RESEARCH ARTICLE | MARCH 20 2024
Radioisotope production using lasers: From basic science
to applications @

M. R. D. Rodrigues © ; A. Bonasera & © ; M. Sciscio; J. A. Pérez-Hernandez; M. Ehret ® ; F. Filippi;

P. L. Andreoli; M. Huault; H. Larreur; D. Singappuli; D. Molloy @ ; D. Raffestin @ ; M. Alonzo; G. G. Rapisarda;
D. Lattuada © ; G. L. Guardo; C. Verona; Fe. Consoli; G. Petringa ©© ; A. McNamee; M. La Cognata;

S. Palmerini; T. Carriere; M. Cipriani 2 ; G. Di Giorgio; G. Cristofari; R. De Angelis @@ ; G. A. P. Cirrone;

D. Margarone @ ; L. Giuffrida 2 ; D. Batani (2 ; P. Nicolai (2 ; K. Batani; R. Lera; L. Volpe @ ; D. Giulietti;

S. Agarwal; M. Krupka @ ; S. Singh; Fa. Consoli &4

’ ") Check for updates

Matter Radiat. Extremes 9, 037203 (2024)
https://doi.org/10.1063/5.0196909

@ B

View Export
Online  Citation

o
@)
=
0
e
©
o
L®)]
-
©
-
D
el
e
©
=

(7))
Q
=
QO
-
ujd
>
LL
ajd
©

Articles You May Be Interested In

Review: Production of nuclear medicine radioisotopes with ultra-intense lasers

AIP Advances (April 2021)

Process validation for production of copper radioisotopes in a TR-19 variable energy cyclotron

AIP Conf. Proc. (December 2020)

Optimization of commercial scale photonuclear production of radioisotopes

AIP Conf. Proc. (April 2013)

Matter and Radiation
at Extremes

(4

AIP
é/_‘. Publishing

Special Topics Now Online

AIP 7>
Read Now £ Publishing (a

10:1€:60 G20Z dunr 0



Matter and

RESEARCH ARTICLE pubs.aip.org/aip/mre

Radiation at Extremes

Radioisotope production using lasers:
From basic science to applications

Cite as: Matter Radiat. Extremes 9, 037203 (2024); doi: 10.1063/5.0196909 @ I'l'l @
Submitted: 10 January 2024 « Accepted: 23 February 2024 «
Published Online: 20 March 2024

M. R. D. Rodrigues,’ A. Bonasera,'*? M. Sciscid,” J. A. Pérez-Hernandez,” M. Ehret,* F. Filippi,’

P. L. Andreoli,’ M. Huault,” H. Larreur,”®” D. Singappuli,° D. Molloy,”*® D. Raffestin,’ M. Alonzo,’

G. G. Rapisarda,”® D. Lattuada,”'’ G. L. Guardo,” C. Verona,'' Fe. Consoli,” G. Petringa,’ A. McNamee,®
M. La Cognata,” S. Palmerini,'>"* T. Carriere,® M. Cipriani,’ G. Di Giorgio,” G. Cristofari,” R. De Angelis,’
G. A. P. Cirrone,” D. Margarone,*'” L. Giuffrida,”'* D. Batani,’ P. Nicolai,’ K. Batani,”” R. Lera,”

L. Volpe,*'® D. Giulietti,'”” S. Agarwal,'® M. Krupka,'®"® S. Singh,'®'? and Fa. Consoli*?

AFFILIATIONS

ICyclotron Institute, Texas A&M University, College Station, Texas 77840, USA

2| aboratori Nazionali del Sud, Istituto Nazionale di Fisica Nucleare (LNS-INFN), Catania, Italy
SENEA, Fusion and Technologies for Nuclear Safety and Security Department-C, Frascati, Italy
“Centro de Laseres Pulsados (CLPU), Villamayor, Spain

SUniversidad de Salamanca, Salamanca, Spain

fCentre Lasers Intenses et Applications (CELIA), Université de Bordeaux, CNRS, CEA, Talence, France
7HB1 Energy Holdings Pty, Freshwater, New South Wales, Australia

8School of Mathematics and Physics, Queen’s University Belfast, Belfast, United Kingdom
?Dipartimento di Fisica e Astronomia “E. Majorana,” Universita di Catania, Catania, Italy
19Facolta di Ingegneria e Architettura, Universita degli Studi di Enna “Kore,” Enna, Italy
"Dipartimento di Ingegneria Industriale, Universita di Roma “Tor Vergata,” Roma, Italy
2Dipartimento di Fisica e Geologia, Universita degli Studi di Perugia, Perugia, Italy

¥Istituto Nazionale di Fisica Nucleare, Sezione di Perugia, Perugia, Italy

4ELI Beamlines Facility, The Extreme Light Infrastructure ERIC, Dolni Brezany, Czech Republic
®Institute of Plasma Physics and Laser Microfusion (IPPLM), Warsaw, Poland

ISETSIA, Universidad Politécnica de Madrid, Madrid, Spain

"Dipartimento Fisica, “E. Fermi,” Universita di Pisa and INFN, Pisa, Italy

BFZU-Institute of Physics of Czech Academy of Sciences, Prague, Czech Republic

PInstitute of Plasma Physics of Czech Academy of Sciences, Prague, Czech Republic

2 Authors to whom correspondence should be addressed: abonasera@comp.tamu.edu and fabrizio.consoli@enea.it

ABSTRACT

The discovery of chirped pulse amplification has led to great improvements in laser technology, enabling energetic laser beams to be com-
pressed to pulse durations of tens of femtoseconds and focused to a few micrometers. Protons with energies of tens of MeV can be accelerated
using, for instance, target normal sheath acceleration and focused on secondary targets. Under such conditions, nuclear reactions can occur,
with the production of radioisotopes suitable for medical application. The use of high-repetition lasers to produce such isotopes is competitive
with conventional methods mostly based on accelerators. In this paper, we study the production of  Cu, ©*Zn, '*F, and ''C, which are cur-
rently used in positron emission tomography and other applications. At the same time, we study the reactions '°B(p,«)’Be and "°Zn(p,4n)%’ Ga
to put further constraints on the proton distributions at different angles, as well as the reaction *B(p,a)®Be relevant for energy production.
The experiment was performed at the 1 PW laser facility at Vega III in Salamanca, Spain. Angular distributions of radioisotopes in the
forward (with respect to the laser direction) and backward directions were measured using a high purity germanium detector. Our results are
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in reasonable agreement with numerical estimates obtained following the approach of Kimura and Bonasera [Nucl. Instrum. Methods Phys.

Res., Sect. A 637, 164-170 (2011)].

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0196909

I. INTRODUCTION

Laser-accelerated proton beams have been applied to radioiso-
tope production for medical purposes by several groups.' ™ In 2011,
Kimura and Bonasera’ analyzed the feasibility of laser production
as an alternative to other methods. Since then, laser technology has
greatly improved, and high-repetition lasers in the petawatt regime
are available at a cost competitive to accelerator-based systems.
These laser systems rely on chirped pulse amplification (CPA)° to
push laser intensities beyond 10'® W/cm?. At such intensities, ions
from the target surface irradiated by the laser beam are accelerated
to energies of several MeV by the action of the laser in stripping
the less strongly bound electrons from the target and thus creating
a strong (repulsive) electric field that accelerates the ions. Without
going into the details of the mechanism, we will loosely refer to it
as target normal sheath acceleration (TNSA)," ” and we discuss an
intuitive scenario which we put to an experimental test in this work.
We assume that the stripped electrons leave a positively charged tar-
get. Ions or protons on the opposite sides of the target surface feel the
repulsive Coulomb field, are accelerated, and leave the target area,
thus decreasing the Coulomb repulsion. In particular, the shorter the
laser pulse, i.e., the faster the laser energy is released on the target, the
more rapidly the positive electric field at the target increases. Thus,
we may expect higher proton energies for shorter pulses and thin
targets.’ The accelerated ions will move in the direction perpendic-
ular to the target and in both directions (i.e., forward and backward)
with respect to the laser direction, possibly with different intensi-
ties. With protons reaching 60 MeV and above,” isotope production
becomes possible, and in this context, we will discuss experimental
results on the following systems:

(a) 63Cu(p,n)“Zn, Q=-4.15MeV;
(b) °Zn(p,an)¥ Ga, Q = —27.68 MeV;
(c) 70Zn(p,oc)WCu, Q=2.62 MeV;

(d) '°B(p,a)’Be, Q = 1.14 MeV;

(e) "B(p.m'C, Q=-2.76 MeV;

® BO(p,n)'*F, Q = —2.44 MeV.

It is important to note that the reactions above have positive
and negative values of Q, and thus from their measurement we
will test the proton distribution at different energies.” For instance,
reaction (b), which has a relatively high threshold energy, requires
proton energies above 28 MeV to be produced, whereas reaction
(d) with positive Q could occur at any proton energy in princi-
ple. We would like to stress that in this work we will concentrate
mainly on reactions (a)-(f). Another important study of the present
experiment is the reaction 11B(p,oc)SBe (Q = 8.7 MeV) which will be
discussed in detail elsewhere.’

Il. EXPERIMENT AND DATA ANALYSIS

The experiment was performed at the Centro de Laseres Pulsa-
dos (CLPU)-VEGA’ in Salamanca, Spain in November 2022. The

laser beam energy was kept near the nominal maximum value of
30 J, while the pulse duration was increased from the lowest possible
value of 30-200 fs. A schematic of the scattering chamber is shown
in Appendix A. Longer pulses were chosen to try to increase the pro-
ton yield at energies around 1 MeV, where the cross section for the
fusion reaction ' B(p,a)®Be is highest and to improve the shot-to-
shot performance stability. The beam was focalized to 6 ym on a 6
pum-thick Al target to produce protons via TNSA (or other mech-
anisms) from impurities in the target.* The facility can deliver one
shot per second, but the frequency was limited by the time needed to
change the position on the Al target and/or other requirements from
the experimental campaign.” Many shots were dedicated to deter-
mining the energy distributions of protons and other ions, and we
took advantage of this possibility to activate different targets located
at different angles. While fusion reactions and proton distributions
will be discussed in detail elsewhere,” here we were interested pri-
marily in nuclear activations to test the theoretical prediction of
Ref. 5. A positive comparison with Ref. 5 would confirm that lasers
are competitive with other accelerator-based methods to produce
radioisotopes for medical, veterinary, and other applications.

Following Refs. 5 and 10, we write the proton distribution
function as

2
a°’N, N T, N,

dEd0 "(Q)(m VAT

where Ny = 1.2 x 107, T} = 33 MeV, N, = 2.3 x 10", and
T, = 13.5 MeV are parameters fitted to the experimental results of
Ref. 10. Note that Eq. (1) is a phenomenological parametrization of
the data, and we are not suggesting that the acceleration is a thermal
process. The parameter b(Q)) is included to reproduce the angular
distributions of the reactions. We assume that its integral over solid
angle is [b(Q)dQ = 1/5, where 1/5 is the ratio of the laser energy
at Vega III (30 J) to that in Ref. 10 (150 J). There may be a scaling
due to the difference in pulse duration,'' but we will take care of
any correction at different angles through b(Q). Integrating Eq. (1)
over energy and angle under the above assumption gives the total
number of protons, say up to 40 MeV maximum energy: N, = 2.6
x 10'%, and decreasing the higher energy limit to 20 MeV gives a
difference of less than 1%. Considering a pulse duration of 200 fs,
we get a proton current I, ~ 10" A, which is an enormous value. If
a secondary target is located very close to the Al target, as will be
discussed below for some cases, then a plasma may be created by
the proton flow. Furthermore, if we accept our naive picture of the
“INSA mechanism” that electrons are ejected from the Al target in
times of the order of the laser pulse duration, then those electrons
reach the secondary target before the protons because of the much
lighter mass. In this scenario, the secondary target may become neg-
atively charged in a short time, and this may accelerate the positive
ions further. The nuclear cross sections and ranges for different reac-
tions may be modified in such an environment, and this could be the

/T ) W
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subject of future detailed investigations. Following the same steps
as above, we can multiply Eq. (1) by the proton energy and inte-
grate over angle and energy. This gives the total energy provided
to the protons (E,) = 6.7(5.8) x 10'*  MeV when integrating up to
40 (20) MeV maximum proton energy. This result gives a conver-
sion efficiency from laser energy to proton energy of about 3.1%,
assuming that an equal number of protons with the same energy
distribution are produced in the back direction. This last assump-
tion will be experimentally tested in this work. The average energy of
the protons is (E,)/N, = 2.6 MeV, which would be almost optimal
for the 3« fusion reaction. Of course, for reactions having a negative
value of Q, the lower limit of integration of the proton distribution
is given by —Q, and this will cut all the low-energy part of the proton
distribution.

We can compare our “benchmark” proton distribution func-
tion'” with other data available in the literature. In Fig. 1, we
compare with some selected cases obtained at the SULF laboratory’
in China using a 2 PW laser focalized to about 6 ym as our case, but
at much higher power. The distribution function depends strongly
on the detection angle with respect to the Al (or Cu) normal tar-
get, decreasing by a factor of more than 3 at 15°. Furthermore, the
proton high-energy cutoff decreases when the thickness is increased
from 4 to 10 ym. The distribution function from Eq. (1) reproduces
rather well the measured one in the region of interest for our work
between 5 and 20 MeV. The behavior of the fitted parameter shown
in Fig. 1 may be due to the combination of the laser energy and the
pulse duration, which are different in Refs. 10 and 11. We expect a
similar angular and energy dependence in the back direction as well.

1012 —

)

1
MeV.sr

(

d*N,
dEdQ

1011

E,(MeV)

FIG. 1. Proton distribution function (filled symbols) from Ref. 7. The filled (red)
squares were obtained at 0° (with respect to the target normal) and the filled
(green) circles in the laser direction at 15°. The target thickness was 4 um.
The filled (pink) diamonds were measured at 0°, but for a thickness of 10 um.
Equation (1) was fitted to the 4 um cases with b(Q2) = 15(5) sr~".
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A better comparison® could be made when the experimental data are
measured over different angles and integrated over angles, since the
distribution function in Refs. 5 and 10 is integrated over solid angle.

To calculate the number of reactions in the target is a more
complicated process, since we need to consider the proton energy
distribution, the reaction cross section, and the range of protons
in the (assumed cold) target in the limit of a thick target. We can
estimate this distribution as

AN _ (e dNp /R
A fE T L o(BRE)(1-¢ D), @

where p is the (secondary) target density and d its thickness, o(E) is
the reaction cross section of the process (taken from Ref. 12), R(E)
is the range obtained from the Stopping and Range of Ions in Mat-
ter (SRIM) software,"® Ey, is the threshold energy for the reaction
to occur (equal to zero for reactions with positive Q). The term in
parentheses inside the integral gives the probability that a proton
collides with one nucleus of the target. When d << R(E), we get

AN Eue dN,
@ E)dE.
ao " d/E,h akaq B )

In the limiting case that the proton distribution is a delta function
of the energy (e.g., for accelerators), Eq. (3) reduces to the familiar
form used in nuclear physics applications to measure, for instance,
the cross section.'* Following the definition of the astrophysical S-
factor, we parameterize the cross sections as

o(E) - @e—b/ﬁ. 0)

S(E) is written in terms of a Taylor expansion in energy;"” for
reactions with negative Q, we write it as

S(E) =3 ai(E+Q),S(E > -Q) =0. (5)

The free parameters a; and b are fitted to available experimental
data, with the number of parameters being chosen to give good data
reproduction. The parameterization in Eqs. (4) and (5) is especially
important in energy regions where there are no data.

In Table I, we compare the results of Eq. (2) integrated over
angle for different reactions and Emax = 40 MeV. These results pro-
vide guidance for the present experiment and perhaps for future
experiments as well.

There are some important features to notice.

1. The experimental production of ¥ Ga indicates that there are
protons of energy higher than 28 MeV (No. 3 in Table I).

2. If there are enough a-particles produced through the fusion
reactions Nos. 5 and 7 in Table I, these could cause other reac-
tions (ternary reactions) when impinging on other targets, for
instance, reactions Nos. 10 and 11 in Table I.

In fact, o particles of energy higher than 10 MeV can pro-
duce ®Zn, and this would indicate that their energy distribution
is modified'® by high-energy protons.® Thus, measurement of the
distribution function of « particles is crucial, and for this purpose,
Columbia Resin #39 (CR39), a solid-state nuclear track detector, is
mostly used, since other methods are not effective owing to the large
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TABLE I. Expected reaction rates N (corrected by concentration) using Eq. (2) and assuming [b(Q)dQ = 1/5. The E,, column refers to the highest intensity y ray emitted by
the isotope; Ty is the half-life. 2

No. Reaction Target Thickness (mm) N (10%) Q (MeV) E, (keV) T

1 8Cu(p,n)®Zn natcy 1 1.4 -4.15 511 38.5 min
2 8 Cu(p,n)®Zn #Cu 0.011 0.11 -4.15 511 38.5 min
3 "zZn(p,an)¥ Ga Zn 0.032 1.8x107° ~27.68 93.3 3.26d
4 Zn(p,a)®’ Cu Zn 0.032 2.6 x107° 2.62 185 2.57d
5 '°B(p,a)’Be g 2 0.28 115 477.6 53.2d
6 "B(p.m)''C natg 2 1.4 -2.76 511 20.4 min
7 "B(p,a)*Be natg 2 22 8.6 e 81077 s
8 2cpx)'c CR39 1 0.1 -16.5 511 20.4 min
9 2C(p,p)3a CR39 1 0.88 -7.27 . e

10 SCu(a,X)®Zn natey 1 -10.4 1115.5 244 d
11 SCu(a,X)%Ga natey 1 -5.8 511 67.7 min
12 BO(p,n)"*F natp (180 8.7 x 107°%) 2 3 —2.44 511 109.7 min

number of protons and other particles produced in the plasma.”'*""”

For this reason, we have estimated possible reactions occurring in
the CR39 detector (which is rich in C ions) giving the same products
coming from the main reactions such as 3a (No. 9) and C (No. 8).
As we can see from Table I, those reactions are quite competitive,
especially if high-energy protons are produced through the “ITNSA
mechanism.” It is important to stress that reactions with negative
Q are often competitive with those with positive Q. This is strictly
dependent on the proton energy distribution (which can reach high
values), the corresponding cross section, and the range. In the fol-
lowing subsections, we will discuss in detail the main experimental

It is also important to determine the number of reactions
produced per shot, since we were in the multi-shot accumulation
regime. Even in the case of large fluctuations from shot to shot,” it
is possible to define an average over many shots, Nay. The produced
isotopes decay with decay constant A, and thus we give a weight to
each shot according to IT = e Mb=tmo) and sum over all shots. Here,
to is the starting measurement time using the high purity germa-
nium (HPGe) detector and tg, is the time when the shot occurred
(see Fig. 3), and for more details, see Appendix B.

findings and compare them with Table L. P T T T T T T
“Zn
LOF T,,=3847m 8
A. ®*Cu(p,n)**zn, ®*Cu(a,X)**Zn, and **Cu(a,X)**Ga L M
Thin ®*Cu targets were mounted on CR39 both for support 8§ |
and to measure the energy distribution of the incident protons (and @ ogh 8 |
other ions if possible) that went through the target (see Fig. 2). The 2 $
targets were located at different angles and distance with respect to s $
the Al target. Note that if high-energy protons collide with the CR39, S P 1
"'C may be produced (reaction No. 8 in Table I), and this y-decays g 06r .
with energy 511 keV, the same as the decay of ®Zn. In such cases, % I ]
the half-lives can be determined (or other signature ps) when it is s |
possible to distinguish the two cases. § 04L & |
é L
S /
021 _
Dimensions 10 x 10 mm? ]
Thickness 10 mg/cm? F 1
11.21pum r -/ ]
19 2 0.0——— e —
SeEH tans ) 0 5000 10000 15000 20000

pescy=8.92g/cm?

20 MeV protons Energy Loss = 164 keV

_

FIG. 2. Photograph and properties of the 53Cu target used in the experiment. The
target is mounted on CR39 (acting as a support and proton detector) with pieces
of Kapton tape.

tonor (8)

FIG. 3. Probability contribution of each shot to the reaction 83Cu(p,n)®3Zn at end
of bombardment (EOB) as a function of shooting time starting from the first shot
(tsnot = 0 s) to the last, when the chamber was opened and the sample decays
were measured using the HPGe detector. The well-known half-life Ty, of %3Zn
was used to produce this result.
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Dimensions 100 x 100 mm?

Bl Thickness 892 mg/cm?

1mm

8.53 102! Atoms/cm?
Pratcy = 8.92 g/cm?

20 MeV protons stop at plaque
Range=0.8 mm

FIG. 4. The "!Cu target mounted in front of the Thomson parabola spectrometer. Note the hole at the center of the target to let the energetic ions into the spectrometer. This
position defines our 0° where the largest number of protons, indicated in the figure by the arrow, is found. A diagram of the experiment can be found in Appendix A.

In Table [, reactions Nos. 1 and 2, it is clearly demonstrated that
for thin targets, the produced yield is very small (and comparable to
the reaction rates obtained for CR39), and therefore we repeated the
analysis using a thick target of "*Cu at different angles; see Fig. 4
for the case at 0°, where the largest number of produced protons
occurs. We expect an increase in yield of at least an order of mag-
nitude (Table I), and the higher statistics allow us a more detailed
analysis.

In Fig. 5, we show the background-subtracted f-delayed y -ray
spectrum using the thick " Cu target located at 0° with respect to the

10° T . T — ——
[ "Cu 107 ¢ T T T T
i N BCu(p,n)*Zn - 511 keV
i
= 10°
wv
=
N
102:* 101_ .
0

Counts

460 480 500 520 540

10"

%7Zn-667 keV _
o=t

250 500 750 1000 1250 1500
E (keV)

FIG. 5. Background-subtracted p-delayed y-ray spectrum using the thick "@Cu
target. The main contribution for the FEP at 511 keV, magnified in the inset, comes
from the %3Zn decay produced in the 63 Cu(p,n)®*Zn reaction. Other lower-intensity
ys associated with the ®Zn decay are also visible.

Al target perpendicular direction. At this angle (see Fig. 4), we expect
the proton TNSA yield to be the highest. The full-energy-peak (FEP)
at 511 keV is more intensely populated, a signature of **Zn being
produced (see Table I, reaction No. 1). Furthermore, other FEPs
associated with lower-intensity “Zn decays are clearly observed.

In Fig. 6, we plot the counting rate vs time for the 0° case, where
the statistics are large enough. We clearly see that the decay is in per-
fect agreement with the well-known half-life of ®*Zn, demonstrating
that there are no other competing reactions (e.g., reactions with the
Cu in the target).

Standard analysis techniques were applied to derive the number
of produced isotopes at the end of irradiation (see, e.g., Refs. 20-23).
The final experimental uncertainties are simple propagations of the
peak statistics, detector efficiencies, and fit uncertainties. The cor-
rections due to the detector dead time, the backscattering peak,
and the respective summed coincidences, source self-absorption,
and isotopic enrichment, were also considered in the results; see
Appendix B for more details.

%Zn E,=511.0 keV
A=3.27(18) 10* s, T, , = 35(2) min

10 R, = 10.7(14) counts/s
s |
2
c
=1
[s}
e
o ™
5 H

T
o

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Cooling Time (s)

FIG. 6. Counting rate decay as a function of cooling time. The fitted decay constant
A and the associated half-life T+, displayed here confirm that the decaying nucleus
is 83Zn. The fitted half-life T+, is presented on the figure.
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10° E T T T T T
i ¢ “Cu(p.n)”Zn-511keV
@ ™Cu (“Cu(p,n)”Zn - 511 keV)
g% Zn(p,a)’Cu- 93 keV and 185 keV
10°E —#—  "Zn(p,4n)""Ga - 93 keV and 185 keV
i °
\’E 10'E =
g 5
j=}
=,
G *
D 6
Zz I0E f |
o
®
10° N
104 | 1 1 1 . | | 1
=50 0 50 100 150 200 250

Orap, (deg.)

FIG. 7. Summary of yields at different angles obtained using the targets indicated
in the inset. Angles between —90° and +90° are in the forward direction, and from
90° to 270° are in the back direction of the Al target, producing protons through
the “TNSA mechanism” (see Appendix A).

In Fig. 7, we plot the results for the Cu targets as filled circles
and diamonds. The "'Cu gives a peak at 0° as expected, whereas the
thin **Cu exhibits its largest value at 230°. For the latter case, we
would expect a maximum at 180°, but we could not install a target at
such an angle because of obstructing optics. In any case, these results
clearly demonstrate that the proton yield in the back direction is as
strong as that in the forward direction. Since the distribution is so
strongly peaked, we cannot estimate the total yield integrated over
the forward direction, because we measured too few angles. How-
ever, as we will show in Sec. IT C, we can estimate the opening angle
of the produced protons in the forward direction”*"* and obtain AQ
= 0.59 + 0.18 sr. This gives an average number of produced ions
per shot N(®*Zn) ~ (dN/dQ)AQ = (1.1 £ 0.3) x 10® in fair agree-
ment with the estimate in Table I. Shooting at 1 Hz for 2 h at Vega
III, we may get 345 + 94 MBq. Alternatively, one could use a laser
with a lower energy but a higher repetition rate. For instance, Vega
II in Salamanca, Spain delivers 6 J in 30 fs at 10 Hz (see also Ref.
19). If we assume the same laser energy scaling as for Table I, this
laser will produce twice as much radioisotope as the estimate above,
but at a much lower cost. A major problem in this approach may be
connected to the time to align the “TNSA target” of choice at high
frequency.

From reaction No. 2 in Table I, we would expect the result at
230° to be one order of magnitude smaller with respect to the 0°
result because of the different target thicknesses. Since the “*Cu tar-
get was mounted on (thick) CR39 (see Fig. 2), we cannot exclude
the contribution from ''C decays from reaction No. 8 in Table I, if
protons with energies above 16.5 MeV are produced at such angles.
Unfortunately, for this case, the statistics were poor and did not
allow us to do a time evolution study as in Fig. 6. Other ys produced
in the decay of ®Zn are comparable to the background, at variance

RESEARCH ARTICLE pubs.aip.org/aip/mre

with the results of Fig. 5. Another reason could be that more protons
are produced in the back direction,'” thus giving a higher yield than
predicted. A detailed angular and energy distribution of the protons
is not the goal of this work and will be discussed elsewhere.® The use
of CR39 as a support for our thin targets will provide important con-
straints on the proton distribution for these angles. Furthermore, the
choice of using a stack of two CR39s, not clearly visible in Fig. 2, will
allow unambiguous measurement of high-energy protons (if any)
that went through the first CR39 and stopped in the second one.®

It should be noted that we have two results at —90° using the
"' Cu target. For these two separate series of shots, a "B target was
installed in front of the Al target in the catcher—pitcher (CP) config-
uration.” Since the B target is rather thick, we expect the produced «
particles to remain trapped, except those produced at the surface and
emitted in the back direction.® Thus, we installed the "™ Cu at —90°
to capture the o particles and activate it through (but not only) reac-
tions Nos. 10and 11 in Table I. As we see from Fig. 7 and as expected,
at such angles, the proton distribution should be depleted, and thus
a signal coming from the « particles may be detectable. Reactions
Nos. 5-7 in Table I may occur in such a configuration. The experi-
mental y spectra for such cases do not show any activations that can
be attributed to the a particles. Even from this negative result we may
learn something: we could increase the probability of « reactions by
locating the Cu target closer to the B target, thus increasing the solid
angle. A better option is to use the CP configuration, but with a mix-
ture of B and another element that can be unambiguously activated
by the « particles. In such a case, an experimental constraint on the
a distribution may be obtained.”’

As shown in Fig. 4, the " Cu target was conveniently located
in front of the Thomson parabola (TP) spectrometer.”” Proton
energy distributions for each shot were recorded, and their average
value and fluctuations from shot to shot are displayed in Fig. 8, as

E,(MeV)

FIG. 8. Proton distribution measured at 0° (filled red circles) with the TP detector.
The large error bars are fluctuations from shot to shot due to different experimental
conditions. The data are normalized to Eq. (1) (open blue squares) with 47zb(0) =
15£03s7",
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Dimensions 7 x 10 mm?
Thickness  22.8 mg/cm?
32 um
1.96 102° Atoms/cm?
prozn=7.14g/cm?

20 MeV protons Energy Loss = 351 keV

FIG. 9. The 7°Zn target mounted on the CR39 and installed at 130° (back
direction); see also Fig. 7.

compared with Fig. 1. The TP is not calibrated, and thus we have
normalized the data to our adopted proton distribution in the region
of 5-10 MeV where most of the *Zn yield is produced according to
our calculations using Egs. (1)-(5). The parameter in Eq. (1), 47b (0)
= 1.5+ 0.3 sr™", was fixed to reproduce the yield obtained with the
"'Cu target at 0°. This may serve as a preliminary calibration, but
the important point is that protons close to 20 MeV are observed,
and we cannot exclude the possibility that even higher-energy pro-
tons are also produced, but their yield is below the sensitivity of the
TP (see Fig. 8).

B. 7°Zn(p.«)®’Cu and 7°Zn(p.4n)*’Ga

Reactions Nos. 3 and 4 in Table I, apart from being interesting
for medical applications,””**** may provide some further constraint
on the proton distribution (in the back direction) because of the dif-
ferent Q value. In particular, to produce ¥ Ga, protons with energies
higher than 28 MeV are needed, and we did not observe any with
the TP located in the front direction (see Fig. 8). However, the pro-
ton distribution in the back direction can be quite different from that
in the front direction.”’

In Fig. 9, we show the °Zn target used in our experiment. As in
the ®*Cu case, the CR39 was added for support and to measure the
proton distribution;® however the support was removed when mea-
suring the y yield using the HPGe detector. To estimate the yields
for reactions Nos. 3 and 4 in Table I, the cross sections are needed.
The ¥ Cu case has been rather well studied and the cross section is
well known, whereas data are scarce for the ¥’ Ga case. As we dis-
cussed above, we parameterized the cross sections using Egs. (4) and
(5). For the %’Ga case, some data are available, but at high proton
energies.”” We used four fitting parameters to reproduce the proton
energy threshold value and the data at high energies.

In Fig. 10, we compare our parametrization with the data from
Ref. 25. To the best of our knowledge, no data are available in the
region near 30 MeV that makes the highest contribution to the yield
reported in Table I. Furthermore, the fact that the yields of the two
reactions are comparable (for proton energies higher than 30 MeV)
can be attributed to the greater than one order of magnitude differ-
ence in the cross sections, especially at high energies (see also Figs. 3
and 6 in Ref. 25). In particular, the reaction cross section to pro-
duce “Cu reaches at most 20 mb, whereas for “’Ga, a cross section
of about 300 mb was measured.”
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30 40 50 60 70

Ep(MeV)

FIG. 10. Cross section for the reaction 7°Zn(p,4n)®’Ga as a function of proton
energy. The data (filled squares) are taken from Ref. 25. The parametrization using
Egs. (4) and (5) is given by the open triangles joined by the dashed line.

The two peaks corresponding to the decays of ’Ga and “’Cu at
91-93 and 185 keV are clearly visible in Fig. 11; see also the inset in
the figure for the region of interest. Note that the lower-energy peak
(91-93 keV) is more intense than that at 185 keV. The y intensities
per 100 decays of the B-decay parent for ’Cu are I,(%) = 13.2 and
48.7 for the two energies,'” and thus we would expect the 185 keV
peak to be more intense. On the other hand, for ¢ Ga, I,(%) = 42.4
and 21.2, respectively'” (see Table I). Using the well-known intensi-
ties for the two nuclei, we can solve a simple set of two equations with
two unknowns to obtain their respective yields. The values obtained
are plotted in Fig. 7 as star and cross symbols. They are much smaller
than those in the **Zn case, as expected from Table I, but higher than
our estimates, which may suggest that the proton yield in the back
direction is higher than that in the front."” This is consistent with the
high yield seen for the ©*Cu case at 230°.

c.""B(p.n)''C

In Table I, we have estimated the total yield for the reaction No.
6 in good agreement with Ref. 5. In the spirit of the catcher—pitcher
configuration,® we placed a thick natural boron target at a few cen-
timeters from the “TNSA” Al target. The B target was slightly tilted
with respect to the normal direction to “focus” some « particles
produced at the surface to —~90°, where we installed the "™ Cu tar-
get, another TP, and CR39" (see Appendix A). Many shots were
performed on each target, and y decays from the "B target were
measured with the HPGe detector. The ' C yields for different mea-
surements are reported in Fig. 12, together with pictures of the B
targets after irradiation. The slightly ellipsoidal proton spots on the
targets can be clearly seen, and we can measure their sizes. For
instance, the spots for targets “5> November” to “18 November” give
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FIG. 11. The $-delayed y-ray spectrum for a "°Zn target. The FEPs at 91-93 keV
(within the energy resolution of the HPGe detector) and at 185 keV contain the
contributions from the decay of ® Cu and %’ Ga produced in the 7°Zn(p,«)®’ Cu and
70Zn(p,4n)¥’ Ga reactions. This spectrum was measured with the original acquisi-
tion system (see Appendix B) and is not background-subtracted. The FEP count
rates for 511 and 1460 keV are 0.012 and 0.0014 counts/s, respectively, which are
compatible with the background measured with the new acquisition system. We
have also identified a peak corresponding to ®Mn, probably coming from activation
of some impurities. Another possibility is given by the reaction 7°Zn(p,%Mn)'5C;
Q=-152MeV, Ty =26h.

an area of the order of 1 cm®. The distance from the Al target is well
known, and this gives the proton opening angle AQ = 0.59 + 0.18 sr
that we have already used in Sec. IT A. Since all the produced protons
are collected by the ™ B, the measured "' C rate is the total yield in the
front direction. As we can see from Fig. 12, the measured yield is very
close to our estimate in Table I and could be probably improved a
little. Note that for the first two cases in Fig. 12, the yield was a factor
of 2 less than our estimate, because a little space was left between the
two "B targets to let protons get through and be measured with a
TP and/or diamond detectors.”

The targets used had a 99.6% concentration of ™'B (80% g
20% '°B), with the remaining contaminants being mainly N, O,
and H. In Refs. 20 and 26, the possibility was discussed that pro-
duced « particles may interact with N impurities and produce '*F,
ie, ternary collisions may occur.'”'® The latter decays with the
production of 511 keV y rays just like "'C, but with a different
lifetime. >N and "®F can be produced by protons colliding with tar-
get “impurities” (**N or '*0).” Those elements have a very small
concentration in the target (but much higher than the a produced
through reactions Nos. 5 and 7 in Table I), and we expect a negligible
contribution, but one in competition with ternary collisions.

In Fig. 13, we plot the 511 keV y counting rate for the B target
in the pitcher—catcher configuration. A fit to the experimental curve
with free fitting of half-lives and assuming three components gives a
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FIG. 12. "'C (filled circles) and "Be (filled diamonds) yields produced in the col-
lisions of TNSA protons with the "@'B targets shown below the plot as they were
at the end of each measurement. The proton spot size is clearly visible, and its
opening angle can be estimated as discussed in the text. All results have been
corrected for the ''B-'°B concentrations.

100% contribution from the decay of ' C. To obtain an upper limit
on the production of the two other isotopes, we fixed their half-lives
and reran the fit. This gave a zero contribution from 3N, which is
not surprising, since its half-life is shorter than that of ¢, and thus
its contribution is relevant only at short times when ' C is dominant.
'8F has a longer half-life, and its presence can be seen from the decay

r E, =511.0 keV
10° "8 target 1 and 2 - 14Nov
E "'C T,, = 20.36 min - Ry, = 1391.2(13) Counts/s
- "®F T, = 109.77 min - Ry, = 0.45(7) Counts/s - (0.032 %)
10°
& \
E C
c [ =
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S E | #
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E &
C %\
107 )
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FIG. 13. Counting rate for 511 keV y rays emitted from the B target as a function
of time. The fixed half-lives T+, are indicated. The rate can be fitted with just the
"C decay. To put an upper limit for other ions, we have forced the fit using the
half-lives of ''C and '8F. The data support less than 0.032% "8F production for
targets 1 and 2 in Fig. 12.
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rate at longer times. In Fig. 13, we show the result of a fit in which
the half-lives of ''C and '*F were fixed. This gives an upper limit of
0.032% on the contribution of '*F, as in Ref. 20, which is compat-
ible with the low ‘80 concentration and thus excludes any ternary
collisions, as expected.'®”"*” This result was obtained with the con-
figuration indicated as targets 1 and 2 in Fig. 12, i.e., a configuration
where the two B targets are slightly displaced. In this case, a certain
number of protons propagated in vacuo and were detected by the
TP at 0°. If we repeat the same analysis for '*F, but with the B tar-
get completely blocking the proton flow (targets 3-5 in Fig. 12), the
production of '*F increases to 0.15%. This difference may be simply
understood by inspecting Eq. (2) and realizing that all the terms are
the same for the two cases, apart from the number of protons, which
must be decreased.

D. °B(p.«)"Be

In the "B target, we can also produce "Be from reaction No.
5in Table I.'” Tts half-life is much longer than those in the previous
cases, which means that the shot contribution at different times has
practically weight 1 as shown in Fig. 14 (compare this with Fig. 3).

The y spectrum for these reactions is dominated by 'C at
shorter times, whereas at longer times, only ’Be remains. Further-
more, the y energy decay of “Be (478 keV) is quite different from
that of ''C (511 keV) and can be quite easily distinguished in the
plot (see Fig. 15).

The produced yield of “Be is displayed in Fig. 12 and is in fair
agreement with our estimate for reaction No. 5 in Table I, after cor-
rection by the concentration. Since we had just one HPGe detector
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FIG. 14. Probability contribution of each shot to the production of "'C and "Be
isotopes at end of bombardment (EOB) as a function of shooting time starting
from the first shot (fshot = 0 s) to the last shot when the chamber was opened
and the sample decays were measured using the HPGe detector. The well-known
half-lives T+, of both isotopes were used to produce this result.
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FIG. 15. Region of interest for the background-subtracted S-delayed y-ray spec-
trum for the "B targets 1 and 2 exposed on 14 November at four different cooling
times f0 for @ measurement time of AT = 1 h. For the shortest cooling time, the
"C decays dominate, whereas "Be becomes dominant at longer cooling times.

available, the two first cases only were measured for a long time to
allow an unambiguous determination of ’Be.

Ill. CONCLUSIONS

We have investigated nuclear reaction products using the PW
laser at Vega III in Salamanca, Spain. The pitcher-catcher method
was adopted, with protons produced by an aluminum target and
impinging on several different targets, both in the forward and the
back direction with respect to the laser direction. We found the
production of medical radioisotopes to be in agreement with expec-
tations and the predictions of Ref. 5, thus supporting its conclusions.
Laser technology is now sufficiently mature for it to compete with
accelerators for radioisotope production. Their relative competitive-
ness may be determined by construction costs, space available, main-
tenance requirements, and other factors, but from our experience,
we predict that lasers may turn out to be the winners here.

Of course, cyclotrons do have the advantage that their beam
energy can be adjusted to produce particular radionuclides, whereas
with lasers, a wide energy spectrum of protons is generated, at least
when they are produced by the TNSA mechanism.”* " This may
lead to many additional reactions taking place inside the irradiated
target [e.g., (p,n) and (p,2n)], which may result in reduced radionu-
clide purity and specific activity of the produced nuclides. However,
this can be easily corrected using a degrader if the proton energies
are too high, thereby reducing the number of undesired products, or
by using magnetic fields to select a narrower energy spectrum from
the obtained proton beam. The real advantage of cyclotrons, how-
ever, is their ability to accelerate more complex ions (d, «, and even
heavy nuclei in inverse kinematics” %) for production. Acceleration
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of heavier nuclei using lasers, on the other hand, is still a formidable
task that will require future investigation.

We have also estimated theoretically the production of differ-
ent nuclei and made some assumptions regarding the cross sections
in energy regions where they have not been measured. The “TNSA
mechanism” should be studied in in detail and adjusted to account
for the various physical scenarios that one would like to implement.
In particular, the role of electrons must be clarified and, if possible,
used to favor nuclear reactions in the plasma. This may be crucial
if we are to apply this method to neutron-less reaction energy pro-
duction. Our predictions in Table I have been rather well confirmed
by the data we have obtained. In particular, the reaction "' B(p,«)*Be
will be discussed in more detail elsewhere.® The values obtained here
are too small for self-sustained reactions to occur, and we may need
to compress the catcher.'*”
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FIG. 17. (a) Photographs of the HPGe detector and its passive iron shielding. (b) Plot generated by LabSOCS for a plaque source of 100 x 100 mm? at 110 mm from the
detector cap, together with the corresponding efficiency curve. The efficiency curves for source plagues of 10 x 10 mm? and 25 x 50 mm? are also shown for comparison.
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DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

APPENDIX A: EXPERIMENTAL SET UP

Figure 16 shows a schematic of the scattering chamber.

APPENDIX B: GAMMA SPECTROSCOPIC ANALYSIS

1. Detector properties and calibration

A Canberra XtRa Model GX3019* high-purity germanium
(HPGe) detector was used for the y-spectroscopic analysis. This is a
coaxial germanium detector with a thin-window contact on the front
surface and with a passive iron shield of 15 cm in all directions [see
Fig. 17(a)]. The original acquisition system consisted of a DSA-1000,
a 16 k multichannel analyzer (MCA) using digital signal processing
techniques, paired with GENIE 2000, a comprehensive environment
for data acquisition, display, and analysis of y spectrometry.’” This
system was used just for the measurements of the "°Zn target. For
all the other measurements, another updated acquisition system
was used, based on a CAEN DT5781 quadruple independent 16 k
digital MCA and CoMPASS, a multiparametric data acquisition soft-
ware for physics applications.” The main advantage of this setup
is the capability to have a timestamp for each event, as well as the
availability of an updated computer system.

The HPGe detector dead time was 1%-10% and the energy
resolution 1.0-2.5 keV (FWHM). The distances from the detector
cap to the sources were in the range of 20-120 mm. The 20 mm
distance was used only for sources with low activities. The y-ray
spectra were measured and analyzed up to 1600 keV. Measurements
of the **Na, "Eu, and '¥Cs sources were performed at different
cap-to-source distances on different days. These measurements were
used in the calibration of the detector energy and efficiency. The
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500 1000 1500 2000 2500 3000 3500
Timestamp (ps)
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absolute photopeak efficiencies for the different source-detector dis-
tances and source geometries were determined using the results on
the experimental efficiencies from the source measurements and
LabSOCS mathematical efficiency calibration software.’ Efficiency
curves generated by LabSOCS for plaque sources of 10 x 10 mm?,
25 x 50 mm?, and 100 x 100 mm? are presented in Fig. 17(b) as
illustrative examples. The room background was measured during
the experiment and subtracted in the analysis.

2. Spectrum and time evolution analysis

The data consist of the energy and timestamp for each event. An
example of an energy vs timestamp histogram is shown in Fig. 18(a).
Depending on the half-life of each radionuclide of interest, spec-
tra for different intervals of time AT are generated. Figure 18(b)
presents spectra generated for AT = 60 s to analyze the time evo-
lution of ''C (T1/2 = 20.36 min). The room background spectrum
is normalized to AT and subtracted from each generated spectrum.
The net areas of the full energy peaks (FEPs) are obtained through
a Gaussian and background fit considering the Compton scattering
background. In cases where the statistics are too low and the Gaus-
sian fit is not adequate to determine the area, the net area is obtained
from the integral of the raw spectra at a fixed width and the integral
of the room background spectrum normalized to AT at the same
width is subtracted.

The next step is the fit of the FEP rate as a function of time to
identify the contributions of possible radionuclides with half-lives
that are sufficiently different to allow separation in the fit (see Figs. 6
and 13). A full spectrum analysis is also performed to determine any
possible coproduced radionuclides with similar half-lives. Once the
identification has been made, the number of radionuclides measured
is determined using the respective FEP rate:

Nexp =3 7 (Bl)

Counts

530 1000

(b)

FIG. 18. (a) Energy vs timestamp raw data and (b) corresponding spectra generated using 60 s time intervals for ''C analysis. The line at £(channels) = 3671 corresponds

to the FEP at energy E,, = 511 keV.
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FIG. 19. Number of radionuclides produced as a function of time. The first laser
shot is at T = 0 s. The blue points are the numbers of radionuclides obtained
from the y-spectroscopic analysis [Eq. (B1)], and the solid red line represents a
fit of Eq. (B2) to experimental data. Jumps in the plot correspond to the times at
which a laser shot occurred. The cyan lines represent the contributions for each
shot.

where R is the photo-peak rate at energy E,, enpce is the detector
efficiency of the HPGe detector at the y energy considered, I, is
the intensity of the y line of interest, and A is the decay constant
of the radionuclide. Considering production and decay in a multi-
shot accumulation regime, the number of radionuclei produced is
given by

L n
N(t) = Z NOie_)L(t_tS}'°‘i) ~ NOZ e_A(t_tslmu') (BZ)

i=0 i=0

for t > tgotn, Where t = 0 s is the time of the first shot and t4,o:; the
time of the subsequent shots, n is the number of shots, and Ny; is
the number of particles produced at shot i. If the average number of
particles produced at each shot is assumed to be Ny, then the approx-
imation on right-hand side of Eq. (B2) can be used to fit the Neyp data
and obtain the value of Ny, as shown on Fig. 19.

The corrections due to backscattering and coincidence sum-
ming peaks for ¢ (0.17%-0.35%), y self-absorption up to 4%, and
the isotopic enrichment of the respective targets were also included
in the results. The uncertainties are propagation of the net area of
the FEPs and the detector efficiency uncertainties. The lower limit of
detection was identified as 0.015(3) particles/s.
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