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Abstract
We demonstrate a repetitive, high flux, short-pulsed laser-driven neutron source using a heavy-
water jet target. We measure neutron generation at 1/2 kHz repetition rate using several-mJ pulse
energies, yielding a time-averaged neutron flux of 2×105 neutrons s−1 (into 4π steradians).
Deuteron spectra are also measured in order to understand source characteristics. Analyses of
time-of-flight neutron spectra indicate that two separate populations of neutrons, ‘prompt’ and
‘delayed’, are generated at different locations. Gamma-ray emission from neutron capture
1H(n,γ) is also measured to confirm the neutron flux.

Keywords: ion acceleration, short-pulse laser, nuclear fusion

(Some figures may appear in colour only in the online journal)

1. Introduction

Intense laser interaction with matter is capable of producing
high energy particles and radiation, such as MeV photons,
electrons and accelerated ions [1]. For ion acceleration, laser-
driven techniques can lead to: (1) a compact system design,
(2) low emittance, and (3) short burst durations. These unique
characteristics of laser-based ion accelerators allow a variety
of potential applications in scientific, medical, and security
areas. Since the first measurements of high energy proton
acceleration from solid targets in 2000 [2–4], different solid
target geometries such as variable target thicknesses or micro-
structured surface modifications have been tested to achieve
higher energy ion acceleration [5–10]. Targets have been
fabricated with small dimensions to increase the density of
hot electrons in the target [11, 12]. In spite of better energy
conversion efficiency, such mass-limited targets typically
require target replacement every shot. Thus, target replace-
ment limits the average flux of energetic ions when
high repetition-rate lasers are used. For a high repetition-
rate system, a thin tape target or a rotating disk target can
be employed [13, 14], providing a fresh target for every
shot. However, these methods still suffer from target

contamination. For instance, water absorption introduces
proton contamination. In addition, when solid targets are
irradiated by intense laser pulses, debris from target ablation
contaminates optical components inside the chamber and
thereby degrades optical performance. Debris can be reduced
by replacing conventional thin foil targets with clusters
[15–18] or liquid jet/droplet targets [19–23]. Cryogenically
cooled D2 gas jet/cluster targets, which can reduce debris-
induced optical degradation, have been tested as acceleration
sources for deuterons from which one can drive the DD
fusion reaction [15–17]. However, a bulky cooling system is
generally required to generate cryogenically cooled targets.

Recently, we developed a room temperature heavy water
(D2O) jet target to accelerate deuterons, resulting in the pro-
duction of 2.45MeV of DD-fusion neutrons. This system
minimizes debris generation and simplifies the target repla-
cement issue [23]. Forward and backward directed deuteron
fluxes were estimated from 2D particle-in-cell (PIC) simula-
tions and were confirmed by time-of-flight (ToF) measure-
ment with scintillation detectors. Hah et al also introduced a
controlled pre-pulse with an intensity contrast of 108 and pre-
delay of 13ns; a target conditioning step that achieved an
order of magnitude higher neutron yield. The results
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demonstrated the possibility of deploying a compact laser-
based neutron source with only several mJ of laser energy per
pulse.

In this paper, we further report upon the acceleration of
deuterons and the production of fusion neutrons from a heavy
water stream target, providing: details of the deuteron cut-off
energy and flux; variation of neutron yield with focal position;
and confirmation of neutron flux using gamma emission from
1H(n,γ) reactions. By irradiating a room temperature heavy
water stream with a high repetition-rate femtosecond laser, we
demonstrate a laser-based source producing short duration
pulses of neutrons with high average flux. In order to
understand the initial neutron angular and energy distribution,
the deuteron energy spectra were measured and compared
with the detected neutron ToF distribution, which gives the
neutron energy distribution.

This paper is structured as follows: In section 2, we
describe the laser system, the water target stream generation
and detection methods for deuterons and neutrons. Section 3
provides experimental results, including a focal spot scanning
experiment, which indicates how the neutron flux is impacted
by the focal position relative to the stream. We also discuss
measurements using a high purity germanium (HPGe)
detector, which measure the gamma-rays resulting from
neutron interactions with the surrounding materials and use
this to infer the neutron flux. This is compared to previous
results and simulations. A summary of the results is given in
section 4

2. Experimental setup

The experiment was performed on the Lambda-cubed (λ3) Ti:
Sapphire (λ=800 nm) laser facility at the University of
Michigan, using laser pulses of duration τ=45±2fs full-
width-at-half-maximum (FWHM) with an amplified-sponta-
neous-emission intensity contrast ratio of 108. The λ3 laser
operates at a 1/2 kHz repetition-rate and delivers up to 18 mJ
energy-per-pulse focused on the surface of a heavy water
stream target. The laser was focused to a 1.4 μm FWHM focal
spot using an f/1.4 off-axis parabolic mirror, which produced
a maximum peak intensity of 3×1019W cm−2 in vacuum.
The experimental setup is shown in figure 1. Pre-alignment
was conducted manually before evacuating the experimental
chamber. After the chamber lid was closed and the chamber
pressure decreased, additional post-alignment procedures are
required as follows. When laser pulses interact with the water
stream, second harmonic light (at 400 nm) is generated and
collected by the parabolic mirror, which directs the light out
of the chamber. Optimization of second harmonic generation
is used to guarantee a normal incidence focus on the stream
surface. A cadmium telluride (CdTe) x-ray detector is then
used to precisely optimize this alignment to produce the
highest average x-ray signal. Fine target alignment is per-
formed using piezo actuators (Newport Picomotor), for xyz-
control of the paraboloid and the water stream.

An undisturbed 30 μm stream of room temperature D2O
was delivered through a 20 μm diameter capillary via a

commercial syringe pump, and allowed to fall into a reservoir.
During the experiment, evaporated water filled the chamber to
a pressure of 15 Torr, the vapor pressure of water at room
temperature. As determined in this work, this relatively high
pressure not only provided a deuteron catcher but also pre-
vented the target stream from freezing. The deuterium nuclei
distributed in the chamber stopped deuterons accelerated from
the laser interaction, increasing the overall neutron yield. The
effect of different catcher geometries and compositions for
DD fusion has been studied both experimentally and com-
putationally [21, 24–28], but it is not necessarily beneficial for
the maximization of neutron flux. It rather depends on the
target temperature and its corresponding stopping power [25].

2.1. Deuteron spectrum characterization

To measure deuteron acceleration, a CR39 plastic track
detector was used with a mylar filter stack. The thin mylar
films (each of 2 and 3 μm thickness) were overlaid to obtain
different cutoff energies for the deuterons extending up to
840 keV, which corresponds to transmission through an
11 μm thick film. The cutoff energy was calculated using the
SRIM software [29]. The exposed CR39 plastic samples were
etched with 6.3 molarity NaOH solution for one hour at
90 °C. After the etching, we used an optical microscope to
capture images of the region of interest (see figure 2) and
ImageJ software to counts ion pits. In this experiment, we
located the CR39 detectors at 13.5 and 31cm away from the
water target, a separation necessitated by the limited physical
access within the chamber. At these separations, exposure
times of 5–10s result in a roughly optimized number of
countable pits that neither oversaturate the detector nor are
unduly sparse. The 15Torr of D2O vapor inside the chamber
provides extra stopping power against accelerated deuterons.
At this pressure and distance, the cutoff energy of the mylar
filter must be corrected for the deuteron’s energy loss in the
D2O vapor. For instance, at 13.5 and 31cm, the corrected
cutoff energy for a 6 μm film is 640 keV and 770 keV,
respectively rather than 525 keV. The corrected cutoff ener-
gies are tabulated in table 1.

Figure 1. Experimental setup. Image is not to scale. OAP: off-axis
parabolic mirror, TOF-1, 2: plastic scintillators with photo-multiplier
tubes. Radiation shielding: (green) 10 cm of borated-polyethylene
plate and (gray) 5 cm of Pb wall.
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Oxygen ions from the target and neutrons may also
contribute to extra tracks on the CR39 detector. Using SRIM
software, the oxygen stopping distance in mylar is such that to
penetrate 4 μm of mylar film and leave a track on the CR39,
at least 3.5 MeV kinetic energy is required, which is unlikely.
The neutron detection efficiency for DD (2.45MeV) neutrons
on CR39 is (6.0±0.7)×10−5 under similar CR39 etch
conditions [30], therefore less than 1 neutron-induced track is
expected on any one piece of CR39.

2.2. ToF measurements

ToF measurements were made using a plastic scintillator
(ELJIN, EJ-204) assembled with a photomultiplier tube
(HAMAMATSU, H2431-50); the assembly being wrapped with
black tape to block ambient and stray laser light. The tube was
negatively biased at 1.8kV and an oscilloscope recorded the
signal. Because strong x-rays were induced by the laser-plasma
interactions, the assembly was required a lead (Pb) housing with
a thickness of 5cm surrounding the detector, including the front
face. Furthermore, in order to block scattered neutrons, a bora-
ted-polyethylene housing covered the assembly, except for the
line of sight towards the target. The plastic scintillators were
located at 1.95m (135°) and 3.5 m (−45°) from the laser focus.

2.3. Neutron flux measurement

Two different techniques were employed to measure the
neutron flux. First, bubble detectors (Bubble Tech Industries,
BD-PND) were placed inside the chamber and exposed to the
neutron source for a total of 2 min for each experiment. The

bubble detectors were independently calibrated for DD neutrons
using a commercial neutron generator at the University of
Michigan Neutron Science Laboratory (Thermo Scientific, MP-
320). The generator yields 106 neutrons per second in the DD
neutron-generation mode, and the calibration factor for the
bubble detector was 6900 neutrons per bubble. During the
measurements, the bubble detectors were covered with a 1mm
thick aluminum tube to avoid direct laser irradiation [23]. The
bubble detector has the following advantages: (1) insensitivity to
both x-rays and electron interactions, (2) for the model PD-BND
employed in the experiment, a flat response across a broad
energy range (0.3–10MeV) [31] and linear bubble generation
with respect to neutron flux [32]. Based on these characteristics
and the given calibration factor, the neutron flux from the laser-
based source can be estimated. Second, gamma-ray emissions
from neutron-scatter and neutron-capture reactions in surround-
ing materials were measured by a cryogenically cooled
cylindrical (H 3.27cm×f8.47 cm) HPGe detector (Ortec,
GEMPM45P4-108). The detector was located 1.67m from the
target and a shielding wall consisting of 10 cm of borated-
polyethylene followed by 5 cm of Pb attenuated the neutron
and induced gamma-ray flux as well as the direct x-ray flux
incident upon the detector. A water-filled cylindrical container
(H 30 cm×f27.5 cm) placed 79 cm from the detector on axis
(180°) was exposed to the direct neutron flux, neutrons being
(predominantly) captured by hydrogen within the water resulting
in a neutron-capture reaction and subsequent gamma-ray emis-
sion at 2.22MeV (1H(n,γ)). The HPGe gamma spectrum was
compared with that produced by a Monte Carlo N-particle
(MCNP) simulation that included an isotropically emitting
neutron source, the water container, and the HPGe detector. The
capture-gamma-ray interaction rate within the HPGe detector
was derived from both simulated and measured spectra, from
which the neutron flux of the source can be estimated.

3. Results and discussion

3.1. Deuteron spectrum characterization

Deuterons were detected by CR39 plastic tract detectors with
mylar filter stacks at two different locations (13.5 cm at 30°,

Figure 2.Deuteron ion counts with CR39 detector. (a) A scanned CR39 images of 14 mJ laser pulse with 5s exposure. A mylar filter stack is
applied, and the circular outline is the shadow of the filter holder. The numbers indicate the thickness of the total mylar layers in μm. The
central region of the CR39 is covered by a total thickness of 10 μm mylar film. The black lines represent the edges of the filter layers and are
added to distinguish the different filter areas. (b) Magnified images of ion pits through different thickness of mylar filter. The number of ion
pits is analyzed by the ImageJ software. (c) A magnified raw image of ion pits through 6 μm of mylar filter. (d) Outlines of the ion pit was
drawn and counted. A total of 33 ion pits is counted.

Table 1. Calibrated cutoff energies for given mylar film thickness.
The latter two columns include corrections for the energy loss in the
heavy water vapor.

Thickness Uncorrected At 13.5 cm At 31 cm
(μm) (keV) (keV) (keV)

4 375 510 655
6 525 640 770
8 660 760 880
10 780 870 980
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and 31cm at 100°). Figure 2(a) shows one scanned image of
a typical CR39 plate. The numbers on the image indicate the
thickness of the mylar filter layers in micrometers and the
center region has a total mylar thickness of 10 μm. The outer
annulus of figure 2(a) is the shadow of the filter holder. In
figure 2(b), the microscope images corresponding to propa-
gation through different filter thicknesses are shown.
Figures 2(c) and (d) show the results of a 5 s exposure for the
detector at 13.5 cm at 30°. ImageJ’s analyze particle function
was used to count the number of ion pits. Faulty ion signals
were rejected by their size and the application of circularity
filters. For each region of interest (i.e. different thicknesses of
filters), images were randomly captured at 2–8 locations, and
analyzed to reduce statistical error. Deuteron spectra are
shown in figure 3 in which measured data and fitted curves
are plotted. Note that data below 400 keV are not plotted and
were excluded for the curve fits because there are too many
ion pits to count (e.g. figure 2(b), 0 μm case).

The spectra confirmed that deuterons were accelerated up
to the 900 keV level, and the in both forward and backward
directions. When comparing the flux above the 400 keV
region, it is comparable to the 2D PIC simulation result
shown in [23], where 2D PIC simulation showed orders of
109 deuterons per shot (ED>100 keV) in both directions.
The backward traveling deuterons (toward vapor side) acted
as dominant neutron source.

3.2. Focal axis scanning

During experiments, we examined the neutron flux change as
the laser focus was changed along the focal axis. It should be
noted that the laser focus is fixed at the Z=0 position except
during the focal axis scanning. The OAP was moved by a
picomotor within a range from −40 to +20 μm. It should also
be noted that when the OAP is moved along the focal axis, its
transverse axis was also realigned in order to maximize the
radiation flux on the CdTe x-ray detector. Figure 4 shows the

results of the focal-spot scan-experiment. For a given set of
system parameters, its vacuum Rayleigh length is 9 μm, and
by retracting the focal point 10 μm, the neutron production
rate is scaled to half its maximum value. Also, at −20 μm, the
expected beam intensity in vacuum would be 17% of the
peak intensity, which happens to match the neutron produc-
tion rate. At −40 μm, the corresponding beam intensity
should be 5% of the peak intensity, but the neutron flux was
about 40% of the peak flux. A possible explanation for this
unusual neutron flux could be the result of a beam perturba-
tion in the water-vapor plasma. Another possibility is that the
prepulse intensity may dramatically change the scale length of
the interaction.

3.3. ToF measurements

The ToF technique was applied to the scintillator traces,
typical examples of which are shown in figure 5. In the pre-
sence of heavy water, a neutron peak temporally follows the
pronounced x-ray peak as shown in a comparison of the red
and blue traces. By replacing D2O with H2O in the fluidic
target system, the generation of DD fusion neutrons can be
confirmed. In figure 5, the red trace represents the D2O result
exhibiting a neutron signal (near 100 ns) following after the
x-ray peak (near 7 ns); the blue trace (H2O), however, shows
only the x-ray peak. Time zero (i.e. laser-target interaction
time) is calculated from the x-ray peak time. The time-of-
arrival distribution of the neutron signal is shown in figure 6,
in which the histogram has a total of 979 neutron arrival data
points and each bin width is 4ns. It should be noted that the
MCNP simulation confirmed that attenuation and scattering
of fast neutrons may be ignored for 1.95-meter distance
including the vapor and the chamber wall.

A thermal distribution of deuterons broadens the neutron
energy spectrum; the gray-colored histogram in figure 6
shows the measured neutron arrival time distribution and the
red region indicates the expected neutron signal generated

Figure 3. Deuteron energy spectra of forward-directed and back-
ward-directed deuterons derived from CR39 detectors after 5 s laser
exposure.

Figure 4. Focal spot scan experiment schematic and results. Y-axis
shows the number of neutron recorded on the plastic detector per
shot. The OAP stage is moved along the laser propagation axis a
range from 40- to 20 μm.
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promptly from the laser-water target interaction (2.45MeV±
0.32MeV). This was calculated using the measured deuteron
temperature based on a beam fusion mode model [33],

E T35n iD = , where Ti is the deuteron characteristic temp-
erature. Ti=84 keV was taken from the measured effective
temperature of the forward directed deuterons.

The most probable transit time of the histogram is 90ns,
which corresponds to an energy of 2.45MeV for a neutron
generated at the time of laser interaction (‘prompt’ neutron)
1.95m from the detector. For the early arrival neutrons
(<90 ns), 497 out of 979 neutrons (50.8%) were detected
before 90 ns, which was well matched to the broadened
neutron energy spectrum (red area), area below 0–90ns

region is 50.7%. For the late arrival neutrons (>90 ns), the
measured neutron arrival times were lengthened more than
the broadening of the neutron spectrum due to the deuteron
energy distribution (see figure 6(b)), which can reduce the
neutron lower energy to 1.56MeV (113 ns in ToF). The
measured data showed that 11% neutrons arrived after
113ns. These ‘delayed’ neutrons can be explained by the
backward directed deuterons that interact with the vapor. Due
to the low density of the vapor, the deuteron stopping distance
is significantly extended (from a few cm to a few μm). This
extra deuteron transit time is a few tens of ns. These escaped
deuterons generate fusion reactions which could take place
through the entire chamber volume, leading to a delay of ToF
signals. The spread of ToF signals also was observed by
Karsch et al [21], who employed catcher to catches ions from
both front and rear surfaces of water droplets. Here, a self-
generated D2O vapor catcher stops the accelerated deuterons
throughout the chamber and one does not, therefore, observe
clear secondary neutron peaks at a highly localized catcher
location.

3.4. Neutron flux

Previously, we estimated and scaled the neutron flux of the
system by using a bubble detector and 2D PIC simulations
[23]. Here, we employed an HPGe detector to confirm the
neutron flux. Figure 7 and 8 shows gamma spectra collected
during the experiments. The background gamma-ray dis-
tribution of the laboratory was collected for 8h and compared
with the results from a 2h long laser operation. The two
spectra are normalized with respect to the live-time of the
measurement and the energy axis is calibrated from 14 lines
in the background. At 2.22MeV, a proton–neutron capture
gamma signal grows in intensity with a constant rate across
the 2hour experiment. From the MCNP simulation, the
2.22MeV neutron capture gamma from hydrogen is the
predominant feature regardless of the neutron source (DD or

Figure 5. ToF traces from D2O and H2O targets for 1.95m distance.
These traces are averaged and normalized with respect to x-ray
signals from more than 3000 recorded traces. Both traces show the
same response to x-rays. For D2O, neutrons arrive 90–100ns after
the interaction.

Figure 6. Histogram of neutron arrival times. Total neutron count is
979 from 48000 shots of laser. Approximate neutron detection
efficiency of the EJ-204 plastic scintillator is 20%, giving 8×
104 neutrons s−1. (a) Expected ‘prompt’ neutron distribution with
spectral broadening due to the thermal distribution of the deuterons.
(b) Tail of ‘delayed’ neutrons generated in the vapor.

Figure 7. HPGe gamma-ray spectra from 2 to 2.7 MeV showing the
difference between the background distribution (in black) and the
laser-on distribution (in red). The background was collected for 8 h
and the laser-on distribution was collected for 2 h.
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DT). Because the deuteron energy extends only up to 1MeV
(see section 3.1), neutrons from these deuterons are iso-
tropically emitted [24, 34]. When simulating the configuration
(DD neutron source, water bath, and HPGe detector at each
position), 1.59×109 neutrons from the isotropic source are
required to generate the 86 1H(n,γ) counts in the distribution,
which given the measurement time, results in 2.2×105

neutron per second into 4π sr.
From the simulation, the second most prominent gamma-

ray line is at 596.4 keV (73Ge(n,γ)), which is the nuclear
emission following the neutron capture by 73Ge within the
detector itself. Although the borated polyethylene and lead
shielding reduces the direct neutron exposure upon the HPGe
detector, unattenuated and scattered neutrons (from the
shielding, the water container target, and surrounding mat-
erial) can thermalize and interact within the detector, as
confirmed with simulations that include the shielding con-
figuration (see figure 8). For those neutrons that have a direct
path to the detector, 99.9% of 2.45MeV DD neutrons travel
through the vapor-filled-chamber without losing their ener-
gies, and among them, 36.5% of neutrons still have 2.45MeV
energy after 5cm of thick Pb housing. A 5 cm borated
polyethylene shield reduce the number of unattenuated
2.45MeV neutrons by 77.6%.

4. Conclusion

In conclusion, we have demonstrated the production of a
short-pulsed source of fast neutrons via laser-plasma deuteron
acceleration and their subsequent DD fusion reactions using a
multi-mJ, fs duration pulsed laser system operating at a high
repetition-rate (1/2 kHz). The deuteron energy spectra were
measured in two directions using mylar filter stacks. In both
directions, deuteron energies were measured up to 0.9 MeV,

with the total number of deuterons above 0.4 MeV compar-
able to that yielded in a 2D PIC simulation [23]. Without an
extra pitcher-catcher arrangement, accelerated deuterons col-
lide with deuterium nuclei in the heavy water stream
(‘prompt’) and vapor in the chamber (‘delayed’), yielding a
2.45±0.32MeV energy neutron flux of 2.2×105 per sec-
ond. The neutron average flux is comparable to other laser-
based neutron sources [15, 17, 35–39], but our neutron source
only requires a few mJ of pulse energy, achieved without a
bulky and complex cryogenic target cooling system.
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