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Abstract—Electron beams generated by laser wakefield
acceleration can induce a photoneutron reaction to convert
10Mo into °Mo. Multi-pC, several-MeV electron beams,
obtained from particle-in-cell simulations, could generate
bremsstrahlung gamma photons within the absorption region of
the photonuclear reaction. The efficiency of this process is
estimated for a laser accelerator operating at kHz repetition rate
in the self-modulated regime. The electron beam kinetic energy
must be improved to 40MeV. To meet the typical consumption
of Mo per patient within its decay timescale, this efficiency
must be increased by three orders of magnitude.

Keywords—Laser  wakefield, reaction,
radioisotope, nuclear medicine.
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I. INTRODUCTION

Laser wakefield acceleration (LWFA) has been a rapidly
growing field since the seminal paper by Tajima and
Dawson [1] in 1979 and is becoming a mature field capable of
taking part in many new applications, competing and
complementing  conventional radio-frequency  based
accelerators [2-4]. Most of this progress is due to advances in
solid state lasers that brought compactness and reliability,
allied with exceptional optical properties like producing high
peak powers (a combination of high energy pulses with
ultrashort pulses) that, in combination with nonlinear
phenomena and light manipulation, like chirped pulse
amplification (CPA) [5] and self-phase modulation [6, 7],
resulted in the achievement of a few PW peak power systems,
enabling the generation of the highest electric and magnetic
fields ever produced in laboratories [8] [9].

One of the most exciting results of the wakefield particle
acceleration is the downsizing resulting from the plasma
electrical fields produced by laser pulses in gases and the short
pulse duration of the electron bunches. This LWFA produced
electron beams with kinetic energies up to several GeV [10]
within centimeter-long propagation distances. The main
limitation for practical LWFA applications is the laser average
power, which is low for systems operating at very high
intensities. Such limitation is being surpassed by a
combination of distributed gain (and distributed thermal
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problems) in optical fibers, in combination with spectral
broadening and chirp compression, leading to pulses with few
fs duration [11, 12] and high repetition rates. In the continuous
wave mode, average powers of hundreds of kW are already
commercial [13].

The main idea of this work is to use the LFWA technique
to generate electron beams with kinetic energy in the range or
above dozens of MeV, capable of generating gamma rays by
bremsstrahlung with several MeV energy, similar to the idea
used with Cu and Au [14, 15]. These gamma ray photons will
be used to induce the '"’Mo (y, n) *Mo photonuclear reaction
in enriched '®Mo targets, and as a final product, deliver either
the nucleus Mo, which has a half-life of 66 h, or its
metastable daughter **"Tc. The latter is the most used
radionuclide in nuclear medicine for diagnostic of coronary
and cancer diseases [16, 17], with a consumption that grows
as these diseases are aggravated with population aging.

The estimated cost of a gram of Mo is of several
hundreds of million dollars, what makes feasible the
construction of nuclear research reactors to produce Mo as a
fission product. However, developing a lower-cost,
environmentally safer Mo production method is imperative
to supply the ever-growing demand for it.

Nowadays, there are many proposals for using electron
accelerators to induce Mo by nuclear reactions, despite the
known state-of-the-art less effective production path [18-20],
because the absorption cross sections for the Mo for
photoneutron is high (1.5x10%° ¢m?) [21] due to the giant
resonance around 14.5 MeV [21]. The main problem is the
specific activity, which is reduced in natural Molybdenum,
and besides, the isotope separation methods are difficult to
implement in the time scale of the nuclei decay, leading to the
extraction of the ®™Tc that presents a short lifetime of
~6h [22]. In spite of these disadvantages, a strong effort in this
direction is being made across the world, because of the huge
medical need for this isotope and the aging of the producing
nuclear reactors [23]. This work considers the use of electron
LWFA instead of RF accelerators for demonstrating the
feasibility of Mo or *™Tc¢ production by photoneutron
reaction in its fundamental aspects only. Technologically,
these two techniques are not comparable, because one is
already mature (RF) and LFWA is just starting. Additionally,



the average consumption of Mo per patient [24] is ~20 ng,
so individual doses are within a small-scale production,
compatible with the present study. There is an uncertainty in
this quantity, and by local standards, can vary by a factor 2,
due to the decay time and the usual procedures in the medical
clinics. To produce the annually needed *Mo by this process,
many high-repetition lasers would be needed in a new
distributed logistic, which can be achieved more easily by
using the Self-Modulated Laser Wake Field Acceleration
(SM-LWFA) regime, since the laser requirements are more
flexible (pulse duration, energy, and peak powers), making it
easier to combine them all in simple systems with an
expectation of lower costs and easier maintenance.

This work is part of an ongoing collaboration with the
Extreme Light Laboratory (ELL) at the University of
Nebraska-Lincoln (UNL) and will be supported by the
LaserNetUS cycle 3. The primary goal is to attain electron
beams with more than 10 MeV energy generated by SM-
LWFA, from a few TW laser pulses. In addition, many
facilities can now operate in the SM-LWFA at ~kHz repetition
rates. Assumptions on the Mo activity production need will
be presented.

II. OPERATION CONDITIONS OF THE ACCELERATOR: LWFA
AND SM-LWFA REGIMES

The idea of LWFA was boosted by experimental
demonstration of collimated and several MeV energy electron
beams, in the resonant regime [25-30]. The resonant condition
can be stated as:

¢ At =2,/2 = wy, (1)

where c is the speed of the light, At is the optical pulse duration
and wo is the laser pulse beam waist. This condition is a
compromise between the transverse and longitudinal electrical
fields that create a longitudinal acceleration field (wakefield)
in the presence of the transverse optical field in a rarefied
medium (gas). To match the requirements between pulse
energy and duration in the usual LWFA systems, peak powers
of more than 100 TW are applied, generating electrical fields
that will match the plasma field at wy. This resonance requires
relatively long plasma wavelengths (and low plasma
densities). Nowadays, GeV electrons are obtained using the
same concept and increasing the acceleration length [31]. The
physics of this regime is now well established and can be
found in excellent reviews [28, 29, 31]. The fundamental
quantity of this regime is the plasma frequency, w,, which
depends on the electron density according to:

op = [(ne €)/(me £0)]"2, 2

where e is the electron charge, g is the vacuum permittivity,
n. is the electron density and m. is the electron mass. The
critical plasma density, n., is given by:

ne = £ me (w/e)>. 3)

For Ti:sapphire lasers (A=0.8 um, ® =2.35x10'3 rad/s), the
critical density is 1.7x10?' e”/cm?®.

Considering that the plasma supports a wakefield pushed
by the optical pulse, which moves with the group velocity of
light in the medium (approaching c) the plasma wavelength 2,
can be written as:

X (um) = 3.3x10'%%[n, (cm)]2. 4)

The resonant condition scales with the pulse duration in
the longitudinal direction, and with its area in the transverse
direction, according to Eq. (1), therefore the pulse energy
scales o< wo® o< A and o to A* (regime named 2A*), when the
pulse duration is in the order of the period of the carrier
frequency. The main advantage of using few cycle pulses is
that the decrease in pulse duration by one order of magnitude
causes the decrease of 3 orders of magnitude in the required
energy to match the resonant condition [32], lowering the
required power from PW to TW. With the advance in lasers
systems, decreasing the pulse duration to a few cycles allows
the use of TW peak powers with few ml pulse energies,
allowing the operation at kHz repetition rates in the resonant
LWFA regime.

Recently, two different groups [29, 30] have achieved
LWFA in the A’ regime with few cycle pulses (few fs). These
spectrally broad and short pulses demand special care to reach
the gas targets. There are few systems operating with these
features nowadays. Usually, the pulses are longer, in the range
of tens of fs, and the power is in the 100 TW range. In these
two experiments, the total detected electron beam charge was
in the range from 2.5 to 10 pC, and the electron kinetic energy
in the 15 MeV region. Among the different injection
mechanisms, the nonlinear relativistic self-focusing is one that
focuses the beam and increases the intensity in a nonlinear
way breaking the response of the plasma (wave-breaking).
The condition for this is given by a power law that depends on
the plasma density, expressed as the critical Power P.:

P.=17.4 GW x (n./n.), (%)

where 7. is given by Eq. (3). As n. gets closer to the critical
density, lower power is required to reach relativistic self-
focusing. The beam collapse is avoided by the diffraction
limit, and these two effects can balance in a dephasing length
where acceleration occurs, L4, in which the wakefield and the
electron velocity evolve to be finally in opposite phase. Ly
depends on the density through Ap by:

La=A222. (6)

The kinetic energy gained by the electron in the field E; in
the LWFA is given by:

AE:eXEJXLd, (7)
and, for A=0.8 pm:
E;=0.96 [n,(cm™)]'? 8)

The total energy gain given by Eq. (7) results in an energy
dependence on the inverse plasma density (1/n.). Increasing
the density in the resonant regime results in electron energy in
the range of several tens of MeV, many orders magnitude
lower than the regular bubble regime with peak powers above
100 TW up to several PW.

A much more flexible alternative regime is the SM-
LWFA, which uses a pulse longer than the period of the
plasma wave (c At>A,). Therefore, in the length of the optical
pulse many plasma wavelengths can be included, modulating
the pulse. If the laser peak power corresponds to the



magnitude of the plasma field, allowing the appearance of a
zero net transverse electric field, the pulse becomes totally
fragmented. This temporal contraction of the fragments along
with the decreasing radius of the beam due to self-focusing,
given by Eq. (5), can lead the system to a condition of a A* like
regime. This highly nonlinear situation leads to a sufficient
electron injection in the wakefield when the power exceeds
the critical value given by Eq. (5).

We have studied SM-LWFA regime by PIC (Particle-in-
Cell) simulations [33] [34] and demonstrated the possibility of
producing several tens of MeV electrons in thin, high density
gas targets. This is due to a balance between the self-focusing
dependence on the density and diffraction, in the length given z (um)
by Eq. (6). The generation of quasimonoenergetic electron , , , ‘ .
bunches from SM-LWFA is a phenomenon not yet fully o W—_
understood, despite being demonstrated since 2006 [32, 35]. ' [
We have observed that there is a critical dependence on the ]
plasma density and the electron bursts were observed only in
a fraction of the laser shots and this has been recently

demonstrated by many groups [36-38]. The simulation study z (pm)
of the SM-LWFA is described below.

108C/m?

X (pm)

140 150 160 170

p (108 m3)

140 145 150 155 160 165 170

—_ 5 ! ' ' ' |
= i
III.  PIC SIMULATIONS > DWM fr\w/‘\ /\ P e |
We have been performing PIC simulations [34] to 2 s \If \/
determine the threshold conditions for electrons acceleration Y o ]
in TW level laser systems. These simulations allow observing 1490 145 150 155 160 165 170
the interaction between the pulses and the plasma under a wide z (pm)

range': of ene'rgy condltlgns, time dur('fltlon’ gas} electron Fig. 1. PIC simulation results for a 2 TW pulse propagatind through H, with
density, focusing, etc., which would be difficult to implement atomic density of 1x10% ¢cm™. The top graph shows the charge density (p)

experimentally. in the laser polarization plane, and the bottom graphs present the density
. . . (blue) and electric field (red) distributions on the pulse propagation axis.
Fig. 1 shows results of a PIC simulation of a 50 fs and

2 TW pulse propagating through a hydrogen gas with an
atomic density of 1x10?° ¢m™. The density map on the top
shows the formation of ionic “bubbles”, with positive charge
density, and the accumulation of negative density (electrons)
in well-defined regions. Besides, the laser beam diameter is
much smaller (= 4 pm) than the original vacuum focused
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radius of 7 um, approaching the diffraction limit. In the

bottom graphs, the charge density on the axis (blue) clearly i "
shows the accumulation of electrons in bunches, generating a ' . ' ’
longitudinal electric field distribution, clearly observed in the 260 -0.20
red graph, which almost reaches 1 TV/m. The periodicity of z (pm)

the charge distribution is in the same order of the diameter of
the bubble (also =4 pum). These fields are responsible for
acceleration of the electrons, that are injected at points where
the negative field amplitude is high enough to induce wake
breaking. These injected electrons are then accelerated to
several MeV. Our simulations have shown that the studied
SM-LWFA regime also produces, under certain conditions,
monoenergetic electron bunches with low divergence. In our
simulations, bunches with mean energy above 10 MeV were Fig. 2. Results for the simulation with %2 TW and 2x10% ¢cm?. (a) charge
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results correspond to almost the same energy, spread, and v
charge per bunch as obtained in the A* regimes but with much :
longer pulses.
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SELECTED CONFIGURATIONS THAT PROVIDE THE
MANUFACTURING OF SUB MILLIMETRIC DE LAVAL NOZZLES

Home-made de Laval nozzles were manufactured in an
ultrashort pulses micromachining system by trepanning in
alumina. The gas jet characterization is made by optical
methods, starting with schlieren imaging that localizes the jet,
and the gas density is measured by interferometric methods
(an in-house developed Mach-Zehnder interferometer). The
plasma is characterized by a time-resolved interferometric



diagnostic setup [39]. These two features are also presented at
this conference.

V. X-RAY GENERATION BY BREMSSTRAHLUNG, THEIR
DEPENDENCE ON ELECTRON KINETIC ENERGY AND THE
INDUCTION OF NUCLEAR REACTIONS

Electron beams can be used in medical applications [40-
42] either directly, irradiating biological tissues or striking a
high-Z material, usually Ta or W, to generate y and X rays. In
the latter case, y rays can be used to induce photonuclear
reactions, leading to the transmutation to radioisotopes of
medical interest [43, 44], which is our goal here. Fig. 3 shows
the spectral density of the bremsstrahlung radiation generated
by impinging a monoenergetic electron beam on a standard Ta
thick foil, a conventional technique of y ray generation in
conventional linear accelerators. This mechanism is well
known and studies involving conventional accelerators were
already done [20] and there are computational codes that allow
extracting the emission spectrum. We use the GEANT4
Monte Carlo toolkit [45]. From these spectra, it is possible to
see that the electron beam kinetic energy must be greater than
tens of MeV to produce large number of photons in the
interval between 8 and 20 MeV, which corresponds to an
enhancement of photon absorption by most nuclei, known as
the Giant Dipole Resonance (GDR). At these energies, after
the nuclear excitation, the most probable result is the emission
of one neutron.
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Fig 3. Bremsstrahlung spectra calculated with GEANT4 version
10.6 [45] for electrons impinging on Tantalum target with energies from 20
to 80 MeV with Gaussian dispersion of 5% (sigma).

The goal is to produce Mo through the photonuclear
reaction 'Mo(y, n) ™Mo, which has a y ray spectral
dependence on the reaction cross section [46], as shown in
Fig. 4 together with the spectral density of bremsstrahlung
photons.

We are defining the optimized electron beam energy to
better match the absorption spectrum of the photoneutron
reaction and to avoid producing large amounts of other
isotopes that can act as contaminants in the sample. Therefore,
the optimum energy of the electrons is in the 35 to 40 MeV
range, for the defined laser power range of interest here. The
mean bremsstrahlung photon efficiency comprising the
absorption spectrum of the photoneutron reaction is 0.4 y
ray/electron for the electron kinetic energy of 40 MeV and a
Ta foil thickness of 4.4 mm.
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Fig. 4. Absorption cross section for photoproducition of Mo in the Giant
Dipole Resonance. The right vertical scale corresponds to the absorption
cross-section in mb (1 b=10%* cm?) [46]. The colored lines are the
bremsstrahlung spectral density, in the the enrgy interval of the absorption
spectrum, for different electron kinetic energies.

VI.  TARGET CONSIDERATIONS AND BEAM CHARGE.

In this conceptual design, the SM-LWFA electrons hit a
4.4 mm thick Ta foil. This thickness was optimized by
computer simulations (GEANT4) to produce the maximum -
rays in the absorption band of the photonuclear reaction for
40 MeV electrons. The 100% enriched Mo (natural
abundance ~10%) is considered isotopically pure due to the
possibility of exciting other photonuclear reactions with the
other natural isotopes Mo, **Mo, Mo, Mo, “'Mo and
%Mo. The thickness of the Mo target is 10 mm, with an area
of 10 x 10 mm?. This type of target requires recuperation of
the '%’Mo after the radiation exposition and therefore the target
type and the extraction of the parent nuclei or the desired
radioisotope **"Tc must be revised. As a proof of principle,
the gamma decay of the ™Tc (141 keV) due to the decay time
and the desired population will be used as a tracer of the
reaction [15]. We stablished an irradiation time of 4 days,
longer than the decay time of the '’Mo (66 hours) and the
estimated consumption per patient of 370 MBq. A factor 2
must be considered for the US standards (740 MBq) [47]. This
370 MBq activity is equivalent to an initial mass of 20 ng of
%Mo. Due to this small quantity/patient and the long decay of
the parent nuclei *Mo, less efficient methods can be used to
produce the radiopharmaceuticals. Using the calculated
charge/pulse and the prediction of a laser repetition rate of
1 kHz, the 4 days production will be only 1/26 of the need of
a single patient. Taking the assumption that the production of
a single clinic is to attend 8 patients per day, the present status
of this supposition is a production of only 1/845 for the
breakeven in the patient care capacity. Every other concern
scales up with this number.

VII. DISCUSSIONS

As pointed out in the previous section, the estimated
production capacity of Mo must be greatly improved to
achieve a chance of success. The first consideration is on the
mechanism of electron acceleration. The SM- LWFA regime
presents characteristics that can be enhanced. Firstly, it
requires long pulses, and usually the pulse energy scale with
the pulse duration in the amplification process. Secondly, the
manipulation of noticeably short pulses requires special
optics, with tight control of the spectral dispersion, including



the target area when the optical beam impinges in the gas jet.
Long pulse fluctuations affect the interaction less than in few
cycle pulses that are required in A* regime. Besides, the
establishment of the SM-LFWA is not so dependent on the
pulse duration. We have not examined the dependence of the
SM-LWFA regime on this parameter, but as the process is
strongly dependent on the nonlinear properties of the plasma
near the critical density, we expect a more flexible laser
parameters dependence once the criterium of the critical
power given by Eq. (5) is obeyed. The SM-LWFA regime is a
nonlinear regime and the laws governing the electron beam
energy and charge are well known in the literature [32]. They
were used to for the PW level power and the GeV energies
ranges, and they can be rewritten as:

AE (MeV) = 170 MeV [P(TW)]3 n 23, (10)
with n. measured in units of 10?° cm™ and
g =2.5x10% P(TW)"? electrons, (11)

applying for 0.8 pm laser wavelength, P(TW) is the laser peak
power in units of TW.

For the simulated case of a 1 TW peak power and a density
of 1.6x10%° ¢cm3, the predicted values by Egs. (10) and (11)
are 12 MeV for the energy, and 64 pC for the injected charge,
and the simulation calculated values are 12 MeV and 12 pC.
Therefore, the value calculated for the energy is close to the
theoretical prediction for SM-LFW A regime, but the charge is
much below the expected. The scale law for the energy is not
strongly dependent on the peak power (P(TW)'3) and it is
more dependent on the density (1.%°). In the other hand, the
theoretical prediction for the charge is not as good as the
energy prediction and brings no dependence on the n. and a
smooth dependence on P(TW). This implies that we should
search for slightly high-power systems searching for lower
plasma densities. For higher charge bunches one possibility is
to add a small fraction of N, gas that can be up to 5 times
ionized at the self-focused spot that achieves relativistic
intensities, providing a higher charge injection in the wake. A
second alternative is to analyze the injection mechanism in the
down ramp, which nowadays can be experimentally tested by
the refined process of making the jet nozzles.

VIII. CONCLUSION

We studied the SM-LWFA regime in the TW peak power
region aiming to produce electron beams with energies that
could trigger photonuclear reactions capable of producing
%Mo. The optimized electrons kinetic energy for generating
y-rays to produce the parent nucleus Mo would be in the 35-
40 MeV range. In the current simulation results the yield is
half than we have calculated, requiring an improvement of a
factor of ~1,700 in the total yield.

Besides, the estimated charge in the bunch that was
achieved in the simulations is quite low for SM-LFWA. An
initial calculation by simulations was carried to verify if the
amount of Mo/Tc produced was significative in the time scale
of the radioisotopes decay time (66 h and 6 h, respectively).
Using current repetition rate laser technology, the activity
produced was very low, ~1/1000 of the required target amount
to attend 8 patients per day.

Finally, the overall production efficiency n depends on the
average power, that in this case is proportional to the product

of the charge/bunch, ¢, the laser repetition rate f; and the
number of producing systems, N, given by n o< g X fX N. By
using the current state of the art TW laser systems, with
repetition rates up to a few kHz, the prediction is that the
production of the necessary activity amount per patient must
increase by 3 orders of magnitude. Just by changing the
logistic of supplying *Mo 6 days after production (z+6) there
is a gain of a factor 5. Therefore, the repetition rate and charge
product must increase by two orders of magnitude to achieve
the desired goal. One possible way to reach this goal is by
using optical fibers lasers, which are already capable of
generating more than 12 kW of average power in pulses with
254 fs [48] at 80 MHz, what would increase the efficiency by
a factor 8x10%. At present, this system pulse energy is ~0.1 mJ,
so the peak power does not satisfy the regime simulated in the
SM-LWFA yet. Also, short pulses can also be generated in
optical fibers using nonlinear effects in thin films and chirped
mirrors, producing single cycle optical pulses at 10 MHz [11].
Therefore, the path for operation in high repletion rates and
satisfying Eq. (12) is on the way. Also, fiber lasers with an
incredible hundred kW high average power are already
commercially available [49]. Therefore, a combination of
these two results high average power and capability of
generating short pulses in high repetition rate, would satisfy
the efficiency requirements. As the technology is in the early
ages, and medical use is a large-scale market, the future of this
application is becoming feasible, despite the necessity of
demonstrating and surpassing many challenges.

The demand on nuclear medicine is a growing field, due
to the increase in the longevity of the human being and the
predominance of coronary diseases and cancer. In both cases,
nuclear imaging is a powerful technique that allows
physicians to observe the inner organs noninvasively [41].
These techniques are based on high energy radiation, like y or
X rays. So, radiopharmaceuticals are and will be fundamental
for the viability of these techniques.
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