonic mode excitation and subsequent interaction with light that are
ingrained in condensed matter physics have since justified the simplifying assumptions underlying “plasmonics”.

Due to novel possibilities in manipulation of visible light that are made possible by spatial control over the free
electron gas and resultantly over the plasmonic modes, optical applications of plasmonics5,6 have rapidly grown.
Nanostructures with dimensions smaller than optical or near-optical wavelengths (tenths to several microns)
capable of sustaining optically excited plasmons enable tunability of optical response of the media to external
excitations. This ability of nanomaterials based plasmonics to control and enhance the optical response of solids
has led to a wide-range of inventive applications.8 These remarkable applications highlight the unusual ability
of plasmonics to control optical phenomena such as in enhanced Raman spectroscopy, near-field nano-imaging,
sub-wavelength optics and waveguides, sub-wavelength photonics etc.

This work endeavors to open a new dimension of plasmonics beyond optics and photonics to fully harness the
immense potential o↵ered by physics of electronic and mechanical properties of nanomaterials based plasmonics.
While plasmonics has been nearly synonymous with control over the optical response of solids, extensive tunability
of nanomaterials based plasmonics enables a much wider control spanning over the electronic and mechanical
response of the underlying nanostructured media that sustain the plasmonic modes.

1.1 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.

100 and 30 μm
rectangular tubes
fabricated in Si

MATCH: Plasmon ≈ Beam properties
n-type P-doped Silicon
free e− Fermi gas density ~ 1018cm-3 (~ nb)

Plasmon wavelength:
λplasmon  ~ tube dim. ~ 10s of μm

maximize: beam-plasmon energy exchange 3D PIC sim.



Science goal # 1 
Plasmonic Acceleration of electron beam
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§ 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

SUCCESS: first-ever measurement of tens of GV/m acc. plasmonic fields

target-time: 0.5 to 3 yrs.

rt = 20μm,  nb = nt ~ 1018cm-3



Science goal # 1 
Plasmonic focusing of electron beam
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Spectrometer - non-dispersed (x) plane - tens of mrad – opening angle

p⊥ / p∥ = 
320 / 19800 

≃ 16 × 10−3 rad 

SUCCESS: 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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Science goal # 2 –
Relativistically Induced ballistic e− transport

3Aakash A. Sahai, Univ of Colorado Denver, FACET-II PAC meeting, 26 October 2022 8

§ confirm NO DAMAGE of samples: < tens of femtosecond bunches
§ scan sample type (diff. Fermi gas densities, insulators), thickness, bunch lengths etc.

200 mm 70 mm

2.3 ps

 70 fs

spin contrast charge contrast

§ OBSERVED:
2.3ps vs. 70fs e− bunch ~ 2nC 
NO DAMAGE - Cobalt-Iron alloy

§ 33-fold bunch compression
E-field increased by this factor

§ PLASMONIC MODEL:
Fermi e− gas collision w/ ion-lattice
cross sec. ∝ (1/#e)2

§ 332 or about 1000 times longer
mean-free-path
for 70fs compared to 2.3 ps pulses

SUCCESS: characterize novel Relativistically induced ballistic transport effect 

target-time: 0.5 to 3 yrs.

NOT ANOTHER beam damage study



Science goal # 2 –
NOT ANOTHER Cherenkov experiment

3Aakash A. Sahai, Univ of Colorado Denver, FACET-II PAC meeting, 26 October 2022 9

SUCCESS: differentiate plasmonic vs. dielectric vs. metallic

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.

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms12763

2 NATURE COMMUNICATIONS | 7:12763 | DOI: 10.1038/ncomms12763 | www.nature.com/naturecommunications

200 MeV 
energy loss 
~15 cm tube

~ 1cm tube length
ONLY a ten MeV energy loss exp. 

couples to Cherenkov rad. 
(unguided) ONLY a few MeV energy loss exp. 

λplasmon (2 x1022cm-3) = 250nm

run#1 beam:#r ~ 5μm, #z ~ 10μm 

100s of MeV energy loss
as well as energy gain

P-doped
Si wafer

with 
fabricated

tubes



Science goal # 3 –
Beam bunching and coherent photon production

3Aakash A. Sahai, Univ of Colorado Denver, FACET-II PAC meeting, 26 October 2022 10

§ diff. bremsstrahlung vs. coherent photons – detect and tune photon spectral features
§ scan tube properties, beam properties, offset from channel axis etc.
§ match focusing fields of non-linear surface plasmon ~ exp. photon spectra
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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-
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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)/
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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

Teaching Statement

Aakash Sahai �

It is my belief that the role of teachers is not just transferring knowledge and skills but also engineering
a change in the learning attitudes of the students to make them independent learners. Therefore,
for me teaching in higher education provides an invaluable opportunity to instill professional thought
process into young minds. To enable this triggering of a change in behavior, I use the principles of
sequencing and spiraling in the design of my curriculum. The subject material of the curriculum is
presented in an increasing level of complexity while also being always connected to di↵erent levels of the
intended learning outcomes. In this design process, critical alignment is used to retain cohesion between
module aims and the learning outcome of each session. A significant sca↵olding support for learning
is ensured through problem-solving sessions under direct supervision of teaching assistants. Through
curriculum design and problem-solving sessions, I consider it important to introduce specialized subjects
to students in a manner such that they grasp the fundamental principles of the subject while still
retaining their curiosity. To ensure peer-based learning and foster a competitive environment, I use the
social constructivist framework where the class-time is used to encourage discussions on specific subject
topics in groups of two to three.

⇥1023cm�3

I adapt my teaching style to suit the diversity of the class with students from various academic back-
grounds and career expectations. This is important because while the process of assimilation is natural
for highly motivated students, the learning process of accommodation is only triggered when the teaching
style connects with the schemata of the student. It is my innate teaching practice to use a question-
based approach to the introduction and reinforcement of concepts. While it has been argued that didactic
teaching approach is best suited only for foundational courses, I prefer to use this technique which lies
at the conjunction of socratic and facilitative styles. This approach complements my research because it
inspires me to continuously revise and re-invent my presentation of ideas using computational or exper-
imental examples underlying my work, which always presents new questions. It also trains the students
to be innovative as they can connect concepts to practical examples while using an approach of critical
thinking to enable learning.

It is also my future plan to experiment with an experiential teaching approach where I would like to give
a practical problem during the class and have students in groups to brainstorm solutions. This teaching
approach will help me connect with the students and allow deep learning as opposed to strategic or surface
learning which is typical in one way transfer of knowledge. It is also part of my plan to introduce novel
educational concepts such as active learning, scale-up methods, online delivery and flipped classrooms
etc. These methods will help me evolve my teaching to address principles of andragogy where addressing
intrinsic motivation is considered to be critical.

I use novel methods to be able to get my classes to be strongly participatory by aligning their perspectives
and expectations from the material being taught. Another important aspect is my research supervision
expertise within a research setup. I consider supervision of doctoral, undergraduate and master level
research work of utmost importance as this lies at the heart of academic research. As a professor, I
would like to distinguish myself as a teacher whose students learn the material deeply enough so as to
utilize this knowledge in the practice of their careers, many years after graduation.

Teaching experience: At CU Denver, I have been teaching RF systems laboratory and simulation
course (undergrad and grad cross-listed course), ELEC 4423. This course includes modules on compu-
tational modeling and hands-on characterization of filters, amplifiers, mixers, antennas etc. using vector
network and spectrum analyzers.

⇤aakash.sahai@gmail.com
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b

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)

SUCCESS: characterize plasmonics-based high-power coherent photon production

target-time: 0.5 to 3 yrs.



Connection with other expts.
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§ E300: plasma wakefield acceleration experiment: TCAV longitudinal profile, energy Cerenkov 
spectrometer, bunch profile, profile of acc. & foc. fields etc.

§ E-321: Dielectric wakefield – tube alignment, diagnostics etc.

§ E317: TV per meter plasma wakefield: kT/m Perm. Magnet Quad. triplet and COTR diagnostics

§ E-308 & EOS: diagnostics and Plasma ion-channel focusing

§ gamma-ray diag: E330/Laserwire experiment, the E320/SFQED experiment, the E300/plasma 
wakefield acceleration experiment and the E306/Beam-Driven Ion Channel Laser experiment 

§ E320 and E305: e+-e- pair spectrometer

§ E330/Laserwire experiment: possibility of laserwire after the picnic basket chamber



Conceptual experimental layout

Aakash A. Sahai, Univ of Colorado Denver, FACET-II PAC meeting, 26 October 2022 

‘Picnic Basket’

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

Picnic basket 
nanostructure placement

42’’

Beamline location and layout of nanostructure sample setup 
in the picnic basket chamber [M. Hogan, Expt. area, Sci. meeting 2019]

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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Bunch Compressor

Spectrometer

Transverse Deflector

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)

Gamma-rays
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Emittance: 
• 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 
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§ Picnic basket chamber

§ 6-axis motorized stage and 
goniometer

§ integrate sample stage with 
the EPICS control system

§ initially use dump table 
diagnostics

§ build post picnic basket 
chamber diags. (beam 
profile, gamma, energy etc.)



Diagnostics and observables
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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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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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Electron Beam

See presentation by Doug Storey Tuesday 1:50PM 

gamma-ray diagnostic setup dump table 
M. Hogan, Expt. area, Sci. meeting 2019Sub- µm	beam	transverse	diagnosis

• Measure	sub-µm	beam	sizes	with	coherent	
imaging	(borrowed	from	XFEL).	Coherent	
information	down	to	100	nm?

Coherent transition radiation imaging reconstruction 
expt., A. Marinelli et al., PRL 110, 094802 (2013)

Reconstructed phase                                Reconstructed profile                          Incoherent (detuned) OTR 

COTR sub-micron bunch trans. profile diag (E317) 
Rosenzweig, Science meeting 2017

§ Cerenkov air spectrometer
- energy spectra – loss and acceleration
- mapping the beam transverse momentum 
phase-space

§ edge radiation or OTR beam diag. after the 
sample

§ photon / gamma-ray diagnostics (dump table) 

§ e+-e- pair spectrometer (30 to 50 cm from the
sample)



Desired facility upgrades
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FACET-II Beam will Access New Regimes

Low-emittance (state of the art photoinjector) and ultra-short (improved 
compression) beam will generate: 

• >300 kA peak current (~0.4 µm long) 

• ~100 nm focus by plasma ion column 

• ~1012 V/cm radial electric field (Es=1.3x1016 V/cm) 

• ~1024 cm-3 beam density

!13V. Yakimenko, Workshop on Beam Acceleration in Crystals, June 24-25, 2019
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Ultimate beams FACET-II - V. Yakimenko @ XTALS’19

Summary Table

• Tracked particles at various locations stored on
start-to-end tracking results web page: 
http://www.slac.stanford.edu/~whitegr/F2_S2E

G. White, Science Workshop, October 29, 2019

§ sub-micron bunch length, !∥ ~ $(100nm)
$(100nm) long. and tran. beam diag. 

§ plans for PMQ triplet or plasma ion-column focus.
!r ~ $(100nm) scale 

§ 2-bunch $(100nm) 100pC config. – drive & 
witness

§ high-energy photon diag. 

§ AI-based automated alignment

§ $(100nm) positron bunches



Potential future evolution
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§ Nonlinear QED – plasmonic nanofocusing of particle beams

§ Access Teravolts to Petavolts per meter acceleration gradient – futuristic colliders

§ intense (coherent) gamma-ray beams (gamma-ray lasers) – light-sources

§ ultrashort e+ bunches à positron focusing and acceleration in plasmonic materials

§ !(GeV) gamma-ray for muon yield

§ Non-collider tests of high-energy physics, QCD etc.

futuristic science reach – recently summarized in Snowmass’22 white paper
arXiv:2203.11623 



Nano2WA Collaboration

Aakash A. Sahai, Univ of Colorado Denver, FACET-II PAC meeting, 26 October 2022 

Univ of Colorado Denver – Sahai, Golkowski, Harid (2 stud.)

Univ of Connecticut – Prof. Katsouleas (advisory, 1 stud.)

Univ of California Los Angeles – Dr. Gerard Andonian (0.5 stud.)
Dr. Chris Clayton
Prof. Chan Joshi (advisory)

Univ of California Irvine – Prof. P. Taborek

SLAC – Dr. G. White

Lawrence Berkeley National Lab – Dr. Daniele Filippetto

CERN – Dr. A. Latina
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Extreme field frontier - gas vs solid excitations

Aakash A. Sahai, Univ of Colorado Denver, FACET-II PAC meeting, 26 October 2022 

excitations in gases excitations in solids

discharge arc 
active media 
Gaseous lasers

ionized gas 
discharge arc 
fluorescence
CFL lamps

pa
ra

di
gm

shift

gaseous plasma 
collective mode
Plasma Acc.

solid-state 
active media 
solid-state lasers

conduction electron 
collective mode
Nanostructure
Nanoplasmonic Acc.

solid-state 
active media 
LED lamps
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conduction e− control 
transistor
VLSI chip

SILICON VALLEY

control e−

flow in gas
vacuum tubes
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Experimental layout

Beam	direction

Experimental	vacuum	
chamber	(Picnic	Basket)

As built (as of Oct 16, 2020)

Gas jet and solid targets are mounted on the E305 target mount:

X-Y stages for rastering and gas jet positioning and Out position, Z stage 
longitudinal gas jet positioning. In-out motor for objective.

gas jet 

possible path for 
alignment laser

beam path

possible 6-axis stage

Picnic basket chamber - plasmonic setup
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Doped Silicon plasmonic tube - fabrication
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§ Simulation campaign effort/date – details of the “tunable plasmon” model are accessible 
in arxiv:2208.00966, including estimated readily measurable signature of energy loss 
and transverse momentum phase-space

§ Conceptual design (30% confidence) done

§ experimental design (90%): will work towards beam-time, have the 90% design ready 30 
days before beam-time

§ ready for installation: plasmonic samples have been fabricated and are ready to install 
upon integrating positioning + alignment stage with EPICS

§ first science: beam requirements - FACET-II run # 1 beam – sim. using Lucretia (many 
thanks to Dr. White)

§ 2 phases of the program: next phase to be proposed at next PAC


