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Abstract
We present a scaling law (Y∼ Eβ) of fusion neutron yields (Y) for laser pulse energy (E) in
laser-cluster fusion experiments. We compare the available neutron yield data from previous
deuterium cluster fusion experiments with those calculated using the cylindrical fusion plasma
model. The calculated neutron yields are shown as functions of the incident laser pulse energy,
average number density, and ion temperature. Although the deuterium–deuterium fusion
reactivity is known to increase rapidly with ion temperature, the neutron yield shows a modest
increase above ∼10 keV for a given laser pulse energy. We find the scaling exponent β
approaching 1.0 as the ion temperature increases from 1 keV to 100 keV. We explain the
observed temperature dependence of β by examining the temperature dependence of the
beam–beam and beam–target fusion neutron yields separately. Our scaling law differs from
previously reported scaling laws from individual experiments, but it shows an excellent
agreement with the scaling law determined by the maximum neutron yields of individual
experiments.

Supplementary material for this article is available online
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1. Introduction

Nuclear fusion is a highly nonlinear phenomenon [1], whose
reaction rate depends heavily on several physical parameters
such as the plasma density, volume, temperature, and fusion
cross sections. When two energetic deuterium ions collide
with each other, sometimes quantum tunneling [1] happens
and Deuterium–Deuterium (DD) fusion reactions can occur.
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To estimate the rate of nuclear fusion reactions, physicists have
often described the probability of fusion reactions using cross
sections [2]. The fusion cross section depends very strongly
on the kinetic energy of the interacting particles [2], and this
results in a rapid increase in the fusion cross section with the
plasma temperature in the 1 keV to 100 keV range.

In laser-cluster fusion experiments [3, 4], an intense laser
pulse irradiates deuterium fuels called deuterium clusters and
produces energetic deuterium ions with typical temperatures
exceeding multi-keV [5]. Laser-cluster fusion experiments
have been studied for basic science, such as measuring fusion
cross sections [6–8] as well as for practical applications,
such as neutron sources in radiography or in time-resolved
spectroscopy [9]. Neutron sources from laser-cluster fusion
experiments do not require a large-scale laser facility and may
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offer adequate flux for materials studies at a high repetition
rate [9, 10].

To maximize the fusion neutron yield under given exper-
imental conditions, it is necessary to optimize the relevant
physical parameters such as the laser pulse energy, pulse
duration, beam size, gas jet backing pressure, temperat-
ure, and nozzle diameter. Finding the key parameters and
optimizing them are, however, quite challenging because the
laser-cluster parameters are very much correlated [11, 12],
and many phenomena caused by the laser-cluster interaction
occur nonlinearly [11–15]. So far, 105–106 fusion neutrons
per joule of incident laser energy have been demonstrated
experimentally [3, 10, 12, 16].

The cylindrical fusion plasma model is a simple but power-
ful model for calculating fusion yields in laser-cluster fusion
experiments [17]. In the cylindrical fusion plasma model,
fusion neutrons are produced from a symmetrically expanding
deuterium fusion plasma [17]. The cylindrical fusion plasma is
often approximated as homogeneous, which is a valid assump-
tion considering the fast (several tens of fs) cluster ionization
and explosion time scales compared with the much longer dis-
assembly time (∼ns) of the fusion plasma. (See supplementary
figure S2 for more details.) In [11], the authors attempted to
find the optimum laser-cluster parameters for the maximum
neutron yield using the cylindrical fusion plasma model. In
[17], the authors calculated the fusion yield as a function of
time along with the corresponding disassembly time of the
fusion plasma.

Laser-cluster fusion experiments have also been studied
usingMolecular Dynamics (MD) simulations, which provided
information for laser-cluster dynamics such as inner and
outer ionization [18], x-ray emission [19], electron-ion energy
distribution [20–22], and conversion efficiency from laser
energy to ion kinetic energy [20, 22]. Some studies have cal-
culated neutron yields using the MD simulation as well. In
[21, 22], the authors investigated the optimum conditions for
deuterium cluster size and incident laser intensity. In [20],
the effects of deuterium cluster size and inter-cluster distance
on neutron yields were reported. Although these studies were
mostly limited to a 1-dimensional (1D) slab model owing
to insufficient computation power, MD simulations provided
some valuable information regarding the plasma properties in
laser-cluster fusion experiments [20–22].

As laser-cluster fusion experiments have often been per-
formed in small-scale laser facilities, many earlier studies
have attempted to provide neutron yield scaling laws based on
their experimental findings. The scaling law of neutron yield
for laser energy (Y = αEβ) has been regarded as an essen-
tial tool for estimating the expected fusion neutron yield at a
given laser energy. Identifying the correct scaling law is very
important because it can predict the fusion yield for a laser
energy region that has been previously unexplored. Regret-
tably, many earlier studies have presented different scaling
laws based on their own investigations. For example, one
experimental study reported a scaling law of Y ∼ E2.2 in the
laser energy range extending from 0.025 J to 0.12 J [12]. In
[23], the authors reported a scaling law of Y ∼ E1.6 for laser
energy varying from 0.1 J to 5.5 J. In [23, 24], a scaling law

of Y ∼ E2.15−2.29 was found for the energy range extending
from 0.1 J to 10 J. In a more recent study [25], a scaling
exponent of 1.65 was obtained in the wide energy range from
1 mJ to 1.5 mJ. This scaling law was derived from extensive
laser-induced fusion experiments including inertial confine-
ment fusion experiments and laser-cluster fusion experiments.
Interestingly, theoretical studies have also presented several
different scaling laws corresponding to scaling exponents β
varying from 1.2 to 2.0 [11, 12, 26, 27].

In this study, we aim to provide the correct scaling law
for neutron yields from laser-cluster fusion experiments. We
accomplish this by examining the available experimental
data and performing 1D simulations using the symmetrically
expanding cylindrical fusion plasma model. We discuss pos-
sible energy loss mechanisms, and account for these effects
in our model by considering the corresponding temperature
drop, kT(t), of the fusion plasma as it expands in time sweep-
ing the cold background gas jet region. Despite the nonlin-
ear dependence of the neutron yield on laser cluster paramet-
ers, our study shows that we can expect a scaling law that is
nearly linear above ∼10 keV. During our analysis, we cal-
culated the expected neutron yield as a function of the laser
pulse energy, ion temperature, and ion number density using
the cylindrical fusion plasmamodel. Our calculations revealed
an excellent agreement with the available neutron yield data.
For the first time, we calculated the expected scaling expo-
nent for the temperature range of 1–100 keV and analyzed
the observed temperature dependence of β by examining the
temperature dependence of the Beam–Beam (BB) and Beam–
Target (BT) fusion neutron yields separately.

2. Calculation of neutron yield

In laser-cluster fusion experiments, deuterium clusters are
often used as the fuel to drive DD nuclear fusion reactions
[5, 10, 12, 23, 24, 28–31]. A cluster is the intermediate state of
matter between a single molecule and a bulk solid [5], which is
an aggregate of many atoms or molecules combined together
via van derWaals forces [32]. Deuterium clusters are produced
when cryogenically cooled (80− 100 K) deuterium gas under
a high backing pressure (∼50 bar) passes through a supersonic
nozzle and expands into vacuum [33]. When irradiated with
an ultra-intense laser pulse, deuterium clusters absorb a signi-
ficant portion (>90%) of the incident laser pulse energy [3],
and high-temperature deuterium fusion plasmas (∼10 keV)
are generated [5].

Figure 1(a) illustrates a symmetrically expanding cyl-
indrical fusion plasma. After the deuterium gas exits the super-
sonic nozzle, an intense laser pulse is focused on the deu-
terium cluster jet. Deuterium clusters are instantly ionized by
the strong laser field [34], and energetic deuterium ions are
produced after the clusters undergo Coulomb explosion [35].
The resulting fusion plasma is formed with an approximately
cylindrical shape because the incident laser beam typically
has a round focus and a long Rayleigh length, comparable
to the nozzle diameter [11]. In figure 1(a), the initial plasma
radius (r0) becomes r(t) = r0 +

´ t
0 vavg (t

′)dt ′ after time t,

2



Nucl. Fusion 63 (2023) 066031 J. Won et al

Figure 1. (a) Cylindrical fusion plasma model. An intense laser pulse irradiates the clusters and produces a cylindrical fusion plasma. The
initial plasma with a radius of r0 and a length of L0 expands to r(t) and L(t) at an average ion speed of vavg(t’). (b) Illustration showing the
beam–beam (BB) and beam-target (BT) nuclear fusion reaction. (yellow area), BB fusion reactions can happen when two energetic
deuterium ions collide with each other As the fusion plasma expands over time (light yellow area), BT fusion reactions can also occur when
hot deuterium ions collide with cold deuterium atoms or ions in the background gas jet.

where vavg(t’) is the average speed of energetic deuterium
ions. Likewise, the initial plasma length (L0) becomes L(t) =
L0 +

´ t
0 2vavg (t

′)dt ′ after time t. In our model, L0 is approx-
imated as the diameter (=2R = 5 mm) of the nozzle opening
[5]. (See supplementary figure S7 for simulation results using
different L0).

Nuclear fusion reactions can occur when energetic deu-
terium ions from different clusters collide with each other
within the plasma or when they collide with the cold deuterium
atoms or ions in the background gas [36]. The former reaction
accounts for the BB fusion reaction, and the latter accounts for
the BT fusion reaction [17, 36]. Figure 1(b) depicts the nuclear
fusion reactions corresponding to the BB and BT fusion reac-
tions. The initial fusion plasma (yellow area) consists of ener-
getic deuterium ions, and the fusion reactions primarily occur
owing to BB interactions. As the plasma expands (light-yellow
area) in time, energetic deuterium ions collide with cold deu-
terium atoms or ions outside the hot plasma, and the BT fusion
reactions can also occur along with the BB reactions.

The total fusion neutron yield (Y) is given as the sum of the
BB (YBB) and BT (YBT) fusion yields [23]:

Y= YBB +YBT

YBB =

ˆ
1
2
nd(t)

2f (⃗v1) f (⃗v2)σ (v)vd⃗v1d⃗v2dVdt

=
1
2
N2
ion

∞̂

0

< σv>kT(t)
1

V(t)
dt (1)

YBT = Nion

ˆ
nd f (⃗v1)σ (v1) d⃗v1d⃗l

= Nionnd

∞̂

0

< σ>kT(t)vavg (t)
Vcold (t)
V(t)

dt (2)

where nd(t) is the number density of energetic deuterium ions
at time t, f (⃗v) is the velocity distribution function of deu-
terium ions, v⃗1 and v⃗2 are the velocities of the colliding deu-
terium ions, v is the relative speed, σ(v) is the DD fusion
cross section [2], N ion is the total number of deuterium ions
within the plasma, ⟨σv⟩kT(t) =

´
f (⃗v1) f (⃗v2)σ (v)vd⃗v1d⃗v2 is the

DD fusion reactivity at an ion temperature of kT(t). ⟨σ⟩kT(t) =´
f (⃗v1)σ (v1) d⃗v1 is the average cross section for BT fusion

reactions at ion temperature kT(t), nd (=nd(t = 0)) is the
atomic number density of deuterium, V(t) = πr(t)2 L(t) is
the volume of the expanding cylindrical plasma at time t, and
Vcold(t) represents the volume of the plasma occupying the
cold background gas jet region.

In our simulations, we have used nd(t) = N ion/V(t), where
N ion is calculated from the energy conservation law ηE=
3
2NionkT [17]. The ion energy conversion efficiency η rep-
resents the fractional laser pulse energy that went into the
kinetic energy of the ions. While the conversion efficiency
can depend on laser-cluster parameters such as the absorbed
laser pulse energy, pulse duration, wavelength, and aver-
age size of the clusters, previous studies [21, 22] suggest
a conversion efficiency of about 50% for an 800 nm laser
pulse with a pulse duration below 100 fs. Therefore, we have
used a conversion efficiency of 50% in our simulations. (See
supplementary figure S8 for simulation results using different
conversion efficiencies.) In addition, our simulations assume
that the clusters within the cylindrical plasma are ionized com-
pletely, then the initial plasma volume V0 is calculated from
V0 = πr02L0 = N ion/nd for each laser pulse energy. In sum-
mary, we can calculate YBB and YBT, knowing the incident
laser pulse energy E, the initial number density of deuterium
ions nd, and the initial ion temperature kT (=kT(t = 0)) of the
fusion plasma using equations (1) and (2). Note that the ion
temperature of the fusion plasma drops as the plasma expands
in time. As the hot ions pass through the surrounding cold gas
jet region, they undergo Coulomb collisions with the electrons
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in the cold deuterium atoms in the gas medium. These interac-
tions induce the energy transfer from the hot ions to the elec-
trons via ionization and excitation processes, resulting in the
energy loss of the hot ions. These energy losses can be estim-
ated by calculating the stopping powers, and we have used a
Monte Carlo simulation code, SRIM [37–39], for these cal-
culations. (See supplementary figures S3–S6 for details.) The
radiation loss from the fusion plasma seems negligible based
on our estimates of the Bremsstrahlung radiation loss during
the first 1 ns. For a 10 keV cylindrical plasma with an initial
radius of 1 mm and a length of 5 mm at nd = 1.0× 1019 cm−3,
we estimate the radiation loss to be less than 0.001% of the
total kinetic energy of the ions.

3. Linear scaling law of neutron yield for laser
energy

In figure 2, the expected fusion neutron yields are shown as
functions of the laser pulse energy from 0.1 J to 200 J using the
cylindrical fusion plasma model. The hollow black triangles
represent the expected neutron yield from a 10 keV fusion
plasma with an atomic number density of nd = 1019 cm−3,
which predicts an almost linear fusion yield scaling law of
Y ∝ E1.14. The hollow black circles also show the expected
neutron yield from a 10 keV fusion plasma but with a lower
number density of nd = 1018 cm−3, which again suggests an
approximately linear fusion yield scaling law of Y ∝ E1.14. We
have also included the available neutron yield data in figure 2,
and the experimental data are found to lie between the hollow
black circles and the hollow black triangles. In figure 2, the
maximum neutron yield from individual experiments is plot-
ted as a black star [3], a green square [12], a red triangle [10], a
red inverse triangle [24], a blue diamond [31], and blue circles
[29]. A scaling exponent of 1.05 is obtained from the avail-
able neutron yield data [3, 10, 12, 24, 29, 31], which also sug-
gests a nearly linear scaling law of the fusion neutron yield,
Y = 1.1 × 105 E1.05.

In contrast, individual studies from previous experiments
reported more favorable scaling exponents ranging from 1.6
to 2.3 [10, 12, 23, 24]. This discrepancy in the scaling law
appears to result from various nonlinear effects of neutron
yields for each experiment. In [12], the authors reported a scal-
ing law of Y ∝ E2.2 in the laser energy range of 0.025 J to
0.12 J, where the authors claimed that the laser propagation
effect on the gas plume caused a rapid increase in the neutron
yield [12]. In [10, 23], the authors reported a scaling law of
Y ∝ E1.6 in the range of 0.1–5.5 J. The authors found that the
number of energetic ions increased linearly with laser energy
and explained that the variation in the ion temperature with
laser energy produced the observed scaling law [10]. In [24],
the authors presented quadratic scaling exponents of 2.15 and
2.3, where the authors argued that focal geometries and pulse
durations caused differences in the scaling laws [24].

The maximum neutron yield obtained from each experi-
ment, however, shows an excellent agreement with the fusion
neutron yield calculated using the cylindrical fusion plasma
model. For example, [3, 4] reported 104 neutrons at 0.12 J with

an ion temperature of 5 keV. This observation agrees well with
our neutron yield of 1.1 × 104 calculated using their experi-
mental conditions. In [12], the authors reported a maximum
neutron yield of 1.2 × 104 neutrons per shot with a 0.12 J
laser pulse for nd = 1.5–2.0 × 1019 cm−3. This observation
also agrees well with our calculated neutron yield of 1.0× 104

neutrons per shot using nd= 1.75× 1019 cm−3. Reference [23]
reported a maximum neutron yield of 6.0 × 105 neutrons per
shot at 5.5 J, and [24] reported 2.0 × 106 neutrons per shot at
9.7 J. Using the experimental conditions in [23, 24], we expect
fusion neutron yields of 6.9 × 105 neutrons per shot at 5.5 J
and 1.6 × 106 neutrons per shot at 9.7 J. In [29], the authors
reported maximum neutron yields of 7.2 × 106 at 52 J and
1.6 × 107 at 102 J using plasma mirrors. In [5], the authors
reported 1.9 × 107 at 172 J. Again, these yield measurements
are consistent with our calculated neutron yields of 5.8 × 106

at 52 J, 1.2 × 107 at 102 J, and 1.9 × 107 at 172 J when using
their experimental conditions in our model.

4. Dependence of neutron yield on E and kT

The dependence of the calculated neutron yield on E and kT
is examined in figure 3. The hollow black circles, hollow blue
triangles, and hollow red squares represent the calculated neut-
ron yield as a function of kT at 1 J, 10 J, and 100 J, respectively,
with nd = 1019 cm−3. The DD fusion reactivity (solid-green
line) is also shown in figure 3 as a reference. In figure 3, the DD
fusion reactivity increases by more than six thousand times in
the range of 1–10 keV, while neutron production increases by
613 times at 1 J, 345 times at 10 J, and 257 times at 100 J. In
the range of 10–100 keV, the DD fusion reactivity increases
by approximately 45 times, while the neutron yield increases
by approximately 10 times or less. Although both the neutron
yield and DD fusion reactivity increase with the ion temper-
ature, the increase in the fusion neutron yield is much slower
than that in the DD fusion reactivity.

The observed trend in figure 3 can be understood as a con-
sequence of Nion being inversely proportional to kT in our
model. An increase in the fusion reactivity does not directly
translate to an increase in the fusion yield because a higher
ion temperature implies fewer energetic ions for a given laser
pulse energy. The moderate increase in the fusion neutron
yield predicted in figure 3 is also consistent with laser-cluster
fusion experiments using CD4 clusters as the target [23, 36].
In those experiments, CD4 clusters were used, and higher
ion temperatures were often achieved [40–42]. Interestingly,
the reported fusion neutron yield is lackluster because of the
much lower atomic number density in those experiments. For
example, 7 × 103 neutrons were produced using a 0.8 J laser
pulse with CD4 clusters in [36]. Although the ion temperat-
ure was fairly high (∼27 keV), the number density was very
low (∼2 × 1017 cm−3), and the resulting fusion yield was
small.

The modest increase in the neutron yields at high ion tem-
peratures can be understood better by examining the temperat-
ure dependence of the BB and BT yields separately. Figure 4
shows the calculated neutron yields from the BB (hollow
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Figure 2. Fusion neutron yield is shown as a function of the input laser pulse energy. The hollow black circles represent the calculated
neutron yields at 10 keV and nd = 1018 cm−3, and the hollow black triangles indicate the calculated neutron yields at 10 keV and
nd = 1019 cm−3. The scaling law for the neutron yields reported from previous experiments is shown as a solid red line.

Figure 3. Calculated neutron yields are shown at three laser pulse energies as functions of deuterium ion temperature from 1 keV to
100 keV. Hollow black circles, hollow blue triangles, and hollow red squares show the neutron yield when the laser pulse energy is 1 J, 10 J,
and 100 J, respectively. While the DD fusion reactivity increases rapidly in the 1–100 keV range, the neutron yields are found to increase
only modestly with the deuterium ion temperature.

circles) and BT fusion reactions (hollow triangles) as functions
of the deuterium ion temperature for the laser pulse energies of
1 J (blue) and 100 J (red). In both cases, the BB yields are dom-
inant at low ion temperatures (<4 keV for 1 J and < 10 keV
for 100 J). Then, the BT yields become dominant as the ion
temperature increases. As the ion temperature increases above

∼10 keV, the BB yields increase marginally and then decrease
after reaching maximum yields. In comparison, the BT yields
continue to increase moderately above 10 keV. Therefore, the
modest increase in the total neutron yields can be explained by
the decrease in the BB yield and by the moderate increase in
the BT yield above ∼10 keV.

5



Nucl. Fusion 63 (2023) 066031 J. Won et al

Figure 4. Neutron yields from BB (hollow circles) and BT fusion reactions (hollow triangles) are shown as functions of the deuterium ion
temperature at laser pulse energies of 1 J (red) and 100 J (blue) for nd = 1019 cm−3.

In figures 3 and 4, the neutron yield curves have similar
shapes for different laser pulse energies. The increasing trend
of the BB andBT yields is explained by approximate equations
for ion temperature. According to equations (1) and (2), the BB
and BT yields are proportional to N ion

2 and N ion, respectively.
Using the energy conservation law ηE= 3

2NionkT, the BB and
BT yields can now be written as ∼ <σv>kT

kT2 and ∼ <σ>kT
kT ,

respectively.When we calculate< σv>kT and< σ>kT, the lat-
ter increases seven times faster than the former in the energy
range from 1 keV to 100 keV. This rate results in a much faster
increase in the BT yield than that in the BB yield. Our calcula-
tions indicate that the total fusion neutron yield is dominated
by the BT yield for ion temperatures above 10 keV.

5. Dependence of scaling laws on kT

Our scaling law shows that the neutron yield increases nearly
linearly with laser pulse energy at high ion temperatures above
10 keV. We calculated the neutron yield scaling law Y= αEβ

for laser pulse energies from 0.1 J to 200 J varying the ini-
tial ion temperature and ion number density. Figure 5 shows
the temperature dependence of β at two gas densities. Each
data point in figure 5 represents the scaling exponent extrac-
ted from a plot of fusion yield versus laser energy for a given
initial ion temperature and ion number density. (See supple-
mentary figure S1) The hollow blue circles and hollow red
triangles represent the scaling exponents for nd = 1018 cm−3

and nd = 1019 cm−3, respectively, in the 1–100 keV range. As
the ion temperature increases, the scaling exponents decrease
quickly and approach 1.0 in both cases. In figure 5, the scal-
ing exponent seems to present a weak dependence on the ion
number density at temperatures above 10 keV. For example,

the scaling exponent is 1.14 for both nd = 1018 cm−3 and
nd = 1019 cm−3 at 10 keV.

We assumed that the scaling law of the total fusion yields
consists of the scaling laws of the BB and BT yields,

Y= YBB +YBT

αEβ = αBBE
βBB +αBTE

βBT , (3)

where αBB, αBT, and α are the scaling constants of the BB,
BT, and total yields, respectively, and βBB, βBT, and β are their
respective exponents.

Figure 6 shows β (red circles), βBB (hollow red triangles),
βBT (hollow red squares), and αBT/αBB (hollow blue dia-
monds) as functions of the ion temperature when the ion dens-
ity is fixed at 1019 cm−3. αBT/αBB is the ratio of the BT and
BB yield coefficients in equation (3). β is initially domin-
ated by βBB because αBT/αBB is small at low temperatures.
As the ion temperature increases, β approaches βBT because
αBT/αBB increases. The rapid decrease of β with ion temperat-
ure is related to the modest increase in the neutron yield above
∼10 keV as discussed in section 4. In fact, βBB and βBT can
be treated as ∼1.6 and 1.0, respectively, because they rarely
change with ion temperature at temperatures above ∼10 keV.
For ion temperatures above 10 keV, figure 6 shows that β
becomes less than 1.14, resulting in a nearly linear scaling law
for high temperature fusion plasmas above 10 keV.

The scaling exponents shown in figures 5 and 6 are some-
what different from those found in previous theoretical studies.
In [12], the authors suggested a scaling exponent of 1.5 based
on a crude fusion yield model accounting for the BB fusion
reaction only. In [11], a scaling exponent of 1.2 was obtained
from a slightly more sophisticated model that accounted for

6
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Figure 5. Exponents (β) of the scaling laws (Y = αEβ) are shown as functions of deuterium ion temperatures from 1 keV to 100 keV in
1 keV steps at two different ion number densities of nd = 1.0 × 1018 cm−3 (hollow blue circles) and nd = 1.0 × 1019 cm−3 (hollow red
triangles). For each ion temperature and gas density, the corresponding scaling exponent, β, was obtained from the calculated fusion yields
for laser energies varying from 0.1 J to 200 J.

Figure 6. Scaling exponents (β, βBB, βBT) and the ratio of coefficients (αBT/αBB) are shown as functions of the ion temperature. The
scaling law for the total neutron yield is expressed as the sum of the scaling laws of the BB and BT yields (αEβ = αBBEβBB +αBTEβBT ).

the attenuation of laser pulse energy and the known cluster
size distribution. This scaling exponent is quite close to ours,
but their model neglects the temperature dependence of the
scaling exponent.

In our simulations, we have used a cylindrical plasma of
5 mm length to calculate the fusion neutron yields. Since the
calculated neutron yield depends on the geometry of the fusion

plasma, we have investigated fusion plasmas with slightly
different geometries. For example, we have examined the
robustness of our conclusions by performing similar simula-
tions, varying the plasma lengths. (See supplementary figure
S7 to see the scaling exponents (β) as functions of kT for
different plasma lengths.) Again, these additional simula-
tion results show that the scaling exponent approaches 1.0

7
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at higher ion temperatures above 10 keV for all plasma
lengths.

While laser-cluster parameters are known to be correlated
for the fusion neutron yields, our simulation results indicate
that the fusion neutron yield will increase almost linearly with
the laser pulse energy for high temperature fusion plasmas
above 10 keV. In laser-cluster fusion experiments, parameters
that affect the ion temperature, such as average size and spa-
tial distribution of clusters, pulse duration, and spot size, can
be optimized independently of the laser pulse energy and ion
density for a maximum fusion yield. Our findings will provide
theoretical support for establishing an experimental scheme
for maximum fusion neutron yields.

6. Conclusion

Using the cylindrical fusion plasma model, we calculated the
expected neutron yields from laser-cluster fusion experiments
as a function of the laser pulse energy, ion temperature, and
ion number density.While certain earlier studies have reported
more favorable scaling exponents in the range of 1.6–2.3 based
on their own experimental findings, our simulation results sug-
gest a scaling law of Y ∼ E1–1.35 for the fusion neutron yields
with laser pulse energy in the 0.1–200 J regime. In particular,
our simulations show that the scaling exponent approaches 1.0
for high-temperature fusion plasmas above 10 keV. Even with
the strong nonlinear dependence of the DD fusion reactivity
on the ion temperature, our study indicates that we can expect
a neutron yield scaling law that is almost linear above 10 keV,
and the number of fusion neutrons per joule of incident laser
energy does not increase significantly with laser energy.

By independently analyzing the temperature dependences
of the BB and BT fusion yields, we attempted to explain
the observed temperature dependence of the scaling expo-
nent. While our fusion neutron yield scaling law differs from
previously reported scaling laws obtained from individual
experiments, it is in excellent agreement with the scaling law
determined by each experiment’s maximum neutron yield. We
anticipate that our scaling lawwill serve as a valuable guide for
future laser-cluster fusion experiments in the high laser energy
regime above ∼1 kJ, providing correct estimates of the max-
imum achievable fusion yields at high laser energies.
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