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A modified model based on the Coulomb explosion model [H. Li er al., Phys. Rev. A 74, 023201 (2006)] is
proposed to roughly estimate the nuclear fusion yields produced in the Coulomb explosion of deuterium cluster
jet with irradiation of the intense laser pulses by taking the attenuation of laser energy absorbed by the clusters
with a logarithmic-normal size distribution into account. The neutron yield generated inside the heated plasma
filament, as the sum of the intercluster fusion yield and beam-target fusion yield, is calculated as a function of
laser-cluster parameters such as the cluster size, the laser energy, and the focus spot radius and position. Only
if these parameters match with each other can the neutron yield or the neutron conversion efficiency be
maximized. The rough qualitative comparison about the variation tendency of fusion yield with laser-cluster
parameters is made between our simulations and the reported measurements.
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I. INTRODUCTION

As bridge state from atoms to bulk solid, clusters with
large sizes irradiated by intense laser pulses higher than
10> W/cm? can generate MeV ions [1-6] and intense x
rays [7-10], which has contributed to the investigation of
laser-induced nuclear fusion and table-top x-ray laser, etc. In
a series of important experiments of the Lawrence Livermore
group [11-15], ultrashort laser pulses with high intensity are
focused into the deuterium cluster (D,),, jet to heat the clus-
ters rapidly. Then the clusters explode outwards with the
generation of high-energy deuterons, forming a hot plasma
filament with a diameter determined by the laser focus spot
and with a length dependent on the absorption depth of the
laser pulse into the cluster gas. Generally, the D-D fusion
neutron production in the cluster explosion process includes
contributions from the collisions among the energetic deuter-
ons produced in different clusters inside the cluster plasma,
termed as intercluster fusion [16], as well as from the colli-
sions of hot deuterons streaming out the plasma with cold
deuterium atoms in the surrounding gas, termed as beam-
target fusion [17,18]. Apart from the above two fusion
mechanisms, another possible D-D nuclear fusion mecha-
nism is the collision and fusion between the hot deuterons
within a single cluster, termed as intracluster fusion [19-22].
The intracluster fusion depends greatly on the formation of
shock shells resulting from the nonuniform density profiles
inside the single cluster in the early period of the Coulomb
explosion and thus happens in a smaller spatial scale of a few
cluster radius and an earlier temporal scale than the interclus-
ter fusion event. However, it is still an open question whether
the shock shells originating from the density nonuniform in
the Coulomb explosion of homonucluster clusters can be re-
alized [22]. Even if it were realized, only when the shock
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shells are great enough can the intracluster fusion yield be
comparable to the intercluster fusion yield [21]. For hetero-
nuclear clusters, the possible intracluster nucleosynthesis fu-
sion happens when some parts of light ions overtake the
heavy ions due to the kinetic overrun effects [23-25]. Par-
ticularly in the exploding process of a deuterated hetero-
nuclear cluster such as (DI),, if the deuterons on the inner
layers had large velocity to overrun not only the heavy ions
on the outer layers but also the periphery deuterons, a narrow
shock shell forms where the D-D nuclear fusions might oc-
cur between the deuterons moving with large relative veloci-
ties in the same direction. It is unfortunate that the neutron
yield produced in the intracluster fusion model is still much
lower than the intercluster fusion yield due to the small scale
of the shock shells [26].

Researchers have made systematic experiments
[12,15,17,27,28] and established reasonable models [29-37]
to investigate the neutron production in the Coulomb explo-
sion processes of the deuterated clusters driven by ultrain-
tense femtosecond laser beams. Some useful scaling laws
have been obtained, e.g., the neutron yields from the laser-
heated homonuclear deuterium clusters and heteronuclear
clusters containing deuterium are highly affected by the clus-
ter size as well as the laser-pulse characteristic parameters.
Meanwhile, the effect of the cluster size distributions on the
theoretical and experimental studies about the cluster dynam-
ics in ultraintense laser fields is being realized [38-41]. In
view of the very efficient laser energy absorption by clusters
[1,12,14,17,33], the laser light intensity attenuation in the
propagation process of the laser beams within the cluster jet
should also be considered, especially when the numerical
simulations are compared with the measurements. For ex-
ample, by use of classical dynamics simulations, Last and
Jortner [37] discussed the effects of the laser intensity attenu-
ation due to absorption by an assembly of homonuclear deu-
terium clusters in the cluster vertical ionization (CVI) do-
main and in the non-CVI domain. However, just limited by
the simulation method it is relatively difficult to consider the
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FIG. 1. The geometry structure design of the intense laser beam
interacting with the cluster jet flow. The parameters characterizing
the laser focal volume and the cluster jet are also indicated in this
figure. As an example, the Gaussian laser pulse is focused on the
back of the cluster filament and thus the laser focus position w
has a plus value at the x axis.

influence of cluster size distribution in their studies since the
inclusion of cluster size distribution means considerable cal-
culation efforts [29-32]. Relative to the many experimental
scaling results of the neutron yield with the laser-cluster pa-
rameters and the various theoretical simulations about the
cluster dynamics process including some key factors, the the-
oretical systematic analyses of the neutron production for
relevant parameters integrating the cluster size distribution
and the attenuation of the laser energy absorbed by clusters
are still lacking. In this paper we aim to employ the rela-
tively simplified and effective numerical simulations incor-
porating the effects of the laser energy attenuation and the
cluster size distribution to obtain the optimum relations of
the laser and deuterium cluster parameters that determine the
neutron yield maximization. These relations will supply the
possible theoretical reference for further establishing experi-
mental schemes.

II. CALCULATING MODEL FOR LASER-HEATED
DEUTERIUM CLUSTER FUSION YIELDS

Taking the attenuation of laser energy absorbed by clus-
ters into account, a model is proposed herein to study the
nuclear fusions inside the generated hot plasma filament
when the intense laser pulses heat up the deuterium cluster
jet with a logarithmic-normal cluster size distribution [38].
The geometry structure design of the intense laser beam in-
teracting with the cluster jet flow is plotted in Fig. 1, same as
described in Ref. [42]. In our model, the cluster gas jet is
approximated to have a uniform density and have a conical
spatial profile due to the cluster formation process output
from the conical nozzle, while the laser beam is assumed to
be Gaussian with a Rayleigh length

Zp= TR}/, (1)

where R; is the waist radius of the Gaussian laser beam and
\ is the laser center wavelength. Setting the horizontal coor-
dinate along the laser propagation direction as the x axis and
the cross point between the laser beam and the center line of
the the gas flow as the origin, the laser beam radius R, as a
function of x can be expressed as
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Ro=RN1 +[(x = wo)/Zg )%, (2)

where w is the laser focus position at the x axis. It should
be pointed out that when the laser-pulse beam propagating
through the dense jet, its profile is expected to be modified
because of two relative but opposite effects, i.e., the defocus-
ing effect induced by the gas ionization [43-45] and the
self-focusing related to the cluster ionization [46—48]. In par-
ticular conditions [42], the two effects on the laser shape can
be neglected, i.e., the laser intensity along the propagation
axis through the cluster jet keeps as a Gaussian shape similar
to the case in vacuum. On the above assumption, the inter-
action volume can be defined as the intersection space of the
Gaussian laser beam and the conical gas flow and be divided
into a series of cylindrical segments with radius R, along the
x axis. In each segment of volume dV= wadx, the laser in-
tensity is considered to be constant and defined as

I(x) = EL(x)/ﬂ'RiT, (3)

where E; is the laser energy in the segment and 7 is the
laser-pulse temporal width.

At the early phase of an ultraintense laser-pulse irradiat-
ing gas clusters, the atoms or molecules inside the clusters
are ionized by the optical field and converted into charged
ions and free electrons. The laser strips the generated free
electrons off the cluster, driving the cluster to explode out-
wards. In this way, the laser energy is partly attenuated be-
cause of the absorption by the clusters. The energy loss is
transferred into the ionization energy of the atoms or mol-
ecules in clusters, the final kinetic energy of ionized elec-
trons, and the final kinetic energy of atomic particles (ions or
nuclei). The theoretical calculations of Last and Jortner [37]
indicated that for extreme ionization of atomic or molecular
clusters consisting of many-electron atoms, e.g., (Xe), or
(CDy,),,, the ionization energy is relatively higher and has to
be included in the transferred energy loss; while for the few-
electron atom clusters, e.g., (D,),, the ionization energy is
considerably lower than the deuteron energy and can be ne-
glected in the absorbed laser energy. Furthermore, on the
basis of molecular-dynamics simulations, they obtained an
analytical expression to fit the relation between the energy
E) absorbed by a deuterium cluster with radius R, and the
final kinetic energy E® of all ions in the cluster,

E® ={1.15+0.68/[1 + (Ry/RY)*1E. @

In this expression, the upper border Rg) of the cluster which
can realize the CVI [49] is represented by the empirical re-
lation

RP(A) =2.65 X 1078 7(fs)]1%%[1,,(W/em?) ]2, (5)

It can be concluded from Eq. (4) that the ratio of E¥) to E@
is in the interval of 1.15-1.83. Only for the cluster with R
<Rg) under high intensity laser, the CVI and the pure Cou-
lomb explosion (PCE) [41] make the ratio close to 1.83.
While in the “cold” nanoplasma domain, the ratio is satu-
rated at 1.15 under the relation of R(OI) <Ry. Parks et al.
[33]obtained the ratio of E?)/E@ =~ 1.47 by using their pro-
posed model, and Eloy er al. [50] found a ratio value of 1.8
with the full relativistic particle-in-cell code. Their results
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are also in the quantitative domain of Eq. (4).

The electrostatic Coulomb explosion model proposed by
us in another paper [41] is also used here to simulate the
interaction process of the laser with one deuterium cluster
and to obtain the kinetic energy of all deuterons in a cluster.
Then the absorbed energy by one cluster can be calculated by
Eq. (4). To obtain the deuteron energy distribution and the
total-energy loss of the laser when it passes each individual
segment of the interaction volume, a logarithmic-normal
cluster size distribution is also considered with the definition

f(N,) < exp[— In*(N /Ny, 2w?], (6)

where N, is the modal cluster size and w is proportional to
the full width half maximum of the distribution [38]. The
width of the distribution is assumed approximately equal to
N, and thus w is 0.4087, accordingly. The mean cluster size
N relates to Ny, by Ny=N/1.29 and to the mean cluster
radius Ry by N=4mR}p,/3, where py=3 X 10%2/cm? [12] is
the local atomic density of the deuterium cluster.

The neutron yields of the intercluster fusion and beam-
target fusion can be roughly estimated as [26]

1
Yic= Ef_)zLICVr<0' e and Ypr=p'LgrV{o)pr.  (7)

In this expression, VrzwﬁfH, is the volume of the heated
cluster plasma cylinder with a radius of R, and a height of

H,. The cylinder radius R, is taken to be the average value of
the varying laser beam radius R, along the laser propagation
axis. Ljc is a characteristic distance free streaming ions will
traverse inside the cluster plasma and can be estimated as the

cylinder diameter, i.e., LIC:ZE,. Ly is the characteristic dis-
tance free ions will traverse when streaming from the cluster
plasma into the surrounding cold gas and is comparable to
the radius of the gas jet, i.e., Lgp=2Rj,. p is the average
number density of nuclei inside the heated cluster plasma
with the typical value of 2 X 10'°/cm? [13]. (o) is the aver-
aged fusion cross section with the same definition as that in
Ref. [26].0ur simulating calculations indicate that for the
chosen laser-cluster parameters in this paper, the laser beam
can penetrate through the cluster jet because of the high ini-
tial laser energy, still with the efficient energy absorption by
the clusters. Some cases as examples with different param-
eters are shown in Fig. 2. In this figure, the absorption effi-
ciency of the laser energy is calculated with the definition of
the remained energy of the laser beam when it passes by the
cluster jet divided by the initial laser energy. The attenuation
effect is included in all the following calculations and due to
the above reasons the whole interaction volume is estimated
as the cluster plasma cylinder with the same length of H,
=2R;, where R; is the radius of cluster jet taken to be 2 mm
at general experimental condition referring to Refs. [13,14].

In our calculation, the intracluster fusion is ignored since
the deuterium clusters are assumed with initial uniform den-
sity. The neutron yield Y presented in the next context is
defined as the sum of the intercluster fusion yield Y- and
beam-target fusion yield Ygp. The conclusion obtained in
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FIG. 2. The distribution of the laser peak intensity /., and of
the laser energy Ej . at distance x along the propagation axis. The
dash lines and the solid lines represent the laser intensity distribu-
tion when the laser pulse propagates in the vacuum and in the
cluster jet, respectively. The dot lines represent the laser energy
distribution when the laser propagates in the cluster jet and the
calculated absorption efficiency of the laser energy is (a) 84%, (b)
75%, (c) 49%, and (d) 84%. The laser pulse (50 fs, 800 nm) is
focused to the center of cluster flow with the radius Rj,;=2 mm.
The clusters are assumed with the average cluster radius of R,
=10 nm and the size distribution width w=0.4087, while the local
atomic density p, of the deuterium cluster and the average number
density p of nuclei inside the cluster filament are taken as 3
X 10?2 and 2 X 10"/cm?, respectively.

Ref. [26] presented that with the deuteron energy increasing,
Yic and Ygr will increase and finally Yyt will exceed Yic.

II1. DEPENDENCE OF FUSION YIELD ON LASER-
CLUSTER PARAMETERS
A. Dependence of fusion yield on laser focus radius

The scalings of the fusion neutron yield ¥ and the yield
per joule of incident laser energy Y/E;(J7') with the laser
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FIG. 3. Scalings of (a) the fusion neutron yield Y and (b) the
yield per joule of incident laser energy Y/E;(J7!) with the laser
focus radius R; for different laser energies E;. The mean cluster
radius R is about 10 nm and the laser focus is located at the cluster
jet center. As an elementary reference situation, the dependence of
neutron yield with the laser focus radius when the attenuation effect
is absent for the laser energy E;=200 mlJ is plotted with open
circles.

focus radius R; for different laser energies E; have been
calculated as presented in Figs. 3(a) and 3(b), respectively.
The comparison between the dot line and the open circles in
Fig. 3(a) shows that when the initial laser energy E;
=200 mJ and the focus position at the cluster jet center are
kept unchanged, the calculated neutron yield for every focus
radius R; with the attenuation effect originating from the
laser energy absorption by the cluster jet is lowered by al-
most 1 order of magnitude than the yield without the attenu-
ation effect. The influence of the laser energy loss due to the
clusters absorption on the fusion yield is so great that it must
be considered in the accurate discussion about the neutron
yield with variable laser-cluster parameters. Moreover it is
shown from Fig. 3(a) that for the same initial laser energy
and focus position, with the laser focus radius broadening the
neutron yield increases until it reaches a peak value, after
which point the yield decreases slowly towards zero. The
reason is that for a given laser energy, when the laser focus
spot becomes smaller, the laser intensity will grow higher to
make the majority of the clusters in the jet finish the outer
ionization earlier and faster. In this way, the deuterons gain
higher energy and the averaged fusion cross section becomes
larger. From this viewpoint, the decreasing laser focus radius
has a positive effect on the improvement of the fusion yield.
On the other hand, as a result of the laser spot size decreas-
ing, the reduced number of the deuterium ions in the plasma
filament has a negative effect on the increase in the fusion
yield. The competition between the two effects makes the
relation of fusion yield to the focus radius nonlinear and then
an optimum focus radius exists corresponding to the maxi-
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FIG. 4. Fusion yield Y as a function of laser focus position w
at the x axis for varying initial laser energy E; and focus radius R;.
The mean cluster radius R, is about 10 nm.

mum fusion yield. This relationship is qualitatively in agree-
ment with the conclusion reported in Ref. [36].

Moreover, the curves illustrated in Fig. 3(b) shows that an
optimum focus radius exists to maximize the neutron yield
per joule of incident laser energy for the given laser energy
and focus position. The fusion yield per joule of incident
laser energy represents the conversion efficiency of the laser
energy transferring to the neutron yield. For the parameters
chosen here, the higher the laser energy is, the larger the
optimum focus radius is allowed for higher fusion yield per
joule of incident laser energy, which means the laser energy
is transferred more effectively to the deuterons energy.

B. Scaling of fusion yield with focus position

According to the parameter optimum relation shown in
Fig. 3, when the focus position of a laser with certain energy
is near to the center of the cluster jet, the focus radius maxi-
mizing the neutron yield is defined as the optimum focus
radius. For example, the optimum focus radii for the laser
energy of 200 mJ, 500 mJ, and 1 J are 16 um, 23 um, and
33 um, respectively. Keeping the optimum radius for the
particular laser energy invariable, we plot the dependence of
the fusion yield Y on the laser focus position w at the x
axis in Fig. 4. As the focus position moves backwards along
the laser propagation direction, the yield rises to a peak and
then falls down. This trend of the fusion yield with the focus
position is similar with the experiment scaling law reported
in Fig. 8 of Ref. [15]. The difference is that in their report as
the laser energy is varied, the peak yield rests at the same
focus position; however, our calculation indicates that the
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optimum focus position appears to move around with the
varying laser energy. It is because, to maximize the fusion
yield, the focus radius is adjusted as the optimum focus ra-
dius according to the different laser energy in our investiga-
tion while the focus radius chosen for discussing the relation
has not been changed in Ref. [15].

When the initial laser energies are 200 and 500 m], re-
spectively, the focus position has an important effect on the
fusion yield. As the laser energy is 1 J, the yield varies in a
narrow magnitude of 5.2% 10*~6X 10* with the changing
focus position, i.e., the focus position has an ignorable influ-
ence on the fusion yield. Our simulation shows that the laser
beam can penetrate through the cluster jet for the different
laser and cluster parameters chosen here so that the gener-
ated cluster filament cylinders have the same length equal to
the cluster jet diameter of 2R;, ;=4 mm. When the laser focus
radii are 16, 23, and 33 um, the corresponding Rayleigh
lengths are 1.01, 2.07, and 4.28 mm, respectively. If the
Gaussian laser pulse with focus radius of 16 um is focused
on the front port of the cluster filament (i.e., wo=—R;c,), the
maximum laser spot radius along the laser propagation axis
locates to the back port of the cluster jet and is about
4.08 R; according to the definition of Eq. (2). For the case
that the laser pulse with the same focus radius is focused on
the center of the cluster jet (i.e., wo=0), the maximum laser
spot radius in the cluster filament is 2.22 R;. The ratio of the
two laser spot radius maximums is 4.08/2.22=1.84. (Note:
when the laser is focused on the back port of the cluster jet,
the maximum laser spot radius has the same value as that of
the laser focused on the front port of the cluster jet.) In
another case of the focus radius equal to 23 wm, the ratio of
the spot radius maximum when the laser is focused to the
cluster jet front port to that of the laser being focused on the
jet center is 2.18/1.39=1.57, which indicates the changing
range of the laser spot radius along the laser propagation axis
originating from the varied laser focus position is also large
but lower than that of focus radius 16 wm. If the focus ra-
dius is 33 um, the ratio is 1.37/1.10=1.25, meaning the
laser spot radius along the laser propagation changes in a
small scale. The smaller the focus radius is, the more in-
tensely the laser spot radius along the propagation axis
changes and more distinct the influence of the focus position
on the focus radius variation is. Therefore, both the laser
intensity along the axis and the volume of the filament
change in a more violent range, and the two factors will
effect the absorption of laser energy by the clusters in the
filament, finally leading to the greater difference of fusion
neutron yield, which is plotted in Figs. 4(a) and 4(b), respec-
tively. However, if the laser focus radius is relatively larger,
e.g., 33 um, the laser intensity as well as the filament vol-
ume change a little when the laser beam propagates in the
cluster jet, and therefore the neutron yield is not sensitive to
the difference of the focus positions, which is shown in Fig.
4(c).

C. Dependence of fusion yield on pulse energy

Keeping the focus position at the cluster jet center and the
focus radius to be constant, the fusion yields versus initial
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FIG. 5. Fusion yield Y and yield per joule of incident laser
energy Y/E;(J7!) versus initial laser energy E; for various laser
focus position wyg and focus radius R;.

laser energy are illustrated in Fig. 5. As shown with solid
circles in Fig. 5(a), for the focus radius of 50 wm, the laser
energy less than 300 mJ only produces very low neutron
yield. It results from that the laser pulse with lower energy
only can strip a small part of electrons off the clusters to
acquire lower deuteron energy and then lower neutron yield.
As the laser energy grows higher than 300 mlJ, the fusion
yield increases sharply, and then the increasing trend slows
down when the laser energy become higher than 2 J after
which point the yield begins to fall down. The reason for the
yield saturation is that clusters with different sizes have al-
ready realized the approximately pure Coulomb explosion
under the irradiation of the high intense laser and the deu-
teron energies have approached to saturation. This relation
can be confirmed by the scaling of the neutron yield per joule
of incident laser energy Y/E,(J!) with the increasing laser
energy, which is represented by open circles in Fig. 5. As the
laser energy increases, Y/E; firstly increases fast which
means the conversion ratio of the laser energy transferring to
the neutron yield is increased. However, when the fusion
yield Y tends to saturate the laser energy cannot effectively
enhance the neutron yield even if it continues to rise so that
the conversion efficiency appears to decrease.

It can be seen from Fig. 5(b) that for the focus radius of
25 um, the varying trends of the neutron yield and the Y/E;
with the increasing laser energy are similar with those of the
laser focal radius 50 wm. The comparison of Fig. 5(a) with
Fig. 5(b) indicates that at the point where the fusion yield
tends to saturate and Y/ E; starts to decrease, the focus radius
of 50 um allows higher initial laser energy to obtain higher
neutron yield and Y/E; than the laser focus radius of
25 pm. From another view point, a conclusion can be drawn
from the relation described above that the higher the initial
laser energy is, the broader the focus radius is allowed and
the higher the conversion efficiency from the laser energy to
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data points.

the fusion yield is obtained. In fact, this conclusive scaling
has already been disclosed in Fig. 3. Therefore, it suggests us
that when establishing the experimental scheme, if the in-
creasing laser energy has already led the deuteron energy to
saturate, the fusion yield should be expectable to be en-
hanced with increasing the deuteron number in the interac-
tion volume by use of the broader focus radius.

For different laser energies, the fusion yield can be maxi-
mized by use of adjusting the laser focus position and radius.
Figure 6 plots the dependence of the maximum neutron yield
Y .ax On the initial laser energy E;. It can be seen that the
fusion yield roughly increases linearly to the laser energy. As
mentioned in the above paragraph, when the laser energy
grows higher, it is the broadening focus radius that leads the
cluster number to increase in the filament and then maxi-
mizes the fusion yield. The power scaling of the maximum
fusion yield with the laser energy is YmaX~Ei'2, which is
different from the reported quantitative relations Y ~E£‘6
[17] and Y~E§'2 [15] in experiments. The reason originates
from the following three factors. Firstly, in experiments it is
impossible to test every focus radius while increasing laser
energy to determine whether the fusion yield has been maxi-
mized with this radius or not. In other words, the yield ob-
tained in the experiments may be not the maximum fusion
yield in optimum conditions. Secondly, the increase in the
laser energy will lead to the increase in the focus intensity so
that the laser intensity beyond the focus spot volume is also
high enough to drive the clusters in the additional volume to
realize the nuclear fusion. Thirdly, the laser beam with
higher energy produces longer cluster filament and then en-
hances the fusion yield. In our simulation, however, the con-
tribution of clusters in the volume beyond the focus spot to
the fusion yield is not considered and the cluster filament
length for varying laser energy is estimated to be equal. Due
to the latter two factors, the calculated neutron yield for the
higher laser energy here is relatively lower and the power
parameter in the scaling law of fusion yield with the initial
laser energy is smaller than the reported experimental results.
The analyses show us a investigating direction for reducing
the disparity between the simulations and the experimental
measurements.

D. Scaling of fusion yield with cluster size

Figure 7 illustrates the fusion yield Y as a function of the
cluster radius R, with the given initial laser energy, focus
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120 mJ and the temporal width 35 fs, same as that used in the
experiments of Ref. [15]. The pulse with focus radius 20 um is
focused onto the cluster jet center.

radius, and position. To compare our results with the experi-
mental measurements in Fig. 7 of Ref. [15], the initial energy
of the laser pulse is set to be 120 mJ and the temporal width
is chosen as 35 fs, same as that used in the experiments [15].
The pulse with the focus spot radius 20 um that can maxi-
mize the total fusion yield for most cluster sizes is focused
onto the cluster jet center. At every mean cluster size R, we
choose three values w=0.4087, w=1.5X0.4087, and w=2
X (0.4087 to investigate the influence of the cluster size width
on the neutron yield at the same laser parameters. Here the
parameter w refers to the cluster size width appearing in Eq.
(6). As represented by solid line of w=0.4087, the fusion
yield increases with the cluster size rising as long as the
cluster radius is smaller than 8 nm. For cluster radius over 8
nm, the fusion yield increases little and then reaches a peak.
As the cluster radius continues to increase, the fusion yield
appears to have a very slowly decreasing tendency. When the
laser parameter is set to be constant, the volume of the clus-
ter filament and correspondingly the rough number of clus-
ters in the filament are almost the same so that it is mainly
the deuteron energy generated from the cluster explosion
driven by the laser that determines the fusion yield. When
the mean cluster radius is relatively small than 4.5 nm, the
Coulomb potential accumulated in the clusters is very low,
and correspondingly the deuterons with low kinetic energy
transferred from the potential only produce low fusion yield
below 10. As the radius increases over 5 nm, the deuteron
energy is enhanced and then the fusion neutron yield begins
to increase sharply. However, the increasing trend will stop
when the cluster radius rises to a certain limit. After that
limit the laser energy cannot make the outer ionization pro-
cess of the clusters to finish immediately and the deuteron
kinetic energy will have a tendency of falling off. This rela-
tion can be seen from this figure, i.e., the fusion yield reaches
a peak at the cluster radius of ~10.5 nm and then the yield
falls down with the cluster radius increasing. The only pos-
sible way to keep the upward tendency of neutron yield with
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cluster size is to increase the laser intensity continually to the
best.

Moreover, if the cluster size width w broadens (as plotted
by dot line and dash line), the neutron yield will increase by
a considerable extent as long as the mean cluster radius is
smaller than 7 nm. It is because that with the wider size
distribution, the clusters that can realize the PCE have higher
proportion in the total cluster number of the interaction vol-
ume, and then the contribution they made to the fusion yield
is also enhanced correspondingly. As the cluster radius in-
creases further, all the neutron yields with different cluster
size widths level off at the order of 8 X 102~1X 10? before
beginning to fall slowly. It means that the conversion of the
laser energy into the kinetic energy of the deuterons has
reached a saturation point. The calculated scaling of the fu-
sion yield with cluster size here is qualitatively in consis-
tence with the measured tendency in Refs. [12,15]. There-
fore, it is proposed that we should choose clusters with
proper mean size and proper size distribution width for at-
taining the maximum fusion yield under given laser condi-
tions.

By comparing the results in this figure with the experi-
mental measurements in Fig. 7 of Ref. [15], it is shown that
the fusion yields calculated in the simulation are relatively
lower than the reported measurements, especially for the
small cluster sizes. For example, in our simulation the fusion
yield is below 10 for the mean cluster radius 4 nm as shown
in Fig. 7, while the measured yield is about 10>~10° in Fig.
7 of Ref. [15]. We make some guesses for the discrepancy as
follows. Firstly, based on the analyses whether the cluster
can realize the Coulomb explosion under the given laser con-
dition or not, we think that the determination of the mean
cluster size in the laser-heated jet plays a key role in inves-
tigating the fusion yield variation. Our calculations indicate
that only when all the clusters realize the PCE in the inter-
action volume with the largest radius 100 um among the
laser spot radius range (20—100 wm) presented in Ref. [15]
can the fusion yield be improved to maximum 290, close to
the measurement value. However, the peak laser intensity
corresponding to the laser beam radius 100 pum is ~2.0
X 10'® W/cm?, lower than the critical laser intensity 4.9
X 10'® W/cm? for the 4 nm cluster to realize the PCE ac-
cording to the calculation formula [7_;(W/cm?)
=83 m,pRy/3N>~1.94 X 10" R3(nm)/\*(um) [41]. Even
if the laser pulse instantaneously rises to the peak laser in-
tensity ~2.0X 10'® W/cm? and the attenuation effect of the
laser energy is ignored, the total fusion yield is calculated
close to zero, much lower than the measured value. Addition-
ally, considering the laser pulse used in the experiments has
the certain width (35 fs) but not reaching the peak intensity
in no time, it is obvious that there are more clusters that
cannot realize the PCE and the energies of the deuterons are
so low that the fusion reactions would hardly occur in the
heated cluster plasma. On the other hand, according to the
presentation of Ref. [26] the averaged fusion cross section
(o) increases sharply with the increased ion energy in the
low-energy region and finally enhances the neutron yield by
several orders, while the ion energy fluctuation is mainly
determined by the cluster size variation if the laser charac-
teristic parameters are kept unchanged. Furthermore, the
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broadening cluster size width for the same mean cluster size
will also increase the neutron yield to a great extent. Just as
plotted by dash line in Fig. 7, if the cluster size width
doubles the fusion yield is improved close to 10%. Therefore
one possible reason for the higher fusion yield in the experi-
ments may be that the cluster jet used in the experiments has
the larger mean cluster size than the measured and the jet
exhibits a broader size distribution. Secondly, it is implied in
Eq. (7) that the fusion yield depends highly on the laser
focus spot radius R;. In Fig. 7 the focus radius R; is chosen
as 20 um that can maximize the total fusion yield for most
cluster sizes; however, the laser focus spot size for Fig. 7 of
Ref. [15] is not presented definitely in their paper. The un-
certain laser focus spot radius would also lead to the differ-
ence in the fusion yield between the reported experiments
and our simulations. Thirdly, the volume of the cluster
plasma filament is underestimated a little herein in the view-
points of the physics reality. In experiments, the intensity on
the laser spot plane has a Gaussian distribution; as a result, if
the laser intensity in the plane boundary beyond the laser
spot radius is high enough for the small clusters (e.g., with
the mean radius ~4 nm), it will also interact with some
clusters in this area to contribute the fusion yield. However
this contribution is not considered in our simulations where
the statistics of the fusion events are terminated at the laser
spot radius. Apart from the uncertainties discussed above, a
rough qualitative agreement about the variation tendency of
fusion yield with laser-cluster parameters is obtained be-
tween our simulations and the reported measurements.

IV. CONCLUSION

By employing a simplified but effective model with con-
sideration of the absorption of laser energy by clusters with a
logarithmic-normal size distribution, the nuclear fusion yield
inside the generated plasma filament when the intense laser
pulses heat up the deuterium cluster jet is calculated with
varying laser-cluster parameters. It is found that the neutron
yield depends on the laser-cluster parameters such as the
cluster size, the laser energy, and the focus spot radius and
position. Only if these parameters match with each other can
the neutron yield or the neutron conversion efficiency be
maximized. Some comparisons of our simulated scalings
with the reported measurements have been made and the
qualitative agreement is obtained. These qualitative relations
could potentially provide theoretical proof for establishing
the experimental scheme of the fusion yield generated from
the interaction of ultrashort intense laser pulse not only with
deuterium clusters but also with deuterated clusters such as
deuterated methane clusters.
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