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Fig. 1 (a) Energy distribution of ions emitted from a cluster, as obtained by using a spherical ion cluster model, (b) energy distribution of
ions emitted from clusters irradiated with 100 fs pulses with intensity of 1.6x10'® W/cm? for different levels of the back pressure
for generating clusters (higher pressure produces larger clusters) [6].
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Fig. 2 Laser intensity scaling laws for the radius of the cluster,
in which electrons can be expelled by the laser pulse, and
for the maximum energy of ions emitted from the cluster.
Open symbols denote the experimental results presented
in [6] and closed ones denote the results of the PIC sim-
ulations presented in [9]. Based on the assumption that
the intensities for the PIC simulations are too high for
the corresponding clusters given by the present scaling
law since the cluster size is not optimized in these sim-
ulations, the shaded symbols are shifted toward the laser
intensity in such a way that the closed ones lie on the thin
line. These are revealed by gray closed symbols.

tensity appears in the process of electron expulsion. From
the model mentioned above, the laser intensity required
to expel electrons from the cluster is also reduced as fol-
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where ay is the normalized vector potential amplitude and
I1. is the laser intensity. Then, the size of a cluster from
which electrons can be expelled and the maximum ion en-
ergy can be scaled by the laser intensity as follows.
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Figure 2 shows the dependence of the cluster radius and
the maximum ion energy on the intensity of the laser for
hydrogen gas (Z = Z = 1). The adequacy of this model is
verified on the basis of the satisfactory agreement with the
experimental results obtained by the authors and the PIC
simulation results presented in [9].

4. Neutron Generation by Laser-
Cluster Interactions

The first demonstration of neutron generation result-
ing from the interaction between laser and clusters was
presented by Ditmire et al., where they used deuterium
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Fig. 3 The configuration of the clusters in the focal volume of the laser. The clusters are displaced with the interspace of the laser
wavelength to neighbor clusters, therefore the coupling efficiency of a laser pulse to the cluster gas is assumed to be 1.

clusters. Most likely, the deuterium ions emitted by the
Coulomb explosion react with surrounding deuterium gas.
In the present discussion, the reactive ions, which are gen-
erated by the Coulomb explosion of the clusters located in
the focal volume of the laser, and the target atoms (solid
or gas) are set as the Li walls or the surrounding hydrogen
gas.

Here, we consider the following two reactions: (1) D
+ D — 3He + n(2.45MeV) and (2) p + 'Li — "Be +
n — 1.6 MeV. Although reaction (1) can be induced even
by ions with relatively low energy (>100keV), the neu-
tron energy is so high that it is necessary to use a large
moderator and a shield in order to cool down the neu-
trons to cold neutrons. For instance the elastic scatter-
ing cross sections of neutrons in hydrogen atoms are 4-
1 barns for 1-10 MeV neutrons, and 12-8 barns for 100-
300keV neutrons. The energy of neutrons emitted from
p+Li reactions with 2.4 MeV protons is about 300keV.
Therefore, on the contrary, although high-energy ions
(>2MeV) are necessary for (2), it is not necessary to use an
immense moderator and a shield due to the low energy of
the produced neutrons. Regarding the ion sources, here we
focus on p(2.25MeV), D(100keV), and D(2 MeV), where
p(2.25MeV) and D(2MeV) have the maximum cross-
sections for the reactions. For instance, in order to pro-
duce p(2.25 MeV), clusters with a diameter of 172 nm are
necessary, as seen from Fig. 3. Here, we assume that the
clusters are placed in such a way that the average inter-
val between neighbors is equal to the laser wavelength, as
shown in Fig. 3. The density of protons with energy E,«
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where g is the density of the cluster (solid density). As-
suming that the ions are emitted from a cylindrical volume
whose diameter and length are equal to the diameter d of
the focal spot of the laser, the neutron yield is given by

d 2 R(E)
Ny = npﬂ(z) dnuf o (E)dz
0

P 3 R(E)
= Ty, f o (E)z, ™
0

where np; is the density of target Li, o is the cross-section
of the nuclear reaction, z is the average flight distance for
protons in the target, and R(E) is the stopping distance for
ions in the target. For a laser pulse with a duration 7,
intensity I;, and energy Ey (IL = ”(ZLZ)Z = % = ;:if;L ),
the diameter d of the focal spot of the laser is given by the
laser energy Ey, and the neutron yield can be scaled by the

laser energy as follows:
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Table 1 Parameters for optimized Coulomb explosion of clusters and neutron yields.

Reaction Li(p,n)Be  D(D, n)He D(D, n)He p(Li, n)Be
Collision energy (eV) 225M 100 k 2M 2.25XTM
Laser intensity (W/cm®) 1.9x10”  82x107  1.6x10"  1.3x10%
Cluster size (nm) 172 36 162 455
Reaction cross-section (barn) 0.5 15m 90 m 0.5

Neutron yield

2.1X10°E%? 3.4X10°E*? 2.1 X10%E%? 22X 10°E*?

5. Laser Energy Scaling Law of Neu-
tron Yield

The cluster diameters and the laser intensities neces-
sary for producing the ions p(2.25 MeV), D(100keV), and
D(2MeV) are shown in Table 1 together with the calcu-
lated laser energy laws of the neutron yield. Here, we have
assumed a pulse duration of 100 fs and AE ,x/Emax =0.1,
that is, only the region within 5% of the cluster radius as
measured from the surface of the cluster contributes to the
emission of high-energy ions. Figure 4 shows a compari-
son of the present scaling for the D(D,n)He (D=100keV)
with respect to the experimental results reported in the rel-
evant literature [10, 11]. These two cited sources state dif-
ferent laser energy scaling laws, both of which are different
from the scaling laws presented in this paper. As men-
tioned above, the ion energy is determined by the cluster
size rather than by the intensity of the laser. In these ex-
periments, the cluster size and the laser intensity are not
optimized for producing neutrons. The present scaling law
is obtained with constant laser intensity in order to expel
electrons from the cluster, whose size is optimized to yield
adequate ion energy. Therefore, optimized scaling is ob-
tained, and in this sense, this law provides a satisfactory
interpretation of the experimental results.

For the reaction of p(Li, n)Be, the yield is different
from that for Li(p, n)Be. Li clusters are Coulomb-exploded
to emit Li ions with an energy of 2.25x7 MeV, which re-
act with the surrounding hydrogen gas. For this reaction,
the cluster size and the laser intensity must be 455 nm and
1.3x10%° W/cm?, respectively, in which high neutron yield
Ny, = 22 X% 109EE/ ? is obtained. It is demonstrated by
PIC simulations that even such large clusters Coulomb-
explode [9], although interactions between lasers and mul-
tiple large clusters arranged at intervals equal to the laser
wavelength have not yet been experimentally studied and
thus remain a topic for future research.
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Fig. 4 Comparison between the present scaling law and the ex-
perimental results reported in [10] (open squares (35 fs
laser pulses)) and [11] (circles (100 fs) and close squares
(1 ps)) with regard to the dependence of the neutron yield
on the laser energy. The present scaling is for the reac-
tions of D(D,n)He (D=100keV).

6. Feasibility of Neutron Sources

In general, the neutron yield requirements for com-
pact neutron sources are >10'" neutrons/s for basic sci-
ence, >10'% neutrons/s for medical applications, and >10'3
neutrons/s for industry applications (such as semiconduc-
tor processing). Figure 5 shows the dependence of the
number of neutrons on the laser energy for the reactions
Li(p,n)Be, D(D,n)He, and Li(p,n)Be with respect to the
repetition rate of the laser pulses. For the reaction of
Li(p,n)Be (Fig.5 (a)), a 1kJ/ 1 Hz laser is required in or-
der to obtain 10! neutrons/s. These characteristics are still
difficult to obtain from the viewpoint of current laser tech-
nology. However, for the reaction of D(D,n)He (Fig. 5 (b)),
a 1J/1kHz laser can realize a neutron source yielding 10'!
neutrons/s, and modern laser technology can produce such
lasers. 100J /10 Hz lasers emitting 10'? neutrons/s are also
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Fig. 5 Laser energy scaling laws for the yield of neutrons.

in the scope of current laser technology. For the reaction of
p(Li,n)Be (Fig. 5 (¢)), not only 10" neutrons/s sources, but
also 10'3 neutrons/s ones can be realized, and additional
benefits can be expected for this reaction. For example,
the neutron energy can be reduced to several 100 keV, and
therefore the size of the moderator can be reduced, while
the moderator and the shield can be used as the target. If
the Li ions emitted in isotropic manner from the focal point
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Fig. 6 Schematic configurations of (a) conventional accelerator-
based neutron source and (b) the proposed neutron source
generated by intense femtosecond laser —cluster interac-
tions.

of the laser can be oriented in one or two directions towards
the target / moderator by using electric or magnetic fields,
neutrons can also be oriented due to the impingement of
heavy Li ions with light protons. Therefore, great flexi-
bility can be achieved in designing neutron source facili-
ties with respect to moderators, shields, and transportation
of neutron optics to the user sites. Finally, the laser sys-
tem can be separated from the radiation-controlled area, as
shown schematically in Fig. 6.

7. Summary

Neutron yields are estimated for reactions using ions
emitted as a result of using intense femtosecond laser
pulses to induce the Coulomb explosion of clusters. The
laser energy scaling law for neutrons generated in the focal
volume of the laser are derived on the basis of the laser in-
tensity scaling laws for the size of the cluster, from which
the laser can expel electrons, and for the maximum energy
of ions emitted from the cluster. From the viewpoint of
the number of emitted neutrons, compact neutron sources
available for basic science, medical application, industrial
processing, and so on can be realized with modern laser
technology. Further development can lead to the stage
of coordinating the process of designing relevant facili-
ties, including targets / moderators and neutron transport
lines in radiation shields, as well as laser systems outside
radiation-controlled areas.
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