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Neutron yields have direct correlation with the energy of incident deuterons in experiments of laser
deuterated target interaction [Roth et al., Phys. Rev. Lett. 110, 044802 (2013) and Higginson et al.,
Phys. Plasmas 18, 100703 (2011)], while deuterated plasma density is also an important parameter.
Experiments at the Shenguang II laser facility have produced neutrons with energy of 2.45 MeV using
d (d, n) He reaction. Deuterated foil target and K-shaped target were employed to study the influence
of plasma density on neutron yields. Neutron yield generated by K-shaped target (nearly 106) was
two times higher than by foil target because the K-shaped target results in higher density plasma.
Interferometry and multi hydro-dynamics simulation confirmed the importance of plasma density for
enhancement of neutron yields. C 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4922912]

INTRODUCTION

Fast neutron is defined as a neutron with an energy higher
than 0.5 eV. The generation of fast neutrons1,2 arouses great
interest for demanding applications, for instance, fusion power
plant materials testing,3 neutron radiography,4 neutron ther-
apy,5 and others.6,7 These applications need a high neutron flux
which is possible with spallation sources, nuclear reactors, and
conventional accelerators. Unfortunately, these devices are not
only significant in space but also extremely expensive to build
and maintain.3 The rapid development of high intensity laser
technology offers an alternative with relatively lower cost.
Previous work has researched 2.45 MeV neutrons produced
by deuterium-deuterium (DD) nuclear reactions8,9 according
to the following reaction channel:

D + D → 3He(0.82 MeV) + n(2.45 MeV). (1)

Such as 107 neutrons are produced by deuterium cluster tar-
gets in Coulomb explosion regime,10 and 108 neutrons by
bulk deuterated target in Target Normal Sheath Acceleration
(TNSA) regime.11 Time-of-flight (TOF) method is the most
common way in neutron detection as the neutron has a char-
acteristic kinetic energy of 2.45 MeV.

While most of these works are focused on improving the
energy of incident deuterons since the nuclear cross section
increased sharply within the limits of 2 MeV of incident
deuteron energy, the density of deuterated plasma is still not

a)Electronic mail: lmchen@iphy.ac.cn
b)Electronic mail: cbfu@sjtu.edu.cn

negligible either. This issue can be discussed by the definition
equation of nuclear reaction cross section as follows:

N ′ = σ · I Ns ∝ σ · ρ, (2)

where σ is cross section, N ′ is the number of fusion events
per unit time, I is the number of incident deuterons per unit
time which is proportional to the deuterated plasma density ρ,
and Ns is the number of target nucleus per unit area. Equation
(2) indicates that the contribution for fusion events is derived
from two parts. One part is cross section σ which is propor-
tional to the energy of incident deuterons. The other part is
product of I and Ns, which is directly related to the deuterated
plasma density ρ. Therefore, both the energy of accelerated
deuterons and the deuterated plasma density are crucial for
neutron generation. When giving a certain laser intensity, the
accelerated deuteron kinetic energy which affects the cross
section of DD fusion is definite. The number of fusion events
N ′ strongly depends on the deuterated plasma density ρ in this
condition.

In this article, we present studies of deuterated targets
having different shapes for neutron generation aiming to
confirm the significant role of deuterated plasma density for
enhancement of neutron yields by DD nuclear reactions.
Experimental and theoretical methods are carried out to mea-
sure plasma densities of these targets.

EXPERIMENTAL RESULTS AND DISCUSSION

The experiment was performed at Shenguang II laser
facility in the National Laboratory on High power Lasers and
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FIG. 1. Layout of the experimental setup. Eight beams of laser are divided into two groups and each group is composed of four laser beams which are focused
onto the facing surfaces of the targets at the same time. Two kinds of deuterated targets were employed. One was the 2-side 2×2×0.11 mm3 foil targets with
a separation of 4.5 mm which has a 10 µm deuterated hydrocarbon layer coated on 100 µm copper. The other one was the K-shaped targets with a separation
of 3.5 mm which have a 10 or 5 µm thick CDn layer and an opening angle of 120◦. Two plastic and four EJ-301 liquid scintillator detectors were employed to
measure the neutron yields by TOF methods. No. 1 plastic detector was located at 5.2 m from the fusion plasma and then was moved to 7.9 m away at the other
side of the target chamber, after shot No. 78, while No. 2 plastic detector was located at 4.2 m away with a 20 cm thick lead brick shield in front to decrease the
influence of x-ray. The other four liquid detectors were located at 5.3 m, 1.8 m, 5.3 m, and 8.0 m from the plasma interaction area, respectively. The process of
plasma expansion and interaction was recorded by the shadowgraph instruments and Nomarski interferometer.

Physics.12 Eight beams of laser pulses with energy ranging
from 200 to 260 J and 1 ns duration can deliver a total energy
of more than 2 kJ at 3ω (351 nm) on target. The laser beams
are divided into two groups and each group is composed of
four laser beams which are focused onto the facing surfaces
of the targets at the same time with the focal spot diameter of
150 µm, giving the laser intensity of about 5 × 1015 W · cm−2.

The experimental setup was shown in Fig. 1. Two kinds
of deuterated targets were employed. One was the 2-side
2 × 2 × 0.11 mm3 foil targets with a separation of 4.5 mm
which have a 10 µm deuterated hydrocarbon (CDn, the ratio
of carbon to deuterium in the CDn molecules was 1:1.3) layer
coated on 100 µm copper. The other one was the K-shaped
targets with a separation of 3.5 mm which have a 10 or 5 µm
thick CDn layer and an opening angle of 120◦. Both of the
targets have two opposite sides. Each laser group consists of
four laser pulses which shine on one surface of the target. This
kind of shooting pattern was pictured as there are only two
laser beams on one side in Fig. 1, because the other two laser
beams are concealed in the picture. Another laser pulse (the
ninth pulse) with duration of 70 ps and wavelength of 526 nm
(2ω) was arranged as a probe beam. By changing the delay
time between the probe beams and the main laser pulses, the
process of plasma expansion and interaction was recorded by
the shadowgraph instruments and Nomarski interferometer.

Two plastic and four EJ-301 liquid scintillator detectors
were employed to measure the neutron yields from the DD
fusion reactions by TOF methods. As shown in Table I, the
plastic scintillator has a larger active area to collect neutrons
with a size ofπ × 16 × 16 cm2. The liquid scintillator detectors
are more sensitive to neutrons with a comparable size of

π × 6.3 × 6.3 cm2. No. 1 plastic detector was located at 5.2
m from the fusion plasma and then was moved to 7.9 m away
at the other side of the target chamber, after shot No. 78, to
make sure the signal that we have achieved was 2.45 MeV
neutron considering longer time of flight, while No. 2 plastic
detector was located at 4.2 m away with a 20 cm thick lead
brick shield in front to decrease the influence of x-ray. The
other four liquid detectors were located at 5.3 m, 1.8 m, 5.3 m,
and 8.0 m from the plasma interaction area, respectively. All
of the neutron TOF signals were recorded by oscilloscopes
with bandwidth of 1 GHz. Two stacks three layers of CR-39
detectors were placed 44 cm away from target to diagnose the
absolute neutron number.

High density plasma with numerous energetic deuterium
ions was produced by laser focused onto the target, then
expanded towards the opposite target, and DD nuclear reaction
occurred. Figure 2 shows the sample neutron results from

TABLE I. Comparison of the main features of the neutron detectors.

Title
Plastic

scintillator Liquid scintillator

Detector no. 1 2 1 2 3 4

Diameter (cm) 32 32 12.7 12.7 12.7 12.7
Solid angle (mrad) 3 4.6 0.4 3.8 0.4 0.2
Distance (m) 5.2 4.2 5.3 1.8 5.3 8.0
nTOF (ns) 239 193 244 83 244 368
High voltage(V) 750 750 1625 1800 1650 1850
Remarks Large active

area
Sensitive to neutron
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FIG. 2. Neutron TOF results from two plastic detectors, the black line and the red line represent data from detector No. 1 and detector No. 2, respectively. (a)
10 µm thick two-side CDn foil target irradiated by eight laser beams. (b) 10 µm thick one-side CDn foil target irradiated by four laser beams. (c) 10 µm thick
two-side CDn K-shaped target irradiated by eight laser beams. (d) 5 µm thick two-side CDn K-shaped target irradiated by eight laser beams. The presence of
initial x-ray and 2.45 MeV neutron is clearly visible in these spectra.

the plastic detectors. As we mentioned before, two groups
of lasers (eight beams in all) are used. Figure 2(a) shows
TOF signals from the 10 µm thick two-side CDn foil target
irradiated by two groups of lasers. The initial x-ray peak was
followed by the 2.45 MeV neutron signal (which have a flight
time of 46 ns ·m−1). As the velocity of x-ray is fast enough,
it is reasonable to consider that the x-ray is detected at the
same time of laser interacting with target, so we regard the
starting time of x-ray signal as the zero time. The 2.45 MeV
neutron signal was appeared at ∼240 ns and 190 ns relative to
the falling edge of x-ray signal in Fig. 2(a). Since the signal
transmission line of the detector No. 1 is 50 m longer than
that of the detector No. 2, these two TOF lines generated the
desynchronization of 250 ns. Figure 2(b) shows TOF signals
of just an x-ray peak without neutron signal when one group
of laser beams irradiated 10 µm thick one-side CDn foil target.
This is a strong evidence that neutrons were produced by two-
sides deuterated hot plasma collided with each other or one-
side deuterated hot plasma expanded to the other side of the
cold target and collided with it.13 Therefore, both the density
of deuterated plasma and the initial thickness of the deuterated
target are considerable parameters in this experiment. As we
know, neutron yields are proportional to the area of neutron
signal, Figure 2(c) shows dramatic increase of neutron yields
when two group of laser beams irradiated 10 µm thick two-
side CDn K-shaped target. K-shaped target was employed
to increase the density of deuterated plasma.14 Figure 2(d)
shows almost two times lower neutron yields than Figure 2(c)
when 5 µm thick two-side CDn K-shaped target was used.
Results from the four EJ-301 liquid scintillator detectors are
not discussed in this article because of the foil targets’ data

loss. The only achieved K-shaped target data could not support
the theory of neutron yields enhancement by changing the
deuterated plasma density.

To calculate the absolute neutron yields, a DD neutron
tube (106 n/s) and a 137Cs γ-ray source were used as criterion.
According to the measured data, we acquired that the average
signal area of one neutron is 170 mV · ns. Thus, the integrated
area of neutron signal in each shot results in the number of
neutrons detected on a detector. Then, we took the Geant4
Monte Carlo code15 to simulate the process of neutron-to-
photon to obtain the detection efficiency of neutron detectors.
Detailed calibration results were discussed in Ref. 13. The
total neutron yield is obtained after considering the solid angle
of each neutron detector. Figure 3 shows the neutron yields
at different shot numbers. When using the 10 µm thick CDn
foil target, approximately 4 × 105 neutron was produced. More
than twice enhancement of neutron yields was produced when
changing the target by a 10 µm thick CDn K-shaped target
of which the neutron yield reached the maximum value up to
106. That means K-shaped target was more appropriate to pro-
duce neutron than foil target in same laser conditions. When
replacing the target by a 5 µm thick CDn K-shaped target,
the neutron yields sharply dropped to 3 × 105. This clearly
demonstrates that neutron yields are related to the colliding
efficiency of deuterated ions, which is directly proportional
to the density of deuterated plasma. These results of neutron
yields were confirmed by the CR-39 stacks detectors as there
were no significant neutron tracks. Because the intrinsic noise
density of CR-39 was several hundreds per cm2,16,17 neutron
tracks cannot be clearly identified when neutron yields were
lower than 106 in our experiment condition.
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FIG. 3. Neutron yields at different shot numbers. Black square, red circle,
and blue triangle in the diagram represent results from 10 µm thick CDn foil
target, 10 µm thick CDn K-shaped target, and 5 µm thick CDn K-shaped
target, respectively.

To achieve the plasma density of different kinds of tar-
gets, interferograms were obtained by using the Nomarski
interferometer and were analyzed by means of Abel inversion.
Figures 4(a) and 4(b) show interferograms of 10 µm thick CDn
foil target at 1 ns after irradiation and K-shaped target at 2 ns,
respectively. The displacement of interferometric fringes in
Fig. 4(a) indicates density fluctuation at that area. When
plasma density is higher than critical density ∼4 × 1021 cm−3,
the probe beam cannot penetrate the plasma. So the overcrit-

ical plasma region is presented in black and no fringes are
shown. There is a distinct opaque plasma jet at the center
of Fig. 4(b). Figure 4(c) shows the plasma number density
distribution of 10 µm CDn foil target at 1 ns, corresponding
to Fig. 4(a). The white area inside the figure indicates plasma
density higher than critical density. This overdense region
was produced by the expansion of the initial target body and
target holder. The red area at the middle of the figure indicates
plasma density is lower than 3 × 1019 cm−3 which is most ef-
fective in DD nuclear reactions. Figure 4(d) shows the density
distribution of the 10 µm thick CDn K-shaped target at 2 ns,
corresponding to Fig. 4(b). Marked plasma jet with density
higher than critical density was acquired at the middle of the
figure, represented as the dotted arrow. Obviously, the plasma
density achieved from the K-shaped target is much higher than
that from foil target. Combining it with Eq. (2), the highest
yield of neutrons of the K-shaped target is well explained
because the K-shaped target has the highest deuterated plasma
density. Figures 4(e) and 4(f) show the multi hydro-dynamics
simulation results of 10 µm thick CDn foil target and 10 µm
thick CDn K-shaped target at 2 ns, respectively. The plasma
mass density is presented in the figure which is interpreted
as the sum densities of electrons, deuterium ions, cupric ions,
and some other species. Comparing the two figures, K-shaped
target generates an overdense region along the horizontal axis
in the middle of the figure due to the overlap of the two
plasma streaming from both the upper and the lower parts of

 

FIG. 4. Interferograms (a) and (b), plasma number density distribution (c) and (d), and plasma mass density distribution (e) and (f) of 10 µm thick CDn targets.
Interferograms of foil target (a) at 1 ns and K-shaped target (b) at 2 ns after irradiation. Experimental plasma density distribution of foil target (c) and K-shaped
target (d) corresponding to (a) and (b), respectively. Plasma mass density distribution of foil target (e) and K-shaped target (f) at 2 ns by multi hydro-dynamics
simulation.
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the K-shaped target having an opening angle of 120◦. Since
there is no collision cross section module embedded in the
simulation code, the process of extrusion and collision of
the plasma cannot be reflected in this figure. However, the
noticeable overlap of the two plasma streaming in Figure 4(f),
to some extent, can explain why K-shaped target produced
higher density plasma than foil target.

CONCLUSION

In conclusion, we have presented experimental studies
in which eight-beam-laser pulses irradiated deuterated targets
producing overdense deuterated plasma and ∼1 × 106 fusion
neutrons per operation shot. K-shaped targets were employed
to increase the plasma density, which is directly correlated to
the neutron yields. Results from K-shaped target show distinct
density enhancement compared with foil target. Ultimately,
more than two times as many neutrons were achieved by using
the K-shaped target than was the case with the foil target.
Several orders of magnitude improvement of neutron yields
could be acquired when increasing both plasma temperature
and plasma density in future work.
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