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Abstract

Relativistic electron beams driven by laser wakefield acceleration were utilized to produce ultrashort neutron sources. The experiment was
carried out on the 38 fs, ~0.5 J, 800 nm Ti:Sapphire laser in the 10 TW UT? laser lab at University of Texas at Austin. The target gas was a high
density pulsed gas jet composed of 90% He and 10% N.. The laser pulse with a peak intensity of 1.5 x 10'® W/cm? interacted with the target to
create a cylindrical plasma channel of 60 um radius (FWHM) and 1.5 mm length (FWHM). Electron beams of ~80 pC with the Gaussian energy
distribution centered at 37 MeV and a width of 30 MeV (FWHM) were produced via laser wakefield acceleration. Neutron fluences of
~2.4 x 10° per shot with hundreds of ps temporal length were generated through bremsstrahlung and subsequent photoneutron reactions in a
26.6 mm thick tungsten converter. Results were compared with those of simulations using EPOCH and GEANT4, showing agreement in electron
spectrum, neutron fluence, neutron angular distribution and conversion rate.
© 2017 Science and Technology Information Center, China Academy of Engineering Physics. Publishing services by Elsevier B.V. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

PACS Codes: 29.25.Dz; 52.38.Kd; 52.38.Ph; 52.59.-f

Keywords: Neutron source; LWFA; Photoneutron reaction

1. Introduction

High fluence neutron sources are typically produced either
by fission reactions in nuclear reactors or by spallation reactions
[1], in which a high-energy proton beam impinges on a heavy
metal target and ejects neutrons from the resulting excited
nuclei. While these sources do produce high neutron flux, they
are huge, costly and sometimes even policy-restricted [2],
resulting in limited availability around the world [2]. The
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development of tabletop particle sources based on high intensity
lasers has opened a window for laser plasma neutron source
research [3—5]. Laser-based neutron sources are of special in-
terest because the laser plasma interaction has an acceleration
gradient thousands of times greater than conventional acceler-
ators [6], giving these sources the potential to be compact and
portable. Laser-based neutron sources are also versatile: from
the same laser facility, users can obtain high energy electron
beams [7], ion beams [6], X-rays [8] and neutrons [9], all with
unique applications in industry and research. Additionally,
laser-driven neutron sources have very short temporal structure
and high peak fluence [9]. These features are favored by many
applications that use pulsed neutron sources, such as fast
neutron resonance radiography [10].
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Three typical schemes have been designed to create neu-
trons from laser plasma interactions. The first scheme is using
a laser-accelerated ion beam (usually proton or deuterium via
a target normal sheath acceleration or breakout afterburner
mechanism) [6,11] to impinge on a converter made of a ma-
terial with a high cross section for neutron production [12—25]
(e.g. beryllium or lithium). The second scheme is using a high
intensity laser to trigger fusion reactions in a deuteron target
like that in inertial confinement fusion [3,26]. The third
scheme is to irradiate the converter with high energy electron
beams from laser wakefield acceleration (LWFA) [27] or
direct laser acceleration, in which neutrons are generated
through  bremsstrahlung and  photoneutron  reactions
[9,28—31]. In this work, neutron yield was optimized using the
last scheme by varying the gas content and density of the gas
target and material of the converter. This work was performed
on the TW class 800 nm laser in the UT" laser lab at Uni-
versity of Texas at Austin.

2. Experimental setup

The experimental setup utilizes the laser—plasma interac-
tion to create relativistic electrons, which are incident on a
tungsten converter and radiate y-rays through bremsstrahlung
radiation. High energy y-rays (>10 MeV) can interact with
nuclei to produce neutrons. To generate LWFA, a 38 s, ~0.5 J,
linearly polarized laser pulse was focused to a spot size of
~17 um (FWHM) with a peak intensity of ~1.5 x 10" W/em?>.
The energy and fluence of the electron beams that were suit-
able for maximizing neutron production were controlled by
the plasma density, which was in turn controlled by the gas
type and density. The experiment ran at 2 shots/min due to the
capability of the turbo pump (200 shots per measurement).

Chamber layout
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Fig. 1 shows the chamber layout. The main beam enters
from the right side of the chamber and is focused on the gas
target through an F/12.5 off-axis parabola. The gas jet nozzle
has a 3 mm x | mm rectangular opening with 1 mm axis
aligned with the laser propagation direction. The focusing
position was determined by a thin metal wire taped at the front
edge of the gas jet. The gas target was composed of 90% He
and 10% N, to provide more electron injection in LWFA. A
transverse interferometer measured the plasma density profile.
The probe beam used for the plasma interferometer was
separated from the main beam before entering the chamber
and sent in through another window. Either a tungsten con-
verter or a magnetic electron spectrometer was placed on the
beam axis after the gas jet target. The magnetically dispersed
electrons in the electron spectrometer were imaged by a
LANEX screen and recorded by a CCD camera. The electron
spectrometer measured electron energies of 10—50 MeV. Five
bubble detectors [32] were deployed around the chamber as
shown in Fig. 1, which were used to measure the neutron
fluence. Bubble detectors were composed of droplets of su-
perheated liquid. Neutrons deposited energy in the bubble
detector through elastic collisions with nuclei and caused
droplets to vaporize and form bubbles. The bubble detector
was not sensitive to y-rays, hence it was very suitable for this
experiment. A neutron time-of-flight (n-TOF) was placed
2.18 m away from the converter and at 50° from laser prop-
agation direction. The n-TOF was used to measure the neutron
energy distribution. Fig. 1 illustrates how the n-TOF spec-
trometer works. The first part of the n-TOF was a plastic
scintillator (EJ232), which emited light signals of certain
wavelengths after being hit by neutrons. The signals were then
amplified by a photomultiplier tube (XP2020) and recorded by
a fast oscilloscope.
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Fig. 1. Chamber layout of the experiment and diagnostic illustrations: electron spectrometer, bubble detectors, neutron time-of-flight detector.
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3. Experimental results

Plasma density was recorded for all shots to help opti-
mizing the electron beam. The plasma density profiles were
consistent from shot to shot under the same target and laser
conditions. The laser was focused on the front edge of the gas
jet and created a cylindrical plasma channel of 60 pm in radius
and 1.5 mm in length (FWHM). Fig. 2 is the typical plasma
density measured when generating neutrons, including the
source image as well as the calculated final density profile.
The phase shift was calculated by comparing the source fringe
with the background and then, the density profile was
extracted, by Abel inversion.

The electron beam generated through LWFA in this
experiment had low divergence with FWHM of 30 mrad,
which made an online electron measurement impossible. The
electron beam properties were analyzed and optimized before
the converter was inserted. Fig. 3(a) shows the electron spot
intensity map. A Gaussian fit estimates the electron beam
divergence (Fig. 3(b)). Fig. 3(c) is the averaged electron en-
ergy distribution from the electron spectrometer and Fig. 3(d)
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is the LANEX intensity image. The electron energy has an
approximately Gaussian distribution with energy peak at
37 MeV and width of 30 MeV (FWHM).

A 2D particle-in-cell simulation was performed with
EPOCH [33] code to investigate the acceleration mechanism.
In the simulation, a Gaussian pulse of the same parameters
propagated through a trapezoid-shape plasma profile with the
maximum density of 3.5 x 10'%/cm?®. Fig. 4 (a) shows the
electron spectrum, which resembles a superposition of an
exponential decay at low energy and some tens of MeV peaks.
Due to the limitation of our electron spectrometer, the low
energy tail was not recorded, but the high-energy part was
found to be qualitatively in agreement with the simulation.
Fig. 4 (b)-(d) reveals the evolution of the interaction. The
normalized vector potential ag was ~0.8, indicating a mildly
nonlinear interaction at first. After that, the laser underwent a
self-focusing process, resulting a much bigger ay , and even-
tually brought the interaction into a highly non-linear broken-
wave regime [34]. The wave breaking happened at 2.7 ps and
electrons trapped in the first wave bucket was accelerated up
to 60 MeV. It should be noted that although the ratio between
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Fig. 2. (a) Fringe image detected on shot; (b) Background fringe; (c) Phase shift calculated from fringe image; (d) Contour plot of plasma density.
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Fig. 3. (a) Electron beam size and (b) Gaussian fit on divergence profile; (c) Average electron energy distribution and (d) LANEX intensity image.
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Fig. 4. (a) Electron spectrum from the simulation. (b)—(d) Electron density snapshots for # = 1.9ps, 2.2 ps, and 2.7ps during the 2D PIC simulation.

laser pulse length and the plasma wavelength A, was 2, self-
modulated wakefield was not observed in the simulation.

The neutron fluence was measured by 5 bubble detectors
placed outside the chamber at 0°, 90°, 90° (at the top of
chamber), 180° and 270° with respect to the laser/electron
propagation direction with respective distances of 50, 60, 46,
69 and 60 cm from the converter target. Fig. 5(a) shows the
neutron fluence angular distribution. The horizontal axis
shows the angle from laser propagation direction, the vertical
axis shows neutron fluence in units of neutron number per
steradian. The bubble detector set at the top of the chamber is
at 90° in the plot and its data is very consistent with that of the
detector on the side.
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A nearly isotropic neutron fluence, except the front direc-
tion, was observed. The much higher front fluence signal was
due to some of the <y-ray passing through the converter
creating an additional source of electrons via Compton scat-
tering and pair production in the chamber wall. The forward
bubble detector was very close to this electron source; thus, it
was subject to a large fluence of direct electrons. It appeared to
be sensitive to these electrons. More discussion will be given
on this topic in the subsequent GEANT4 simulation section.
We could avoid this problem and increase the neutron yield by
using a thicker converter, but it would inevitably reduce the
available neutrons and surface fluence due to absorption in the
converter and a big surface area. Data collected at other
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Fig. 5. (a) Neutron fluence angular distribution; (b) Neutron energy distribution, averaged over 200 shots. The inset pictures are oscilloscope waveforms of

background and neutron signal.
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positions, which were not affected by y-rays, demonstrate
neutron fluence of >2 x 10° neutrons per shot, a result higher
than that of the previous experiments [28,30] on comparable
laser systems. Fig. 5(b) shows the neutron energy distribution.
Detecting neutron energy is challenging and commonly done
using time of flight method, which requires detectors to be set
far away from the neutron source to accurately resolve the
neutron energy. Because this practice also drastically reduced
the signal level, we accumulated 200 shots during the exper-
iment using an n-TOF signal spread from 100 to 400 ns to
determine the energy distribution. The energy distribution was
calculated by differentiating the numeric fit of the accumu-
lated signal. The average number of neutrons detected on each
shot was approximately 1.2, obtained from the oscilloscope
waveform counting. This average number matches well with
the total neutron fluence implied by the bubble detectors. In
Fig. 5(b), the blue circles show the accumulated neutron
number received at the scintillator, and the red line is the
numerical fit to this data, which is then used to derive the
energy spectrum, shown in yellow.

4. GEANT4 simulation results

To better understand the physics processes and optimize the
neutron yield for future experiments, GEANT4 simulations
[35] were carried out using the measured electron energy
distribution from the experiment, aluminum target chamber,
26.6 mm tungsten converter and two detector rings centered at
the converter—one inside the chamber and the other outside
the chamber. The detector rings were used to study the angular
distribution of escaping electrons, y-rays and neutrons. The
detection thresholds were set to be 5 MeV for both electrons
and vy-rays. For tungsten, the photoneutron cross section falls
to zero when the photon energy is less than 5 MeV. The
electron beam, sampled with Gaussian energy distribution
centered at 37 MeV with ¢ = 13 MeV, was launched towards
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the converter from the center of the chamber. The angular
distribution of electrons was also set to have a Gaussian profile
of 30 mrad FWHM to match the electron beam property
measured. The simulation was done with 10® particles, cor-
responding to 16 pC electron bunches, about 20% of the
electrons we measured as generated in each experimental shot.

Fig. 6 shows the reaction region for each physics process in
the simulation. All color images are plotted on a log scale and
normalized so that the highest value is a thousand times bigger
than the lowest one. Fig. 6 (a) is the projection of electron en-
ergy deposition on the converter. The converter is thick enough
to stop most of the electrons from penetrating. Fig. 6 (b) is the
projection of y-ray production due to Bremsstrahlung radiation.
The production of y-rays peaks at the front surface, then de-
creases with increasing depth and forms a shape like a candle
flame, similar to the electron energy deposition. The radiation
lengths for electrons and photons do not overlap, because the
production of high energy gamma-rays occurs predominantly in
the first 5 mm of the converter. This is in agreement with the fact
that Bremsstrahlung radiation dominates above 20 MeV and its
cross-section decreases as electron energy decreases, while
energy loss due to collisions remains nearly constant. As elec-
trons penetrate deeper, their energy decreases and more energy
goes to ionization than y-ray production. Because the detection
threshold is set to be 5 MeV, the simulation also implies that the
electrons lose their capability to create high energy y-rays after
15 mm, therefore they do not contribute to generating neutrons.
Image Fig. 6(c) is the projection of the total y-ray scattering,
which includes pair production, Compton scattering and photo-
nuclear activation. The “cut off” on the projection contour im-
plies a “leakage” of y-rays. Compared with electrons, y-ray
leakage is much more severe, which we believe is the main
reason for the exaggerated neutron signal collected at the front
direction. Comparing Fig. 6(b) and (c) shows that while most y-
rays are created at the front surface, y-ray scattering happens
much deeper in the converter. There is, on average, a delay

(¢) Gamma reaction (mm®) (d) Neutron production (mm?)

0 0
107
10 10
10°
20 20
10°
308 30 w
40 % 40
10’

0 5 10 15 20 25
x (mm)

0 5 10 15 20 25
x (mm)

Fig. 6. Projection plot of reaction inside the converter. Numbers were integrated along the hidden axis and then normalized with the highest value is 1000 times the
lowest. (a) Electron energy deposition indicates how much energy was deposited in certain location; (b) Projection plot of y-ray (>5 MeV) production via
bremsstrahlung radiation, in unit of number of gamma produced per mm?; (c) y-ray (>5 MeV) total scattering, which includes pair production, Compton scattering
and photo-nuclear activation, in unit of number of reaction per mm?; (d) Neutron produced via photo-nuclear reaction, in unit of number of neutron per mm>.
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Fig. 7. (a) Electron angular fluence (>5 MeV); (b) y-ray angular fluence (>5 MeV); (c) Neutron angular fluence. Red lines present the fluence detected inside the

chamber, blue lines present the fluence detected outside the chamber.

between gamma production and gamma scattering which is
approximately the mean free path of a gamma in tungsten. It
suggests an efficient way to create a neutron source and colli-
mated y-ray source at the same facility simply by changing the
thickness of the converter.

Fig. 7 shows the angular fluence distribution of the
escaping electrons, y-rays and neutrons. The 0° direction is the
electron forward direction. The red lines present the data
collected at the detector inside the chamber, the blue lines
present the data outside the chamber. As we can see, both the
escaping electrons and vy-rays went forward with a small
divergence. Some electrons were scattered backward at the
front surface and had a surface fluence following cosine law.
Most electrons that escaped from the converter were absorbed
by the chamber wall. The electrons detected by the outer de-
tector were created by Compton scattering and pair production
induced by escaping y-rays with fluence two magnitudes
greater than that of electrons. The neutrons, however, showed
a nearly isotropic distribution, inside and outside the chamber,
indicating that not many neutrons were created at the chamber
wall. For this reason, we suspect that the bubble detector at
0° was affected by high energy electrons. Even though bubble
detectors were claimed to be insensitive to y-rays, they were
not tested for their sensitivities to high energy electrons.
Future experiments will be conducted to calibrate the bubble
detector response to high energy electrons. The isotropic
neutron fluence detected in other directions also supports this
interpretation, as the escaping particles were well collimated,
and bubble detectors in other direction were not affected. The
average neutron fluence inside the chamber is 4 x 10%sr,
which is also about 20% of the neutrons detected. The electron
to neutron conversion efficiency is about 1/2500. Both agree
very well with that of the experiment.

5. Conclusion

A neutron source with >2 x 10° neutrons per shot was
created by using LWFA on a TW class laser. The conversion

efficiency from laser energy to neutrons is greater than
4 x 10° neutrons/J, higher than some previous results
[3,19,21,23,24,28,30]. The conversion efficiency from elec-
trons to neutrons is about 1/2500. In the experiment, the
neutron pulse had a very short temporal structure of ~300 ps,
which is estimated by the time that mean energy neutron
bunches travel through the reaction region. The peak neutron
emission rate was estimated to be 6.7 x 10'%s. The effi-
ciency can be further improved by optimizing converter ge-
ometry and changing converter material (e.g. uranium) as
well as optimizing the energy distribution of the electron
beam bunch. With upcoming high repetition kHz lasers, the
neutron average flux can be improved as well, making this
neutron source a prominent candidate for small applications
such as neutron holography [36] and neutron resonance
spectroscopy [22].
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