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Abstract: Ultra-compact electron beam technology based on laser wakefield acceleration (LWFA)
could have a significant impact on radiotherapy treatments. Recent developments in LWFA high-
density regime (HD-LWFA) and low-intensity fiber optically transmitted laser beams could allow
for cancer treatments with electron beams from a miniature electronic source. Moreover, an electron
beam emitted from a tip of a fiber optic channel could lead to new endoscopy-based radiotherapy,
which is not currently available. Low-energy (10 keV-1 MeV) LWFA electron beams can be produced
by irradiating high-density nano-materials with a low-intensity laser in the range of ~10 W/cm?.
This energy range could be useful in radiotherapy and, specifically, brachytherapy for treating
superficial, interstitial, intravascular, and intracavitary tumors. Furthermore, it could unveil the
next generation of high-dose-rate brachytherapy systems that are not dependent on radioactive
sources, do not require specially designed radiation-shielded rooms for treatment, could be portable,
could provide a selection of treatment energies, and would significantly reduce operating costs to a
radiation oncology clinic.
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1. Introduction

Laser wakefield acceleration (LWFA) was initially proposed by Tajima and Dawson in
1979 as a method to accelerate charged particles from a low-density plasma using wave-like
oscillations induced by electromagnetic pulses from a laser beam targeting the plasma [1].
They calculated that a high-intensity laser of 1 um wavelength and 10'® W/cm? of power
irradiating a plasma density of 10'® cm =3 could accelerate electrons to GeV energies over a
1 cm distance.

Experimental verification of LWFA came to light with the advent of high-intensity
short-pulse lasers (e.g., Nd: glass laser; 1017-10'8 W cm~2; 1 ps pulse width) and chirped
pulse amplification (CPA) technology described by Strickland and Mourou in 1985 [2].
Soon after, several groups reported electron accelerations to energies in the MeV to GeV
range [3,4]. However, the electron beam current, attributed to pulse repetition rate, was
significantly lower compared to conventional linear accelerators (linacs), and beam quality,
reproducibility, and stability were not consistent in most cases [4].

Subsequent experiments demonstrated the production of monoenergetic electron
beams of 25-170 MeV energies [5-9] using compact laser-plasma acceleration systems,
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which ignited the interest in a potential replacement of radiotherapy linacs with this
technology. Since then, the use of LWFA in radiotherapy has focused on the production
of external and clinically useful high-energy X-ray, electron [10-13], and proton [13-17]
beams, but to date, there is still no commercially available device with this technology.

Conversely, limited attention has been devoted to the production of low-energy LWFA
electron beams in the keV to MeV range. Production of these beams can be achieved by
increasing the plasma density, thereby reducing the electron energy gain. Furthermore, the
technology can be compact. Therefore, an LWFA electron beam could be produced from
the tip of micron thick flexible fiber-optic channel that could transport a laser beam, as
demonstrated by Nicks et al. [18] and, in a companion paper, by Barraza-Valdez et al. [19].

This could have a significant impact in radiation therapy and especially brachytherapy,
which is a cancer treatment technique that delivers a high radiation dose in close proximity
(£1 cm) and/or inside a tumor volume in a patient’s body [20,21].

This paper provides an overview of the production, medical applications, benefits,
and cost reduction that an LWFA electron beam emitted from thin and flexible fiber-optic
channels could have in radiotherapy:.

2. Rationale

The interaction of a laser beam with plasma resembles that of a tsunami wave traveling
through a body of water. If the tsunami travels in deep waters, its phase velocity can
be very fast, and very few elements can get trapped and accelerated to these velocities.
Likewise, when a laser interacts with a low-density plasma, the laser wake phase velocity
can approach the speed of light, and a few electrons are captured by the laser wake and
accelerated to very high energies.

On the other hand, if the tsunami travels in shallow waters, its phase velocity is very
slow, but its amplitude is very high, trapping a significant amount of sediment in the
process. Similarly, when a laser interacts with a high-density plasma, its phase velocity
is significantly reduced (vg ~ 0), and a strong coupling of the laser to the plasma motion
occurs. In essence, this is what occurs in the production of low-energy LWFA electrons.

In these interactions, the LWFA electron energy gain changes from a relativistic (Tajima-
Dawson [1]) to a non-relativistic interaction, as described by Barraza-Valdez et al. [19], with
a sharp reduction of maximum electron energy as a function of the normalized laser inten-
sity, ag, which in this case approaches unity, as demonstrated by Nicks et al. [18]. Moreover,
the ratio of the laser critical density, n., and the plasma density, ne, also approaches unity at
a given ay, resulting in excited and broad plasma waves [19], and with virtually complete
absorption and/or conversion of the laser energy to an electron beam energy.

The combination of multiple plasma waves produces consecutive electron trappings
(and thus acceleration) over a wider range of plasma waves. This allows for occasional
electron energy increases when the electron density increases, as opposed to the standard
laser wakefield theory scaling described by Tajima and Dawson [1]. Increasing the laser
pulse length leads to more electrons accelerated which yields a larger dose deposition, as
shown in Figure 1.

For this application, the electron beam is produced by a laser beam traveling through
a fiber optic channel until it reaches a lens located near the tip of the channel. The lens
compresses the laser pulse and directs it to a micron-sized cavity filled with nano-tube
fabric near critical density. The electrons in the cavity are separated by the electromagnetic
field induced by the laser and accelerated to keV-MeV energies through LWFA, which
produces the electron beam to be used for treatment (Figure 2).

Theoretical and computational studies by Barraza-Valdez et al. [19] have demonstrated
that the proposed laser-matter interactions, with laser intensities of ~10'* W/cm? and
10-100 micron target(s) at critical density, can yield a 10 keV electron beam via LWFA.
Furthermore, Sha et al. [22] have described that fiber laser technology for this regime
is feasible.
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Figure 1. Electron phase space and field structure for a critical density case n./ne = 1 and a laser pulse
of length 8\, at a laser intensity ag = 1. Data shows the buildup of a large population of low-energy
accelerated electrons for a high-density plasma (from Nicks et al. [18]).
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Figure 2. Schematic of a fiber optic channel and laser beam traveling through the fiber. At the
end of the fiber, the laser enters a micro-lens which compresses the laser pulse prior to entering a
high-density nano-tube fabric target. The target is near its critical density materials, which is the
result of a nano-tube fabric spanned from a set of struts. An electron beam, produced from the LWFA
interaction of the laser with a high-density target, is used for treatment. It is envisioned that the fiber
optic channel, lens, and target cavity setup to be in the ~100 micron scale, and the electron beam
could be aimed directly at a lesion volume.

3. Significance
3.1. Applications to Brachytherapy

Brachytherapy is a radiotherapy technique that delivers a large radiation dose adjacent
to or inside a tumor in a patient’s body [20,21]. The dose is delivered in one or more
sessions and effectively conforms to the tumor volume due to its treatment proximity
while minimizing collateral radiation dose to healthy organs nearby [21]. Superficial,
intracavitary, interstitial, intravascular, and endoscopic brachytherapy techniques are
available for treatment. Interstitial brachytherapy may require the patient to stay in the
hospital overnight, while the others, for the most part, are outpatient procedures [21].

Gamma-emitting sources (e.g., 226Ra, 137Cs, 0Co, 198 A, 1921, 103Pd, and 131Cs) with
energies ranging from 0.2-0.8 MeV have been used for decades in needles, seeds, and
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ribbons for gynecological and prostate brachytherapy [23]. Further, electron-emitting
sources (e.g., 90Y, 0.9-2.3 MeV) in the form of microspheres are used in solutions to treat
intrahepatic cancers [24-28].

Currently, high-dose-rate (HDR) brachytherapy units equipped with either a 10 Curie
(Ci) 2Ir (half-life of 73.8 days) or a 2.4 Ci ®°Co (half-life of 5.3 years) gamma-ray source
inside a capsule, the size of a grain of rice and welded to the tip of a flexible wire, are
routinely used in brachytherapy [23,28-30]. Even though kilovoltage X-rays from electronic
generators have become available [31], HDR brachytherapy with gamma-ray sources
remains the prevalent treatment modality.

HDR brachytherapy can deliver effective superficial, intracavitary, and interstitial
treatments. However, source decay that leads to progressively longer treatment times ,
source replacement costs, and shielding costs are major drawbacks. For instance, an inter-
stitial gynecological brachytherapy treatment with 20 implanted hollow needles treating a
patient’s cervix to a dose of 6 Gy in one fraction could take 5 min. (300 s) treatment time
with a new (10 Ci) °?Ir source (3000 Ci x seconds). A similar treatment (3000 Ci x seconds)
delivered 4 months later (~3 Ci) would take 17 min. treatment time.

An HDR system based on LWFA (LWFA-HDR) could eliminate these disadvantages
by removing the radioactive source and, instead, produce electron beams that can be easily
shielded. Furthermore, it could eliminate the threat of stolen radioactive material that
could be used as a dirty bomb, as stated by the United States Department of Homeland
Security, and eliminate radiation safety accidents due to damage and/or mishandling of a
radioactive source [32]. Further, radiation oncology clinics in the United States would not
be bound by the Nuclear Regulatory Commission (NRC) for HDR clinical operations since
a radioactive source would not be needed.

3.2. Current HDR and Potential LIWFA-HDR Treatment

Delivery of an HDR brachytherapy treatment consists of sending a radioactive source
attached to the tip of a flexible wire through a catheter connected to a brachytherapy
applicator inside or adjacent to a tumor (lesion) volume. Some examples of brachytherapy
applicators include surface applicators for skin cancer treatments (Figure 3a), cylindrical
applicators of different diameters for vaginal or rectal treatments (Figure 3b), tandem-and-
ovoids applicators for cervical and uterine treatments (Figure 3c), and hollow needles for
interstitial treatments (e.g., gynecological and prostate) (Figure 3d).

Each applicator has a channel where the source stops at multiple predetermined
locations for specific times to deliver a portion of the prescribed radiation dose. These
locations are known as dwell positions and the times as dwell times (Figure 3e). An
applicator may have more than one insertion channel, each connected to a corresponding
catheter and with specific dwell positions/times per channel. Figure 3f-top shows 7 out of
8 catheters of a SAVI breast applicator (Cianna Medical, Aliso Viejo, CA, USA) connected
to an HDR unit. Figure 3f-bottom shows a coronal radiograph of the SAVI applicator
inside a patient. This applicator is inserted in a breast cavity left after surgical removal of a
tumor (lumpectomy). Brachytherapy treatment is administered to eliminate any residual
microscopic malignancies.

A computer simulation of the brachytherapy treatment delivery is performed before
a patient receives their treatment. For this purpose, a computer tomography (CT) scan,
encompassing the treatment region and the brachytherapy applicator, is used in the sim-
ulation to determine the dwell positions and dwell times needed to achieve a conformal
radiation dose distribution around the tumor volume (Figure 4) while minimizing dose to
nearby healthy organs.
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Figure 3. Surface applicators for skin cancer treatments (a), cylindrical applicators for vaginal and rec-
tal cancer treatments (b), tandem and ovoids (Fletcher Suit) for cervical and uterine cancer treatments
(), interstitial needle array for interstitial gynecological or prostate treatments (d), number of dwells
(1-10), dwell positions (locations in cm), dwell times (s), and dose distributions for a brachytherapy
treatment using a cylindrical applicator [33]. (e). SAVI applicator catheters connected to a °Ir HDR
source (f-top) and coronal radiograph of the SAVI applicator inside a patient (f-bottom).

The computer simulation provides a calculated dose distribution in three dimensions
(38D) that can be adjusted by increasing/decreasing dwell times for optimal dose conformity
to the tumor volume and minimal collateral dose elsewhere. The final dose is calculated by
summing the dose contribution from each dwell position in each applicator channel.

A similar process could be used with an LWFA-HDR system. A catheter connected
to an applicator is replaced by a fiber-optic channel where a laser beam could travel and
irradiate a nano-particle cavity to produce an electron beam that can be emitted from
the channel’s tip. A computer simulation performed prior to treatment could determine
the appropriate electron beam energy or mixed energies (for greater treatment depth),
beam directionality, optimal dose distribution to the target volume, and collateral dose to
healthy organs nearby. Further, a new LWFA-HDR applicator could be made of material
to minimize electron beam attenuation and facilitate fiber-optic channel connectivity for
treatment delivery.

The simplest clinical application of an LWFA-HDR could be in the treatment of skin
cancers [34-38]. At present, 50 kV X-ray beams from electronic generators (e.g., Xoft Axxent,
iCAD Inc., San Jose, CA, USA) and 6-12 MeV linac-based electron beams (e.g., Mobetron,
IntraOp Medical Corporation, Sunnyvale, CA, USA), in addition to conventional HDR
brachytherapy, are available for skin cancer treatment. From these technologies, only the
50 kV X-ray generator for electronic brachytherapy is portable, and one energy is available.
An LWFA-HDR system could offer portability and a selection of electron beam energies
suitable for superficial and deep-seated skin cancers. Moreover, electron beams emitted



Photonics 2022, 9, 403

6 of 10

Right Femoral Head ’

from fiber-optic channel tips could facilitate treating skin cancers near or at the nasal ridge,
eyes, and ears, to name a few, where irregular anatomical surfaces are encountered.

In addition to comparable capabilities to current HDR systems, an LWFA-HDR could
be used in theranostic and intraoperative radiation therapy (IORT). For instance, some
liver cancers are treated with radioembolization, which involves injecting a radioactive
solution containing Y into the cancer(s) through its (their) blood supply. Perhaps, rather
than using a radioactive solution for treatment, the LWFA-HDR could be used instead. A
specially-designed fiber-optic channel(s) with a miniature camera for endoscopy and for
LWEFA electron beam irradiation could be sent to the liver cancer through the femoral artery
near the groin. Real-time imaging of the treatment site could be used to aim the electron
beam (or beams) and deliver a radiation dose. The development of a miniature endoscope
that can travel through a blood vessel and provide essential imaging is in progress and
could be available in the near future [39]. Hence, LWFA-HDR could provide a theranostic
capability that, at present, is not available in radiation therapy.

Furthermore, the LWFA-HDR theranostic capability combined with vector-medicine,
which identifies and tags cancer cells [40,41], could be a high-precision treatment against
cancer. High-Z materials such as gadolinium and iodine could be attached to vector
molecules. These molecules seek and bind to cancer cells identifying them as targets
that, subsequently, could be aimed with the LIWFA-HDR electron beam(s). In this way,
the electron beam(s) aims not only to rely on real-time endoscopic imaging but also on
specific cell biomarkers. Such biomarking can enhance treatment accuracy and reduce
collateral damage.

Bladder

Tandem y Left Femoral Head

Right
Ovoid

Rectum

F toured Uncontoul .'|

N ee\dle,! 3 gdles Needles

Figure 4. Three-dimensional computer rendering of a tandem-and-ovoids brachytherapy treatment
generated from a patient’s CT scan. Femoral heads, bladder, and rectum structures are depicted.
The arrows in the green structures indicate the radiation treatment is administered with the source
at the most distal dwell position (or farthest inside the applicator) first per applicator channel
(a). A calculated 6 Gy prescription dose distribution (pear shape) for a tandem-and-ovoids (green
structures) is shown in a coronal (b) and sagittal views (c). Axial CT image depicting interstitial
brachytherapy needles for cervical cancer treatment (d). Coronal (e) and sagittal images (f) are
also shown. Depiction of a 6 Gy prescription dose calculated from the dose contribution of all the
interstitial needle channels (g).

3.3. Potential for FLASH Brachytherapy

FLASH is a proposed treatment modality under investigation for external beam
radiotherapy (not brachytherapy) that is gaining interest in radiation oncology [42]. The
significant difference between FLASH and conventional radiotherapy is the dose rate



Photonics 2022, 9, 403

7 of 10

used. FLASH dose rate ranges from 50-400 Gy /s compared to 0.1-0.4 Gy/s for standard
treatments. Ongoing radiobiological studies suggest that, at these dose rates, FLASH
can spare healthy tissues by depleting them from their oxygen content and making them
radioresistant. Further, it is theorized that FLASH could take advantage of a tumor’s iron
content, which is higher than healthy tissues, to inflict lethal damage to malignant cells and
trigger apoptosis [42]. However, more basic (laboratory/animal) research and technology
development (e.g., new linacs with FLASH dose rates) followed by human clinical trials
remains to be done to fully elucidate a FLASH treatment capability [42,43].

Most of the hardware development for FLASH has been focused on external beam
radiotherapy and not on brachytherapy delivery systems. Although work has been done
in the production of sub-MeV LWFA electrons with ultrahigh instantaneous dose rates
(~10 Gy/s), the average dose is still below what is required for FLASH [44]. It could be
speculated that a sufficiently powerful laser source irradiating an optimized plasma/nano-
particle medium could produce electron beams with dose rates that approximate FLASH.
If that is possible, LWFA-HDR brachytherapy could be further revolutionized with this
enhanced capability.

4. Cost Benefits and Market Size

As previously mentioned, minimal radiation shielding would be required to operate
an LWFA-HDR system which can lead to significant savings for radiation oncology clinics
due to a reduction in construction and shielding material costs. Any room could be easily
retrofitted for treatment at a fraction of the price of an existing HDR treatment room.
Moreover, it would eliminate the replacement and purchase of new radioactive sources
due to source decay every 4-6 months for '?Ir and 2-3 years for ®*Co, which results in
further savings for the clinic.

It is expected that radiation oncology centers may be enticed to replace their existing
HDR units with an LWFA-HDR system, primarily for the cost savings that it would
provide. Moreover, not using a radioactive source in brachytherapy treatments eliminates
the security risks that a source implies, which could be further persuasive reasons for
adopting this technology. Table 1 provides a cost estimate comparison between existing
HDR units and the proposed LWFA-HDR system. The estimated cost for an LWFA-HDR
system accounts for laser source, and fiber-optic channel setup (see Figure 2) costs [22,44].
Costs for 12Ir and ®°Co HDR units, room shielding construction, and source replacement
are based on current market prices [45-48].

Table 1. Estimated purchase and maintenance cost comparisons for LWFA-HDR and conventional
HDR systems.

Item LWFA-HDR 1921 HDR 60Co-HDR
Purchase Estimate $100K-$300K $200K-$350K ~$300K
(one-time expense)

Room Shielding None $200K—$500K * $300K—$500K **
(one-time expense)
~$10K every ~130K every
Source Replacement None 4.6 months 60 months
Downtime due to
Source Replacement None 1-2 days 1-2 days
5-year Estimated $300K $910K $930K

Total

*US cost estimates [46,47]. ** Latin America cost estimates [48].

Table 2 provides information on radiotherapy linacs available worldwide in 2013
according to the 2015 Lancet Oncology Commission report [49], and Table 3 shows the num-
ber of radiotherapy linacs that were available in the United States in 2004 [50]. Although
this number may be greater in 2022, the 2004 data was used to provide a conservative
market size illustration for a LWFA-HDR system.
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Table 2. Total number of radiotherapy linacs that were available worldwide in 2015 and reported in
Lancet stratified by high, upper-middle, and low-income countries.

HI UMI LMI LI Total

8911 (68%) 3115 (24%) 1014 (8%) 32 (0%) 13,072 (100%)

HI = High-Income countries; UMI = Upper-Middle-Income countries; LMI = Lower-Middle-Income countries;
LI = Low-Income countries.

Table 3. Radiation oncology clinics and radiotherapy linacs were available in the United States
in 2004.

Rad. Onc. Clinics in the US in 2004 Radiotherapy Linacs
2246 5166

On average, the number of available HDR brachytherapy units in HI and UMI coun-
tries is ~20% of the number of radiotherapy linacs [51]. Therefore, from Table 2, these
correspond to 1782 and 623 HDR units in HI and UMI countries, respectively. No pub-
lished data was found on HDR units in LMI and LI countries. Based on this information
and assuming a $300K cost (see Table 1) for an LWFA-HDR unit, the total addressable
market (TAM) revenue estimate from HI and UMI countries could be $722M. Narrowing
the market to HI countries, the serviceable available market (SAM) revenue estimate re-
duces to $534M. For the US market and using the data in Table 3, 1033 HDR units were
available in the US in 2004. Therefore, the serviceable obtainable market (SOM) revenue
estimate in the US market could be $310M. Figure 5 provides a market size depiction for
the LWFA-HDR system.

Assuming a LWFA-HDR Cost = $300K

TAM (HI and UMI countries) — [(1782+623) x $300K]

SAM (HI countries) - [1782 x $300K] or [TAM x 74%)]

SOM (USA only) — [1033 x $300K] or [TAM x 43%]

Figure 5. Estimated revenue from the LWFA-HDR brachytherapy system in HI & UMI, HI only, and
US (based on Table 2 data) markets. Market size is depicted in terms of the total addressable market
(TAM), serviceable available market (SAM), and serviceable obtainable market (SOM).

As indicated, this analysis does not include potential revenue from LMI and LI coun-
tries. However, it can be speculated that this technology could be of significant interest to
those regions and, likely, within their financial means to afford it.

5. Conclusions

The aim of this paper was to present a vision of what could be achievable with
electron beams produced via LWFA and their use in cancer treatments with brachytherapy.
Furthermore, to describe the cost savings that an LWFA-HDR system could provide to a
radiation oncology clinic since it eliminates the use of radioactive sources and radiation-
shielded rooms for treatment. Although an in-depth analysis of the LWFA electron beam
dosimetry applied to brachytherapy is not included, it will be forthcoming as the technology
develops further.

An LWFA-HDR system with its capabilities described in this paper could significantly
transform the delivery of brachytherapy treatments while making them more accessible and
cost-effective to radiation oncology clinics, particularly in low- to middle-income countries.
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