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ABSTRACT

This work presents the results of a nuclear fission experiment with depleted uranium, driven by ultra-intense multi-MeV bremsstrahlung,
generated by laser-accelerated electrons in a high-Z converter, which enables the production of radioisotopes on the picosecond timescale.
The advanced plasma target made of pre-ionized low-density foam enabled effective electron acceleration to energies of up to 100 MeV at a
laser intensity of 10" W cm™? and the generation of ultra-bright bremsstrahlung with an effective temperature of 11.8 MeV in the giant
dipole resonance region, with a previously unattained high conversion efficiency of 1%-2%. A major hazard in high-power laser experiments
is the presence of harmful radiation and its impact on sensitive detectors. A gas flow system was used to transport volatile fission products
from the laser-target interaction point to remote detectors in under ten seconds. This spatial separation of the detectors from the point of
laser-matter interaction significantly reduces background noise, the impact of harmful radiation, and enables the detection of signals from
short-lived radioisotopes—the products of induced nuclear fission—with high sensitivity.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0251735

I. INTRODUCTION

The ongoing development in laser-plasma physics allows for gen-

states could provide new insights into reaction processes within these
high-energy density environments."”
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erating ultra-high fluxes of particles and secondary radiation reaching
high-energy-density environments inaccessible before. The urge to
step into the creation of such conditions is the investigation of particle
states in high-energy, dense cosmic and astrophysical objects. These
energy states can be fundamentally different from those on Earth. In
many astrophysical environments, the energy density creates an overall
averaged system of excited nuclei.' Investigating such excited nuclear

However, artificially creating reactions in these excited nuclear
states is challenging due to the extremely short de-excitation time-
scales, which can reach down to femtosecond timescales.”* This
requires a rapid sequence of events. One possible approach is to com-
bine the initial energy transfer for excitation and the reaction into a
single particle species. This method necessitates high particle numbers
in ultra-short bunch lengths. Using modern laser systems, high particle
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fluxes can be achieved.” The acceleration timescale in these systems is
directly related to the laser pulse duration, which can be as short as a
few femtoseconds.

Laser acceleration can employ various mechanisms depending on
the target material properties and available laser pulse characteristics.
The short laser pulse length in combination with the versatile tool box
of acceleration mechanisms makes laser acceleration an excellent
source for electrons, ultra-short MeV x-rays, positron pairs, neutrons,
protons, and betatron radiation.” ® For electron acceleration, ultra-
high fluxes and well-directed pulses of electrons can be achieved,
which can then be converted into ultra-short X-ray beams after hitting
a converter target.

A well-established acceleration mechanism for electrons is laser
wake-field acceleration (LWFA). In LWFA, an intense laser field drives
strong ponderomotive plasma waves, which can trap and accelerate elec-
trons. This mechanism can accelerate electrons to energies up to a few
GeV” " with ever increasing bunch quality, such that applications in
high-field physics or as driver for free electron lasers can now be envi-
sioned. LWFA works optimally in underdense plasmas and with ultra-
short laser pulses that are shorter than the plasma wavelength.'* "

Another mechanism, direct laser acceleration”  (DLA), involves
a relativistic laser forming a plasma channel with electron density just
below the critical density. The resulting ponderomotive force causes
the electrons to generate a self-induced quasi-static electromagnetic
field, while the current of relativistic electrons generates a quasi-static
azimuthal magnetic field. These fields lead to confinement of the rela-
tivistic electrons, which perform transverse betatron oscillations in the
channel, by deflecting the outward-moving electrons in the direction
of the laser beam axis.'*'” These oscillations run along the polarization
of the electric field of the laser pulse, so that efficient energy exchange
is possible when the betatron frequency is close to the Doppler shifted
laser frequency.

DLA can accelerate electrons to energies of 100 MeV. A major
advantage of DLA over LWFA is the higher particle numbers in the
accelerated bunch, which follows a Boltzmann-like distribution'*'*'®
and good conversion efficiency from the laser energy into particle
kinetic energy. This method is highly efficient in near-critical-density
plasmas with sub-picosecond laser pulses, such as those available at the
Petawatt High Energy Laser for Ton eXperiments (PHELIX)'~ at GSI
Helmholtzzentrum fiir Schwerionenforschung GmbH, Darmstadt,
Germany, where a near critical density plasma was generated using low
density polymer foams preheated by a separate ns-pulse.”*'® This
approach enabled an increase in the effective temperature and charge
of the directed electrons by a factor of 10-15, compared to laser shots
on conventional foil under the same laser parameters.”'® The DLA
electrons penetrating high-Z converter materials, generated MeV
bremsstrahlung with a half-opening angle of less than 20°, and up to
10" photons (>10 MeV) measured in various DLA experiments.”*"”
The generation of high-energy bremsstrahlung radiation by laser accel-
erated electrons by the DLA process has developed substantially over
the last few years. The outstanding benefit is the large number of elec-
trons within a picosecond time window. In the present work, more
than 10" photons between 10 and 20 MeV were produced per pulse
within a picosecond timeframe. The characteristic of bremsstrahlung,
however, lacks the sensitive selection of the photon energy. In compari-
son, the high intensity gamma-ray source (HIGS) facility,”’ ** and the
proposed facility at ELI-NP,” provide quasi mono-energetic and highly
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polarized photon beams within an energy range from 1 to 100 MeV.
HIGS reaches up to 3 x 10photons/s. A major advantage of the DLA
process is its ability to produce an in-pulse electron flux, which exceeds
that of conventional electron acceleration by orders of magnitude.

In this paper, we propose and demonstrate that x-ray radiation,
generated by DLA electron beams, can be used to study nuclear pro-
cesses with existing high-power lasers at an intensity of 10'° W cm™2.
The large number of available photons allows for the investigation of
low-reactivity interactions with these particles. Here, a photofission
experiment on ***U in the region of the giant-dipole resonance was
performed, motivated by previous studies highlighting the potential of
high-intensity photon sources for nuclear fission investigations.”* The
giant dipole resonance describes a collective excitation mode of the
nucleus, occurring between 10 and 20 MeV for 2380, which leads to
increased photonuclear reaction probabilities.”*® For the detection of
the produced fission fragments, we improved and employed a proven
fission fragment transport system described in Ref. 8. It consists of a
gas transport system, which swiftly transports the fission products to a
detector located at a distance from the laser-plasma interaction envi-
ronment. The detector is a germanium-based gamma spectrometer
that records the gamma-radiation of the transported decaying fission
fragments. In laser-driven experiments, damaging radiations like elec-
tromagnetic pulses (EMPs), fast neutrons, or prompt gammas/x-rays
can occur and affect the durability and accuracy of the detectors. Here,
the gas transport system enables reducing the background signal on
the gamma detector significantly.

In the following, we first describe the experimental setup that
allows for detecting laser-driven fission products. The emphasis is given
to the secondary radiation conversion and characterization. The second
part of the manuscript deals with the results on the characterization of
the X-ray secondary source. This is followed by the analysis of the ger-
manium detector spectra, where signals of the isotope '**Xe are clearly
visible, giving proof that bremsstrahlung-generated fission fragments
can be quantitatively measured in a laser-plasma experiment.

Il. EXPERIMENTAL SETUP

This section describes the experimental setup shown in Fig. 1.
The experiment was conducted in single-shot mode at the

(1)
PHELIX target chamber

@

14

gas-flow in

(& ®

(10)

gas-flow out ©)

~6m

(10)

FIG. 1. Experimental setup with included dimensions between respective targets.
(1) PHELIX, (2) foam target, (3) converter target (Au, Ta, Au) (4) activatable target
(copper foil and gold and tantalum squares) (5) uranium container, (6) uranium tar-
gets, (7) diaphragm pump, (8) PTFE-tube system, (9) liquid-nitrogen cooled filter of
activated carbon grains, (10) HPGe detector, (11) neutron bubble detector.

Phys. Plasmas 32, 073106 (2025); doi: 10.1063/5.0251735
© Author(s) 2025

32, 073106-2

€2:05:20 G20z AInr G


pubs.aip.org/aip/php

Physics of Plasmas

PHELIX' " facility. The s-polarized PHELIX laser pulse with a dura-
tion of 750 = 250 fs, central wavelength 1053 ¢ m, and total energy of
(75 = 5) J was focused onto the pre-ionized target using a 150 cm focal
length off-axis parabolic mirror. Within the full width at half maxi-
mum (FWHM) of the focal spot, an energy of (20 * 2)] was mea-
sured, resulting in a peak intensity of approximately 10'° W cm ™2, and
a normalized vector potential amplitude of ay = 2.9. To mitigate laser
backreflection, the target normal was tilted by 10° relative to the inci-
dent laser axis. For this experiment, the PHELIX laser (1) is focused
onto a CHO-foam target with a density of 15mg cm >, held inside a
copper washer. The benefit of PHELIX is its ability to create a well-
controlled ns-pulse prior to the femtosecond main pulse, which can be
tuned in energy and primary delay to the main pulse. This is crucial, as
the foam target needs to be homogenized into a near-critical density
(NCD) plasma. As foam targets can be fundamentally different in den-
sity, mass distribution, and in composition of the different elements,
the tunable ns-pulse feature of PHELIX is excellent for finding the
optimized settings for the used foams.

The PHELIX ns-pulse arrives 5ns prior to the main pulse and
has an energy that equals 3% of the main pulse energy. This corre-
sponds to an average energy of 2.3] in the ns-pulse settings. This ns-
pulse forms an extended plasma with a density ramp from 0.01 n,, to
3 n. over hundreds of mm inside the ultra-light foam (2), where n
o = 10?2 cm ™ for the um PHELIX wavelength.”® Because of self-
focusing of the laser in the low density pre-plasma, the laser intensity
increases from 10'* W cm™2 in vacuum up to 2 x 102 W cm ™2 inside
the relativistic plasma channel”” allowing the direct laser acceleration
in the plasma region also with an over-critical electron density. This
ultra-short electron bunch is converted into intense x-rays inside a
three-layered stack (3) of gold, tantalum, and gold plates with 1 mm
thickness each, directly attached to the copper washer from the rear
side. The thickness of the converter stack was optimized using
Geant4™ simulations, where the x-ray yield was evaluated for con-
verter thicknesses of 0.1, 1, 3, and 5 mm, keeping the electron spectrum
constant. A total thickness of 3 mm with high-Z materials provided
the highest x-ray emission in the 7-70 MeV range,”'” which is relevant
for giant dipole resonance studies. To ensure optimal experimental
conditions, we varied the converter target thickness during prior
measurements.

For the detection of the produced x-rays, an activatable target (4)
is glued to the uranium container (5) flange, which contains the ura-
nium targets (6). Figure 2 indicates the activatable target, which con-
sists of a 100-mm-thick copper foil with attached squares of gold and
tantalum with 1 mm thickness each. The activatable target, as well as
the uranium container, are placed at the nearest possible position to
the converter targets. Because of mounts and arrangements inside the
PHELIX target chamber, the closest possible distance between the con-
verter stack and the activatable targets could be achieved to be 10 mm.
The activatable target serves as a monitor for MeV x-rays that pass
through the uranium targets. When high-energy x-rays interact with
®Cu, they can induce a (y,n)-reaction, converting it to **Cu. By
exposing the activated copper foil to a Bio-imaging Analyzer System
Image Plate Multipurpose Standard (BAS-IP MS), the distribution of
x-rays in the energy range of 14-21MeV, corresponding to the
FWHM of the ®*Cu (y, n) ®*Cu reaction, can be visualized. Behind the
copper foil, gold and tantalum targets are placed to measure the X-ray
spectrum. As the MeV x-rays pass through these materials, they trigger
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FIG. 2. Evaluated 14-21MeV x-ray intensity distribution on the copper foil. The
PSL-values describe the passing x-ray intensity seen by the copper foil in arbitrary
units. A two-dimensional Gaussian function is fitted to the intensity distribution with
the full width at half maximum (FWHM) (green) and the doubled FWHM (black).
The actual position (red) as well as the optimal position (blue) of the first uranium
target relative to the x-ray intensity distribution is marked. The squares of gold and
tantalum targets with an edge length of 7.5 mm are indicated.

(y,xn)-reactions, each with different threshold energies. The amount
of various isotopes of Au and Ta produced provides insights into the
number of -rays at different energies. The cross-section-based method
to use photon activation targets for flux and spectra analysis is a reli-
able fundamental method’’ and has been performed in previous
experiments.”” " The integration of spatial distribution data from the
copper foil with isotope yields from the Au and Ta samples enables a
detailed characterization of the X-ray flux traversing the uranium
targets.

The fission fragments are produced inside the uranium targets,
which are located inside the uranium container. The first uranium tar-
get is placed in the closest possible distance toward the container
flange, which corresponds to a distance of 14 mm to the activatable tar-
get. The uranium targets consist of a stainless steel frame with a
15 mm-diameter hole. A micrometer-thin carbon foil is glued to the
frame, and uranium-oxide (UO,) is sputtered onto the carbon foil.
This effectively results in uranium targets of 15 mm diameter with an
average surface density of (1279 = 6) ug cm 2 of depleted uranium.

X-rays passing through the uranium targets produce
(y, fission)-reactions inside the uranium portion of the UO,-target.
The stopping range for the produced fission fragments inside the
uranium-oxide ranges from 5 to 10 s m, whereas the thickness of the
sputtered uranium targets are on the order of xm. This ensures that
the produced fission isotopes can escape the targets.

The space between the respective targets is filled with gas. For
2bar gas mixtures of helium and argon, the stopping range for the
emerging fission products is approximately 20 mm. All stopping
ranges were calculated by a software package termed the Stopping and
Range of lons in Matter' "> (SRIM). Following these calculations, the
next uranium target is placed 20 mm apart from the previous one,
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resulting in a total of seven uranium targets. The first target stands
alone, while the remaining six are arranged in pairs, with the uranium-
sputtered sides facing opposite directions. This configuration ensures
that all uranium coatings are oriented toward the gas-filled space. The
gas serves not only to stop the fission products but also acts as a trans-
port medium for the fission fragments. In this experiment, we did not
find any activation of the argon transport gas itself by the passing
x-rays. Therefore, we used pure argon for most of the shots to simplify
the refill process. The gas pressure of the mixture but also of pure
argon was on the order of 2 bar.

A diaphragm pump (7) is driving a continuous gas flow inside
the uranium container and flushes out the fission fragments. A
PolyTetraFluoroEthylene (PTEE)-tube system (8) leads the fission
fragments toward a liquid-nitrogen cooled filter of activated carbon
grains (9). The filter temperature was maintained at (—100 = 20)° C
during the experiment. The fission fragments are stopped inside this
filter. Two vis-a-vis oriented high-purity germanium (HPGe) detectors
(10) detect the decay of the captured fission fragments. The distance
between the detectors and the point of laser-matter interaction is
around 6 m. The two HPGe detectors slightly differ in the size of the
internal germanium crystal. With the dimensions of 52.7 X 58.2 and
63.8 x 42mm” in diameter and length, the resulting unequal efficien-
cies between both detectors can be added to form a combined absolute
efficiency coefficient to simplify the subsequent efficiency correction of
the detected summed signals. This can be done because of the geome-
try between the detector heads and the filter of activated carbon grains
which acts as the spatial radiation source. As the source is centered
between the detector heads, the detection of a real event can only be
detected by one detector. With this, the combined efficiency of both
detectors for the experimental setup ranges from 17% to 1% for an
energy range between 50 and 1500 keV. For signal processing, the data
from the HPGe detectors is collected by a versa module Europe device.
This device reads the detector signals in detector-separated channels
and writes them in an event-separated way. For shielding purposes, a
lead tower is built around the sensitive detector heads. Additionally, a
metallic fleece shields the detectors and the electronic devices from
damaging radiation. The construction of this setup is inspired by a
similar setup successfully used in an earlier experiment.” In addition to
this setup, two bubble detectors-personal neutron dosimeters (BD-
PND) (11), sensitive to neutrons, are mounted onto the PHELIX target
chamber: one in the axial direction and one in the radial direction
regarding the point of laser-matter interaction and the laser axis. These
devices detect the produced neutrons in the energy range from 200
keV to 15MeV, which, in this experiment, mostly occur in
(7, xn)-reactions.

I1l. EXPERIMENTAL RESULTS
A. X-ray spectrum

The spectrum of the x-rays which irradiate the uranium targets is
analyzed by combining activation data from a copper foil and squares
of gold and tantalum with an edge length of 7.5 mm, as indicated in
Fig. 2. X-rays passing through the copper foil leave an imprint of acti-
vated copper, which was analyzed to determine the spatial intensity
distribution of the passing X-ray cone. An exemplary result for one
shot is shown in Fig. 2. The intensity distribution was fitted with a
two-dimensional Gaussian function. Using the position of the copper
foil relative to the uranium targets and the origin of the x-rays, the
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projected size of the different uranium targets was calculated at the
position of the copper foil.

This is illustrated in Fig. 2 for the first uranium target (red). Since
the first uranium target also marks the central axis of this experiment,
in respect to the laser axis, a slight shift in the X-ray cone orientation
can be observed. This shift is represented by the percentage overlap of
X-ray intensity seen by the first uranium target relative to the total
X-ray intensity in the cone. The distance from the origin of the X-ray
cone to the copper foil was 10 mm, and the distance from the copper
foil to the first uranium target was 14 mm.

For the best shots, the average overlap of the first uranium target
with the total X-ray cone was (19.3 x 42)%, indicating a well-directed
X-ray cone. These shifts in the X-ray cone center are likely due to
housing effects in the relativistic ion channel of the NCD-foam target.
Figure 2 also reveals the opening angle of the X-ray cone by the fit of
the two-dimensional Gaussian distribution. For the illustrated shot,
the FWHM of the opening angle of the X-ray cone is 53.1°. The aver-
aged FWHM of the opening angle of seven shots is (47.7 = 43)°.

The detailed X-ray spectrum is used to calculate the expected fis-
sion yield of the individual uranium targets. Therefore, not only the
intensity distribution but also the X-ray spectrum needs to be known.
In this evaluation, we assumed the spatial distribution of the brems-
strahlung photons of different energies to be homogeneous within the
X-ray cone. This can lead to underestimation of photon flux in the
high-energy range of the X-ray spectrum. For measuring the energy
spectrum of the x-rays, the 1 mm thick gold and tantalum squares
behind the copper foil were used. The x-rays passing through these
activation squares induced (y,xn)-reactions, which have defined
cross-section peaks at different energies (Iig. 3). This photon activation
analysis is a powerful and convincing method used in the past.'****
By analyzing the detected neutron-deficient isotopes of gold and tanta-
lum, we can estimate the number of x-rays across various energy
ranges. In this experiment, we observed (y,n) to (y,5n) isotopes of
gold and tantalum. The energy position of the deduced X-ray abun-
dance producing each neutron-deficient isotope is estimated by the

Fit Function
1010 4 x %Ay 100
. 19y N
i
% % x  12a4 g
E 109 4 x; x 197, E10-1 %
=] X P x 18Ta @
= 2
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FIG. 3. Fitted x-ray energy spectrum with the applied fit function ée*T_Ee. The blue
square marked data point to the origin of the detected (7, xn)-reactions in the gold
and tantalum squares of the activatable target (Fig. 2). The x-errors show the
FWHM of the cross-section peaks of the respective (7, xn)-reactions forming the
annotated isotopes. The asymmetric y-errors from the blue square markers largely
arise from the fact that, at higher energies beyond the FWHM, there is still a possi-
bility of nuclear reactions occurring. The fit function and the blue square markers
refer to the left y-axis. The colored cross-markers for the labeled isotopes show the
simulated cross-section peaks in b from the TALYS nuclear reaction model code.“’
These data points refer to the right y-axis.
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peak position of the cross-section for this reaction type. The generation
of bremsstrahlung with photon energies in the tens of MeV range is
confirmed by the detection of '*?Au with a maximum cross-section
around 50 MeV. The error in energy is defined by the FWHM of a
Gaussian fit to each cross-section distribution.'” The Gaussian fit
accounts for over 75% of the total X-ray contribution within the region
of interest. These fits do not describe the cross-section curves precisely
as these cross-section distributions are not symmetric. As 75% of the
influencing photons are included in the x-error, the y-error arises
asymmetrically as a result of the underestimation of the influencing
photons.

The resulting spectrum is shown in Fig. 3 and is fitted with an
exponential function of A/E x ¢ ™ with the corresponding amplitude
A = 3.86 x 10" and an effective temperature T, = 11.8MeV. The fit
was done in the range from 7 to 70 MeV. At low energies, the cross-
section for photofission reactions in depleted uranium drops dramati-
cally. At higher photon energies, the cross-section approaches a 10 mb
level. However, the abundance of x-rays at higher energies also
decreases significantly. Therefore, the focus is on the energy range
from 7 MeV to slightly above 50 MeV. The most interesting region is
around 14 MeV, where photofission has a cross-section peak for
depleted uranium, which is shown in Fig. 4. The overlap of the energy-
dependant X-ray abundance from Fig. 3 and the cross-section of the
photofission process in depleted uranium from Fig. 4 shows high pho-
ton numbers in the region of the cross-section peak. Integrating the
evaluated X-ray spectrum provides the total X-ray abundance per shot.

In this experiment, we produced an average of (1.26 = 5) x 10!
photons per shot. These large numbers are indicative of the potential
to create a detectable number of fission fragments, even for experi-
ments with low cross-section values in the mb regime like the one
shown in Fig. 4. These numbers are in good agreement with the
detected photon abundances from former experiments.””'* To calcu-
late the expected total fission yield, we combined the overlap of the
X-ray cone with the uranium targets and the X-ray spectrum itself. For
a single shot X-ray spectrum, the total expected fission yield is given by

the equation
_ N dN

Here, the total expected fission yield Y is calculated using the target
particle number N7, the target surface area A (cm?), and the energy

0.175 4 %
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FIG. 4. Photofission cross-section of depleted uranium. The data points are taken

from the Japanese Evaluated Nuclear Data Library version 5 (JENDL-5)."" The
data were evaluated with the CCONE code.*
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integral of the cross-section ¢(E) (b) multiplied by the differential
number of x-rays passing the uranium targets with respect to energy
%’ (MeV ™). This resulted in a total expected fission yield of
(12500 == 4500) for the referenced shot of Figs. 2 and 3.

B. Transported, collected, and detected *°Xe

To compare the expected total fission yield with the actual
detected yield of specific fission fragments, '**Xe is a suitable candidate
due to its prominent production in previous experiments” and its vola-
tility, allowing it to be transported by the noble gas carrier medium.
For transportation, the gas flow was started 5 min before the laser shot.
The gas flow was stopped 30 s after the laser shot, assuming that all fis-
sion fragments were flushed toward the filter of liquid-nitrogen cooled
activated carbon grains. The detection of the collected fission products
in the filter began with the trigger of the laser shot. For the evaluation
of '**Xe, a total time of 160 s after the laser shot was analyzed, approxi-
mately four times the half-life of '**Xe, allowing most of the xenon iso-
topes to decay, while limiting the background level.

The first concern in evaluating the fission fragment decay spec-
trum was the possible presence of disturbing radiation from the laser-
matter interaction. As this radiation occurs almost instantaneously
with the laser shot, and the perturbations like EMPs, high-energy pho-
tons, and fast neutrons travel near the speed of light, interference with
the detectors is expected early during the first second after the laser
shot. Despite placing the detectors about 6 m away from the laser-
matter interaction point and shielding the detector heads with lead
and EMP-fleece, interfering radiation was detected in the first second
post-shot, seen as instantaneous peaks. At this time, no fission frag-
ments could be transported from the uranium targets to the nitrogen-
cooled filter due to the limited gas flow. By identifying the location of
these interfering radiation peaks, we could isolate the fission fragment
decay spectrum itself.

Figure 5 shows the fission fragment decay spectrum, highlighting
different Xe isotopes. The unmarked peaks represent instantaneous
peaks from the interfering radiation of the laser-matter interaction.
The spectrum is averaged over the best shots of the experiment.

In the spectrum, the most prominent gamma line belongs to
139X, with a main transition line at 219 keV. This transition line indi-
cates the total produced xenon isotope not only from the fission pro-
cess but also from its isobaric parents. This is because the parent
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FIG. 5. Fission fragment decay spectrum of the combined detector signals accumu-
lated over 160 s after the laser shot. The annotated Xe isotopes origin from the fis-
sion process except for 7™ Ge. This spectrum is averaged over seven shots.
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isobars of *°Xe, which decay into xenon, have very short half-lives.
The longest half-lives of these parent nuclides are *°I at 2.29 s and
139Te at 0.72 s, with other half-lives in the millisecond range. In con-
trast to **Xe, these mentioned parent nuclides are nonvolatile iso-
topes. Therefore, the parent nuclides cannot be transported by the gas
flow till their decay into '**Xe. Since the uranium target chamber was
flushed for 30 s immediately after the laser shot, and the shot-
dependent calculated transportation time was between 3 and 8 s,
nearly all parent nuclides decayed into *Xe during this time, allowing
the resulting volatile xenon isotope to be transported to the filter as
well. Therefore, the measured main transition line of xenon reveals the
cumulative production of this xenon isotope. The term cumulative
yield describes the total number of a specific isotope produced in a fis-
sion experiment, including those from the direct fission process and
those from the decay of its isobaric parents. With a correction factor
accounting for the transportation time T;, measurement time T},, and
the transition probability p of the 219 keV line, the main transition
line indicates a cumulative '**Xe yield of (506 = 100) atoms. A quali-
tative description of this correction factor F(T;, Ty, p) is given by the
following equation:
1 A

F(T;, T, p) :Exm. (2)
For the average cumulative yield of the best shots, this quantity modi-
fies to (345 = 31) "**Xe atoms per shot.

In addition to the identified fission products with the xenon iso-
topes, the spectrum also shows 7" Ge, a nucleus that does not arise
directly from the fission process. This isotope is produced by the inter-
action of neutrons with the HPGe crystals of the detector heads. These
neutrons originate from the interaction of our high-intensity X-ray
beam with surrounding matter in the PHELIX laboratory, similar to
the interaction of the x-rays with the gold and tantalum squares of the
activatable target. The resulting (y,xn)-reactions produce isotropically
distributed neutrons, which then interact with the germanium crystal
of the detector heads in (n,y)-reactions. The decay of the produced
germanium isotope can be seen in the fission fragment decay spectrum
in Fig. 5.

With the identification of the fission fragments in the spectrum
and the evaluation of the cumulative fission yield of 139X, the cumula-
tive fission yield and the total expected fission yield from the X-ray
spectrum can be put in relation to each other. In our experiment, we
additionally increased the gas flow rates to higher values for faster
transportation times. Although the filter was cooled with liquid nitro-
gen, flushing the fission fragments out of the filter at higher gas flow
rates might be possible. To evaluate possible flushing effects and the
correlation between X-ray spectra and fission fragment decay spectra,
we used the gas flow rates as weighting factors for the likelihood of
flushing fission fragments. As transportation time is proportional to
gas flow rates, lower gas flow rates result in fewer flushing forces within
the filter, meaning longer transportation times directly indicate fewer
flushing forces. Thus, transportation time can be considered as a
weighting factor for the capturing probability of the total expected fis-
sion yield.

The new value of the product of transportation time and expected
total fission yield can now be correlated with the actual detected '**Xe
isotopes. With this calculation, a correlation factor of 0.81 was
calculated using Pearson’s correlation coefficient. This suggests that
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different transportation times contribute to the correlation between
total expected fission yield and actual detected '**Xe isotopes, indicat-
ing possible flushing effects within the filter. Additionally, to this corre-
lation value, the cumulative yield probability of '**Xe, representing the
ratio of detected '**Xe nuclides to the total expected fission yield, is cal-
culated. This value does not include any flushing effects of the filter.
However, the average cumulative yield probability should minimize
potential flushing effects in the averaging process. Therefore, the aver-
age cumulative yield probability of '**Xe isotopes over the best shots is
(2.62 + 120)%.

Comparing this value with literature data is challenging because
139Xe needs to be precisely detected, and the X-ray spectrum and/or
total fission yield needs to be evaluated. For a detailed comparison, the
X-ray spectra from both experiments should be similar, as the cumula-
tive fission yield probability seems highly dependent on this spectrum.
Despite these requirements, a more superficial comparison with an
experiment by Foley and Yang was performed.” In their experiment, a
LINAC-accelerated electron beam was converted into x-rays, which
then caused fission in depleted uranium targets. A mechanical rail
transported the uranium target to the detectors, where they measured
the created fission fragments for different initial X-ray spectra. The
X-ray spectra are classified by their cutoff energies, leading to cumula-
tive yield probabilities for '**Xe atoms for X-ray spectra with cutoff
energies of 8, 14, and 20 MeV. The resulting values are shown in
Table L.

In our experiment, the cutoff energy is beyond 70 MeV, so a
direct comparison is not possible. Nevertheless, the data from Foley
and Yang show a decreasing trend in cumulative yield probabilities for
'37Xe with increasing cutoff energies. Our calculated value follows this
decreasing trend qualitatively.

C. Evaluation of additional fission-inducing reactions

In addition to the generation of high-energy x-rays, the experi-
mental conditions also lead to the production of secondary particles,
primarily neutrons and protons. These particles can, in principle,
induce fission reactions in uranium nuclei and must therefore be con-
sidered as potential contributors to the observed isotope distribution.
In the following, we first briefly assess the possibility of proton-
induced fission. Then we provide a more detailed analysis of neutron-
induced fission contributions.

TABLE |. Cumulative yield probability of "**Xe isotopes for referenced x-ray cutoff
energies.”

Cumulative yield

X-ray cutoff energy probability
(MeV) (%)

8 (6.96 + 44)

14 (4.67 + 42)

20 (3.99 £ 24)

>70 (2.62 * 120)

*This table shows the cumulative yield probabilities in % for '**Xe isotopes for different
x-ray spectra with referenced cutoff energies. The values for the x-ray cutoff energies of
8, 14, and 20 MeV are taken from Foley and Yang.U The last value in this table with
the referenced cutoff energy of > 70 keV is deduced from our experiment.
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In this experiment, proton production mainly occurs during the
DLA process inside the NCD foam target. However, the contribution
from proton-induced fission can be excluded based on geometric and
material constraints. The range of sub-10MeV protons in high-Z
materials such as gold and tantalum is less than 1 mm, while the con-
verter stack in our setup consists of 3 mm total thickness of Au and Ta
layers, followed by an additional 5mm stainless steel wall around the
uranium container. In earlier experiments,” proton-induced fission
was only observed if a 25 um thin titanium entrance window was
intentionally implemented into the uranium container.

Neutron production, on the other hand, cannot be spatially
restricted, as high-energy photons generated in the setup interact with
various components in the chamber, leading to neutron generation
through secondary processes. Unlike protons, neutrons are able to
penetrate much further and reach the uranium targets, potentially con-
tributing to the measured fission yield decay signals. In the following,
we therefore assess the possible impact of neutron-induced fission
reactions on the isotope distribution observed in the experiment.

Depending on the incident energies, neutrons can have a higher
cross-section than photons to produce fission in ***U. The cross-
section of neutron-induced fission reactions inside depleted uranium
remains quite low in the mb range from epithermal to intermediate
neutrons, with the exception of a few narrow absorption lines ranging
up to 1b. Nevertheless, the average cross-section in this region lies on
the order of mb. On the other hand, the cross-section increases quickly
for neutron energies above 1 MeV, where it reaches a plateau up to
1GeV at around 1b."" In this experiment, we expect the neutrons to
be epithermal. Therefore, their energies do not reach the mentioned
cross-section plateau. Nevertheless, a high number of thermal neutrons
might effectively induce additional fission reactions.

In this experiment, neutrons originate from different reactions.
Neutrons are produced by the fission process of uranium itself, by
(7, xn)-reactions inside the activatable targets, but also by (7, xn)-reac-
tions inside almost any material in the PHELIX laboratory that is
exposed to high-energy photons. If we assume the expected reaction
products from Sec. III A, we obtain an estimation of generated neu-
trons by the fission of uranium on the order of 10*-10> particles.
These neutrons are not sufficient to trigger a single additional fission
reaction inside uranium. Therefore, these neutrons contribute less
than 0.0001% to the total expected fission reactions, and is therefore,
negligible. Based on the From the number of detected isotopes from
the (y, xn)-reactions inside the activatable targets, we can calculate the
amount of neutrons that are produced by this process with 107 par-
ticles. If we assume an opening angle of these emerging neutrons simi-
lar to the photon opening angle, these neutrons could produce up to
10 fission reactions, which would contribute to our fission fragment
decay spectrum with less than 0.1%. However, the neutrons most likely
emerge in an isotropic manner. Therefore, this contribution is even
lower than 0.1% and is negligible.

To determine the total number of neutrons, it is common in
plasma physics to use bubble detectors.”**” In this experiment, we also
took advantage of these detector types by using two bubble detectors.
Their placement in the laboratory is shown in Fig. 1. The distance of
these bubble detectors to the laser-matter interaction is 67 cm in the
radial direction and 70.5cm in the axial direction. With these bubble
detectors, neutron numbers of 6.48 x 10* cm 2 in the axial direction
and 3.77 x 10* ¢cm™? in the radial direction are detected. These

ARTICLE pubs.aip.org/aip/pop

numbers show a nearly isotropic distribution of the produced neutrons
in this experiment. Under the assumption that these neutrons originate
inside the PHELIX target chamber near the uranium targets, these
numbers modify to an average total neutron abundance of 3.56 x 10°
in the axial direction and 2.26 x 10° in the radial direction. With the
radical assumption that these neutrons emerge at a distance of 1 cmto
the first uranium target, roughly 10® neutrons could reach the uranium
targets. This would lead to the generation of fission products on the
order of 100 particles. These numbers would contribute less than 1%
to our detected fission fragment decay spectrum, and are therefore,
negligible. In addition to this calculated influence, the origin of the
neutrons is expected to be distributed inside the whole PHELIX labo-
ratory. Therefore, the actual portion of neutrons that reach our ura-
nium targets is less than assumed. This leads to an even lower
contribution of the (n, fission)-reactions to our detected fission frag-
ment decay spectrum and therefore can be neglected. A neutron
time-of-flight (ToF) diagnostic could provide further insights into the
neutron spectrum and will be considered for future experiments.

IV. CONCLUSION AND SUMMARY

In this experiment, we produced fission isotopes using energetic
laser-driven x-rays (>10 MeV) in depleted uranium targets. The x-rays
were generated by bremsstrahlung from electrons accelerated via the
DLA process in NCD foam targets. The x-ray intensity distribution and
energy were measured using photon activation of a copper foil and
backing squares of gold and tantalum targets. This information allowed
us to calculate the total percentage of x-rays illuminating the uranium
targets. In this experiment, the average percentage of x-rays illuminat-
ing the uranium targets was around 20% of the total X-ray cone inten-
sity, indicating a well-directed x-ray beam. Per shot, we produced over
10" photons. These x-rays induced fission reactions in the depleted
uranium targets. The fission fragments were transported by a gas flow
system to a liquid-nitrogen cooled activated carbon filter. Two HPGe
detectors, positioned opposite each other, detected the decay of the cap-
tured fission fragments. In this experiment, we detected an average of
approximately (345 * 31) '**Xe atoms per shot, which was the most
prominent Xe isotope in this fission reaction. Additionally, flushing-out
effects within the filter could play a significant role in this gas flow
transport system. To verify flushing effects, the transportation times
were used as an inverse flushing factor or more precisely a capturing
factor. Using this factor, the correlation between the total expected fis-
sion yield, weighted by the capturing factor, and the actually detected
13%Xe isotopes was calculated with a Pearson’s correlation coefficient of
0.81. This suggests the possibility of flushing effects within the cooled
filter. Further cooling of the filter to increase capturing should be
approached cautiously, as the boiling point of noble gases could be
reached, clogging the filter. In addition to the correlation coefficient, the
average cumulative yield probability of '**Xe for this experiment was
calculated to be (2.62 % 120)% of the total expected fission yield.
Comparing this value with the literature is complex, as the X-ray spec-
tra of this experiment and the referenced comparison differ.
Nonetheless, the cumulative yield probability trend decreases for more
energetic X-ray spectra, aligning with our measured value.
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