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Abstract

Short-lived medical isotopes and their generators are typically produced in nuclear reactors and cyclotrons that require exten-
sive facilities. However, considering the environmental concerns and economic costs of these traditional approaches, modern
laser technology, which provides extremely strong electric fields within tabletop-sized areas, can serve as a potential sup-
plementary method. Focusing specifically on the (y, p) generation of the vital medical isotopes 4’Sc and ®’Cu, we used both
experimental results and PIC-GEANT4 simulations to demonstrate that laser-induced photonuclear reaction is a promising
method for isotope production. We developed a model capable of calculating isotope yields under various laser conditions
and acceleration mechanisms. The findings revealed that a 200 TW laser can sufficiently produce diagnostic amounts of 4’ Sc
and ®’Cu, while simultaneously providing high specific activity, which is significant in medical applications for improving
treatment efficacy, enhancing image resolution, and reducing side effects.
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1 Introduction

The rapid development of laser technology and laser-plasma
acceleration techniques has provided high-quality electron
bunches with vastly adjustable energies, leading to effec-
tive laser-based X-ray and y-ray sources [1]. This provides
extensive opportunities in the photonuclear field such as
medical isotope production [2—4], nuclear waste transmu-
tation [5-7], isomer generation [8], and photonuclear data
measurements [9—12]. In these applications, electrons are
accelerated by ultrafast laser pulses, typically through laser
wakefield acceleration (LWFA) or direct laser acceleration
(DLA), and bombarding a bremsstrahlung converter, leading
to photon emission and subsequent photonuclear reactions
with the target material. Since most responses are distributed
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within the giant dipole resonance (GDR) region, the laser-
driven y source must maximize photon production within
this energy range.

Medical radioisotopes can generally be obtained in two
ways: nuclear reactions in particle accelerators and the fis-
sion of highly enriched uranium in nuclear reactors, each
of which has non-negligible shortcomings [13]. Cyclotrons
are primarily employed to produce short-lived, neutron-
deficient, pT-emitting radioisotopes. However, these radio-
isotopes must be used promptly after production owing to
their short half-lives. Therefore, many medical centers must
spend considerable amounts of money and space to main-
tain their own accelerators. By contrast, research reactors
primarily manufacture long-lived p~- and y-ray-emitting
radioisotopes. They often need to be distributed before use.
However, the vast amount of nuclear waste generated during
the production and transport of highly radioactive materials
over extended distances afterward can cause environmental
contamination risks. Therefore, a new, compact, environ-
mentally safe, and cost-effective technology for the produc-
tion of radioisotopes is required.

Photonuclear reactions using laser-driven y photons have
long been considered as promising alternatives for isotope
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production [14, 15]. The rapid progress in laser manufactur-
ing technology has made high-intensity and high-repetition-
rate laser systems smaller and more cost-effective, allow-
ing for the decentralized production of medical isotopes,
thus mitigating issues arising during transportation [16].
Bremsstrahlung y-ray reaction routes produce very lit-
tle radioactive waste, making them environmentally safe.
Moreover, the narrow focal spot of the laser confines the
reaction to a small area, which significantly increases the
specific activity of the isotope.

This study focused on the (y, p) generation of two selected
medical isotopes: 4’Sc and %’ Cu. Using the (y, p) reaction to
produce radioisotopes has an additional advantage because
this process involves element transfer, making it possible
to extract and enrich the target isotopes through chemical
mechanisms that are more convenient and less expensive
than physical centrifugal separation. ’Sc and %’Cu were
both highlighted as promising theranostic radionuclides
by the recent IAEA Coordinated Research Project (CRP)
on "Therapeutic Radiopharmaceuticals Labelled with New
Emerging Radionuclides (°’Cu, '%Re, 4’Sc)" (IAEA CRP
no. F22053). However, their limited availability owing to a
lack of widely established production methods remains a
problem [17, 18]. 47Sc (T}, =3.3d) is an excellent thera-
nostic radionuclide considering its 100% B~ emitter nature,
and the combination of **Sc +*7 Sc is gaining increasing
attention as an excellently matched pair of nuclides for posi-
tron emission tomography (PET) imaging and radionuclide
therapy [17]. Owing to the location of #’Sc in the nuclide
chart, the photonuclear reaction **Ti (y, p)*’Sc appears to
be the most promising method for its production [19]. ™'Ti
contains 74% of “8Ti, so either "Ti or enriched **Ti may be
used as the irradiation target. ’Cu (T 2 = 61.8h) is one of
the five copper isotopes that can be used in nuclear medi-
cine. Its simultaneous emissions of f~ radiation (mean ~
energy: 141keV; Ey .. 562keV) and y-rays (185 keV) are
useful for therapeutic treatments and single-photon emission
computed tomography (SPECT) imaging [20]. Because Cu
is present in the human body, ®’Cu is also considered a pos-
sible marker for studying the Cu distribution in the body for
different diseases [21, 22]. Although this radionuclide can
be produced in cyclotrons via the %Zn (y, p)®’ Cu reaction
at 100 MeV, only a few accelerators worldwide are suit-
able for this task [18]. Therefore, the photonuclear reaction
87n (y, p)®'Cu is a suitable choice. However, enriched tar-
gets may be needed, since "Zn contains only 19% of ®¥Zn.

Herein, we employ both experiments and simulations to
explore the potential for producing the radioisotopes *’Sc
and %7Cu via laser-induced (y, p) reactions. Section 2 intro-
duces the experimental setup and the obtained results. We
cross-validated the experimental outcomes with our simula-
tion results and optimized the target parameters to achieve
the theoretical maximum yield under the experimental
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electron conditions in Sect. 3. In Sect. 4, further optimiza-
tion of the electron acceleration mechanism indicated that
the maximum yield is achievable with a typical 200 TW
laser, similar to CLAPA. We demonstrated that the activ-
ity and specific activity can be sufficiently high under this
scheme with the help of upcoming kHz lasers. The inves-
tigation of laser-induced photonuclear reactions as a viable
means of producing medically essential isotopes marks a
significant leap toward a compact, environmentally safe, and
economically feasible technology.

2 Experiment

A preliminary experiment was conducted at the Compact
Laser Plasma Accelerator (CLAPA) laboratory of Peking
University, which has a 200 TW 5 Hz Ti:sapphire laser
system, to validate the feasibility of this laser-induced pho-
tonuclear method and estimate its efficiency. As shown in
Fig. 1a, monochromatic electrons accelerated by LWFA flew
past various detectors before reaching the converter, and the
subsequently generated bremsstrahlung photons underwent
(7, p) reactions with the target. During the experiment, the
laser system was operated at moderate energy (1.8 J on the
gas target), delivering laser pulses with a focused intensity
of approximately 1.5 x 10'® W/cm? and a full width at half
maximum (FWHM) duration of 30 fs. The laser beam was
setto 21 pm X 23 pm FWHM at the nozzle.

The gas jet emitted from the nozzle comprised 99.9%
He. After being expelled at a pressure of 30 bar, it under-
went supersonic expansion and LWFA upon encountering
a laser pulse. The electron charge was measured using a
Turbo Integrating Current Transformer (Turbo-ICT). A
20 cm X 23 cm dipole magnet with a 0.8 T peak magnetic
field was placed 100 cm away from the gas target to measure
the electron energy spectrum. A scintillator (Gd,0,S : Tb)
was placed at the entrance and exit of the magnet. A CCD
imaging system with two cameras recorded the divergence
and pointing angles of the beams at the entry (see the sam-
ple image in Fig. 1b), and the energy spectrum at the exit
(see the sample image in Fig. 1¢). Because the decay signals
of both isotopes were within the 150 keV — 200 keV range
and will undergo significant self-absorption within the tar-
get material, we chose our targets as 2 cm X 2 cm squares
made from "Ti and "Zn with a thickness of 2 mm, which
also secured radiation safety during experiments. A "Ta
converter with the same shape as the target was placed at
the magnet entrance, directly facing the target, which was
positioned at the magnet exit. Setting the laser repetition
rate at 0.2 Hz to maintain the vacuum, we irradiated each
target for 20 min with approximately 240 laser shots. Elec-
tron parameters were then analyzed, and we found that the
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Fig. 1 (Color online) Experimental results. a Schematic of the experi-
mental setup. b Electron beam spot on the front fluorescence screen.
The electron scattering angle is deduced to be approximately 4 mrad.
¢ Electron energy spectrum on the back fluorescence screen, featuring
a quasi-monoenergetic peak at 220 MeV, and the energy region over

electrons with energies exceeding 10 MeV typically car-
ried charges ranging from 250 pC — 350 pC while featuring
a quasi-monoenergetic peak at around 220 MeV, and the
charge within this peak was approximately 110 pC (see
Fig. 1c).

Radioactive nuclides were detected by recording their
characteristic decay signals (159 keV for 4’Sc and 185 keV
for ’Cu) on a high-purity germanium (HPGe) detector
shielded in Pb bricks. The samples were arranged side-
by-side on the detector probe for 200 min the day after

Table 1 Experiment results
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10 MeV has an approximately 300 pC charge. d Geant4 simulated the
gamma spectrum using the electron energy spectrum and cross sec-
tions measured from various sources. e Spectrum on the HPGe detec-
tor. The red line is the detector signal with the sample, and the blue
line is the accumulated background radiation

irradiation. The detector efficiencies were calibrated with
152y and ®Co sources and were finally determined by
GEANT4 simulations according to the actual spatial posi-
tion during detection. The detection results, along with
the background radiation spectrum, are shown in Fig. le.
Both characteristic signals were significant considering the
measurement uncertainty. The net counts of the charac-
teristic signals after subtracting the background radiation
are listed in Table 1. A total of 801 and 84 signals were
obtained for #’Sc and ®’Cu, respectively.

Isotopes Ty (h) Decay mode Reaction Signals Yield (total) Yield (single shot) Calculation
(single shot)

418c 80.4 p~,159 keV(100%) “BTi (y,p) 801(+68) 1.1(£0.2) x 107 45x1.7)x 10* 6.2 x 10*

67Cu 61.7 B, 185 keV(49%) 87n (v,p) 84(x13) 9.0(£2.2) x 10° 7.7(x3.1) x 103 5.7 %103
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These data can be used to deduce the average yield from
a single-shot laser shot, denoted as &V, which can be derived
using the following equation:

Ntotn(exp(_/ltl) - eXP(—Mz))F = Ncount/T’ (1)

s .
Ny =N —A(T-1)) ~ N 2
Zew(-4(r=f)) <o ®

N, oune and N, are the total number of isotopes after radia-
tion, # is the absolute full-energy efficiency of the HPGe
detector considering self-absorption and the solid angle, 4 is
the decay constant, I" is the branching ratio of the character-
istic y energy, 7 is the dead time correction of the data acqui-
sition system, ¢; and ¢, are the respective start and end times
of measurement, and f and 7 represent the repetition rate of
the laser pulse and the total radiation time. The results are
4.5(+1.7) x 10* for ¥’Sc and 7.7(+ 3.1) x 103 for 7Cu (see
Table 1). The uncertainty in this result can be attributed
to three sources: the measurement process of the detector,
uncertainties in the half-life and branching ratio, and fluctua-
tions in the laser and electron parameters during repetitive
laser radiation.

Determining the photonuclear reaction cross section is a
complicated task, and the current experimental data are only
valid under specific conditions. We theoretically estimated
the isotope yield to validate our experimental results and
determine the most reliable cross sections to be used in the
subsequent simulation. The analytical estimation of the (y,
p) reaction yield can be obtained from

N=nd wdE EdNy
=Ny /Em o( )E’ 3

where n, and d are the target atomic density and target thick-
ness, Ny is the number of gamma photons, E and E}, are elec-
tron energy and the threshold energy of the (y, p) reaction,
and o(E) is the reaction cross section at photon energy E.
Because our targets had a thickness of only SI2mm, Eq. (3)
neglects the effect of gamma flux attenuation. In our esti-
mation, the corresponding o (E) for isotope generation was
evaluated using TALYS—1.9 [23], which is compared with
the experimental cross sections obtained from the EXFOR
database in Fig. 1d. As we can see, the experimental cross
sections comprise only a few data points and deviate sig-
nificantly from the theoretical values, proving the need for
validation using the data in this study. However, theoreti-
cal calculations and numerical simulations for resonance-
induced radiation are already well established. Therefore,
the bremsstrahlung gamma spectrum is acquired by per-
forming Monte Carlo simulations using Geant4 [24]. Under
QGSP_BERT_HP physics lists, incident electrons whose
energy distribution follows the experimentally measured

@ Springer

energy spectrum strike the converter, and the generated
bremsstrahlung photons are collected. Figure 1d shows
the representative energy spectrum for an average elec-
tron charge of 300 pC. The results obtained from Eq. (3)
are 6.2 x 10* for 4’Sc and 5.7 x 103 for 4’Cu. Our theoreti-
cal estimation aligns with the experimental results within
the permissible margin of experimental uncertainty (see
Table 1); therefore, we can confidently proceed with this
cross section in the following section.

3 Target optimation

The radionuclide activity produced by laser-induced
bremsstrahlung y rays depends on many parameters, includ-
ing electron current, electron energy, the converter mate-
rial, geometry, converter thickness, and the target. The laser
acceleration process dictates various electron properties: the
interaction between the electrons and the converter deter-
mines the gamma properties, and the (y, p) reactions in the
target determine the radionuclide yield and distribution. In
this section, while maintaining the experimental acceleration
conditions, the gamma generation and photonuclear reaction
processes are optimized by refining the parameters of the
converter and the target. The laser acceleration process is
discussed in the next section.

The key component of the gamma generation process
is the bremsstrahlung converter, which transforms elec-
tron energy into photon energy. The conversion efficiency
between the electron and photon energies depends strongly
on the atomic number of the material; therefore, convert-
ers are usually made of high-Z metals such as tantalum or
tungsten. The bremsstrahlung interaction generates a broad
spectrum of photon energies, ranging from zero to the
energy of the incoming electron beam. This photon spec-
trum exhibits a gradual decrease in the photon flux as the
photon energy increases, tapering off entirely at the maxi-
mum photon energy. In our case, photons within the energy
range of § MeV — 35 MeV hold particular significance owing
to the substantial enhancement of photonuclear cross sec-
tions in this domain of the giant dipole resonance. Because
bremsstrahlung is produced and attenuated by the converter,
the optimal converter thickness can be determined for any
given electron beam energy and specific converter mate-
rial. This optimum thickness corresponds to a peak in the
number of photons within the critical energy range, signi-
fying the maximal yield of the photons of interest. Using
tantalum as the conversion material and fixing the electron
charge at 100 pC, we conducted a parameter scan of the con-
verter thicknesses across various electron energies using the
Geant4 simulation method. The number of photons exiting
from the back of the converter when choosing different
thicknesses and electron energies is shown in Fig. 2. The
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Table 2 Optimized generation

Isotopes Target Atoms per shot Time (h) Rate (kHz) Activity (MBq) Specific
activity
(MBg/g)

4TS¢ AT} 6.1 x 10° 8 1 412 26

7Cu 8Zn 1.9x 10° 15 1 306 16

optimal thickness of the conversion material increases as the
electron energy increases, as shown by the white dashed line.
For instance, at 100 MeV, the optimal thickness was approxi-
mately 8 mm, extending to 10 mm at 200 MeV. Therefore,
for LWFA, the thickness of the conversion material can be
approximated based on the location of the electron quasi-
monoenergetic peak. As the electron energy increases, the
growth rate of GDR photons gradually declines, which natu-
rally leads us to explore the relationship between electron
energy and isotope yield in the subsequent paragraph.

The electron parameters validate the effectiveness of
the laser acceleration process and determine the conditions
of the photonuclear reactions, making electrons the focal
point of the entire scheme. Suppose we know the reaction
yield caused by monoenergetic incident electrons of vary-
ing energies and the energy spectrum of laser-accelerated
electrons. In this case, we could quickly compute the isotope
yield under different laser parameters using the following
integration:

N /‘” 1 3Y(E) dN, "
Elh

dN, dE’

where N, is the number of electrons, E,, is the threshold
energy of the reaction, Y(E) is the isotopic yield at energy
E. Thus, dN,/dE represents the energy spectrum, and
dY(E)/dE denotes the number of isotopes produced by a
unit quantity of electrons at energy E. In the experiment,
the electrons were deflected away by a dipole magnet after
passing through the converter, thus eliminating the need to
consider subsequent reactions if the electrons strike the tar-
get directly. We conducted a Geant4 simulation, fixing the
converter thickness at 11 mm to match the quasi-monoen-
ergetic peak of the experimental electron energy spectrum
(see Fig. 2) to obtain dY(E)/dE by using the method verified
at the end of Sect. 2 (also shown in Table 1). Consider-
ing the mean free path of 30 -MeV energy gamma photons
within the target material, a cylindrical target with a radius
of 2 cm and a length of 15 cm would sufficiently cover the
region where most reactions occur, as shown in Fig. 4. In
addition, enriched targets are employed to improve the gen-
eration of ®’Cu due to the low abundance of **Zn in "Zn.
The relationship between the electron energy and isotope
yield is shown in Fig. 3, and we found that increasing the
energy of the electrons logarithmically enhances the isotope
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Fig.2 (Color online) The number of GDR photons from the backside
of the converter when electrons with a charge of 100 pC irradiate the
Ta converter. The white dashes represent the optimal thicknesses cor-
responding to different energies
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Fig.3 (Color online) Reaction yield due to monoenergetic incident
electrons of varying energies. The red and blue dots correspond to the
simulated results for Sc and Cu, while the solid red and blue lines
represent the logarithmic curve fittings for each

yield. Substituting these results into Eq. 4, we can calculate
the production of 6.1 x 10°47Sc and 1.9 x 10° ’Cu under
the experimental electron spectrum (300 pC over 10 MeV
with a quasi-monoenergetic peak at 220 MeV). To provide

@ Springer
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Fig.4 (Color online) Isotope distribution in the cylindrical source
after one laser shot. The image resolution is 0.1 mm X 0.1 mm, and
each shaded point on the two-dimensional heatmap represents the
quantity of all isotopes within a circular ring. The white dashed line
indicates the scheme that maximizes the specific activity while retain-
ing over half of the radioactivity

a typical medical dose of 300 MBq, 8 h irradiation with a
1 kHz repetition rate laser is required for 4’Sc, while 15 h
irradiation with a 1 kHz repetition rate laser is required for
7Cu. The results are shown in Table 2.

A primary advantage of laser-induced photonuclear
radioisotope generation is that all reactions occur within a
confined area owing to the small size of the laser focal spot
and electron beam. This implies that we can achieve a sig-
nificantly higher specific activity required for most medical
radioisotopes if suitable target dimensions are selected. For
example, in LWFA, the bubble size is typically less than
10 pm [25], implying that the electron-source size does not
exceed this dimension. We conducted a simulation to obtain
the optimal target shape, in which the input electron spec-
trum matched that obtained experimentally. According to
our experimental measurements, we set the electron-source
size to 5 pm and the divergence angle to 4 mrad. We then
obtained the isotope distribution after one laser shot, as
shown in Fig. 4; the white dashed line indicates the scheme
that maximizes the specific activity while retaining over half
of the radioactivity; we stick to a cylindrical shape for engi-
neering property considerations. Following the irradiation
scheme mentioned in the previous paragraph, the specific
activity can ultimately accumulate to 26 MBg/g for #’Sc,
and 16 MBq/g for ®’Cu under the experimental electron
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spectrum (300 pC over 10 MeV with a quasi-monoener-
getic peak at 220 MeV). This is more than sufficient for
typical medical use [15].

4 Electron optimization

We optimized the converter and target properties in the pre-
vious section to enhance the isotope yield under the experi-
mental electron conditions. Next, we demonstrate that by
adjusting the mechanism of the laser acceleration process,
the improvement in electron charge and energy significantly
reduces the repetition frequency requirements, leading us to
be much closer to practical applications.

The LWFA regime is prevalent for electron acceleration
in underdense plasma conditions, as was the case in our
experiment. As the plasma density increases and gradually
approaches the critical density, the direct laser acceleration
(DLA) regime assumes dominance. Previous studies [26,
27] have indicated that in near-critical density plasmas, by
choosing a matched size that maximizes the conversion effi-
ciency from laser to energetic electrons, a typical 200 TW
laser can generate high-energy (>10 MeV) electrons on the
order of 10 s nC through the hybrid of these two accelera-
tion mechanisms. The matching conditions can be expressed
as [27]

kyR = k 0y = 24/, 5)

where k, = 27 / A, represents the wave vector of the plasma
wave and R is the blowout radius. @, which satisfies this
equation, can result in an equilibrium between the transverse
ponderomotive force and the force of the ion channel, which
is beneficial for long-distance acceleration in both the LWFA
and DLA regimes.

The open-source PIC code SMILEI [28] is used to simu-
late the electron acceleration process. The 3D simulations
assume a linearly polarized femtosecond Gaussian laser
pulse with a wavelength of 800 nm. The laser adheres to
typical parameters resembling a 200 TW tabletop laser
system with fixed energy (E; = 5J) and duration (FWHM
of the intensity) 7; = 25fs, which is also observed in the
CLAPA laser when operating at full power. The laser is
vertically incident from the left boundary (x = 0) of the
60 pm X 30 pm X 30 pm simulation box. This box employs
a grid of 3000 x 60 x 60 cells. The plasma target, compris-
ing electrons and carbon, exists at x > 10 pm. Along the
propagation direction, the electron density increases lin-
early from O at x = 10 pm to n, = n; at x = 20 pm, varying
ng from 0.0057, to 0.5x, in different simulations, where n is
the critical density. For each species, eight macroparticles
per cell are loaded in the areas where the plasma density is
above zero. The simulation box, acting as a moving window,
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Fig.5 (Color online) Electron spectra of different plasma densities
when a 200 TW laser focuses on the matching spot size. The sub-
figure illustrates the enhanced isotope yield under various electron
acceleration schemes

begins moving at a constant velocity v, = 0.996¢ when the
simulation time z,, surpassed 200 fs. The spot size is calcu-
lated by substituting E; and z; into Eq. 5.

The simulation results are shown in Fig. 5. We observed
that at a plasma density of 0.5n_, the dominant electron
acceleration mechanism is the direct laser acceleration
mechanism, characterized by a large charge but relatively
low energy, whereas at 0.005n,, the dominant mechanism
is the LWFA, which achieves a peak at higher energy levels
but with a lower charge. As discussed in the previous sec-
tion, the isotope yield increased linearly with charge and
logarithmically with energy. If these two factors cannot
simultaneously achieve their maximum values, we aim to
make the right trade-off to maximize the yield. At 0.1n,
a hybrid acceleration mechanism combining LWFA and
DLA enables a significant charge and relatively high energy
in the electrons. When these electron energy spectra were
inputted into Geant4 for the simulation, the 0.1n_ condition
resulted in the maximum yield. Setting the converter thick-
ness to 12 mm according to Fig. 2 generated 7.9 x 107 #7Sc
and 2.6 x 107 ¢ Cu per laser shot. Compared with the results
in the previous section, the yield increased by more than
tenfold.

Figure 6 depicts the cumulative activity obtained as a
function of irradiation time with the laser frequency set at
10 Hz. After irradiation for three half-lives, the activities
of both isotopes surpassed 95% of their maximum val-
ues, indicating that, under optimal conditions of electron
acceleration and target material parameters, both isotopes
can achieve the dosage required for PET diagnostics using
this regime. In particular, 4’Sc required a shorter duration
of approximately 50 h, whereas ¢’Cu required a longer
duration of approximately 180 h. Moreover, the maximum

Activity(Bq)

— 47SC, Tip = 80.4h
107 —_— 67CU, Tip= 61.7h

| | | | |
0 50 100 150 200 250 300

Time(h)

Fig.6 (Color online) Accumulated activity varied with radiation time
when a repetition rate of 10 Hz is employed. The gray area represents
the typical dose required for PET diagnosis. The vertical dashed lines
indicate the half-life of the corresponding color-coded isotope

activity of ¥’Sc reached 0.8 GBq. By employing multiple
lasers simultaneously or utilizing lasers with higher rep-
etition rates, this laser-induced generation approach could
potentially satisfy the activity levels required for therapeu-
tic purposes, whose activity requirements generally range
from several GBq to tens of GBq.

5 Conclusion

Our research confirms the viability of using laser-induced
(7, p) reactions for the production of #’Sc and ®’Cu iso-
topes, representing a significant step toward environmen-
tally friendly and cost-effective medical isotope genera-
tion. The compactness of high-intensity laser systems
enables decentralized production, addressing the logisti-
cal challenges of isotope transportation, and minimizing
radioactive waste. The precise control over the reaction
zone ensures the high specific activity of the produced
isotopes, which is crucial for medical applications.

Given that stable long-term kHz operations of LWFAs
have already been reported [29] and an increasing num-
ber of high-charge laser electron acceleration experiments
have been conducted [30], laser-induced (y, p) #’Sc and
67Cu generation holds significant potential. If, in the future,
electron acceleration in NCD plasma can be combined with
kHz lasers, the diagnostic activity can be reached within a
few hours and therapeutic doses of medical isotopes can be
generated. The methodology employed in this study can be
readily extended to other photonuclear reactions.
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