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Abstract: Laser-driven bremsstrahlung photon sources offer a promising approach to producing medical radioiso-

topes by photonuclear reactions. In this work, we report new activation measurements of "Cr, ™'Cu, and "Ru by
laser-driven bremsstrahlung at Peking University’s Compact Laser Plasma Accelerator laboratory. It utilized the 200
TW laser with a 0.2 Hz repetition frequency and 2-mm-thick targets. An activity of 2.27 Bq for >'Cr, 5110 Bq for
©2Cu, 53.9 Bq for *Cu, and 16.4 Bq for *"Tc has been achieved after a.20-30 minutes' irradiation. These crucial
data, together with the dedicated Monte Carlo simulations, enable a realistic evaluation to address the growing de-

mand in nuclear medicine. It is found that utilizing a repetition frequency-of 100 Hz for the 200 TW laser and 10-

cm-thick targets can meet the clinical diagnostic requirements of a typical activity of MBq for the isotopes of in-

terest.
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I. INTRODUCTION

Diagnostic and therapeutic procedures using radioiso-
topes are now routine in the field of medicine. The relev-
ant radioisotopes are typically produced in nuclear react-
ors or cyclotrons. In comparison, photonuclear reactions
produce less heat due to lower gamma-induced energy
deposition, allowing the use of thicker targets with re-
duced cooling needs [1]. Furthermore, they allow simul-
taneous multi-target irradiation [2], maximizing y-beam
utilization for efficient production of various radioiso-
topes, including novel isomers [3, 4] that traditional
methods cannot produce.

In recent decades, with the rapid development of
high-intensity and high-repetition-frequency laser sys-
tems, photonuclear reactions using these systems have
been considered a promising method for radioisotope pro-
duction [5]. In laser-driven bremsstrahlung photon
sources, electrons are accelerated by ultrafast laser pulses.
The accelerated electrons bombard a bremsstrahlung con-
verter, leading to photon emission and subsequent photo-
nuclear reactions with the target material. The efficient
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production of radioisotopes relies on the enhancement of
photonuclear cross sections in the vicinity of the giant di-
pole resonance (GDR), which reaches the maximum at
several MeV to a few tens of MeV. The safety and mini-
aturization of laser systems enable the production of ra-
dioisotopes closer to hospitals, thereby reducing their loss
during transportation. Moreover, the narrow focal spot of
the laser confines the reaction to a small area, signific-
antly increasing the specific activity of the radioisotope.
However, the method is still in an early stage of develop-
ment.

In this work, we focus on the production of four med-
ical radioisotopes: chromium-51 (°'Cr), copper-62 (**Cu),
copper-64 (**Cu), and technetium-99m (*"Tc). *'Cr and
#mT¢ are typically produced in reactors, whereas “*Cu
and *Cu are generated by cyclotrons. >'Cr is used to la-
bel red blood cells for monitoring and to quantify loss or
bleeding of gastrointestinal proteins [6—8]. “*Cu is a relat-
ively short-lived 8* emitter that is very suitable for PET
imaging [9]. The radioisotope ®Cu with an appropriate
half-life of 12.7 h, has a low B8* end-point energy of 0.65
MeV, which is comparable to that of "F (T,, = 110
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min), the most widely used positron emitter. It emits vir- (FWHM) duration of 30 fs. The laser beam was focused
tually no y-ray. On the other hand, its multiple decay to 21 umx23 um (FWHM) at the nozzle. The gas jet is a
modes make it suitable for combining positron emission 4x1 mm rectangular supersonic nozzle, which can
tomography (PET) and targeted therapy [10, 11]. provide a flat density distribution for pure helium gas.

Moreover, *Cu can form a “matched pair” with “Cu, en-  The helium pressure is adjustable from 0 to 45 bar, and
abling the measurement of uptake kinetics in an organ by ~ varying it can change the electron energy. A 40 um Al
PET imaging and allowing for precise dosimetric calcula- foil and a 60 um Be window are used to block scattered
tions [12, 13]. ®"Tc is an ideal radioisotope for single-  light and seal the vacuum, respectively. A turbo integrat-
photon emission computed tomography (SPECT), mak- ing current transformer (Turbo-ICT) is used to measure

ing it the most common radioisotope used in diagnostic the electron charge. The energy spectrum of electrons is
procedures [14, 15]. It accounts for approximately 80% measured by a 0.8 T magnetic spectrometer located 100

of all nuclear medicine procedures and 85% of diagnost- cm away from ‘the 'gas jet. Fluorescent screens
ic scans worldwide [16]. However, a large majority of re-  (Gd,0,S:Tb) at the entrance and exit of the magnet are
actors producing *"Tc are expected to shut down by  wused in conjunction with CCD cameras to record electron
2030 [17]. signals. There is no converter or experimental target for

At present, the studies using the laser-driven photo-  electron beam measurement. More details about the ex-

nuclear reactions mainly focus on *Cu, *Cu and *"Te,  periment setup and the electron parameters can be found
which are generated by the reaction of “Cu(y,n)”Cu,  in Refs. [22;23].

“Cu(y,n)*Cu, and '“Mo(y,n)*Mo/*"Tc [18, 19]. In par- In this experiment, the average electron charge per
ticular, the relevant experiments have been performed at shot was 458 pC, with a peak energy of 200 MeV at gas
the XingGuanglIl and CLAPA laser facilities [20, 21]. pressures of 27 bar. The divergence angle was approxim-

However, the achieved yields remain insufficient for clin- ately 4.3 mrad. A Ta (99.9%) disk with a size of 2x2 cm
ical applications in humans, being adequate only for pre- and a thickness of 2 mm was employed as a
clinical apimal studies. . . bremsstrahlung converter. The monochromatic electron
o 64111 this Sg‘gld)’a we aim to evalluate thf{ yield of *'Cr, spectrum, as shown in Fig. 2, was determined using a
*"Cu, and ~"Tc radioisotopes via laser-induced photo- magnetic spectrometer. It has limited acceptance, result-
nuclear reactions, utilizing both experimental and simula- ing in a truncated energy range up to 65 MeV. The
tion approaches. The experimental setup-and data analys-  premsstrahlung y-ray spectrum in Fig. 2, is obtained by
is are introduced in Section II. Then the yields of these  the Geant4 toolkit [24—26] by taking the average electron
medical radioisotopes are discussedand evaluated in Sec- spectrum of 100 continuous shots as input. The effect of
tion III. Finally, a summary is given in Section IV. the truncated low-energy electrons is considered to be
negligible as a result of their small portion.
II. EXPERIMENT AND DATA ANALYSIS The natural chromium (*'Cr), copper ("*Cu), and

ruthenium ("Ru) targets have the same size as the Ta
converter and are placed next to the converter. The relev-
ant data on the medical radioisotopes produced are shown

The experiments were performed at the 200 TW laser
facility in the Compact Laser Plasma Accelerator
(CLAPA) Laboratory at Peking University. The schemat-
ic layout of the experimental setup is shown in Fig. 1.

Electrons are generated in the laser wake field accelera- ot : : : :
tion (LWFA) by focusing the laser on a supersonic 40 Tt 2
nozzle. Accelerated electrons collide with a converter, 35 Electron =
producing bremsstrahlung photons that subsequently un- < sl — Photon J07 g
dergo photonuclear reactions with the target nuclei. Dur- z L B
ing the experiment, the laser system was operated at a rel- é Br Eh ‘§
atively low energy, with a delivered energy of approxim- g 20r T4 @
ately 2.4 J to the target and a full-width at half-maximum § 15 | ) ;-'-
=l f—
)
Vacuum chamber CCD Magnet 5r ER g_
Laser Be i 0 e 107
i 0 50 100 150 200 250 300
[ I Energy/MeV
Gas jet Al foil ICT  Ta+Target Fig. 2.  (Color online) The monochromatic electrqn spec-
trum measured by the magnetic spectrometer (blue line) and
Fig. 1.  (Color online) Schematic layout of experimental bremsstrahlung y-ray spectrum per electron simulated by
setup. Refer to the text for details. Geant4 toolkit [24—26] (red line).
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in Table 1. The repetition frequency was set at 0.2 Hz to
maintain the acceptable vacuum. "™'Cu was irradiated for
20 min with approximately 241 laser shots. The irradi-
ation time of "™Cr and "™Ru was 30 min, with about 361
laser shots per target. It took about 10 min to transfer the
target to the offline measurement after irradiation.

The characteristic y-ray spectra after irradiation were
measured using two HPGe detectors with a relative effi-
ciency of 40% (relative to the Nal(Tl) detector) and a 3x3
inch LaBr; detector. All detectors are placed in a low-
background measurement system. The detector efficien-
cies were calibrated with standard '**Eu and ®’Co sources.
The summing coincidence correction was determined by
Monte Carlo simulations [30], based on the actual geo-
metry of the background detection system. The total off-
line measurement time was approximately 28 h for "Cu
and 24 h for "Ru. For "™Cr target, offline measurements
were performed a total of 7 times within 60 days after ir-
radiation, each with a duration of 16—40 h. As shown in
Fig. 3, three characteristic peaks at energies of 320.1 keV,
511 keV and 140.5 keV from the decay of *'Cr, “**Cu
and *"Tc are well distinguished. The peaks of the back-
ground spectrum in Fig. 3(a) and Fig. 3(c) are rooted in
the decays of actinides in the environment. The broad-en-
ergy continuum of bremsstrahlung enables the simultan-
eous activation of multiple photonuclear reaction chan-
nels. Apart from the contribution of ***Cu, *“**!Cu can
also induce B* decay and then emit 511 keV y-rays. The
cross sections of photoneutron reactions that generate
these Cu isotopes are shown in Fig. 4. The “Cu(y,2n) re-
action is the dominant source of ®'Cu, whereas the cross
sections for other reaction channels producing “**'Cu are
both significantly smaller (< 0.5 mb). Compared with the
half-life of ®*Cu (7, = 12.70 h), the shorter half-lives of
%1Cu (3.34 h) and “’Cu (23.74 min) ensure their complete
decay within approximately 15 hours after irradiation.
Therefore, they do not interfere with the subsequent de-
cay measurement of “Cu. For “Cu (7, = 9.67 min),
within five half-lives of its decay, the contribution of 511
keV p-rays originating from °““'Cu accounts for only

Table 1.

about 1%, which is negligible within the statistical uncer-
tainties.

Based on the energy spectra measured at different
time periods, the activity at time ¢ can be calculated as
follows:

AANe ™

AO= e - M)
where AN isthe characteristic peak counts after back-
ground subtractions within the measurement time AT.
The initial activity Ay of the radioisotope can be deduced
by an exponential fit to-the A(). In Fig. 3(b), both the de-
cays of ®Cu and *Cu contribute to the 511 keV peak.
The initial activities can be determined using double-ex-
ponential fitting, given their very different half-lives. The
corresponding compounds are displayed in Fig. 3(d). The
steep beginning of the curve is mainly due to the rapid
decay of ®*Cu, while the flat part is mainly attributed to
the slow decay of **Cu. The activity at the initial time
t =0 in Fig. 3(d) corresponds to the activity at the end of
irradiation.

For laser-driven p-rays with low repetition frequen-
cies, the total yield N of the product at the end of irradi-
ation can be derived using the following equation:

N = Z Yiexp(=A(n—=10)/f),

i=1

@)

where n is the total shots, 4 is the decay constant of the
reaction product, f'is the repetition frequency and Y; rep-
resents the yield of the i-th shot. The experimental results
are summarized in Table 2. The experimental single-shot
yield is calculated as the total yield divided by the num-
ber of shots. The total uncertainty includes uncertainties
in statistical fluctuations, calibration of the detection effi-
ciency, the half-life and decay branching ratio, and y-ray
absorption in the target. The y-ray absorption in targets
has also been corrected. With a repetition frequency of

The decay properties of medical radioisotope *'Cr, **%Cu, *"Tc and information of the corresponding photonuclear reac-

tion. The first column represents the target in the photonuclear reaction. The natural abundance of the target is denoted as Abu.. The

third column indicates the type of photonuclear reactions. The produced medical radioisotopes are characterized by the half-lives T,

and decay modes. Here, %e represents the probabilities of nuclear decay via electron capture or g+ decay. %IT represents the probabil-

ities of nuclear decay via isomeric transitions. And the characteristic y-ray energy in the decay, as well as the branching ratio intensity,

are also provided. The last column indicates whether experimental data for the photonuclear reaction cross section are available in the

EXFOR database [27]. The data are obtained from Ref. [28].

Target isotope Abu. (%) Reaction Product Ty Decay mode y-ray energy Intensity EXFOR data
Cr 83.79% (y,n) SICr 27.70d %e =100 320.1 keV 10% Yes
“Cu 69.15% ) “Cu 9.67 min %e = 100 511 keV 196% Yes
®Cu 30.85% (y,n) #Cu 12.70 h %e =61.5 511 keV 35% Yes
%Ry 12.60% .p 9mTe 6.01 h %IT =99.99 140.5 keV 89% No
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(Color online) Energy spectra of the irradiated "'Cr target (a), the ™'Cu target (b), and the "™Ru target (c). The measurement

times for spectra (a), (b), and (c) are 16.16-h, 287.26 s and 12.24 h, respectively. The activity curve of "™Cu (d) is contributed by “Cu
and *Cu. The energy spectra for "Cr and "*Ru are measured using a HPGe detector, while the energy spectrum for "™Cu is obtained
with a LaBr; detector. The background spectra are normalized by the measurement time and shown in panels (a)~(c).
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Fig. 4. (Color online) The cross sections of photoneutron re-

actions for #%Cu. The data are derived from the TENDL-
2023 library [29, 31].
bremsstrahlung spectrum as shown by the red line in Fig. 2.

The grey area represents the

0.2 Hz, irradiation of 2-mm-thick natural targets for 20
min yields activities of 5110 Bq for “*Cu and 53.9 Bq for
%Cu, while for 30 min yields activities of 2.27 Bq for
ICr and 16.4 Bq for *"Tc. Although the experimental
results demonstrate the viability of producing medical ra-

dioisotopes via laser-driven bremsstrahlung sources, the
achieved activity is much lower than that required for
clinical applications (MBq~GBq).

III. SIMULATION AND EVALUATION

Various parameters, such as electron current, number
of shots, converter, and target size, limit the yield of med-
ical radioisotopes via laser-induced photonuclear reac-
tions. To optimize the production system, we performed
the Monte Carlo simulations using the Geant4 version
11.0.3 toolkit [24—26]. The precision of the simulation is
constrained by the available nuclear data, with the photo-
nuclear reaction cross section being the key factor. Cross-
section data are essential for determining the optimal en-
ergy range, predicting radioisotope yields, and estimating
impurity levels. In Geant4, the cross sections for photo-
nuclear reactions can be provided by the G4GammaNuc-
learXS (G4GNXS), G4PhotoNuclearCrossSection
(G4PNCS), or the LEND model. However, the photonuc-
lear reaction cross sections obtained by the G4GNXS and
G4PNCS classes are notably inconsistent with the exist-
ing experimental data [32]. Although the LEND model is
in good agreement with the experimental data, it can only
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Table 2.

The experimental and simulated results of the irradiated 2-mm-thick Cr, Cu, and Tc natural target. The third and fourth

columns show the experimentally measured activity and the resulting single-shot yield for a target thickness of 2 mm. The fourth and

fifth columns represent the experimental single-shot yield calculated by dividing the total yield by the number of shots, and the simu-

lated single-shot yield from the Monte Carlo with the same irradiated conditions, respectively. The last column indicates the evaluated

single-shot results in the simulation with a target thickness of 10 cm. In the simulations, the photonuclear reaction cross sections are

taken from the TENDL-2023 library [29].

Irradiated target Product Exp. activity (Bq) Single-shot yield Sim. single-shot yield Eval. single-shot yield
naiCy Icr 2.27+0.16 (2.49+0.18)x10* 2.78x10* 8.47x10°
natCy 82Cu (5.11£0.21)x10? (2.95+0.12)x10* 4.18x10* 9.44x10°
Cu 53.9+4.8 (1.07+0.09)x10* 1.28x10* 2.89x10°
"Ry PmTe 16.4+1.4 (1.71£0.14)x 103 2.15%103 6.50x10*

provide data with energies below 20 MeV. At present,
there are serious challenges in data scarcity and data qual-
ity on photonuclear reactions, particularly for the (y,p)
reaction channel.

The TENDL-2023 library [29, 31] is established as
one of the references in nuclear data libraries. The library
is based on both default and adjusted TALYS calcula-
tions [33] and is used worldwide for the analysis and pre-
diction of nuclear reactions. In this work, we adapted the
TENDL-2023 library into Geant4 using the Geant4-GEN-
BOD toolkit [32]. The simulation algorithm is detailed in
Ref. [34].

Table 2 presents the simulated and evaluated results
of the single-shot yield. Under the same experimental
conditions, the simulated single-shot yield agrees with
experimental data within a factor-of 1.5. The observed
discrepancies may arise from shot-to-shot instabilities in
laser acceleration and from differences between the cross
sections in the TENDL-2023 library used in Geant4 and
the actual photonuclear cross sections. In the evaluated
case, a natural target thickness of 10 cm is used. Com-
pared with thin targets, one must account for secondary
reactions from Compton scattering and attenuation of
gamma rays within the target. The wide spectrum of
bremsstrahlung enables the simultaneous opening of mul-
tiple reaction channels. Table 3 summarizes the ratio of
single-shot yield between the major byproduct isotopes
and the desired medical radioisotope under the evaluated
case, providing reference data for future applications. Al-
though the yields of isotopes with different atomic num-
bers are relatively high, they can be readily separated via
chemical methods [35—37]. For "Ru, the yield of *"Tc is
much lower than that of other byproducts. Therefore, us-
ing enriched '“Ru targets could be considered to in-
crease the yield in future production.

Fig. 5 illustrates the relationship between product
activity and repetition frequency. The irradiated time is
three times the half-life of the products. After three half-
lives of irradiation, the activity of the product has reached
88% of its saturation value. The grey area indicates the
activity levels of ““Cu and *Cu required for PET imaging

Table 3.
byproductisotopes and the desired medical radioisotope (*'Cr
for "™Cr, *%Cu for ™'Cu, and *"Tc for "*Ru) in the simula-

tion with a natural target thickness of 10 cm. Specifically, the

The ratio of single-shot yield between the major

ratio is relative to “*Cu in the case of "'Cu. The produced iso-
tope is characterized by the half-life 7,,.

Target Isotope Ty Ratio (%)

naiCr *#Cr 21.56 h 0.26
“Cr 42.3 min 5.26
oy 330d 11.44
Y stable 11.86
Sty stable 70.01

"Cy S'Cu 334h 7.77
OINi stable 13.86
O2Nj stable 51.38
SNi 100.80 y 0.65
%4Nj stable 12.35

"Ry %Te 278 h 3x10?
YTe 293 min 7x10?
*Te 19.26 h 4.6x10°
TTe 421x10° y 5.3%103
“Ru 1.61h 7.2x10°
Ru 2.84d 6.3x103
%Ry 39.25d 1.34x10*

[38, 39]. For the production of ®*Cu, a lower frequency
(~600 Hz) is sufficient to meet the standards for PET
imaging. With a half-life of 9.67 min for *Cu, its satura-
tion activity is achieved within one hour in Fig. 6. “Cu is
also a promising radionuclide for targeted radiotherapy,
with a recommended therapeutic dose of 99 MBq/kg [40].
For a standard adult patient (60 kg), this corresponds to
approximately 6 GBq of administered activity. However,
as shown in Fig. 6, the saturated activity is not sufficient
to meet the requirements of this clinical therapy.

Red blood cells radiolabeled with 3'Cr are used to
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topes. The grey area shows the required activities for PET
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Fig. 6. (Color online) Same as Fig. 5 but as a function of ir-

radiation time (in hours). The repetition frequency is set to 1
kHz.

identify hemolytic anemia. In a clinical case, 4.07 MBq
of >'Cr-sodium chromic was used [8]. As shown in Fig. 6,
it is sufficient to irradiate for only 20 hours to reach the
required level for a clinical trial.

%"T¢ is a commonly used imaging agent for SPECT
imaging. The required activity varies depending on the
purpose of clinical treatment. Brain perfusion imaging
typically employs activities of 555-1110 MBq, with 740
MBq serving as the standard [41]. For bone scintigraphy

in adults, the average activity administered by a single in-
travenous injection should be 500 MBq (300-740 MBq)
[42]. Myocardial perfusion imaging uses an administered
activity of 500 MBq for a standard examination [43]. In
contrast, pulmonary perfusion scintigraphy employs a re-
duced activity of 200 MBq [44]. Currently, its saturation
activity is approximately 65 MBq. When employing a
95% enriched '™Ru target, the achievable activity of
9m"Te can reach 500 MBgq. Furthermore, the required
activity level for SPECT imaging can be attained either
by utilizing multiple synchronized lasers or by increasing
the repetition frequency.

IV. SUMMARY

In this study, we performed the activation measure-
ments using the 200 TW laser facility at the CLAPA
laboratory. The natural Cr, Cu, and Ru targets were irra-
diated for 20-30 minutes with a 0.2 Hz repetition fre-
quency. We obtain the activity of 2.27 Bq for >'Cr, 5110
Bq for ®*Cu, 53.9 Bq for *Cu, and 16.4 Bq for *"Tc.
However, the achieved activity is far from being suitable
for clinical usage. To bridge this gap, we evaluated poten-
tial production by simulations employing the cross sec-
tions from the TENDL-2023 library. With a natural tar-
get thickness of 10 cm and a frequency of several hun-
dred Hz, the simulated results can reach several 100 MBq
for °'Cr and ****Cu, meeting clinical application require-
ments. For *"Tc, employing a 95% enriched '"Ru target,
the activity can reach 500 MBq, which is sufficient for
clinical SPECT imaging.

Currently, the stable and continuous operation of a
kilohertz laser-plasma accelerator has been reported [45].
However, the peak energy of the electron bunches is only
2.5 MeV, which results in a bremsstrahlung source with
photon energies substantially below the (y,n) and (y,p)
reaction thresholds for most nuclei. At high peak power
levels, such as 200 TW in the CLAPA laboratory, in-
creasing the repetition frequency poses significant chal-
lenges to the thermal resistance and damage of laser gain
medium and mirror materials. Additionally, maintaining
electron beam stability remains a critical issue. Another
type of laser-driven gamma source, which employs the
laser Compton scattering (LCS) technology, may have
the potential to produce medical radioisotopes at a clinic-
al scale [46, 47]. For example, the newly built Shanghai
Laser Electronic Gamma Source (SLEGS) [48, 49] and
the upcoming Extreme Light Infrastructure — Nuclear
Physics facility (ELI-NP) [50].
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