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The production of neutron beams having short temporal duration is studied using ultraintense laser pulses.
Laser-accelerated protons are spectrally filtered using a laser-triggered microlens to produce a short duration
neutron pulse via nuclear reactions induced in a converter material (LiF). This produces a ∼3 ns duration
neutron pulse with 104 n=MeV=sr=shot at 0.56 m from the laser-irradiated proton source. The large spatial
separation between the neutron production and the proton source allows for shielding from the copious and
undesirable radiation resulting from the laser-plasma interaction. This neutron pulse compares favorably to
the duration of conventional accelerator sources and should scale up with, present and future, higher energy
laser facilities to produce brighter and shorter neutron beams for ultrafast probing of dense materials.
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Because of their direct interaction with nuclei, neutrons
penetrate deep into materials and can probe ion population
properties directly. This leads to unique insights into
many aspects of matter beyond the capability of charged
particles or x rays. However, as neutron probing techniques
advance, a challenge is to create a source that is short in
time for the observation of ultrafast (picosecond to nano-
second) phenomena. For neutron energies in the MeV
range, neutron damage can be understood at the atomic
scale: creating collision cascades, point defects, disloca-
tion, or melts that could be observed in real time [1]. This is
a highly topical subject for many technological applica-
tions: radiation hardness testing of semiconductors in
aerospace, materials for fusion or fission reactors [2–5],
particle accelerator vessels, or containers for storing radio-
active nuclear wastes. For slightly lower (keV) energies,
understanding of the dynamic behavior of warm dense
matter (WDM) [6] is a key application area for short
neutron bursts [7,8]. As neutrons are uniquely sensitive to
ion properties, such a source would allow (e.g., via
resonance spectroscopy [7]) measurement of ion distribu-
tion temperatures when synchronized with a WDM-driving
laser or free-electron laser source, which have a short
(femtosecond-nanosecond) temporal duration.
Subpicosecond duration lasers are superb candidates

for the production of short-pulse neutron probes. In fact,
such high-intensity lasers have previously produced
monoenergetic neutron bunches of 0.2 ns duration [9]

via irradiation of deuterium clusters (D-D reactions).
However, this method is limited to monoenergetic neu-
trons and has a low neutron yield (∼105 n=J) compared to
methods based on laser-accelerated protons impinging
on solid material slabs, a technique shown to create up to
and above 108 n=sr=shot (∼107 n=J) [5,8,10–13]. On the
other hand, a major challenge when using solid targets
is that the interaction creates large numbers of high-
energy charged particles and x rays, which could damage
a test sample and create a high-noise environment for
sensitive diagnostics. Also, while picosecond duration at
the source, the laser-accelerated protons are broadband in
energy and divergent in angle; thus, both their temporal
cohesion and flux decrease rapidly over large distances.
While techniques exist to focus and select ions via pulsed
or passive magnetic fields [14–17], these devices require
large distances to function, which leads to increased time-
of-flight broadening and takes up valuable space for the
shielding of unwanted particles.
In this Letter, we show, by modifying the proton

spectrum, that a high-flux, short duration, and narrow band
laser-generated neutron source can be produced far from
the secondary radiation generated in the laser-interaction
using laser techniques alone. This is achieved using a laser-
driven microlens [18–20], to both transport the protons and
narrow their energy spread and temporal duration, which
results in a neutron source that is similarly improved. This
method is shown to produce a neutron bunch with a ∼3 ns
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full-width-at-half-maximum (FWHM) duration at 0.56 m
from the primary target, thus allowing the neutrons to
be produced and used in a region free of high-energy
secondary particles.
This study was preformed in three stages, as illustrated in

Fig. 1. Stage I (S1) accelerated protons from the primary
50 μm solid polyethylene terephthalate plastic target (coated
with 14 nm Al to improve laser absorption) using the main
beam of the ELFIE laser [21] (10 J, 350 fs pulse length,
10 μm focal spot, 1057 nm wavelength, 20 min shot rate)
located at the Laboratoire pour l’Utilisation des Lasers
Intenses (LULI) in France. The laser accelerates electrons
which generate a strong electric field (MV potential) and
accelerate protons via the target normal sheath acceleration
(TNSA) mechanism [22–25]. The protons generally have
broadband energy spectrum and divergence half angles
of 5–30° [26,27].
In stage II (S2), the protons were chromatically

focused using a plasma-based microlens [18,19]. The
hollow Al cylinder (ϕ ¼ 0.86 mm, thickness ¼ 0.10 mm,
length ¼ 3.0 mm) used as a microlens was placed 1.0 mm
from the proton source and irradiated with the secondary
ELFIE laser beam (similar parameters to the main beam)
at a time delay of 86 ps following the primary pulse. The
secondary laser pulse creates a strong transient electric
field (as in TNSA) normal to the cylinder surface, which
forces the protons towards the cylinder axis. Lower-
energy protons spend more time in the field; thus, they
are focused more strongly and subsequently have a higher
divergence, 8°, compared to higher energy protons, which
are focused less and obtain a lower divergence, 1°.
The timing of the secondary laser is important, as this
determines the maximum energy of protons that will be
focused by the cylinder since protons arriving prior to this
time will feel no effects of the field.
In stage III (S3) the chromatic nature of the focus is used

to reduce the fluence of lower-energy protons arriving at a
distance of 0.56 m from the proton source. Since the lower
energy protons are more divergent (as the associated focal

length of the microlens is shorter for them [18,19]), they
become more diluted than the higher energy protons
[see Fig. 1(c)], which increases the ratio of the high-to-
low energy protons. At this point, in the center of the beam
the energy bandwidth—and, thus, the temporal duration of
the proton beam—is narrowed compared to the intrinsic
beam and can be used to create a short-pulse neutron beam
through nuclear reactions.
In our discussion of the experimental results, we begin

with the diagnosis of the proton beam. Both the proton
beam widths and the spectra were measured using layers of
Gafchromic® Radiochromic Film (RCF) [26]. In the S1 and
S2 cases, both HD and MD films were used to increase the
dynamic range of the measurement, while in the S3 case
only the MD film (more sensitive, but lower energy
resolving) was used due to the lower proton fluence at
this distance.
Figure 2(a) shows the protons in the unfocused (S1) case

using RCF placed at 30 mm. These protons have a
divergence angle that decreases with increasing proton
energy, as visible in the diameters (35 mm at 1.3 MeV and
6 mm at 8.9 MeV). The next set of images [Fig. 2(b)] shows
the focused protons 30 mm from the target (S2). Here, the
beam diameter is significantly reduced and the diameter
decreases as a function of energy (8 mm at 1.3 MeV and
2 mm at 7.7 MeV) due to the focusing effect discussed
previously. However, protons with energies above 7.7 MeV
transit the cylinder before the electric field has developed
and are not focused; thus, their shape represents the
projection of the cylinder aperture.
Finally, in Fig. 2(c), the focused beam is shown at 0.56 m

(S3) from the target. The beam is not completely centered
on the film (by an offset of 1.8°), and thus we capture
around a quarter of the proton beam. Also, we note that the
beam appears more annular at this larger distance. The
diameter is still energy dependent (67 mm at 3.8 MeV and
34 mm at 6.3 MeV) and corresponds well to the expected
diameter using simple trigonometric ratios of the focal

FIG. 1 (color online). Diagrams of the different setups used in
this study: (a) S1: the broadband, unfocused proton beam, (b) S2:
proton focusing using the microlens, irradiated by the secondary
beam, and (c) S3: focused protons at longer distances, where the
higher divergence of the lower-energy protons decreases their
contribution to the measured spectrum.

FIG. 2 (color online). Images of RCF for (a) unfocused protons
in the S1 (30 mm) position, (b) focused protons in the S2 (30 mm)
position, and (c) focused protons in the S3 (0.56 m) position. The
energies marked on the films correspond to the average proton
energy incident on the layer. All films are plotted with the same
spatial scale, but they have different gray scales.
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distances measured in the S2 setup (81 mm at 3.7 MeVand
50 mm at 6.1 MeV).
Figure 3(a) shows the energy spectra of the proton

fluence inferred from the RCF stacks using the unfolding
method described in Ref. [28], Sec. 3.1. The intrinsic
spectrum (S1) decreases monotonically and shows a
decrease in proton number by a factor of 100 between
1.3 and 6 MeV. When the protons are focused (S2, S3), the
spectrum changes considerably. Instead of decreasing
monotonically, the spectrum has a second peak at around
6 MeV, where the proton number is ten times higher than
the intrinsic spectrum at this energy and is relatively flat
from 4 to 8 MeV. At the high energies, protons are less
divergent than the lower-energy ones and thus produce a
higher fluence at long distances. Since we will use a small
LiF neutron converter at this location, only protons in the
central portion of the beam will contribute to neutron
production [illustrated in Fig. 1(c)]. This takes advantage
of this increase in high-to-low energy protons to narrow
the energy and temporal duration of the neutron bunch.
Figure 3(b) shows exponential fits to the proton spectra that
are used later as inputs for neutron generation simulations.
These fits show that the focusing technique has an
efficiency of around 15%, which is the efficiency that
we expect from the geometry of the Al cylinder and the
intrinsic proton divergence, and could thus be increased by
using a wider diameter cylinder.
Neutrons were produced by placing a LiF disk

(ϕ ¼ 25 mm, thickness ¼ 2 mm) in the path of the proton
beam at 2 mm and 0.56 m away in the S1 and S3 cases,
respectively. The protons produce neutrons via nuclear
reactions in the LiF, mainly 7Liðp; nÞ. The neutron yield at
0° was diagnosed using CR-39, a plastic damaged

indirectly by neutrons (∼0.5 to 6.0 MeV) through scattered
ions [29], and bubble detectors, a supercritical solution that
creates bubbles when neutrons (1.0 to 2.5 MeV) scatter in
the solution [30,31]. The CR-39 detectors and bubble
detectors were placed 20 and 40 mm from the LiF disk,
respectively. To improve the statistics, they were integrated
over three to four shots. The CR-39 was shielded from
direct protons (< 21 MeV) with 1 mm of Pb. The CR-39
and bubble detectors recorded yields of 7� 4 and
8� 4 × 105 n=MeV=sr=shot, respectively, in the S1 case.
We note that these yields are lower than those presently
achievable on some laser systems due to the higher laser
intensity and contrast of such systems [5,8,10–13].
To measure the spectrum and temporal duration of the

neutron bunch, a neutron time-of-flight (ntof) detector
was employed. The ntof used a 40 × 40 × 120 mm
BC400 scintillator (placed so neutrons traverse the
40 mm length) coupled to a Photonis XP2972 photo-
multiplier and recorded with a 1 GHz oscilloscope. This
was placed at 2.2 m and 30° from the S1 LiF position,
which corresponds to 2.0 m and 33° from the S3 LiF
position. The ntof was shielded with 200 mm of Pb to
reduce the x-ray signal produced in the scintillator.
Figure 4 shows a comparison between the ntof signals

without (S1) and with (S3) spectral modification of the
incident protons. The light-colored lines show experimental
results when no neutrons are expected (i.e., RCF was used
instead of LiF). The earliest signal, at ∼10 ns (the peak is not
visible due to the scale), is due to x rays induced by electron
bremsstrahlung in the primary target, with decays based on
the response time of the scintillator, and is used to synchron-
ize to the time zero of the laser. We show this non-neutron
case to highlight the clean exponential decay of the scintil-
lator signal (i.e., there are no reflections or spurious signals).
The dark lines in Fig. 4 show the experimental signal

recorded when using LiF for neutron production. The upper
axis (neutron energy) is derived from the location of the

FIG. 3 (color online). Measured single-shot energy spectra of
the proton fluence from S1 (the circles), S2 (the squares), and S3
(the diamonds). Error bars for S1 represent variation across
multiple shots, whereas S2 and S3 are single shots with 10% film
batch variability uncertainty. (a) The average fluence, which is
determined by dividing the total signal on the film by the solid
angle subtended by the signal. (b) The total number of protons
hitting the film stack, where lines show exponential fits to
the spectra, dN=dE ¼ ðN=TÞe−E=T . Where N is 1.9 × 1011,
2.5 × 1010, and 5.5 × 109, and T is 1.72, 1.96, and 5.32 MeV for
the S1, S2, and S3 cases, respectively.

FIG. 4 (color online). Plot of the ntof traces from the exper-
imental data without neutron production (the light lines), with
neutron production (the dark lines), and the simulated neutron
signal (the dashed lines). Time zero corresponds to the arrival of
the laser. Panels (a) and (b) refer to setups S1 and S3, respectively.
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ntof with respect to the LiF (taking into account the flight
time of the protons in the S3 case). We see that the first
neutrons arrive around 100 ns, corresponding to an energy
of ∼3 MeV. In the S1 case, the neutron signal extends
many hundreds of nanoseconds in time and with energies
down to 100 keV. In contrast, the S3 neutron signal is
much shorter in duration and has a significant reduction
of lower-energy neutrons due to the modified incident
proton spectrum.
The narrow peak in the signal (at∼100 ns, with a peak of

2.0 V—thus out of the graph) in S3 is likely due to a single
neutron hitting the scintillator. This is because, at this
energy (3 MeV), the scattering probability is only 50% in
our scintillator and the neutron flux on the detector is low,
only ∼0.1 n=ns. This explanation is corroborated by the
observed similarity between this narrow pulse and the
detector’s temporal response (both 9 ns FWHM). We note
that this statistically limited feature is less important as
energy decreases since the average scattering probability is
already 90% at 1 MeV.
In order to better understand these signals, the

Monte Carlo particle transport code MCNP6 [32] was
run. This code includes particle scattering, energy loss,
and nuclear interactions. The proton-induced nuclear
reactions included were 7Liðp; nÞ7Be, 6Liðp; nÞ6Be and
19Fðp; nÞ19Ne, which have cross sections resolved in angle.
The simulation did not include reactions producing excited
states in the final nuclei or other reaction channels yielding
neutrons such as breakup; however, these have cross
sections below 10% of the main reactions. When bench-
marking the code, we noticed that the standard 7Liðp; nÞ
cross section (ENDF/B-VII.0 [33]) used by the code
differed considerably from the experimental data [34], as
does TENDL-2013 [35] below 15 MeV. Thus, a recently
reworked cross section was used instead [36].
The geometry of the simulation reproduced the

experimental setup with protons injected from the location
of the primary target and directed, using straight trajecto-
ries, towards a LiF disk at the S1 or S3 position. The
protons were given the measured exponential spectra
described in Fig. 3(b). For the S1 case, our simulations
recorded a neutron yield in the forward direction of 2.8 and
3.9 × 105 n=MeV=sr=shot in the energy range of the CR-
39 and bubble detectors, respectively, which is consistent
with the experimental measurements.
To reproduce the neutron time-of-flight data, detectors

were placed in the simulations at the same location and
dimensions as the scintillators used in the experiment. The
simulations included the neutron scattering induced from
Pb shielding along the line of sight from source to detector,
as well as scattering sources near the detector (e.g., the steel
chamber, concrete walls, concrete floor, and other Pb
walls). MCNP6 collected the number of neutrons passing
through the detector and binned them in energy and time.
The neutron detector efficiency was determined in the
following manner. First, the spectrum of protons scattered

via neutrons (at these energies, scattering of C and nuclear
processes can be neglected) was determined using other
simulations with MCNP6. Next, the light response (in units
of electron-equivalent response) of the protons was deter-
mined by applying the light response function from Birks’
formula [37] (kB value from Ref. [37] for NE-102). Finally,
the electron equivalent response was converted to a signal
using a calibration performed with a 60Co gamma source
to complete the absolute calibration. Additionally, the 60Co
source was used to fit the detector’s temporal response with
two exponential decays (1=e ¼ 8, 60 ns), which was then
convolved with the calibrated neutron signal to give a
simulated signal, as well as an x-ray falloff.
The simulated signals of the simulations are shown as

dashed lines in Fig. 4. These are in agreement with the
experimental shape of the data and, especially, the absolute
number, which has not been arbitrarily normalized. This
agreement highlights the importance of including nearby
structures, as we found that these scattering structures (i.e.,
those not along the direct line of sight) contributed from
40% to 80% of the neutrons detected at 3 MeV in the S1
and S3 cases, respectively.
To determine the loss of neutrons through the selection

process, we look at the yield of 3.0 MeV neutrons on the
scintillator, which are 4.0 and 1.2 × 104 n=MeV=sr=shot
for the S1 and S3 cases, respectively. This shows that the
neutron yield was only reduced to 30% of the original yield,
despite the large (0.56 m) distance traveled by the protons.
As mentioned previously, this reduction is due to the
geometry of the microlens. Using the simulations, we
investigate the temporal narrowing achieved by placing a
virtual detector consisting of a neutron counting sphere of
2.5 mm radius at 0.5 m from the proton emission (i.e.,
5 mm from the LiF in the S3 case) to record all of the
neutrons that pass through it. This measurement shows a
FWHM duration of 30 ns in the S1 case and 3.4 ns in the S3
case—thus, a factor of around 10 in temporal narrowing.
This reduction is due to the energy selection of the protons
hitting the LiF. Since the low-energy protons are dramati-
cally reduced (see Fig. 3) the time-of-flight broadening is
reduced as well. This duration compares well with existing
accelerator driven devices (Ref. [38] and the references
therein). Additionally, we note that moving the LiF slab to
100 mm would lower the pulse to subnanosecond duration,
while at the same time staying a long distance away from the
laser interaction to allow for proper shielding.
In summary, we have shown that a narrowing of the

pulse duration of protons and neutrons generated by laser
acceleration is achievable, showing that laser-accelerated
neutrons can be useful in researching and probing material
properties at ultrafast time scales. The ability of the micro-
lens to focus ions is expected to scale with the electron
temperature (and thus the laser intensity) [39] and has
previously been shown via simulations to focus proton
beams up to 270 MeV [40], which will be important when
using higher laser energies (exceeding 1 kJ, instead of 10 J)
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and emerging ion-acceleration mechanisms to give rise to
much higher neutron yields [13]. Additionally, the upcoming
increase in repetition rate of these lasers (now a few shots per
hour) will soon increase with the development of fiber [41]
or diode-pumped lasers [42,43]. The smooth electric field
profiles [19] and the simple structure (potentially a single
target [44]) of the microlens make this technique compatible
with quick, repeatable lasers making laser-based short-pulse
neutron sources even more attractive.
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