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École Polytechnique, Palaiseau, 91128, France

Recent developments in fiber lasers and nanomaterials have allowed the possibility of

using laser wakefield acceleration (LWFA) as the source of low-energy electron radiation

for endoscopic and intraoperative brachytherapy, a technique in which sources of radia-

tion for cancer treatment are brought directly to the a↵ected tissues, avoiding collateral

damage to intervening tissues. To this end, the electron dynamics of LWFA is examined

in the high-density regime. In the near-critical density regime, electrons are accelerated

by the ponderomotive force followed by an electron sheath formation, resulting in a flow

of bulk electrons. These low-energy electrons penetrate tissue to depths typically less

than 1 mm. First a typical resonant laser pulse is used, followed by lower-intensity,

longer-pulse schemes, which are more amenable to a fiber-laser application.
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1. Introduction

The treatment of cancer remains one of the most pressing concerns of medical re-
search. One promising avenue of cancer treatment is brachytherapy, in which a
source of radiation is brought inside the body close to the tissues requiring treat-
ment.1 This technique localizes the radiation dose to source of radiation, limiting
collateral damage to surrounding healthy tissue. In contrast, more conventional ex-
ternal sources of radiation can cause significant damage to intervening tissues. Typ-
ically, small quantities of radioisotopes provide the dose source for brachytherapy,
but such sources su↵er from decay, which lengthens treatment times, and shielding
costs. The use instead of an electron beam as the radiation source would eliminate
the first challenge and greatly mitigate the second.

A potential means for generating such an electron beam is Laser Wakefield
Acceleration (LWFA),2 a compact method of accelerating electrons to high energies
which was first proposed by Tajima and Dawson3 in 1979. While conventional
linear accelerators (LINAC), relying on large and costly wave-guide cavities, are
limited in acceleration gradient by the breakdown threshold of metals, the strong
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electric fields accessible in plasmas (which are already broken-down) allow much
higher accelerating gradients: GeV per cm or higher. Such a high acceleration
gradient reduces the necessary machine size and also increases their availability
through reduction in cost. Typical electron energies needed for brachytherapy lie
in the range between 100 keV and 5 MeV, and thus LWFA can accelerate electrons
to these energies in micron to millimeter scale lengths. LWFA was demonstrated
experimentally4,5 after the invention of Chirped Pulse Amplification (CPA),6 which
allowed access to the necessary high intensity laser regime. Since then, many more
experiments have demonstrated this technique in di↵erent regimes, and the field
has been growing steadily.

Research in the use of LWFA to generate electron beams for medical applications
has proceeded for at least two decades now. Initially, these e↵orts focused on
generation of high-quality electron beams with energies roughly in the range 6–
25 MeV, as would be applicable for conventional, external sources of radiation for
cancer therapy.7–13 Recent innovations in the field of fiber lasers has o↵ered a new
leap forward in this e↵ort: the Coherent Amplification Network (CAN),14 in which
many individual micron-scale fiber lasers are coherently combined and amplified to
provide both high-rep rate and high power. This innovation allows medical LWFA
to proceed into a new regime of applications, though a CAN laser certainly is
applicable as well to the traditional medical e↵ort at producing an external electron
beam.

As we see below, we find that even at very modest intensity, LWFA can produce
electrons that are relevant for tissue penetration and delivery of beams of ionizing
radiation. With this insight, in combination with the compactness a↵orded by the
recent developments in fiber lasers, we are led to consider the new situation of in
situ radiation sources (of electrons). In this vision, we see three chief schemes in
which the wakefield electron source could be brought directly to the cancer. First,
the laser-wakefield accelerator could be inserted in an intraoperative fashion,10,11

which involves surgically opening the intervening tissues and can presently be used
for LINAC sources in some instances. A surgeon may also use such an operation
to remove any residual cancer or clean a↵ected tissues by hand. Less invasive is
brachytherapy, where the laser is injected discreetly into the body, such as through
a blood vessel or directly through tissue. Finally, it may be possible to carry the
laser into the body in a endoscope, whereby the surgeon could potentially both
diagnose and treat the cancer simultaneously. It is our goal here to devise a way in
which any or all of these methods might be possible with LWFA.

In each of these cases, the electrons beam need only have shallow penetrative
power, as they need not traverse the body before reaching the tissues to be treated.
The desirable energy for an electron beam then reduces to the order of 102 keV.
We thus seek a means of producing low-energy electrons. The electron energy gain
from LWFA is given by �E = 2g(a0)mec

2(nc/ne), where a0 is the normalized laser
intensity, g(a0) represents the function dependence of energy gain on a0, nc is the
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laser critical density, and ne is the plasma density.3 This relation suggests a path
to low-energy electrons through a high plasma density and modest laser intensity,
parameters that are also favorable to fiber lasers, as will be discussed. To provide a
target material near the critical density of an optical laser (nc = 1.11⇥1021 cm�3 for
a laser wavelength of 1 micron), it may be best to use a porous nanomaterial,15–17

such as porous alumina or carbon nanotubes, as is the main focus of this workshop.
Such a target material for irradiation by the laser would also avoid the presence of
ionized gas inside the body.

While the low-density, high-energy regime of LWFA has been studied extensively,
the high-density, low-energy regime has been less explored in detail.18 Indeed, the
expression for electron energy gain given above was established by studying the
low-density regime. As a foundation for these applications, the physics of the
high-density regime of LWFA has been recently studied in Nicks et al., 2019.19

This work studied first the scaling laws of the electron energy gain for nc/ne and
a0. It was found that g(a0) is well-represented by the ponderomotive potential
g(a0) =

p
1 + a20 � 1. Additionally, it was found that �E / nc/ne, the proportion-

ality predicted by low-density wakefield theory, was obeyed in the regime nc/ne & 1
for the highest-energy electrons. Next, the mechanics of electron acceleration in
the regime nc/ne ⇠ 1 were studied, revealing sheath acceleration20 that generates a
peculiar stream-like distribution of bulk electrons in phase space. This bulk accel-
eration by sheath contrasted significantly with the trapping and acceleration seen
in low-density wakefield. This work then attempted to quantitatively distinguish
this high-density, sheath regime from the more typical wakefield physics seen at
low densities. Finally, this work briefly examined the penetrative power of such an
accelerated spectrum of electrons in water, approximating biological tissue.

2. Acceleration in the High-Density Regime

To study laser-wakefield physics in the high-density regime, we use the 1D particle-
in-cell (PIC) code epoch. An optical (� = 1 micron) laser is injected from vacuum
into a uniform slab of plasma with a temperature of 100 eV. First, we seek to
understand the wakefield physics at high density with an approach that may be
impractical with regard to fiber lasers but more easily understood in the context
of typical wakefield physics. We first use a flat-top resonant laser pulse, which has
a pulse length equal to half of the wakefield wavelength, and the plasma density
is taken to be the laser critical density. The laser intensity is taken to be the
somewhat powerful value of a0 = 1. A resonant laser pulse in a plasma near the
critical density (nc/ne  2) must necessarily be sub-cycle, or at most single cycle.
While sub-cycle lasers have been demonstrated experimentally,21,22 such a setup
would be generally di�cult to implement, particular in a fiber laser.14 Instead, a
long, self-modulating pulse would be much more practical a fiber laser application,
as is discussed in Sec. 3. It will be shown that with a longer pulse the essential
physics remains unchanged.
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The interaction of the laser with the plasma in the two contrasting regimes
of high and low density has a convenient analogy in tsunami waves in a certain
property of the wave dynamics. The phase velocity of the wake field matches the
laser group velocity in the plasma (vg = c

p
1� ne/nc), much as sea-floor depth

determines the phase velocity of an ocean wave. In the open ocean, where the
water depth is great, tsunami waves propagate with a fast phase velocity and thus
do not couple to stationary objects. Boats in the ocean, for instance, may move
slightly in the transverse direction (vertically), but are not otherwise a↵ected. The
waves in this regime also do not couple to the sediment on the sea floor, and so
remain “blue”. An object such as a surfer could only be trapped and accelerated by
these waves by exerting a great deal of e↵ort to approach the wave phase velocity.
So it is with wakefield: in the low-density regime, the wake phase velocity is near
the speed of light, and while a small number of elections may be accelerated to high
energies, the wake does not couple to the bulk motion of the plasma. The wake and
accelerated electrons form a clean and coherent train.

Near the shore, however, the increasingly shallow water causes the phase velocity
of the wave to slow down, which leads to amplification and steepening of the wave
until breaking occurs. The slow velocity of the wave near the shore then causes
catastrophic “trapping” of stationary objects. Additionally the slow wave velocity
couples with turbulence created by wave breaking to create anomalous transport
on the sediment bed. Significant amounts of sediment quickly pass into the wave,
creating a visibly “black” tsunami from the clean, “blue”, o↵-shore starting wave
and leading to momentum transport of the sediment.19,23 Similar physics occurs in
wakefields near the critical density. The laser couples strongly to the bulk motion of
the plasma, creating a qualitatively distinct regime that features sheath acceleration
and bulk flow of electrons.

The typical approach to LWFA, which seeks to generate high-energy electrons,
is to use a low-density plasma (nc/ne � 1). In this regime, which we may call the
“blue wave” case (vg ⇡ c), a train of coherent wake waves follows the laser pulse.
This wake then accelerates a regular train of electrons. The wakefield, which is a
longitudinal electric field, reaches a saturation value on the order of the Tajima-
Dawson field3,24: ETD = me!pc/e, where !p is the plasma frequency. This state
of a↵airs reigns until the laser has traveled either the dephasing length, at which
electrons begin to decelerate, or the pump depletion length, at which the laser has
lost significant energy to the plasma and can no longer excite a robust wakefield.
The high group velocity of the laser leaves the bulk plasma intact and creates a
“blue” wakefield.

In contrast, the case of ne = nc, the “black wave”, shown in Fig. 1, exhibits quite
di↵erent behavior. Here, vg = 0, restricting the laser-plasma interaction to within
one plasma wavelength. The long train of trapped electrons in the low-density case
becomes replaced by streams of low-energy (�E ⇠ 100 keV) electrons ejected from
the site of laser entry roughly every plasma period. These electrons are accelerated
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by an oscillating sheath that is formed by the laser at the initial boundary of the
domain. This behavior is somewhat reminiscent of laser interaction with a solid
target and previous sheath acceleration e↵orts.20 However, some diminished part of
the laser is still able to propagate through the target, and the ions have essentially
no response. The “blackness” of the wave derives from its strong coupling to the
bulk electrons, which occurs because vg = 0 for the laser, much as an ocean wave
that slows down near the shore becomes turbulent and dredges sediment from the
sea-floor. As ne is decreased from the critical density, a transition between the
“black” and “blue” regimes is seen, as is shown in Fig. 2 for the “grey” case of
nc/ne = 1.7, which shows elements of the bulk flow of high-density wakefield as
well as elements of more typical, low-density wakefield. These sheath mechanics
may also be useful for the understanding of related ion acceleration. dynamics2,25

The maximum electron energy in the phase-space distribution shown in Fig. 1
is roughly 1 MeV, which is encouraging for the medical aims in this study. A näıve
next step to increase the electron dose and alleviate the di�culty with a sub-cycle
pulse might then be to increase the length of the laser pulse to produce a larger
dose of electrons. Such a case is shown in Fig. 3 for nc/ne = 1 and a laser pulse
length of �lp/�p = 8 for a snapshot at time t/⌧p = 96, where ⌧p = 2⇡/!p is the
plasma period. At this time the laser interaction has finished, as well as most of
the electron acceleration, and thus this snapshot represents the near-final behavior.
The overall interaction with the plasma is much more violent. For x/�p & 32 a
large body of overlapping electron streams is seen, which originate in the initial
laser interaction. For x/�p ⇡ 2 a longitudinal oscillation similar to that in the
resonant pulse case is formed which generates subsequent electron streams. This
scheme is also more energetically e�cient than that of Fig. 1, indicating that both
the quantity and quality of low-energy electron production is improved. However,
this case relies on the relatively strong intensity of a0 = 1, which is likely untenable
for fiber lasers.

3. High-Density LWFA in Fiber Lasers

Fiber lasers, particularly in coherent networks, o↵er the potential for high-power
and high-rep rate lasers. Yet, individual fibers are also subject to a number of
constraints not shared by large, conventional lasers. Perhaps most importantly, the
material properties of fibers, which are typically made from silica, place a much
more stringent limit on the intensity of the transmitted laser pulse.26 Certainly for
any fiber application inside the body, it is paramount that material damage to the
fibers be avoided, as this damage would then harm the surrounding tissue as well,
with potentially severe consequences. In addition to the requirement of avoiding
ionization of the fiber, an even more restrictive condition may be the level of toler-
able accumulation of nonlinear phase in the laser pulse, the severity of which grows
with laser intensity. Given this background from the field of fiber optics, a accept-
able order of magnitude for laser intensity that safely avoids these issues may be
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Fig. 1. A snapshot of the electron phase space px vs. x (heat-map, with warmer colors rep-

resenting higher density) and longitudinal Ex (green) and laser Ey (translucent blue) fields for

high-density (“black”) case nc/ne = 1 with laser intensity a0 = 1. The plasma wavelength is given

by �p = 2⇡c/!p. The time step is t = 14.4⌧p, where ⌧p is the plasma period. (Similar run in Nicks

et al., 2019.19)

Fig. 2. The electron phase space and field structure of the intermediate (“grey”) case of density

nc/ne = 1.7 at the laser intensity a0 = 1. The time step is t = 16.0⌧p

1014 W cm�2. We take this value as a starting point, but subsequent technical and
material e↵orts may require a more conservative value. This intensity corresponds
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Fig. 3. The electron phase space and field structure of the critical density case nc/ne = 1 for a

laser pulse of length 8�p at the laser intensity a0 = 1, showing the “black tsunami” regime. At

this snapshot (t = 80.6⌧p) most of the electron acceleration is concluded and most of the laser has

exited the domain. (Similar run in Nicks et al., 2019.19)

to a0 ⇡ 0.01, which is far below the relatively powerful value of a0 = 1 considered
thus far. The expression for electron energy gain �E = 2g(a0)mec

2(nc/ne), where
g(a0) = a

2
0/2 for a0 ⌧ 1 if g(a0) takes the form of the ponderomotive potential,

suggests that one means of compensating for this low individual fiber laser intensity
to attain 102 keV electrons is simply to use a coherent network of ⇠ 100 lasers,
though in a endoscopic application this number may be di�cult to achieve. Phase-
matching each fiber would also be technically di�cult, but may be possible making
use of the partial reflection of the laser pulse at the boundary between the fiber and
high-density material to be irradiated. However, by lowering the target material
density, one can use fewer coherent lasers, such as with ⇠ 10 lasers at nc/ne = 10.
Another alternative is the use of a hollow fiber, which can have a diameter of order
102 times larger than that of a typical fiber, thereby accommodating much more
pulse energy.

Another chief concern with fiber lasers is the pulse length. While thus far the
simulations in this work at nc/ne ⇡ 1 have used resonant laser pulse lengths of
⇠ 2 fs (a di�cult, sub-cycle pulse in its own right), the shortest pulse practically
achievable for a fiber laser is likely around 100 fs. Letting �l be the laser pulse
length, a resonant pulse has �l/�p = 0.5, where in contrast at the critical density,
a 100 fs pulse has �l/�p ⇡ 30. An attractive alternative is provided by the phe-
nomenon of self-modulation5,27–30, where a large laser pulse (�l/�p � 1) becomes
spontaneously broken into units of length �p and reproduces the desired wakefield
behavior. This regime is called self-modulated LWFA or SM-LWFA, and is likely
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Fig. 4. A demonstration of the self-modulation of a laser pulse into resonant pieces in the “blue”

regime of nc/ne = 10. Here �lp/�p = 5. The time step is t = 9.2⌧p. (Similar run in Nicks et al.,
2019

19
).

much more amenable to fibers than the resonant pulse case. Stated simply, fibers
generally prefer a longer, low-amplitude pulse to a short, intense pulse.

To demonstrate the onset of SM-LWFA, a low-density plasma of nc/ne = 10 and
a0 = 1 is injected with laser pulse with length (�l/�p = 5), as is shown in Fig. 4.19

As progressive peaks pass a point in the plasma, the wakefield is strengthened, and
ultimately the strength of the wakefield is enhanced in the self-modulated cases
compared to that of the resonant case. Electron acceleration is also seen following
the wakefield.

Applying this technique to a fiber laser case, Fig. 5a shows the case of 15
coherently added fiber lasers at a0 = 0.01 with nc/ne = 10. The pulse is now
Gaussian, also for practical considerations, with FWHM a pulse length of 100
fs. For self-modulation, it is desirable that the laser power be greater than the
critical power,24 while in this case, without considering laser guiding conditions,
this condition may not be satisfied. (A rough calculation using a laser spot
size of ⇡�

2
p gives a laser power of 7.5 GW, while the critical power is given by

Pc = 17(nc/ne) GW = 170 GW.) Nonetheless, substantial acceleration in Fig. 5a is
seen up to nearly 1 MeV.

Many low-energy electrons are accelerated as well. This coupling to bulk
electrons may be caused by the generation of lower-frequency laser components
through Raman forward scattering, which is expected in the presence of a long laser
pulse.31–33 A spectral analysis of the laser field in Fig. 5a reveals the presence of
down-shifted frequency components at ! = !0 � !p and ! = !0 � 2!p, as well as a
small up-shifted component at ! = !0 + !p, where !0 is the nominal laser frequency.



December 4, 2019 8:0 ws-procs961x669 WSPC Proceedings - 9.61in x 6.69in output page 9

9

(a). Self-Modulation

(b). Beat-Wave

Fig. 5. The electron phase space and field structure (left) for the case of a 100 fs pulse at

nc/ne = 10, as well as the laser (Ey) frequency spectrum (right). Fifteen lasers each contribut-

ing intensity a0 = 0.01 are coherently added, demonstrating practical parameters for fiber laser

applications. In 5a, the laser pulse undergoes self-modulation, while in 5b, each of the five laser

contributions is further divided into two components that beat at !p, thus resonantly seeding the

wakefield (beat-wave acceleration). Note that here the laser field Ey is normalized with respect to

the initial combined amplitude E0 of all the fiber contributions. For the frequency spectra, solid

vertical lines indicate the nominal laser frequency (!0/!p) while dashed lines indicate harmonics,

which di↵er from the nominal frequency by some integer multiple n of the plasma frequency !p.

These components arise almost immediately after the laser enters, and begins in-
teracting with, the plasma. With nc/ne = 10 in this case, !0/!p =

p
10 ⇡ 3.2. A

frequency down-shifted from this value in multiples of !p thus becomes very close to
resonance with !p; the two down-shifted components ! = !0 � !p and ! = !0 � 2!p

are equivalent to a laser with nominal density ratios of nc/ne = 5 and nc/ne = 1.25,
respectively. The latter of these values is firmly within the “black tsunami” regime
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of Figs. 1 and 3. Further down-shifting is suppressed because frequencies lower than
!p would not be able to resonantly excite the Raman forward scattering instability
and would be immediately absorbed by the plasma.

Another approach using practical fiber laser parameters is the laser beat-wave
accelerator,3,34 which was used historically in the early years of LWFA. In this
scheme, two lasers with frequencies di↵ering by !p create a modulation at the
plasma frequency and resonantly excite the wakefield. Exploration of this possi-
bility at nc/ne = 10 with a 100 fs Gaussian pulse and 15 a0 = 0.01 lasers, each
divided into two equal components separated in frequency by !p, shown in Fig. 5b,
yielded slightly more e�cient acceleration, with electrons reaching energies slightly
in excess of 1 MeV. This relatively clean acceleration is expected given the seeded
plasma oscillation and provides a confirmation of the physics of the pre-modulated
laser field. As in the self-modulating case, here a lower laser harmonic equiva-
lent to nc/ne = 4 is seen, as well as harmonics higher than the nominal frequency,
the former perhaps aiding bulk acceleration of electrons and the latter pulling the
highest-energy electrons past the energies reached in self-modulated case (Fig. 5a).

In these examples, an initially “blue” wave is converted into a “black” wave
that can e�ciently accelerate low-energy electrons even at very low laser inten-
sity. Together with a variable number of coherently added fibers, this e↵ect may
provide substantial practical flexibility for a medical fiber laser application. For in-
stance, if an optimized setup required an even lower individual laser intensity than
1014 W cm�2, the target density could be modestly lowered, preserving the bulk
flow of electrons in the desired energy range. Furthermore, if a beat-wave laser is
possible, a potentially cleaner electron beam can also be produced if desired. It is
remarkable that these benefits derive from the requirement of a long laser pulse,
which can be considered one of the “limitations” of fiber lasers.

4. Electron Tissue Penetration

We may now consider more closely the interaction of an electron population like
those in Figs. 3 and 5 with human tissue for radiation therapy. Conventional radi-
ation therapy typically relies on exposing the body to an external source of radia-
tion, whether X-ray, gamma-ray, protons, or electrons. In this process, the radia-
tion passes through a significant depth of healthy tissue, causing collateral cellular
damage. Three techniques to avoid this collateral damage include intraoperative
radiation therapy (IORT),10 where the source of radiation is surgically brought to
the tumor, brachytherapy, in which the laser is injected into the body, or endo-
scopic radiation therapy (ESRT), where a small endoscope is internally brought to
the tumor site. Consequently, in all of these cases, the radiation produced need
only penetrate a short distance, perhaps millimeters or less. In such a scheme, the
distribution in Figs. 3 and 5, possessing a large spread of low-energy electrons, may
be particularly fitting. The recent development of coherent networks of fiber lasers
(CAN)14 has allowed LWFA to branch into this new and distinct application.
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(a) (b)

Fig. 6. Electron penetration in the high-density LWFA regime. (6a) shows the normalized electron

energy distribution for setup in figure 5a, which models a bundle of 15 fiber lasers each with

a0 = 0.01 coherently added with plasma density nc/ne = 10 and a pulse length of 100 fs. (6b)

shows the resulting normalized distribution of electron penetration depth in the continuous slowing-

down approximation (CSDA).

The penetration depth in human tissue can be approximated by integrating the
stopping power of electrons in water, giving the stopping distance in the continuous
slowing-down approximation (CSDA).35,36 At the critical density, the distribution
of low-energy electrons in Fig. 5a has the energy distribution shown in Fig. 6a. This
distribution f(E) corresponds to a maximum penetration depth xCSDA in water of
about . 1 mm, as is shown in Fig. 6b as a function of xCSDA. Tuning the plasma
density allows control of the penetration depth. By changing the density of the
irradiated material, the penetration depth can be tuned to the desired value; lower
material density will give deeper penetration. The laser intensity a0 or number of
fibers can also be tuned for the desired electron energies produced. As an additional
benefit, near the critical density, a significant acceleration of the bulk population of
electrons occurs, potentially creating a far larger overall dose of radiation than would
occur for more typical wakefield acceleration. This combination of a large dose and
shallow, yet tunable, penetration may be ideal for intraoperative, brachytheraputic,
and endoscopic medical applications.

5. Conclusions

We have studied the dynamics of LWFA in the high-density regime. In this domain,
where nc/ne ⇠ O(1), sheath dynamics emerges with an important role, producing
a large flux of low-energy electrons (the “black tsunami” regime). Furthermore, we
have found that the self-modulation or Raman forward-scattering process allows a
conversion of the “blue” or “grey” regimes into the “black” regime, providing ef-
ficient generation of a bulk flow of low-energy electrons despite the presence of a
density ratio nc/ne greater than unity. Along with the invention of the Coherent
Amplification Network (CAN)14 fiber laser technology, these dynamical character-
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istics in the appropriately chosen regime of operation open a pathway to creating
far more compact electron radiation sources through LWFA and thereby a radically
new radiotherapy using compact electron sources.

Regarding the material to be irradiated by the laser, nanomaterials with an
open structure, such as carbon nanotubes15 or porous alumina, present an attrac-
tive means for achieving the critical density of a 1-micron laser (approximately
1021 cm�3) while avoiding the presence of ionized gas inside of the body. Such a
medium would also provide the benefit of guiding the laser. It might also be possible
to tailor the design of the nanomaterial to suit the desired plasma density.

One potential challenge of this approach is that the population of accelerated
electrons generated by LWFA at high density is non-monoenergic and probably
of high emittance. We may also strive to further increase the e�ciency. Toward
such a purpose we may wish to employ a graded density of plasma to control the
phase gradation of the wakefield.37,38 Nonetheless, interesting physics has already
emerged from these e↵orts, and the richness of a new regime is evident. Within the
last decade, the technology needed to realize endoscopic electron therapy through
LWFA has come of age, and serious endeavors for implementation may now proceed.
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