
Proposed method for internal electron
therapy based on high-intensity laser
acceleration

Michal Tepper
Uri Barkai
Israel Gannot



Proposed method for internal electron therapy
based on high-intensity laser acceleration

Michal Tepper,a,* Uri Barkai,b and Israel Gannotc
aTel Aviv University, Department of Biomedical Engineering, Faculty of Engineering, Tel Aviv 6997801, Israel
bRashi 5/1, Ramat Ha-Sharon 4720705, Israel
cThe Johns Hopkins University, Department of Electrical and Computer Engineering, Whiting School of Engineering, Baltimore,
Maryland 21218, United States

Abstract. Radiotherapy is one of the main methods to treat cancer. However, due to the propagation pattern of
high-energy photons in tissue and their inability to discriminate between healthy and malignant tissues, healthy
tissues may also be damaged, causing undesired side effects. A possible method for internal electron therapy,
based on laser acceleration of electrons inside the patient’s body, is suggested. In this method, an optical wave-
guide, optimized for high intensities, is used to transmit the laser radiation and accelerate electrons toward the
tumor. The radiation profile can be manipulated in order to create a patient-specific radiation treatment profile by
changing the laser characteristics. The propagation pattern of electrons in tissues minimizes the side effects
caused to healthy tissues. A simulation was developed to demonstrate the use of this method, calculating
the trajectories of the accelerated electron as a function of laser properties. The simulation was validated by
comparison to theory, showing a good fit for laser intensities of up to 2 × 1020 ðW∕cm2Þ, and was then used
to calculate suggested treatment profiles for two tumor test cases (with and without penetration to the
tumor). The results show that treatment profiles can be designed to cover tumor area with minimal damage
to adjacent tissues. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.20.5.051041]
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1 Introduction
Radiotherapy treatments are almost entirely based on high-
intensity photon radiation (x and γ rays) and electron radiation,
emitted by expensive linear particle accelerators, requiring
extensive space and radiation protection for the patients and
the medical personnel.

Radiation therapy is based on damaging the DNA in the irra-
diated cells. Therefore, it does not discriminate between healthy
and malignant tissues. As a result, side effects commonly occur,
ranging from skin burns to critical damage to internal organs,
causing patient discomfort and potential health hazards.1 In
order to reduce the side effects, careful patient-specific radiation
preliminary planning is performed. However, this is limited by
the natural radiation propagation patterns in tissues. High-inten-
sity photon radiation, which is the most common type of radio-
therapy used, affects all the tissues in its path, from the skin to
the tumor and beyond. On the other hand, electron radiation has
a steep cut-off of the effective-dose curve and, therefore, affects
cells from the surface tissue to a maximal penetration depth,
determined by electron energy. After reaching this depth,
most of the electron’s energy is lost, and the radiation is no
longer effective, thus allowing minimal damage to healthy sur-
rounding tissues.1 Due to this characteristic, this type of radia-
tion is preferred only for superficial tumors, such as nose, scalp,
or neck tumors surrounded by sensitive healthy tissues. It has
been in use since the 1950s. However, its applicability for
deeper tissues is limited, since electron beams can only be

projected on the relevant tissue externally, as there is no method
to transport the electrons to internal tissues.

The concept of particle acceleration by high-intensity lasers
has been the focus of extensive research since its introduction in
1979.2 The rapid development of lasers and the increase of laser
intensity3 have brought these accelerators from theory to
realization.4,5

More specifically, high-intensity lasers can be used to accel-
erate electrons to energies required for electron radiotherapy
needs, in a considerably smaller space and at a reduced
cost.6–8 Although some difficulties remain to be resolved, the
integration of these systems to widespread medical use is closer
than ever.9–13

As mentioned, particle trajectory cannot be conveniently
manipulated as it is done with laser illumination. Current
research focuses on the use of laser accelerators as an external
radiation source. However, it can be useful to develop a method
for internal radiation, thus reducing the side effect since less
healthy tissues will be exposed to the radiation. This method
is based on the idea of leading the intense laser radiation to the
vicinity of the tumor and performing the acceleration there. This
task is quite difficult due to the high intensities involved.
However, the recent development and continual improvement
of waveguides suitable for high-intensity laser transmission14,15

can be used to accomplish this goal. Nevertheless, the use of
high-intensity laser acceleration to facilitate internal electron
therapy was never investigated.
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The goal of this work is to propose a method for localized
internal tumor treatment based on laser-accelerated electron
radiation for this type of therapy and demonstrate its capabil-
ities, using simulations, to create patient-specific radiation
profiles, for two tumor test cases.

In the proposed method, an intense laser beam is used to
create an electron source adjacent to the tumor and accelerate
the electrons toward it. The electron beam will radiate the
tumor and destroy it. The laser illumination will be transmitted
to the tumor area by an optical waveguide inside an endoscope
or a rigid needle-like tube. The electron source can be created
by ionizing gas inside a capsule at the end of the waveguide,
using an intense preliminary pulse of the laser. The capsule is
used to maintain vacuum and, therefore, make the acceleration
easier and protect the tissues from the laser. This type of appa-
ratus is also suitable for the insertion of a feedback system
based on optical fibers that can be inserted in parallel to the
optical waveguide and can be used to optimize the treatment
according to real-time results. The fibers and the capsule may
be replaced after each treatment session, if required, due to
damage from the intense radiation. A schematic drawing of
the system can be seen in Fig. 1.

The intense pulse radiation can be used to determine the
direction of the accelerated electrons, as well as their final
energy. This is due to the perpendicular acceleration caused
by the pondermotive force of the laser beam, which is added
to the energy transfer from the photons to the electrons, driving
them in the direction of the laser beam. Therefore, the direction
and energy of the emitted electrons can be calculated and con-
trolled by manipulation of the optical beam parameters.16,17 This
is a useful characteristic, since it can be used to create a patient-
specific radiation profile, manipulated to fit the treated tumor
geometry and to minimize the damage to healthy surrounding
tissues.

It should be noted that an internal radiation method already
exists, based on transplanted radioactive seeds (brachytherapy).
However, the proposed method is expected to have fewer com-
plications, since the radiation dose and profile can be adjusted
before each radiation session, optimized to the tumor’s size and
stage, allowing maximal flexibility. In addition, the location of
the radiation source can be monitored as opposed to possible
migration of the radioactive seeds, thereby preventing undesired
radiation of healthy tissue.

As in other radiotherapy methods, this method does not inter-
fere with other treatment methods, such as hormonal therapy or
chemotherapy, and can be used in combination with them.

2 Methods

2.1 Simulation

2.1.1 Description

A simulation of the electron acceleration using the laser was
designed and implemented in order to determine the required
laser properties for creating different radiation profiles.

The simulation is based on discrete representation of the
position and the velocity of the particles in a multidimensional
array and step-by-step calculation of changes of the system
state. Each cell in the array contains electrons with specific posi-
tions and velocities, and the simulation determines their path
and velocity accordingly, considering the electromagnetic fields
at each position, which are also stored in arrays. The detail level
of all arrays can be determined by the user according to the
expected results and available computational resources. For
example, if low laser intensities are used, there is no need to
include high velocities in the velocity arrays and the low veloc-
ities resolution can be increased.

The user can define the desired number of cycles (time steps)
to be performed. During each cycle, a series of steps is executed,
representing different physical calculations. Although additional
steps may be added in the future, currently the program simu-
lates a simplified two-dimensional collision-less ponderomotive
acceleration of electrons in underdense plasma.

2.1.2 Governing equations

The equations governing the electromagnetic fields and the
electron motion in the plasma are Maxwell’s equations
[Eqs. (1)–(4)] and the Lorentz force equation [Eq. (5)]:

∂E
∂t

¼ 1

ε0μ0
∇ × B − μ0j; (1)

∂B
∂t

¼ −∇ × E; (2)

∇ · E ¼ ρ∕ε0; (3)

∇ · B ¼ 0; (4)

F ¼ −eðEþ v × BÞ; (5)

where E, D, B, and H are the electric, electric displacement,
magnetic, and magnetizing fields, respectively. ε0 and μ0 are
the vacuum permittivity and permeability, respectively, j is
the current density, ρ is the local charge density, and v is the
particle’s velocity.

Equations (1) and (2) describe the changes in the electromag-
netic fields in the model. These fields are created by a combi-
nation of the electromagnetic fields induced by the charges in
the plasma and the laser electromagnetic fields. Both elements
affect each other. The laser causes charge movement in the
plasma and plasma density fluctuations change the refractive
index and, consequently, the laser beam propagation (not
simulated).

It can be shown18 that Eqs. (3) and (4) are equivalent to a
continuity demand on the electric and magnetic particles and,
therefore, can be replaced by a Poisson correction of the electric
field19 (as in this implementation) or by using current densitiesFig. 1 Schematic drawing of the proposed method.
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satisfying the continuity equation. 20 Since magnetic particles do
not exist in the simulated scenario, Eq. (4) is redundant.

Equation (5), describing the forces acting on a single charged
particle in the plasma, describes the ponderomotive force acting
on the particle, in addition to other forces the user might wish to
include, such as fluid or pressure forces. Given that the simu-
lated plasma is underdense, collisions and other high-density
effects are neglected at this stage.

Since the velocities are relativistic, the relativistic form of
Eq. (5) should be used:

d~p
dt

¼ dðγme~vÞ
dt

¼ −eð~Eþ ~v × ~BÞ; (6)

where me is the electron mass and γ ¼ 1∕
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − v2∕c2

p
is the

relativistic factor.
Protons begin to oscillate at extremely high intensities.

Currently, this simulation assumes protons are static and does
not evaluate their movement. This limits the simulation’s valid-
ity to laser intensities lower than 1024 ðW∕cm2Þ unless this type
of movement is implemented.21

Since the electromagnetic fields simulated are usually cre-
ated by a laser pulse, it may be assumed that the electromagnetic
fields satisfy the wave equation, and therefore, the contribution
of Eqs. (1) and (2) might already be significantly manifested.

In the presented simulation, the electric field induced by the
laser is defined by

Elaser ¼ E0 · Ewave · Epulse · Ewaist; (8)

where

Ewave ¼ cos

�
2πc
λ

t

�

Epulse ¼
�
sin

�
π

t
Δτpulse

��
2

;

Ewaist ¼
w0

w
exp

�
−
�
y
w

�
2
�
;

where z0 ¼ ðπw2
0∕λÞ is the Rayleigh length and w ¼

w0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðx∕z0Þ2

p
is the laser beam waist width (w0 is the

beam waist width at the focus).
The simulation was further simplified by calculating the

magnetic field from the electric field and a user-defined constant
(such as the free space impedance). For example, in vacuum, this
factor is the speed of light c0:

B ¼ μ0H ¼ μ0
E
z0

¼ μ0
E

μ0c0
¼ E

c0
: (8)

In order to correct the electric field according to the position
of the electrons, the potential at each point was calculated using
Eq. (9) by adding the contribution of the adjacent cells (up to a
user-defined distance).

Φðx0; y0Þ ¼
XD
x¼−D

XD
y¼−D

qðx; yÞ
4πε0

; (9)

where D is the user-defined maximal distance (in each dimen-
sion) for interparticle effects, qðx; yÞ is the total charge at loca-
tion (x; y), and ε0 is the vacuum permittivity. The change in the

electric field is then determined by calculating the derivative of
the potential.

The Vay leapfrog particle pusher was implemented22 in order
to reduce numeric errors. As in the regular leapfrog scheme,
positions are evaluated at every full time step ðtn ¼ n · ΔtÞ
and velocities are evaluated at half time step intervals
ðtnþ1∕2 ¼ ðnþ 0.5Þ · ΔtÞ. Therefore, the initial velocity is
used to evaluate the velocity at the new first cycle by

v−1∕2 ¼ v0 − qðE0 þ v0 × B0Þ · 1
2
Δt: (10)

The following procedure is repeated for every cycle:

1. Electron position is updated according to its velocity:

ðxiþ1; yiþ1Þ ¼ ðxi; yiÞ þ Δtðviþ1
x ; viþ1

y Þ. (11)

2. Setting ~u ¼ γ~v and

~u 0 ¼ ~ui þ qΔt
m

�
Eiþ1∕2 þ 1

2
vi × Biþ1∕2

�
. (12)

3. The new Lorentz factor can then be calculated as

γiþ1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2 þ 4ðτ2 þ u�2Þ

p
2

.

s
(13)

4. Using the relations, τ¼ðqΔt∕2mÞ~Biþ1∕2, u�¼~u0 ·~τ∕c,
σ ¼ γ 02 − τ2, and

γ 0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ u 02∕c2

q
;

the new velocities are calculated:

~uiþ1 ¼ s½~u 0 þ ð~u 0 · ~tÞ~tþ ~u 0 × ~t�; (14)

~viþ1 ¼ ~uiþ1∕γiþ1; (15)

where ~t ¼ ~τ∕γiþ1 and s ¼ 1∕ð1þ t2Þ.
Figure 2 shows a schematic explanation of the simulation

stages.

2.1.3 Validation procedure

In order to validate the results obtained from this simulation, a
comparison was conducted to the theoretical law16 described in
Eq. (16):

tan θ ¼
ffiffiffiffiffiffiffiffiffiffiffi
2

γ − 1

s
; (16)

where θ is the angle between the accelerated electron’s velocity
vector and the laser propagation direction.

2.2 Tissue Penetration

Electrons penetrate matter to depths determined by the irradiated
material’s density. On average, for therapeutic energy levels,
radiated on water and water-like tissues, the typical energy
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loss is 2 MeV∕cm. Increasing the penetrated material density
by a certain factor would cause the energy loss to increase
by the same ratio.1 In the apparatus suggested, the electrons
are accelerated inside a capsule. Since the capsule adds an
additional layer for the electrons to pass through, its density
and thickness are important factors in determining the electron’s
energy when exiting the capsule and entering the tissues
and could be changed to manipulate the desired radiation
profile.

Two representing test cases were chosen in order to demon-
strate a patient-specific treatment profile. In the first test case, a
0.5-cm-diameter tumor was situated in an inaccessible location
and could only be radiated from the outside. The second test
case included a 1-cm-diameter tumor situated in an accessible
location and optical waveguide penetration into the tumor was
allowed.

For both examples, the capsule was assumed to be made
of glass, with a density of 2.6 ðg∕cm3Þ,23 resulting in energy
loss of 4.72 Mev∕cm [assuming tissue density of 1.1
ðg∕cm3Þ24].

3 Results

3.1 Simulation Validation

The simulation was validated according to the procedure
described above. First, a single particle run was performed
and the output results were compared to the expected path
according to the literature. The main laser parameters used as
input for this run were beam waist of 5 μm, wavelength of
1 μm, Gaussian pulse with a length of 100 fs, and maximal
intensity of ∼3.3 × 1017 ðW∕cm2Þ. The main simulation param-
eters were x axis resolution of 1 nm, y axis resolution of 0.1 nm,
and 1700 cycles of 0.1 fs. The simulation output can be seen
in Fig. 3.

As the figure shows, the particle oscillates and drifts in the y-
axis direction and drifts in the x direction as long as the pulse
affects it. The drift in the y direction is a result of the Gaussian
beam shape of the pulse. This behavior fits the descriptions in
the literature.16

The calculated acceleration angle of the electron was calcu-
lated at the end of each cycle and compared to the theoretical
values, as shown in Fig. 4. In order to improve graph clarity,
only points that correspond to velocity peaks are shown. For
the entire 1700 cycles, the root-mean-square (RMS) of the
angle estimation error was 0.14%.

Figure 5 shows the comparison of theoretical and simulated
acceleration angles as a function of electron energy after the
laser pulse passed, for the same parameters as the single particle
run, with the following changes: the number of cycles was 4999
to ensure accurate residual movement representation, and the
laser intensities varied between 1.3 × 1017 and 6.5 × 1020 (55
points).

As the figure shows, there is a good correlation between the
simulation and the theory for final particle energies <10 MeV.
This corresponds to laser intensities lower than ∼2 × 1020

ðW∕cm2Þ. The RMS of the angle estimation error in this
range is 1.33%.

The errors seen above this intensity may be caused by
numerical errors, proton movement, or other neglected high-
intensity phenomena. However, final electron energies of 8 to
10 MeV should be sufficient for evaluating the application
described in this study.

Figure 6 shows the dependence of the final electron energy
[Fig. 6(a)] and acceleration angle [Fig. 6(b)] on the laser inten-
sity. In order to simplify treatment design and to reduce the
errors, a fit was found for each graph.

For the electron energy, the fit equation is

EðMeVÞ ¼ 4:683þ 0:1358 · I ðW∕cm2Þ∕10−19
− exp½1:606 − 0:1853 · I ðW∕cm2Þ∕10−19�:

(17)

For the acceleration angle, the fit equation is

αðdegÞ ¼ 31:2915þ exp½−0:9387
· I ðW∕cm2Þ∕10−19�ðþ4:155Þ − 0:6007

· I ðW∕cm2Þ∕10−19: (18)

Fig. 2 Simulation steps flow chart.
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It should be noted that these equations are relevant for the
scenario simulated only. Any change in laser properties will
change the results as well.

The previous figures described the results of simulations with
a single electron. However, in reality, the entire capsule volume
should be filled with electrons. In order to calculate the accel-
eration patterns for all accelerated electrons, the simulation was
run for a 20 × 40 ðμmÞ capsule filled with electrons accelerated
by a 1.3 × 1020 ðW∕cm2Þ laser beam. Figure 7 shows the elec-
tron density in space at different times after the simula-
tion began.

As the figure shows, electrons outside the beam center had
reduced acceleration energies and angles, reducing to zero at the
top and bottom edges of the capsule. Further analysis shows that
the final velocity distribution is relatively uniform and that elec-
tron velocities and acceleration angles fit Eq. (16).

3.2 Calculating the Requirements for the Test
Cases

As Fig. 6 shows, the accelerated electron energy can be calcu-
lated as a function of laser energy for the described scenario.
Using the known energy loss in tissues, the penetration depth

Fig. 3 Representative results for the single particle run (laser beam waist of 5 μm, wavelength of 1 μm,
Gaussian pulse with a length of 100 fs, maximal intensity of ∼3.3 × 1017 ðW∕cm2Þ: (a) velocity at the x
axis direction, (b) velocity at the y axis direction, (c) X axis position, (d) Y axis position, and (e) electron
trajectory.

Fig. 4 Acceleration angle as a function of accelerated electron energy
for the single particle run. Simulation results (dots) are compared to
theoretical formula (line) at different times.

Fig. 5 Single particle final acceleration angle as a function of accel-
erated electron energy for various laser intensities. Simulation results
(dots) are compared to theoretical formula (line).
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into the tissue can be calculated as a function of laser intensity,
as seen in Fig. 8.

As the figure shows, with the limits of the simulation pre-
sented, the maximal penetration depth without considering
the energy loss of the capsule is 4 cm, obtained by using
2 × 1020 ðW∕cm2Þ laser intensity (although, with simulation
improvement, deeper penetration depths can be planned).

As mentioned, electrons lose energy as they penetrate matter.
The extent of the lost energy depends on the density of the

material irradiated. This factor can be used to add control to
the radiation profile. A thicker capsule would allow only the
more energetic electrons out, with reduced energy, but will
maintain their original acceleration angle, which is steeper.
Therefore, the penetration depth into the tissue can be reduced
by increasing the thickness of the protective capsule.

Using the data in Fig. 8 and the expected energy loss in a
capsule glass, example treatment plans were designed for the
two test cases presented.

For the first test case, of a 0.5-cm-diameter inaccessible
tumor, the following treatment plan was simulated and shown
in Fig. 9: the laser was used to accelerate the electrons in
five illumination points (marked as squares) equally spaced
between x ¼ 0 cm and x ¼ 1 cm [tumor center was located
at (1.48, 0.42) in this coordinate system]. At each illumination
point, a laser intensity of 2 × 1020 ðW∕cm2Þ was used.

Fig. 6 (a) Final electron energy and (b) acceleration angle as a func-
tion of maximal laser intensity. Simulation results (dots) and fit (line)
for the electron’s state after the pulse has passed.

Fig. 7 Electron density as a function of time for a full capsule during acceleration by laser pulse intensity
of 1.3 × 1020 ðW∕cm2Þ. The color scale represents densities >1013 ð#∕cm2Þ as 1013 ð#∕cm2Þ for graph
clarity purposes.

Fig. 8 Electron penetration depth in water-like tissues as a function of
laser intensity.
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According to the findings from the full-capsule simulations, this
means that electrons will be accelerated to velocities fitting this
intensity and to lower intensities as well, creating a uniform area
of radiation instead of a single line. Capsule thickness was
chosen to be 4 mm (equivalent to 2.36 MeV energy loss for
each electron). The radiated areas are colored and the tumor
appears as a circle. The number and location of the illumination
points was chosen in order to cover as much of the tumor area as
possible.

The calculations presented here do not consider the scatter-
ing of the electrons to the side of the beam. This scatter is not
significant but could potentially be enough to reduce the number
of illumination points required to cover the tumor area. As the
figure shows, most of the tumor can be covered.

Another important aspect is that the electrons are actually
accelerated in both the positive and the negative directions of
the y axis (assuming linear polarization in the y-axis direction),
due to symmetry. In this case, the capsule could be covered with
lead or another high-density material on its lower side to remove
the lower radiation lobe.

Since the laser intensities involved are very high, it is inter-
esting to estimate the expected temperature increase resulting
from the laser pulse. For every pulse, the energy per pulse is
approximately bounded by

E ¼ Δτp · Imax · ðπω2
dÞ ¼ 100 ðfsÞ · 2 × 1020 ðW∕cm2Þ

· π½5 ðμmÞ�2 ≅ 15.7ðJÞ;

where Δτp is the pulse length, Imax is the maximal intensity of
the pulse, and ωd is the beam width radius.

As the results show, the energy delivered by each pulse is not
>16 J. For 1 g of tissue, assuming a heat capacity of
3400 ½J∕ðkg · KÞ�,24 this is approximately equivalent to a tem-
perature increase of 4.6 deg. For 1 g of glass with a heat capacity
of 840 ½J∕ðkg · KÞ�,25 this is equivalent to a temperature increase
of 18.7 deg. Although the values calculated for the capsule
absorption were slightly high, these temperature increases are
manageable. For example, the heated area could be cooled
by continuously flowing cooled saline solution outside the
capsule.

For the second test case, of a 1-cm-diameter tumor that could
be penetrated by the optical waveguide, the following treatment
plan was simulated and shown in Fig. 10: the laser was used to
accelerate the electrons in 16 illumination points (marked as
squares) equally spaced between x ¼ 0 cm and x ¼ 1.5 cm

[tumor center was located at (1.1,0) in this coordinate system].
The laser intensities used were 1 × 1020 ðW∕cm2Þ. Capsule
thickness was the same as in the previous test case. The mark-
ings in the figure are the same as in the previous figure. Since the

tumor in reality is three-dimensional (3-D), circular laser polari-
zation can be used, causing conical electron emission and, thus,
covering the entire volume of the spherical tumor.

4 Discussion
The treatment designs for the presented test cases reveal the
main advantages of the method. In both cases, the tumor area
is radiated with margins in the scale of a few centimeters.
This is significantly lower than the extent of the damage caused
by the traditional radiation methods and is also somewhat
desired, since malignant cells may be found outside the visible
tumor borders. The reduced side effects are expected to improve
treatment effectiveness, since higher doses can be given, thereby
improving patient prognosis and life quality.

Although some points inside the tumors seem to not receive
radiation in these simulations, the natural scattering of the elec-
trons in the tissue, though minimal, should probably allow elec-
trons to cover them as well.

The main obstacle in the realization of this method is the
ability to transmit the high-intensity laser radiation to the
required distances inside the body, which could range from sev-
eral centimeters or more. At these extremely high intensities,
breakdown phenomena begin to occur and conventional trans-
mission may not be possible. However, this problem has several
solutions that can be applicable, including focusing of the beam
only near the acceleration point, the use of vacuum-filled wave-
guides, optical stretching of the pulse, and more. These methods
are already widely investigated and their use for this application
should be tested.

Due to the high intensity, it is expected that some damage
would be caused to the waveguide and the capsule at its distal
tip. However, these parts can be designed for limited use during
a single treatment session and replaced afterward.

In order to facilitate the acceleration without causing damage
to the tissues, the capsule at the tip of the fiber should be care-
fully designed. It should absorb or reflect most of the laser radi-
ation (unless it is also used to damage tumor cells), while
allowing the electron radiation to pass. Fortunately, the laser
radiation propagates mostly forward, while the electrons have
a perpendicular component to their velocity and their absorption
spectra are also different. Therefore, the capsule can be designed
accordingly, with thicker coated edges at the front and thinner,
more transparent, edges at the sides. The capsule should also be
designed to support the vacuum that is required in order to make
the acceleration more effective.

Fig. 9 Suggested treatment plan for test case 1. Illumination points
are marked by squares, the tumor is marked as a circle, and the cal-
culated radiated area is colored.

Fig. 10 Suggested treatment plan for test case 2. Illumination points
are marked by squares, the tumor is marked as a circle, and the cal-
culated radiated area is colored.
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Another solution is to accelerate the electrons from a solid
plate at the end of the waveguide. This acceleration method
may allow for higher electron energies and enable proton
acceleration at lower laser intensities. Using this type of accel-
eration target changes the way the laser is used to manipulate
the radiation properties and should also be explored in the
future.26 The laser polarization is another factor affecting
the acceleration.26 The choice between linear and circular
polarization affects the shape of the radiated region as well
as the electron’s final energy. Ideally, the polarization could
also be controlled in order to better design the patient-specific
radiation profile.

The simulation developed for this study was sufficient to
demonstrate its properties but could also be highly improved.
For example, better numerical schemes can be used to support
higher intensities and the simulation could be improved to
include 3-D representation and additional types of polarizations.
Similar simulations do exist but are usually not publicly avail-
able. In addition, the electron transport in the tissue can also be
incorporated into the simulation more accurately using available
transport codes. However, the effect of this improvement is
expected to be less significant.

Another interesting possibility that should be explored in
the future is the integration of the suggested method with
the concept of creating γ-ray sources with laser acceleration.
Previous studies have shown that lasers can be used to produce
radiation sources in specific wavelengths which are optimized
for absorption in nuclear structures dominant in malignant
cells.26 For example, a similar efficient source was produced
in the past and required electrons with similar energy levels
and a 2-mm target for the γ-ray creation.27 As in the proposed
method, this source allows for shorter treatment ranges and,
therefore, reduces possible side effects. Its main advantage
is the possibility to increase the specificity of the treatment
by focusing on specific relevant wavelengths. However, it
adds complexity to the system and the treatment ranges are
shorter.26 A possible solution could be to use this source
together with the electron source, thus increasing treatment
effectiveness.

5 Conclusions
A method for internal electron therapy treatment was proposed.
This method is based on transmission of a high-intensity laser to
the tumor vicinity and acceleration of electrons according to a
patient-specific radiation treatment profile toward the tumor.
The proposed method was demonstrated on two test cases
using simulations and shown to mostly radiate the tumor and
not the surrounding healthy tissues. The results show that by
using this method, good control of the radiation profile can
be achieved while sparing most of the healthy tissues that
would be irradiated using the conventional methods. Since
this method holds the potential to greatly reduce the damage
to healthy tissues, it is expected to have reduced side effects
and to improve treatment efficacy, patient prognosis, and life
quality.
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