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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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FIGURE 1. 3D PIC simulations showing: (a,b) electron density and (c) longitudinal field profile of
tube surface crunch-in mode at around 20µm (around 73fs) of interaction of a σz = 400nm,
σr = 250nm beam with nanomaterials in the form of a tube with vacuum-like core radius,
rt = 100nm (nearly flat-top limit, σr = 2.5× rt ). Here the beam envelope (shown in orange)
although initially much larger than the tube has undergone extreme self-focusing approaching
ultra-solid densities (see Fig.4 below for details). The tens of TVm−1 EM fields in (c) accelerate a
subset of the particles of the bunch as demonstrated in Fig.2.

particle beam on bulk ionic-lattice but also utilizes the tunable
properties of nanomaterials for optimal excitation of collec-
tive oscillations of free electron gas that envelopes the ionic
lattice. The nanoplasmonic ‘‘crunch-in’’ mode thus opens up
access to tens of TVm−1 fields.

Earlier work by the author on charged particle beam
driven nanoplasmonic [11] ‘‘crunch-in’’ mode [12]–[14]
in nanomaterials, had modeled a ‘‘sheet’’ beam in a
two-dimensional (2D) planar geometry. However, in 2D,
nonlinear effects such as self-focusing and envelope modu-
lation etc., critical to the underlying crunch-in mechanism
are not fully accounted for. Here for the first time three-
dimensional (3D) modeling is used to accurately model these
effects.

It is further noted that although here the surface crunch-in
nanoplasmonic mode is modeled in a single tube, it is in the
‘‘flat-top beam’’ limit. In this limit, the beam radial profile is
relatively flat compared to the tube core radius. This accounts
for the current experimental constraint of beam waist-size
(σr ) being larger than the tube radius (rt ) and a significant
portion of the beam interacting with the walls. Therefore,
while here the physics is elaborated in a single tube, it is
applicable to a wide beam overlapping with an array of
tubes.

The novel concept proposed here to access tens of TVm−1

EM fields holds promise for the design of future particle
colliders as well as non-collider paradigms [15], [16].

II. FRAMEWORK OF THE MODEL
In this section, theoretical framework underlying the proof-
of-principle model of the nonlinear surface ‘‘crunch-in’’ plas-
monic mode [11]–[14] is presented.

A. NANOPLASMONIC MODES IN NANOMATERIALS
The proof-of-principle model relies on the convergence of
sub-micron bunch length compression techniques underlying
the emergent quasi-solid density particle bunches [17], [18]
with the advances in nanofabrication [19]–[23]. Nanofabrica-
tion make possible nanoscale structural tunability of nanoma-
terials, for instance the diameter of vacuum-like core region
and thickness of the walls of the tube apart from the charac-
teristics of wall material.

These advances allow quasi-solid density charged particle
bunches propagating inside tubes with vacuum-like core [19]
of hundreds of nanometer radius, rt and free-electron gas den-
sities in the nanomaterial wall, nt∼ 1022−24cm−3 to drive the
wall electrons to collectively crunch deep into its core [12],
[13] (shown in Fig.1). Strong electrostatic component of this

54832 VOLUME 9, 2021



A. A. Sahai: Nanomaterials Based Nanoplasmonic Accelerators and Light-Sources Driven by Particle-Beams

crunch-in surface wave based upon collective oscillations of
free electron gas thus sustains many TVm−1 fields despite the
void core and without the direct impact of the bunch on ionic-
lattice. This in-vacuum propagation of the most populated
part of the bunch overcomes adverse effects such as collision
driven energy loss and emittance degradation [4], [5] apart
from mitigating severe beam disruption such as filamenta-
tion [30] etc. in bulk solids.

Excitation of the surface crunch-in mode in nanomaterials
based tubes is also significantly more adaptable compared to
bulk modes in unstructured solids [4], [5]. This is because
surface modes rely on nanofabrication to better control mate-
rial composition, density, thickness etc. [19]–[23] to greatly
reduce the constraints on the interaction parameter space such
as beam properties, alignment etc.

Submicron long charged particle bunches that are now
accessible, are here demonstrated to be short enough
for controlled excitation of the crunch-in mode. In a
quasineutral ideal electron gas of density n0, effective
excitation of wakefields necessitates bunch compression
of the order of ω−1pe [n0] = [4πn0e2m−1e ]−1/2 =

177(n0[1022cm−3])−1/2 attoseconds and λpe[n0] =

2πcω−1pe = 333(n0[1022cm−3])−1/2 nm [2], [3].
Access tomanyTVm−1 ‘‘wavebreaking’’ fields,Ewb[n0] =

mece−1ωpe[n0] further requires sufficient energy density
which additionally necessitates a minimum number of
particles in the ultrashort bunch. Approaching the coher-
ence (wavebreaking) limit of nanoplasmonic fields, Ewb '
9.6(nt [1022cm−3])1/2 TVm−1 [24] by strongly exciting the
crunch-in mode thus requires quasi-solid density beam,
nb ∼ 0.01 nt. Although metallic solids generally have free
electron densities in excess of 1022cm−3, nanoscale structural
engineering offers the possibility of tuning the average or
apparent free electron gas density over the spatial scales of
plasmonic oscillations.

Detailed physics of the crunch-in mode is elucidated in
sec.III using 3D computational (sec.III-A) and analytical
(sec.III-B) model. In order to breakdown our analysis to its
key principle a single tube of nanomaterial is used. Whereas
in a realistic sample there may be a large number of tubes
stacked together, the key principle elucidated in a single
tube still holds in all the tubes of such a stack. Secondly,
as the strength of the crunch-in mode is analytically shown
to directly depend upon the beam density relative to the
nanoporous wall density (nb/nt ), an initially large density
beam is used to help uncover the key effects in a fewer
computational steps (and cost).

B. ATTOSECOND COLLISIONLESS DYNAMICS OF
STRONGLY-DRIVEN FERMI ELECTRON GAS
The motion of conduction electrons across a solid surface
under the action of static high-fields (known as ‘‘field emis-
sion’’) is well known [32], [33]. Being fundamental to this
process, tunneling probability is known to increase with the
strength of the applied static electric field. Electric fields of

ultrashort solid density charged particle beams considered
here are of the order ofmany 100GVm−1 while theymay only
act on the solid surface for femtosecond durations. Therefore,
this work utilizes a novel phenomenon of ultrashort tunneling
of conduction electrons across a nanoporous surface occurs
under the fields of an ultrashort beam. Alternatively, the hun-
dreds of eV potential of solid beams over atomic scales
(∼ 10Å) is significantly higher than the few eVwork function
in nanomaterials [34].

Apart from being unbound from the surface, the Fermi
electrons gas acquires relativistic momenta over atomic
scales in the presence of TVm−1 beam fields. In contrast,
the known collective or plasmonic modes have oscillatory
velocities just higher than the Fermi velocity, vF [2], [3] which
is only around 0.01 c.

Furthermore, whereas the collisionless nature of plasmonic
oscillations inmetals [2], [3] or on its surface [6], [7] is known
to have characteristic mean free paths (λmfp) of the order of
tens of nanometers (despite the sub-nanometer inter atomic
spacing) [35]–[37], micron-scale mean free paths, λmfp [38]
measured in nanomaterials which offer a high degree of
control over the size of nano-pores further enhance the colli-
sionless behavior compared to bulk crystals. It is also impor-
tant to note that the mean free path is, in general, directly
proportional to the electron oscillation velocity (λmfp ∝ 〈ve〉)
which in our work is relativistic and nearly two orders of
magnitude higher than Fermi velocity, vF. In other words,
collision cross-section is, in general, inversely proportional
to the particle energy. Therefore, existing estimates of mean
free path in solid lattices measured at the vF are not applicable
to relativistic oscillations.

Several unique characteristics thus underlie the novel
solid-state collective mode uncovered here. Firstly, it is a
relativistic nonlinear generalization of the surface plasmon
polariton (SPP) mode [8]. Secondly, while the SPP mode
is sustained by small-scale surface electron oscillations,
here the oscillation amplitudes can be as large as the tube
radius with electrons oscillating deep into the tube core.
Lastly, quintessential solid-state properties (non-local) such
as energy quantization and ion lattice structure become less
relevant because oscillation energies significantly exceed
the Fermi energy, EF . Due to these distinctive character-
istics, collective electron dynamics behind the relativistic
surface excitation of nanomaterials approximates that of a
collisionless quasineutral electron gas in background ionic
lattice.

C. TECHNOLOGICAL TRENDS TOWARDS REALIZATION
The thrust towards attosecond particle bunch [17], [18] com-
pression favors effective excitation of nanometric modes.
Gaseous plasmas with n0 ' 1016−18cm−3 (ω−1pe ' O(10fs))
have set a precedent on using sub picosecond, micron
scale (i) chirped pulse amplified [39] optical lasers and (ii)
phase-space gymnastics based compression [17], [18] or
plasma based self-modulated particle bunches to make pos-
sible the demonstration of GVm−1 fields.
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Apart from the sub-micron bunch length compression
being commissioned at experimental or test facilities such
FACET-II [17], [18] near solid submicron bunches are also
currently within the reach of x-ray free electron lasers [31]
(XFEL) which use a few micron few nC electron bunches
that can be modified to obtain the desired dense bunches.
Currently accessible beams that approach the desired prop-
erties can drive wavebreaking fields (∼ Ewb) by relying
on favorable transverse crunch-in fields which can rapidly
self-focus and also self-modulate the beam.

On the other hand, trends of advances in nanofabrica-
tion offer the crucial advantage of atomic scale structural
design. Investigations of commercial fiber-like tubes [19]
(ceramic, polymer, silica or carbon etc.) using a scanning
electron microscope reveal a vacuum-like core with a few nm
wall-to-core transition. Deposition of nanoporous material
using nanofabrication techniques such as atomic layer deposi-
tion [20], chemical vapor deposition or similar processes in a
hundreds of nanometers thick layer to form the inner tube sur-
face allows controllable apparent free electron density on the
inner surface. This density is tunable to significantly below
metal-like free electron density using fabrication parame-
ters such as the metal fill-fraction or nano-pore size. For
instance, nanoporous (NP) metals such as NP Gold (Au,
with bulk free electron density, 5.9× 1022cm−3) [21], [22] or
NP Aluminum (Al bulk conduction or free electron density,
1.8× 1023cm−3) etc. with controllable characteristics can be
deposited on a variety of surfaces.

For mechanical stability, a bundle of thousands of tubes
will be used where each tube has an overall width of around a
micron (modeled below) resulting in a centimeter-scale wide
macroscopic sample (and a train to extend the length). Apart
from mechanical stability, such a macroscopic sample con-
taining thousands of tubes in the bundle will allow translation
to enable the micron-scale beam spot to be able to interact
with a different fresh region of the sample, especially if there
is damage. As noted above, the below physics is elucidated
in the flat-top beam limit where beam is much wider than the
radius of a single tube, thus the same underlying physics of
crunch-in regime occurs in multiple tubes.

D. CRUNCH-IN MODE IN CONTRAST WITH PURELY
ELECTROMAGNETIC SURFACE MODES
A nanofabricated tube with a vacuum core of tunable hun-
dreds of nanometer radius, rt and effective wall density,
nt is here introduced to sustain novel crunch-in mode where
a significant fraction of the relativistically oscillating tube
wall electrons crunches into the core [12]–[14]. It is the
crunch-in nonlinear surface wave mode that makes possible
the excitation of wall density wavebreaking fields (Ewb[nt ])
due to its electrostatic nature. However, the surface plasmonic
crunch-in mode is yet to be modeled and understood.

It is quite critical to note that here we analytically and
computationally model in 3D the surface crunch-in mode,
a novel nonlinear surface wave with strong electrostatic field
component which is significantly different from conventional

and well established ‘‘purely’’ electromagnetic transverse
magnetic (TMm,n, where m,n are the mode numbers) sur-
face modes. In TMm,n surface modes the wall electrons are
confined to the wall surface and thus the field that is sus-
tained outside the walls inside the cavity, is not electrostatic.
Therefore, the distinctive crunch-in mode is not to be con-
founded with the TMm,n surface modes based acceleration
mechanism behind dielectric wake acceleration [25], dielec-
tric laser acceleration [26], hollow-channel plasma wakefield
regime [27], [28] and rf or beam driven metallic cavities [29].

Experiments using tube-like but partially hollow gaseous
plasmas wakefields [40] have reported purely EM modes
with relatively weak gradients of ≤ 200 MVm−1 and zero
focusing forces. Similarly, gaseous hollow-channels have
been used to guide a focussed optical laser for plasma based
electron acceleration [41]. However, formation of desired
tube-like structures in gaseous plasmas is against its natural
tendency and has proven extremely difficult.

Moreover, as it is well established that the purely EM
TMm,n surface modes sustain zero focusing
forces [27], [28] yet highly disruptive transverse fields
under symmetry-breaking imperfections. However, due to the
strong electrostatic component of the crunch-in mode, previ-
ous results on beam dynamics under the action of purely elec-
tromagnetic modes are not applicable. Additionally, whereas
the purely electromagnetic modes can be modeled using a set
of equations based on fluid theory and macroscopic Maxwell
equations, the crunch-in mode sustained by nonlinear surface
electron oscillations which can have relativistic momentum
requires treatment using kinetic theory as elucidated below.

III. PROOF-OF-PRINCIPLE MODEL
A. CRUNCH-IN MODE IN NANOMATERIAL TUBE: 3D
COMPUTATIONAL MODEL
Proof of principle of the nanoplasmonic crunch-in mode
mechanism in a tube with nanomaterial wall is established
using 3D Particle-In-Cell (PIC) simulations. In Fig.1(a,b) the
tube surface crunch-in mode driven by a sub-micron long
electron beam is evident from the 3D PIC electron density.
The ionic lattice is stationary over tens of electron oscillations
and the particle density is initialized to be zero within the tube
core, |r| < rt . Longitudinal fields in excess of 10 TVm−1

(10 TVm−1 wall focusing fields, see below) are evident
in Fig.1(c) (Ewb[nt = 2× 1022cm−3] = 13.6 TVm−1).

The 3D simulations in Fig.1 are carried out with
EPOCH code [43] which incorporates quantum electrody-
namics (QED) effects. A 3.6× 1.52× 1.52 µm3 cartesian
box with 2nm cubic cells is setup. The electrons in the tube
of wall density, nt = 2× 1022cm−3 are modeled using
4 particles per cell with fixed ions. The tube has a radius,
rt = 100nm and wall thickness, 1w = 250nm. An electron
beam of peak density nb0 = 5× 1021cm−3; waist-size σr =
250 nm (σr = 2.5 × rt ) and bunch length σz = 400nm
is initialized with 1 particle per cell. The box copropagates
with this ultrarelativistic beam, γb = 104. While the only
requirement on beam relativistic factor is γb � 1, here it is
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FIGURE 2. 3D PIC simulation beam phase-spaces (a) p‖ − z (energy
spectrum inset) (b) p‖ − y after around 93µm (around 313 fs) of
interaction with the tube surface crunch-in mode of Fig.1.

chosen to match with the parameters at the FACET-II facility
to motivate experimental verification. Absorbing boundary
conditions are used for both fields and particles.

Acceleration of a bunch in the tail of the beam is demon-
strated by these 3D simulations. Energy gain of 1.1GeV
in 93µm long tube is inferred from the beam longitudinal
momentum phase-spaces in Fig.2 along the (a) longitudinal,
(b) transverse dimensions. An average acceleration gradient
of 11.6 TVm−1 is inferred. The accelerated energy spectra
inset in (a) is unoptimized because the beam (which is within
current reach) used in this proof loads the entire range of
acceleration phase.

Note that the beam (initially wider than the tube core)
shown in Fig.1(a) has already undergone envelope modu-
lation (in both longitudinally and transversely) under wall
focusing forces that are elucidated below in sec.III-C.

B. CRUNCH-IN MODE KINETIC THEORY: 3D ANALYTICAL
MODEL
Being highly nonlinear the tube crunch-in mode in Fig.1 is
analytically modeled using collisionless 3D kinetic theory.
We derive an equation of motion of each individual free
electron of nanomaterial wall which experiences the force of
charged particle beam. This approach underlies the method-
ology of a kinetic model [24] unlike the use of moments of the
distribution such as density, velocity etc. of a fluid element in
fluid theory. These electrons may initially have Fermi-Dirac
distribution if in the unperturbed condition they comprised
the electron gas of a solid lattice.

A charged particle beam propagates in the z-direction at
cβb with a density profile, nb(r, z) = nb0 F(r, z). Initialized
with a Gaussian shape

F(r, z) = exp
(
−

r2

2σ 2
r

)
exp

(
−
(z− zmax)2

2σ 2
z

)
,

peak density

nb0 =
Nb

(2π )3/2σ 2
r σz

and

Nb =
∫
∞

−∞

∫
∞

0

∫ 2π

0
nb(r, z) dθ rdr dz

particles. The beam is relativistic, γb � 1 such that its
‘‘pancake’’ electric field is predominantly radial.

A necessary condition for the existence of tube crunch-in
mode is the mitigation of ‘‘blowout’’. Blowout drives a net
momentum flux of all the tube electrons,1p(r) such that they
altogether escape the restoring force of the tube ionic lattice.
As an extreme case, all the tube electrons within an infinites-
imal slice with net charge, −e nt π

[
(rt +1w)2 − r2t

]
dz

may bunch together and pile up into a compression layer just
outside the outer tube wall, rt + 1w. The net force on this
layer is (Fbeam + Fion)1t = 1p. If the outward force due
to the beam, Fbeam exceeds the restoring force of tube ions,
Fion then blowout occurs. The tube and beam parameters thus
have to satisfy the crunch-in condition, 1p < 0,

ntπ
[
(rt +1w)2 − r2t

]
> nb0 σ 2

r (1)

In the above 3D model the ratio of the left over right hand
side of eq.1 is greater than 20. It may however be critical to
optimize1w for considerations such as optimal mode spatial
profile, vacuum condition etc.

The crunch-in kinetic model defines: r0 as the equilibrium
position of a tube electron with, rt < r0 < rt + 1w;
r(z, t) as the instantaneous radial position of an oscillating
free electron; rm as themaximum radiuswhere the driven tube
electrons form a compression layer; H as the step function
with H(0+) = 1 and H(0−) = 0 to model the effect of step
transition in wall density.

The tube electrons which are located at an equilibrium
radius less than the electron under consideration at r0
(between r0 and rt ) also collectively move with it and com-
press at the radial extrema, rm. When all the tube electrons
with an equilibrium radii between rt and r0 move together to
form a compression layer at a new radial location r , the ionic
force on the electron under consideration is −e Eion(r >

rt ) = −4πe2 nt
(r2−r2t )

2r .
In addition to the ionic force, all the electrons with an equi-

librium radii smaller than r0 which collectively move with
the electron under consideration result in a collective field
opposite to the ionic field. The collective oscillation condition
requires that the electrons that originate at an equilibrium
position less than r0 collective move to a position just behind
r . The force due to collectively moving tube electrons located

between r0 and rt is thus −e Ee(r) = 4πe2 nt
(r20−r

2
t )

2r .
The dynamics is different during the radially inward mov-

ing phase of the oscillation. Due to the zero ion density in
the core region of the tube, the collectively moving elec-
trons do not experience any ionic force inside the core.
However, collectively moving tube electrons that originate
between r0 and rt crunch into the tube core. Inside the core
an increase in mutual electrostatic field of the compress-
ing electrons acts to force them back towards equilibrium.
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Thus, the net force acting on the electrons is, Fcollective =

−me
ω2
pe(nt )
2

1
r

[
(r2 − r2t )H(r − rt )− (r20 − r

2
t )
]
.

When the tube electrons are driven by an electron (positron,
proton) beam with sgn[Qb] = −1 (+1), they are initially
pushed radially outwards (inwards). The acceleration of an
oscillating electron as it traverses across the the density dis-
continuity at the inner surface r = rt is thus considered,
d2 r
dt2
|r=rt H(sgn[Qb](r − rt )).

The equation of relativistic (γe) collective surface electron
oscillation is γeme

∂2 r(ξ,z,t)
∂t2

= Fcollective. Equation of the
propagating crunch-in surface wave is obtained by trans-
forming to a frame ξ = cβbt − z, co-moving with the
driver (βb for an x-ray laser is its group velocity) and using
∂ξ = (cβb)−1∂t . By including the force of the ultrashort drive
bunch the crunch-in surface wave equation is,

∂2 r
∂ξ2
+

1
2

ω2
pe(nt )

γec2β2b

1
r

[
(r2 − r2t )H(r − rt )− (r20 − r

2
t )
]

+
∂2 r
∂ξ2

∣∣∣∣
r=rt

H(sgn[Qb](r − rt ))

= −sgn[Qb]
ω2
pe(nt )

γec2β2b

nb0(ξ )
nt

∫ r

0
dr F(r, z, ξ ) (2)

With a Gaussian beam envelope,∫ r

0
dr F(r, z, ξ ) =

σ 2
r

2π

[
1− exp

(
−

r2

2σ 2
r

)]
r−1

×exp
(
−
(z− zmax)2

2σ 2
z

)
and under flat-top condition σr � rt , themaxima of the radial
trajectory r = rm is obtained from eq.2. At this maxima,
force of the drive beam equals that of the collective charge
separation field. The electrons located between rm and rt
collectively move and bunch together into a compression
layer at,

rm = rt

(
1−

nb0
nt

2πσ 2
r

π (rt +1w)2

)−1/2
(3)

The net charge of the electron compression layer that col-
lectively crunches from the tube wall into its core can be esti-
mated. 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

δQmax(rmin)=−e nt πr2t

(
nb0 2πσ 2

r

ntπ (rt+1w)2−nb0 2πσ 2
r

)
dz.

The radial electric field is thus obtainable applying the
Gauss’s law on δQmax. Although an analytical expression for
rmin can be obtained, we consider rmin = rt/α. The radial
electric field is

Et−r (rt ) = −α nt 2πrt

(
enb0 2πσ 2

r

ntπ (rt +1w)2 − nb0 2πσ 2
r

)

FIGURE 3. 3D PIC simulation with same parameters as in Fig.1: (a) tube
crunch-in mode focusing field, (b) time evolution of the on-axis beam
density profile which demonstrates extreme beam self-focusing driven
nanomodulation of the longitudinal envelope and compression of the
transverse envelope resulting in ultra-solid peak densities.

which simplifies to,

Et−r = −α

√
2
π

Qb[pC]
σz[100nm]

1
rt [100nm]

×

((
rt +1w

rt

)2

− 2
nb0
nt

σ 2
r

r2t

)−1
TV
m

(4)

The peak longitudinal electric field is derived using the
Panofsky-Wenzel theorem, Et−r 1r = Et−z 1ξ [44].
The value of Et−z varies over κ

√
γe 2πc/ωpe(nt ) where κ

is the shortened phase of the nonlinearly steepened surface
wave, where the tube electrons crunch into its core. The rel-
ativistic factor, γe (' (1+ (p2r/(mec)

2)1/2) reduces the oscil-
lation frequency as ωpe(nt )/

√
γe. Using pr = Fbeam σz/c =

4πe2 ntc−1 nb0n
−1
t rtσz(4π )−1, the peak longitudinal field

is thus, Et−z = Et−r rmin(κ 2πc)−1 ωpe(nt )γ
−1/2
e

or,

Et−z = −
2
κ

√
nt [1022cm−3]
√
rt [100nm]

√
Qb[pC]

σr

σz

×

((
rt +1w

rt

)2

− 2
nb0
nt

σ 2
r

r2t

)−1
TV
m

(5)

The expressions of tube crunch-in mode in eq.4 and eq.5
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 more strongly depend on the ratio.

For nt = 2 × 1022cm−3, rt = 100nm and Qb = 315 pC,
σr = 250nm, σz = 400nm; rm = 74.5nm + rt , Et−r =
α 8.96 TV/m (eq.4) and Et−z = κ−1 3.5 TV/m (eq.5) in
good agreement with the above 3D simulation.
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C. CRUNCH-IN MODE FOCUSING FIELDS:
NANOMODULATION AND NANO-WIGGLER EFFECT
The beam envelope in eq.2 is considered to be quasi-stationary
over several surface oscillations. Over longer interaction
lengths, however, transverse envelope oscillations result in
the variation of beam spatial profile, F(r, z, ξ ) and peak
density, nb0(ξ ). A kinetic equation of the radial dynamics of
a beam particle at rb(ξ, t) under the two forces from beam
self-fields and the crunch-in focusing fields (in the region of
the bared tube wall ions as well as inside the core) can thus
also be obtained in the beam frame.

The tube focusing fields and nanometric transverse beam
oscillations from the above 3D simulation are elucidated
in Fig.3. The beam particles within rm > rb > rt experience
transverse focusing and the beam electrons are forced into
the core which results in the folding-in of the ‘‘wings’’ of the
beam. While transverse focusing occurs rapidly, collisions of
particles in the beam wings with ionic lattice will contribute
to bremsstrahlung photons although of significantly different
energies and characteristics relative to photons from trans-
verse focusing of the beam. The beam develops significant
nano-modulation of the longitudinal envelope (analogous to
micro-modulation in XFELs) with spatial frequencies corre-
sponding to λosc ∼ O(100nm) as shown in Fig.3(b).
Moreover, extreme focusing under tens of TVm−1

focusing fields results in peak on-axis beam density of
many ten times the initial density, from initial value of
nb0(ξ = 0) = 5× 1021cm−3 to ultra-solid densities of
nb0(ξ ' 100µm) = 1024cm−3 (as shown in Fig.3(b)). With
this rapid rise in the beam density from being quasi-solid to
ultra-solid, the crunch-in field amplitude breaches the wave-
breaking limit.

As evidenced by the 3D simulations, the tube focusing
fields thus not only guide the beam but also suppress the beam
breakup (BBU) instability. This is quite unlike the unfavor-
able deflecting transverse fields and BBU of linear surface
mode based hollow-channel plasma regime [45]. Moreover,
due to the guiding nature of focusing fields there is inherent
tolerance for angular and spatial misalignments between the
beam centroid and the axis of the tubes. Detailed analysis
of transverse and longitudinal 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 2γ 2
b /λosc) produced by nanometric oscillations of ultra-

relativistic beam particles in the tens of TVm−1 wall focus-
ing fields from a nanometric source size (∼ rt ) offers a
nano-wiggler light source.

It is important to note the difference between the charac-
teristics of the radiation due to collective motion of charged
particles as produced by nanomodulation of the beam in
crunch-in focusing fields demonstrated here compared to
that produced by uncontrolled disruptive processes such as
filamentation or transition radiation (under ionization) etc.
It is also critical to note that the radiation generated by col-
lective fields of the crunch-in mode is quite distinct from the

FIGURE 4. 3D PIC simulations of a vaguely similar mode driven in a
nanomaterial tube by theoretically proposed nano x-ray laser which
ignores the significantly higher level of ionization in a solid lattice due to
the high photon energy of such a laser: (a) electron density profile of the
wall electrons, (b) acceleration and (c) focusing field profile at around
1µm (3fs) of interaction.

well established channeling radiation emitted due to particles
oscillating in the ionic force exerted by individual atoms of a
solid lattice. Furthermore, self-focusing and nanomodulation
of the beam increases the crunch-in fields, a self-reinforcing
mechanism which results in nano-wiggler instability.

Our future work will investigate schemes to accentu-
ate the collective nature of beam nanomodulation and as
a result enhance the properties of the emitted photons
using the nano-wiggler instability effect. For instance, vari-
ation of tube wall density (nanolattice) or inner radius
(corrugated nanomaterials based tube) can further enhance
the beam oscillations and allow specific modes to be
excited.

Lastly, although a nano x-ray laser is yet to be proto-
typed, 3D simulation in Fig.4 using a hypothetical 500eV
photon energy x-ray laser suggests that it may drive a mode
with vague similarities to above. But, this preliminary model
is under a very obscure and unjustified assumption that
a high photon energy high intensity laser modeled here
does not completely ionize the solid lattice (non-plasmonic).
In Fig.4, 2.5mJ x-ray pulse is initialized with a0 = 2.7
in line with the conceptual design proposed by Mourou
et. al. [42] with λ0 = 2.5nm, pulse length τFWHM =

150 attosec and waist-size wFWHM = 25nm. The interaction
is modeled in a 270× 170× 170 nm3 cartesian box with
1.25× 1.67× 1.67 Å3 cells. The tube parameters are nt =
7.0× 1022cm−3 (not accounting for ionization), rt = 25nm
and1w= 55nm. The longitudinal crunch-in field in Fig.4(b)
is Et−z ' 12.5 TVm−1 (Ewb = 25.4 TVm−1). The focusing
field in Fig.4(c) however differs from Fig.3(a). It is also
critical to note that the electron density may dynamically
increase due to ionization by the x-ray laser.
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IV. CONCLUSION
In conclusion, the 3D computational (PIC) and 3D ana-
lytical models demonstrate the realizability of TeraVolts
per meter nanoplasmonics. Quasi-solid submicron long
multi-GeV electron bunches are demonstrated to effectively
excite unprecedented crunch-in nanoplasmonic modes with
O(TVm−1) fields in nanomaterials. We also uncover using
3D modeling that nonlinear surface crunch-in waves sustain
many tens of TVm−1 focusing fields both in the nanoporous
walls and within the core of the tube which result in strong
self-focusing. This self-focusing effect increases the peak
beam density by orders of magnitude towards ultra-solid
densities as well as hundred nanometer scale longitudinal
beam density nanomodulation.

Even with currently available electron bunches and
nanofabrication technologies, the tube fields can reach
unprecedentedly high levels to demonstrate O(GeV) energy
gains in sub-mm long nanomaterials. This is possible
because the unmatched acceleration gradients, self-focusing
and the resulting nanomodulation drive the crunch-in mode
more effectively which also opens up controlled coherent
O(100MeV) photon production.

Future work will address experimental realization of
the proposed nanomaterials based nanoplasmonic acceler-
ator and nanowiggler [46] introduced here using our 3D
model. It will also characterize the properties of collec-
tive O(100MeV) radiation produced using the nano-wiggler
instability and ultra-solid beams for opening new areas
of research with a unique combination of high-field,
high-energy and high-intensity science. Extreme field fron-
tier accessible using nanomaterials based nanoplasmonic
modes elucidated above thus promises to open new pathways
in a wide-range of scientific areas.
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