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The effect of the laser spot size on the neutron yield of table-top nuclear fusion from explosions of a femtosecond

intense laser pulse heated deuterium clusters is investigated by using a simplified model, in which the cluster size

distribution and the energy attenuation of the laser as it propagates through the cluster jet are taken into account. It

has been found that there exists a proper laser spot size for the maximum fusion neutron yield for a given laser pulse

and a specific deuterium gas cluster jet. The proper spot size, which is dependent on the laser parameters and the

cluster jet parameters, has been calculated and compared with the available experimental data. A reasonable agreement

between the calculated results and the published experimental results is found.
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1. Introduction

The interaction of femtosecond intense laser
pulses with clusters has attracted much attention for
more than a decade and a lot of important findings
in experiment and theory have been reported, such as
x-ray, energetic ion and electron production.[1−4] Per-
haps one of the most remarkable findings is the ob-
servation of the intense femtosecond laser driven nu-
clear fusion from the explosions of deuterium clusters,
i.e. the so-called table-top laser nuclear fusion, which
would be an interesting possible neutron source.[5]

Many correlative researches have been carried out ex-
perimentally and theoretically aiming at mainly in-
creasing the neutron yield.[6−15] Now, it is well estab-
lished that the fusion neutron yield is closely related
to the energy and the total number of the deuterium
ions. A higher laser intensity can fully strip all the
electrons from the cluster of a larger size, and then
can increase the kinetic energies of the deuteron ions
ejected from the explosion of clusters. However, when
the laser pulse energy is kept constant, increasing the
laser intensity requires a decrease of the laser spot size,
and as a result, the volume of the laser-cluster interac-

tion is reduced as well. If the average deuterium atom
density in the cluster jet is assumed to be uniform,
the reduction of the volume of the interaction leads to
the decrease of the total number of the energetic deu-
terium ions. Consequently, the fusion neutron yield
would be limited. Hence, it is possible that there ex-
ists a proper laser spot size at which an optimum fu-
sion neutron yield could be expected. However, the
study of this problem is very complicated because the
fusion neutron yield is related to many factors, such
as the distribution of the cluster size in the cluster
jet, the spatial and temporal intensity distributions
of the laser pulse, and the energy attenuation of the
laser pulse as it propagates through the cluster jet.
In this paper, we use a simplified model to study the
dependence of the fusion neutron yield in the laser–
deuterium cluster interactions on the laser spot size
within the cluster jet. In our model, the energy dis-
tribution of the deuterium ions in the laser-created
plasma filament is calculated as in Ref.[16]. Under
certain conditions, it has been found that with in-
creasing laser spot size, the neutron yield increases
until it reaches a peak value at a proper spot size,
then the fusion neutron yield falls off with the further
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increase of the laser spot size. The calculated results
are compared with the available experimental data.

2. Modelling and methodology

The energetic deuterium ions ejected due to the
explosions of the deuterium clusters, will collide with
deuterium ions from the nearby deuterium clusters in
the intense laser-created plasma filament. When the
deuterium ion energy is high enough (greater than a
few keV), the nuclear fusion D + D → He3 + n can
occur with a high probability, releasing a characteris-
tic 2.45MeV neutron.[5,6] In order to investigate the
fusion neutron yield, we have to calculate the deu-
terium ion energy distribution including the effects of
the cluster size distribution and the energy attenu-
ation of the laser pulse. The method used to cal-
culate the energy distribution of the deuterium ion
is described in detail previously.[16] Considering that
the experimentally measured cluster size distribution
is best described by a log-normal distribution,[17] as
in Ref.[8], we assume the cluster size distribution to
be f(n) = exp[−(lnn − µ)2/2w2]/nw

√
2π, where n

is the cluster size in number of atoms per cluster
(n = 4πr3ρ/3, r is the cluster radius and ρ is the deu-
terium atom density in the cluster). The parameter µ

and w are the mean and standard deviation of the log-
arithm of the cluster size, respectively. And w, which
is proportional to the full width at half maximum of
the distribution,[18] can be regarded as the cluster size
distribution width. The average cluster size n̄ is given
by n̄ =

∫
nf(n)dn/

∫
f(n)dn. The laser-cluster in-

teractions are divided into two regimes, i.e., the CVI
(cluster vertical ionization) regime

(
r < r

(I)
0

)
, and the

non-CVI regime
(
r > r

(I)
0

)
. Here, r

(I)
0 , which is the so-

called border radius, is determined through r
(I)
0 (nm)

= AI1/2,[12] where A is 3.0× 10−8 (nm/(Wcm−2)1/2)
and I is the laser intensity in Wcm−2. The laser
pulse energy absorption by the gas jet is assumed to
be equal to the total work done by the laser electric
field in stripping off electrons from all the clusters in
the laser-cluster interaction volume.[10] In the calcula-
tions of laser intensity repartition resulting from the
pulse energy attenuation, the laser-cluster interaction
volume is divided into a series of cylindrical segments
along the laser propagation direction in which the lo-
cal laser intensity is considered to be constant. The
laser energy absorbed by the cluster of radius r can be

written as 141πρ2e2R/360ε0,[16] where R is equal to
r5

(
r < r

(I)
0

)
, or r3r

(I)2
0

(
r > r

(I)
0

)
, ε0 is the dielectric

constant, and e is the electron charge. Then we can
calculate the laser intensities in each segment along
the laser propagation direction and obtain the aver-
age laser intensity in the interaction volume. Based
on the calculated average laser intensity and the clus-
ter size distribution, the deuterium ion energy distri-
bution can be obtained. For the clusters of radius
r < r

(I)
0 , the deuterium ion energy distribution and the

maximum ion energy from a single cluster are given as

F1(E) ∝ (E/ρ)1/2 and Emax =
e2ρ

3ε0
r2, respectively.[10]

For the clusters with radius r > r
(I)
0 , the ion energy

distribution and the maximum ion energy from a sin-
gle cluster can be written as F2(E) ∝ (E/ρi)1/2 and

Emax =
e2ρi

3ε0
r2. Here, we assume that the clusters

partially ionized by the laser field have the uniform

ion density of ρi = ρ
r
(I)
0

r
. The ion energy distribution

from all the clusters is

F (E)dE = F1(E)dE + F2(E)dE, (1)

described by the contributions from the CVI part

F1(E)dE ∝ ∫ n
(I)
0

nE
f(n)dn

√
EdE and from the non-

CVI part F2(E)dE ∝ ∫∞
n

f(n)dn

(
n

n
(I)
0

)1/6√
EdE,

where n
(I)
0 and nE are the sizes (in number of atoms

per cluster) of the cluster with the border radius r
(I)
0

and of the cluster of which the Coulomb explosion
will produce ions with the maximum kinetic energy
E. This means that only the clusters with sizes equal
to or larger than nE can contribute to the energy dis-
tribution of the ions with energy E. Similarly, in the

above expression n is equal to
4
3
πρ

(√
E/(e2ρi/3ε0)

)3

(
n ≥ n

(I)
0

)
. The total number of the deuterium ions

inside the plasma filament is given by N =
∫

ρavdV ,
where ρavis the average deuterium ion density in the
plasma filament and V is the volume of the plasma
filament. The volume of the plasma filament depends
on the laser spot size in the deuterium jet and the
length of the filament. So the total neutron yield
includes contributions from the deuterium-deuterium
collisions occurring inside the plasma filament, termed
“filament fusion”, as well as the collisions between the
energetic deuterium ions and the cold deuterium in
the surrounding gas, which is termed “beam-target
fusion”.[8,19] For the beam target fusion (the moving
ion hitting the stationary ion), the fusion cross-section
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σ(E) in barns (1 barns = 10−24 cm2) as a function of
the kinetic energy of the incident ion E in keV can be
fitted by[20]

σ(E) =
{
A5 + [(A4 −A3E)2 + 1]−1A2

}

/E[exp(A1E
−1/2)− 1], (2)

where the Duane coefficients A1, A2, A3, A4, and A5

are 47.88, 482, 3.08 × 10−4, 1.177 and 0 for the D-
D fusion reaction, respectively. For the “filament fu-
sion”, the average fusion reactivity 〈σv〉 is expressed
as

〈σv〉 =
∫∫∫

vσ(E)F (E1)F (E2)dE1dE2

× sin θdθ/2/

∫∫
F (E1)F (E2)dE1dE2, (3)

where v is the velocity of the incident ion. We set
E = E1 + E2 − 2

√
E1E2 cos θ, where θ is the an-

gle of incidence between two colliding deuterium ions
with the kinetic energies of E1 and E2, and v2 =
v1

2 + v2
2 − 2v1v2 cos θ, where v1 and v2 are the ve-

locities of the two colliding deuterium ions. The total
fusion neutron yield can be estimated from the follow-
ing expression[8]

Y =
τ

2

∫
ρ2
av 〈σv〉dV + N

∫ l/2

0

ρav 〈σ〉dl, (4)

where τ is the disassembly time of the plasma filament,
depending on the volume and the shape of the plasma
as well as the average ion velocity, and l is the diam-
eter of the cluster jet. The first term in expression
(4) estimates the filament fusion neutron yield. The
second term estimates the beam-target fusion neutron
yield and 〈σ〉 =

∫
σ (E)F (E) d (E) /

∫
F (E) d (E) is

the average fusion cross-section. The factor of 1/2
in the first term accounts for double counting of deu-
terium ions. In our calculations, we assume that the
shape of the plasma filament and the deuterium ion
number density in the plasma filament do not change
with the variation of the laser spot size and the laser
pulse energy.

3. Results and discussion

In our calculations, the shape of the plasma fil-
ament is assumed to be a cylinder with its diame-
ter and length being approximately equal to the laser
spot size d and the radial dimension of the cluster
jet l (∼2mm), respectively. The disassembly time of

the plasma filament τ is given by the laser spot size
d divided by the average deuterium ion velocity vav.
The deuterium atom density in the cluster ρ is cho-
sen to be 4.22× 1022 cm−3.[8] The average deuterium
ion density within the plasma filament ρav, which is
equal to the average atom density in the cluster jet of
1.5 × 1019 cm−3, is assumed approximately uniform.
First, we perform the calculations of the fusion neu-
tron yield as a function of the laser spot size d un-
der the typical experimental conditions that the laser
pulse energy is 300 mJ, the laser pulse duration 60 fs,
the wavelength 790 nm, the deuterium cluster jet with
the average cluster size of 6.0 nm, and the cluster size
distribution width 0.6. It is found that the variations
of the filament fusion yield and the beam-target fu-
sion yield with the laser spot size are the same. As an
example, the dependence of the filament fusion neu-
tron yield and average fusion reactivity on the laser
spot size is shown in Fig.1 (in order to illustrate the
different variation trends of both the filament fusion
neutron yield and the average fusion reactivity against
the laser spot size, they are normalized to their maxi-
mum values). It can be seen that with the increase of
the laser spot size, the filament neutron yield increases
rapidly and reaches a peak value at the spot size of
80 µm, then decreases slowly towards zero. The cal-
culated results indicate that when the laser spot size
is 80 µm, the average deuterium ion energy is 6.3 keV,
the average fusion reactivity 〈σv〉 is 3.3×10−20 cm3s−1

and the calculated maximum filament fusion yield is
4.6 × 103. As the spot size is set to 40 and 120 µm,
the corresponding neutron yields are reduced to about
0.8×103 and 2.8×103, while the corresponding average
deuterium ion energy and the average fusion reactiv-
ity are 6.7 keV and 4.5 × 10−20 cm3s−1, and 4.3 keV
and 0.5× 10−20 cm3s−1, respectively. From Fig.1, we
can see that the average fusion reactivity keeps nearly
constant with increasing laser spot size when the laser
spot size is smaller than 60 µm. This is because before
the spot size increases to 60 µm (corresponding to the
laser intensity of 1.4 × 1017 Wcm−2), the laser inten-
sity is high enough to completely strip the majority of
the clusters in the jet. So the average deuterium ion
energy and the average fusion reactivity are kept sat-
urated. When the spot size is beyond 60µm, with the
increase of the spot size, the laser intensity will not be
high enough to completely strip the majority of the
clusters in the jet, and thus the average energy of the
deuterium ions produced by the Coulomb explosions
of deuterium clusters decreases. As a consequence,
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the average fusion reactivity starts to fall off. How-
ever, the increase of the deuterium ion number in the
plasma filament and the fusion time, as a result of the
increase of the laser spot size, has compensated the
decrease of the average fusion reactivity, so the fusion
neutron yield does not decrease but continues to grow.
This trend is held until the laser spot size increases to
about 80µm, i.e., the proper spot size. Beyond this
proper spot size, the increases of the deuterium ion
number and the fusion time are not large enough to
compensate the decrease of the average fusion reac-
tivity and the fusion neutron yield falls off with the
increase of the spot size. Similarly, the total fusion
neutron yield as a function of the laser spot size is
shown in the inset in Fig.1. The maximum total fu-
sion neutron yield of 5.7×103 is obtained at the proper
spot size of 80 µm.

Fig.1. Dependence of the calculated filament fusion neutron

yield and the average fusion reactivity on the laser spot size.

The dependence of the total fusion neutron yield on the laser

spot size is shown in the inset. In the calculations the laser

energy Elaser = 300mJ, the laser pulse duration ∆t = 60 fs,

the laser wavelength λ = 790 nm, the average cluster radius

r̄ = 6.0 nm, and the cluster size distribution width w = 0.6

are used.

In order to have a further insight into the con-
cept of the proper laser spot size, we investigate the
dependence of the proper spot size on the cluster size
distribution and on the laser pulse based on the model
and methodology described in Section 2. The calcu-
lated total fusion neutron yields as a function of the
laser spot size for different cluster size distributions
and for different laser pulses are shown in Fig.2. Fig-
ure 2 shows the total fusion neutron yield as a func-
tion of the laser spot size for different average cluster
sizes r̄ (a), cluster size distribution widths w (b), laser

energies Elaser (c), and laser pulse durations ∆t (d).
The positions indicated by arrows in Fig.2 correspond
to the proper spot sizes. For a given laser spot size,
a larger neutron production may be achieved if the
laser intensity (relevant to the laser energy and the
pulse duration) and the cluster size (relevant to the
average cluster size and the size distribution width)
are increased correspondingly. As mentioned above, a
higher laser intensity can make a larger cluster fully
stripped, leading to a more energetic Coulomb explo-
sion. As shown in Fig.2, the fusion neutron yield in-
creases with the increase of the average cluster size,
the cluster size distribution width and the laser energy,
while decreases with the increase of the laser pulse du-
ration. The following conclusions can be drawn from
Fig.2. (A) For a given laser pulse, the larger the av-
erage cluster radius and the cluster size distribution
width, the smaller the proper spot sizes should be. As
shown in Figs.2(a) and (b), the proper spot sizes are
80, 110, and 140µm for the average cluster radii of 6.0,
4.0, and 3.0 nm, respectively, while the proper spot
sizes are 60, 80, and 90 µm for the cluster size distri-
bution widths of 1.0, 0.6, and 0.4, respectively. With
decreasing average cluster size, the saturated laser in-
tensity (which is high enough to fully strip the ma-
jority of the clusters in the jet) decreases. Thus, for
a smaller average cluster size, if the laser energy is
kept constant, a large proper laser spot size is allowed
to ensure a larger interaction volume, and then the
optimum fusion neutron yield can be obtained. For
a given average cluster size, a larger cluster size dis-
tribution width means that there are more large-sized
clusters in the cluster jet. Consequently, similar to the
dependence of the proper spot size on the cluster ra-
dius, the proper spot size increases as the cluster size
distribution width decreases. (B) For a given clus-
ter jet, the higher the laser energy and the shorter the
laser pulse duration, the larger the proper spot size be-
comes. As shown in Figs.2(c) and (d), the proper spot
sizes should be 60, 80, and 90µm for the laser pulse
energies 200, 300, and 400 mJ, respectively, while the
proper spot sizes should be 70, 80, and 90µm for the
laser pulse durations 100, 60, and 30 fs, respectively.
This result can be understood from the fact that for
the cluster jet of a given cluster size distribution, the
saturated laser intensity is kept constant, and as a con-
sequence, the proper laser focus spot size is allowed to
increase with the increase of the laser pulse energy or
the decrease of the laser pulse duration.
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Fig.2. Dependence of the calculated total fusion neutron yield per shot on the laser spot size for different (a) average

cluster sizes, (b) cluster size distribution widths, (c) laser pulse energies, and (d) laser pulse durations. The proper

laser spot sizes corresponding to the maximum fusion neutron yields are indicated by arrows.

In order to compare our calculations with the
available experimental data, the proper spot size is es-
timated under the experimental conditions described
in Ref.[5]: the laser pulse energy is 120mJ, the laser
pulse duration 35 fs, and the average deuterium ion
density ρav 1.5× 1019 cm−3. The cluster size distribu-
tion width is chosen to be 1.0.[6] Considering that the
average deuterium ion energy is 7 keV derived from the
TOF spectra,[6] the average cluster radius of 5.0 nm is
used in our calculations. The calculated proper spot
size is about 50 µm which is in agreement with the ra-
dial spot size of 40–80 µm estimated by Parks et al [10]

from the experimental interferogram of the deuterium
plasma, conducted to meet the maximum experimen-
tal neutron yield in Ref.[5]. However, our calculation
gives a maximum total fusion neutron yield of about
4.1× 103 which is by about a factor of 2.5 lower than
the reported yield of 104 per shot.[5] This discrepancy
of the fusion yield could result from the simplifica-
tion of the present model and the experimental uncer-
tainties. Since the laser pulse is Gaussian, the actual
diameter of the plasma filament in the cluster jet is
not uniform and is not necessarily equal to the laser
spot size. Then, the cylindrical plasma filament as-

sumed in the model will lead to an underestimation
of the laser-cluster interaction volume in our calcula-
tions. Meanwhile, in the laser-cluster experiment the
laser focal position in the gas jet is manipulated along
the direction perpendicular to the nozzle axis so as to
obtain the optimum neutron yield.[6] In this process,
all the laser parameters and the cluster source param-
eters become well matched to produce the maximum
neutron yield. However, in the present model the neu-
tron yield is considered to be independent of the laser
focus position under the assumption of a cylindrical
plasma filament. Among other things, considering the
measurement uncertainties of the cluster jet parame-
ters, the laser parameters, as well as the neutron yield,
the difference between the calculated results and that
reported would not be significant under the given cal-
culation conditions.

4. Conclusion

In conclusion, a survey of the impact of laser spot
size on the neutron yield of table-top intense laser-
driven nuclear fusion due to Coulomb explosions of
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deuterium clusters have been demonstrated through
calculations based on a simplified model. The proper
laser spot sizes, connected with the optimum neutron
yield, were estimated by varying the laser parameters
together with the cluster parameters. Then the calcu-
lated results were compared with the available exper-
imental data and a reasonable agreement was found.

Although the laser-cluster interaction-induced nuclear
fusion is very complex, the simplified model presents
a straightforward physical picture for the effect of the
laser spot size on the fusion neutron yield; and an
estimate of the proper spot size in a specific table-
top laser-driven nuclear fusion experiments is provided
also.
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