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We investigate a new laser-driven spherically convergent plasma fusion scheme (SCPF) that can produce
thermonuclear neutrons stably and efficiently. In the SCPF scheme, laser beams of nanosecond pulse
duration and 1014–1015 W=cm2 intensity uniformly irradiate the fuel layer lined inside a spherical
hohlraum. The fuel layer is ablated and heated to expand inwards. Eventually, the hot fuel plasmas
converge, collide, merge, and stagnate at the central region, converting most of their kinetic energy to
internal energy, forming a thermonuclear fusion fireball. With the assumptions of steady ablation and
adiabatic expansion, we theoretically predict the neutron yield Yn to be related to the laser energy EL, the
hohlraum radius Rh, and the pulse duration τ through a scaling law of Yn ∝ ðEL=R1.2

h τ0.2Þ2.5. We have done
experiments at the ShengGuangIII-prototype facility to demonstrate the principle of the SCPF scheme.
Some important implications are discussed.
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Introduction.—Neutron sources have important applica-
tions in many fields of science and engineering including
the nuclear fuel cycle, neutron activation analysis, mineral
and petroleum exploration, etc. Among the many ways to
produce neutrons, which are usually based on high-energy
accelerators and fission reactors through isotope disinte-
gration and spallation, the laser-driven neutron sources are
of particular interest and have attracted much attention
recently [1–4].
The laser cluster interactions (LCIs) use an intense

(1016–1018 W=cm2) femtosecond laser to strip off periph-
eral electrons from deuterium-tritium (DT) clusters of
103–105 atoms, forming DT ion clusters with positive
charges, triggering a Coulomb explosion which accelerates
the DT ions to an energy of several million electron volts
(MeV). The collisions between the high-energy ions result
in nuclear fusion reactions. The LCI approach can be
implemented in a tabletop size, but the neutron yield is low,
around 107 per laser pulse [1,2]. With a laser of picosecond
pulse and higher intensity (1020–1021 W=cm2), the laser
target interaction approach (LTI) [3] can accelerate deuter-
ons to 100 MeV energies that are dumped in low-Z
converter (Be) targets to produce neutrons via the nuclear
reaction 9Beðd; nÞ. This approach has produced a high
neutron flux of 1010=sr. However, the neutron spectrum is
distributed widely from a few MeV to 100 MeV.
On the other hand, for the laser-driven implosions of a DT

capsule by direct drive [5–7] and indirect drive [4], the
neutron yield can reach as high as 5 × 1013 on the 30 kJ
Omega laser [8] and 9×1015 on the 1.8MJNational Ignition
Facility (NIF) laser [9,10], respectively. Nevertheless, these

inertial implosion schemes require a high convergence ratio
(∼30), and the implosions are often degraded by hydro-
dynamic instabilities [11–14] and laser plasma instabilities
[15] as well as radiation asymmetry [16]. Other interesting
approaches include the laser-driven exploding pusher target
[17], shock ignition [18] and laser-assisted magnetized liner
inertial fusion [19,20], etc.
In this Letter, we investigate a new laser-driven scheme of

spherically convergent plasma fusion (SCPF) that can gen-
erate a thermonuclear fusion neutron efficiently and robustly.
Theoretically, we have modeled the ion temperature and
density of converging hot plasmas and derived an explicit
scaling law of the neutron yield with respect to laser
parameters and target radius. In particular, we have per-
formed experiments to demonstrate the principle of SCPF at
the ShengGuangIII-prototype (SGIII-proto) facility. In the
experiment, we have obtained a maximum deuterium-
deuterium (DD) fusion neutron yield of 3.5 × 109 with a
6.3kJ laser. The ion temperature is about 7 keV.Theobserved
dependence of the neutron yields on the laser and target
parameters agrees with our theoretical prediction.We further
discuss the optimization of the SCPF scheme and some
important implications.
SCPF principle and scaling law.—In the SCPF scheme,

we suppose multiple laser beams of nanosecond (ns)
duration and 1014–1015 W=cm2 intensities uniformly irra-
diate and ablate the thermonuclear fuel layer (∼20 μm)
lined inside a spherical hohlraum [Fig. 1(a)]. The fuel layer
expands and implodes towards the center [Fig. 1(b)], and
eventually the hot fuel plasmas converge and stagnate at the
central region of the sphere [Fig. 1(c)], converting most of
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their kinetic energy to the internal energy, raising the ion
temperature to around 10 keV, and causing thermonuclear
fusion reactions to occur.
For the nanosecond laser ablation of the low-Z fuel layer,

such as deuterated polystyrene (CD), a laser-driven sta-
tionary ablation model for a spherical target can be properly
exploited [21]. The mass ablation rate _m and ablating
plasma temperature Tab can be deduced as _m ∝ I0.76L and

Tab ∝ I2=3L , respectively, where IL denotes the laser inten-
sity. Meanwhile, the plasmas expand at a velocity of vi
related to the acoustic speed of the ablated hot plasmas,
vi ∝ T1=2

ab ∝ I1=3L .
The ablating plasmas expand, collide, and stagnate at the

sphere center. At stagnation, the kinetic energy is converted
into ion thermal energy, making the ion temperature Ti

increase dramatically, i.e., Ti ∝ v2i ∝ I2=3L ; here, we assume
approximately that for the ablated plasmas the ions expand
adiabatically [22].
The total neutron yield equals the nuclear reaction rate

integrated over the plasma volume and confinement time,
i.e., Yn ¼ 1

2
n2DhσviDDVΔt, where the plasma number

density nD ¼ N=V with N ∼ _mSspotτ, where Sspot is the
total area of the laser spots that is proportional to πR2

h, Rh is
the radius of the sphere hohlraum, and τ is the laser pulse
length. The average reactivity of deuterium on deuterium is
proportional to T2

i near 10 keV. V is the burn plasma
volume of radius Rc ∝ Rh according to the pressure balance
principle, and Δt is the fusion burn time, which is propor-
tional to Rc=vshock with vshock ∝

ffiffiffiffiffi

Ti
p

the speed of the
outward propagating shock after stagnation. We finally
obtain [22]

Yn ∝
�

EL

R1.2
h τ0.2

�

2.5
¼ D2.5; ð1Þ

where D ¼ EL=R1.2
h τ0.2 served as the scaling parameter for

the SCPF and EL is the laser energy which is related to the
intensity through EL ¼ ILτSspot.
The above deductions indicate that the SCPF neutron

yield is proportional to the incident laser energy to the
power of 2.5. For the laser-driven capsule implosion, the
scaling is Yn ∝ EL

3 without alpha-particle self-heating; it
rises to Yn ∝ EL

4–5.8 with alpha-particle self-heating [27]
and is expected to rise further with the realization of

ignition and burn. In contrast, for the LTI scheme the yield
scaling is roughly Yn ∝ EL [3], and for the LCI scheme the
yield scaling is roughly Yn ∝ EL

2 [2].
A few other related fusion concepts based on the

spherical configuration have been discussed previously.
The spherically convergent ion focus [28] uses electrostatic
confinement where ions are accelerated towards a spherical
cathode. The fusion occurs mainly by beam-beam or beam-
target interactions, and therefore the fusion reactions are
not fully thermonuclear and, consequently, may be limited
to low gains.
The plasma-jet-driven magneto-inertial fusion (PJMIF)

uses a spherical array of plasma guns to generate plasma
jets which merge and form an imploding plasma liner to
compress preheated magnetized target plasmas to thermo-
nuclear condition [29,30]. Both PJMIF and our SCPF make
use of the center-oriented plasma motion and spherical
convergence to amplify the imploding power density of the
converging plasmas by several orders of magnitude.
However, in our SCPF scheme, because the lasers are
capable of delivering a power density orders of magnitude
higher than the plasma guns, the initial power density of the
ablated plasmas in the SCPF can be orders of magnitude
higher than the plasma jets produced in PJMIF.
Experiment setup.—To demonstrate the SCPF principle,

we have performed experiments at the SGIII-proto laser
facility. The SGIII-proto laser is a neodymium glass laser
operating at triple frequency with the wavelength of
351 nm. It has eight laser beams with four beams on each
end, outputting 8 kJ energy at maximum and a pulse
duration from 1 to 3 ns. We fabricate spherical hohlraums
out of gold with a shell thickness of 25 μm and two laser
entrance holes (LEHs) at the poles. The gold spherical
hohlraum has an inner diameter of 1700 μm. The diameter
of the LEHs is 1000 μm. We line the wall of the gold
hohlraum with CD of 40 μm in depth. We also fabricate
some smaller hohlraums with an inner diameter of
1500 μm.
The experimental setup is shown in Fig. 2. The laser

beams are aligned in two conical rings and enter the
hohlraum through the LEHs. The beam angle with respect
to the vertical hohlraum axis is 45°. Usually, the diameter of
the laser spots is 500 μm with the smoothing technique of
the continuous phase plate (CPP). We also conduct experi-
ments in which the laser spot size is 200 μm without using
the CPP. We use one scintillator (Sc.D1 in Fig. 2) to count
the neutron yield, another one (Sc.D2 in Fig. 2) to measure
the neutron bang time, and a neutron time of flight (nTOF)
measurement to infer the DD ion temperature. We use a
gated x-ray image (GXI) camera to capture time-resolved
x-ray pictures of the plasma converging process. The x-ray
flux flowing out of the LEH is measured using an
absolutely calibrated flat-response x-ray diode (FXRD).
Laser injection is monitored by using a pinhole x-ray
camera (PHC). Laser backscatterings are measured by a full

Au

CD

Laser(a) Au

CD

Laser(b) Au

CD

(c)

Laser Ablation Expand & Collide Stagnation & Fusion

FIG. 1. Schematic plot of laser-driven spherically convergent
plasma fusion processes.
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aperture backscattering system (FABS) and a near back-
scattering system (NBS) and to be less than 10% in our
experiments. Note that for the low-Z CD hohlraum the
radiation temperature is as low as 130 eV, which cannot
affect the plasma dynamics significantly.
Experimental results and discussion.—The GXI camera

measuring x-ray emission above 2 keV is positioned to
image emissions through the LEH to investigate the plasma
converging processes. Clear and time-resolved pictures are
successfully caught as shown in Fig. 3(a). In each image in
Fig. 3(a), the outer ring is the image of the x-ray emission
from the edge of the LEH. We will address the central
portion of the image that is caused by the emissions
emanating from the converging plasmas. Clear bright
emissions are observed from 0.8 to 1.0 ns. We believe
these are emitted by colliding high-speed plasma jets
squeezed out by adjacent laser ablated bubbles [31], which
soon fade away because of the rapid electron energy loss
due to the bremsstrahlung emission and plasma rarefaction.
Since the x-ray emissions appear at 0.8 ns, we estimate the

velocity of the plasma jets to be about 1000 km=s, which is
about 4 times the sound speed [32,33]. From 1.0 to 1.8 ns,
the images become dark at the center. Note that the neutron
peak emission time or the bang time is in between, i.e.,
about 1.5 ns. From 1.9 to 2.4 ns, brighter and larger
emissions are seen again. We believe the second round of
bright emissions are the x rays emitted by the converged
wall plasmas ablated by the lasers.
In Fig. 3(b), we observe the spectrally integrated x-ray

flux measured by FXRD through the LEH at an angle of
30° to the axis. From this direction, the FXRD views
emissions from both the hohlraum wall area and the central
region. The x-ray flux rises quickly during the first 1 ns
when the laser beams are on, and it is contributed mostly by
the emissions from the ablation of the hohlraum wall by the
lasers. After the lasers are turned off at 1.0 ns, the x-ray flux
drops quickly. At around 2.0 ns, the flux begins to rise
slowly again and reaches a second peak at 3.3 ns. After
3.3 ns, the x-ray flux drops slowly and lasts for several
nanoseconds. The second flux hump is associated with the
emission of converging plasmas; it stands for a longer time
and fades away slower.
In Fig. 3(c), the nTOF signal is fitted reasonably well by

assuming a thermonuclear DD reaction of plasma with an
ion temperature of 6.6 keV, confirming our theory of
convergent plasma thermalization and concomitant thermo-
nuclear fusion rather than other fusion mechanisms. The
above thermalized plasma fusion picture is consistent with
our estimated ion equilibration time of the order of a few
picoseconds [22].
The neutron bang time of 1.5 ns is about 0.4 ns earlier

than the second round of hard x-ray emission in GXI and
1.8 ns earlier than the FXRD second emission peak,
reflecting intrinsically the electron-ion relaxation and non-
equilibrium energy transfer in the processes of plasma
convergence and subsequent outward shock propagation
[22]. The bubble implosion speed is estimated to be around
500 km=s calculated by the inner radius of the hohlraum
(810 μm) divided by 1.5 ns transit time. When the plasmas
converge into the sphere center at about 1.5 ns, the ion
temperature reaches its peak value of about 7 keV due to
kinetic-thermal energy conversion. At this time, the plas-
mas have an apparent accumulation at the central region
yielding a maximum neutron generation.
The 0.4 ns time delay of the hard x-ray emission to the

neutron bang time is due to the fact that the ions are
soon thermalized in a few picoseconds while the electron
temperature rise is through an ion-electron relaxation
of ∼0.7 ns time scale, with considering typical SCPF
plasma parameters of Te ¼ 2 keV, Ti ¼ 7 keV, and ni ¼
1.5 × 1021=cm3 according to our simulations [22]. The
electron temperature remains low until 1.9 ns, leading to the
dark image recorded by GXI. From 1.9 to 2.3 ns, the
electron temperature rises to a certain level above 2 keV
due to ion-electron energy relaxation, and the GXI images

FABS
+NBS

PHC

TOF

XFC
XRD

Sc.D1

Sc.D2
Chamber

FIG. 2. Illustration of the experimental setup, and the to-scale
side-on view of the two-LEH spherical hohlraum with laser
beams.
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FIG. 3. In the panel, (a) is the GXI images of the convergent
plasma emission above 2 keV with the time pinpointed, and the
gate time is 70 ps; (b) is the temporal x-ray flux measured by
FXRD with an energetic range from 100 eV to 4.4 keV from LEH
with 30° to the axis; (c) is the nTOF line with a fitting curve.
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can be seen clearly. After 2.3 ns, the electron energy loss
through bremsstrahlung emission leads to the fadeaway of
GXI images, while the FXRD signals can still increase until
3.3 ns. This is because the FXRD of broadly spectrum-
integrated x-ray flux are not so sensitive to the electron
temperature, and the FXRD view field is large and can
receive emissions from both the central and the peripheral
plasmas. The peripheral low-density plasmas are com-
pressed and heated to consecutively emit x rays when
swept by the outgoing shock [22]. The shock effect and the
time delay between neutron and x-ray emissions also
emerged in capsule implosion experiments [24].
Our radiation hydrodynamic simulations with the LARED

code [25] corroborate the above thermalization and relax-
ation pictures [22]. The nonequilibrium plasmas with a
higher ion temperature and a lower electron temperature are
desirable for nuclear fusion, because it increases the fusion
reactivity and at the same time reduces energy losses
through electron bremsstrahlung emission [34].
The neutron yields are measured by a plastic scintillator.

The highest neutron yield is 3.5 × 109 achieved using a
smaller hohlraum with a diameter of 1500 μm and an input
laser energy of 6.3 kJ. It is worth mentioning that the
neutron yields are remarkably stable. Three consecutive
shots are fired with the 1700 μm hohlraum and a laser
energy of 6.1, 5.9, and 5.8 kJ. The corresponding neutron
yields are 3.2 × 109, 2.8 × 109, and 2.9 × 109, respectively.
With all the experimental variations, such as the laser shot-
to-shot energy variation and the target fabrication imper-
fections, the robustness in neutron yields is clearly evident.
According to the nTOF measurement, the ion temperatures
are typically around 6–8 keV, which are apparently higher
than the 3–5 keV seen in NIF inertial implosions [35].
A total of 11 laser shots are fired, and neutron yield data

are collected. In Fig. 4, the red stars show the neutron yield
produced by a hohlraum with a diameter of 1700 μm and a
laser spot diameter of 500 μm. The number of laser beams
is adjusted to give the required total laser energies. The red

circles represent the data with a smaller hohlraum of
1500 μm diameter. The hollow blue stars in Fig. 4 are
yields obtained with a hohlraum of 1700 μm diameter and
smaller laser spots of 200 μm diameter. Figure 4 shows that
the neutron yield data are in agreement with the theoretical
scaling law.
Two laser spot sizes with diameters of 500 and 200 μm

are used to study the neutron yield dependency on spot
sizes. As shown in Fig. 4, with the other target and laser
parameters remaining identical, the yields with big spots
(red stars) are about 50% higher than those with small spots
(blue hollow stars). Though the plasma temperature with
big spots is lower than that with small spots, the ablated
mass is larger, giving rise to a larger fuel density at
convergence and a longer confinement time.
We intentionally move the laser pointing location to form

two distinct geometrical configurations to investigate yield
dependency on geometric symmetry. The first configura-
tion consists of one ring of laser spots on the equator. The
second configuration has two rings of spots on each side of
the equator with a distance of 600 μm between two rings.
The first configuration gives the neutron yield of 1.7 × 109

and ion temperature of 6.4 keV (blue hollow stars in Fig. 4),
while the second configuration gives 2.4 × 109 with an ion
temperature of 7.6 keV (blue solid star in Fig. 4). Our
interpretation is that, with one equatorial ring of laser spots,
the colliding plasmas will eventually form a more cylin-
drical shape of hot dense plasmas (2D convergence), while
in the second situation the colliding plasmas will form a
relatively more spherical shape of hot dense plasma (3D
convergence). In the latter case, the higher-dimensional
convergence leads to a higher stagnation density and a
higher ion temperature. For this reason, the octahedral
spherical hohlraum [36,37] with six LEHs is a better choice
for the SCPF scheme, because with the six-LEH the
convergent plasmas are more spherically symmetric than
that with two-LEH used in our experiment.
The choice of fuel material for the ablation layer is crucial

for the SCPF. The neutron yield of different materials
depends not only on their reactivity but also on the average
atomic number A and average nuclear charge number Z
through Yn ∝ ðA=ZÞ1=3ð1þ ZÞ−1.5A−0.5 [22]. For cryogenic
DT, we expect to achieve a higher neutron yield of YDT ¼
12rσvYCD with rσv ¼ hσviDT=hσviDD the ratio of DT fusion
reactivity to DD fusion reactivity. It indicates that the
3.5 × 109 DD neutron yield obtained in the current experi-
ment is equivalent to the 4.2 × 1012 DT neutron. Moreover,
according to the scaling law of the SCPF, onemight expect to
achieve ∼3.0 × 1013 DT neutrons on the 30 kJ Omega laser
with the spherical hohlraum diameter of 3.4 mm and a
duration of 1 ns and ∼3.2 × 1017 DT neutrons on the 1.8 MJ
NIF laser with the spherical hohlraum diameter of 5.6 mm
and a duration of 3 ns. The fusion energy can even balance or
exceed the input energywith a laser energy larger than3.3MJ
and a properly designed SCPF target.

(
)

9
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2.5DYn
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FIG. 4. The neutron yield data versus the scaling parameter.
The error bars of the data are about 10%–15%, approximately
equivalent to the vertical size of the varied scatters. EL in units of
J, Rh in units of mm, and τ in units of ns. Different scatters
represent varied parameters; refer to the text for details.
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In summary, the concept of laser-driven spherical con-
vergent plasma fusion is proposed and investigated, and its
principle has been demonstrated experimentally at the SGIII-
prototype laser facility. It is shown that the SCPF scheme is
efficient, robust, and insensitive to experimental variations,
and the neutron yield can be predicted by our simple scaling
law.TheSCPFconcept has important implications in neutron
source and proton diagnostics. It can be further optimized by
shaping the laser pulse or raise the convergent plasma
temperature with fast heating by directly driven lasers
[38,39], etc. Related works are ongoing.
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