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Abstract

A feasibility of a new approach of laser fusion in plasma without implosion has been proposed and discussed using an
intense laser. The cross-section of nuclear reaction is increased by the enhanced penetrability of nuclei through the
Coulomb barrier. In this approach, an intense laser field of more than 10 EW was required to distort the Coulomb
barrier to obtain enough penetrability. In the new improved model, a nuclear potential with meson attractive force is
considered. Enhancement is observed for penetrability around EW or less power laser due to a nuclear potential.
Energy gain even with Deuterium-Deuterium reaction can be obtained on this scheme in Deuterium plasma with

energetic nucleon theoretically.
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1. INTRODUCTION

Intense laser technology is rapidly growing. Various appli-
cations have been proposed and tried besides laser fusion.
(Borghesi et al., 2007; Bourdier et al., 2007; Deutsch &
Tahir, 2006; Kuehl et al., 2007; Kumar et al., 2006; Flippo
et al., 2007; Lie & Imasaki, 2005; Lifschitz et al., 2006;
Sakai et al., 2006; Sherlock et al., 2006; Ostermeyer et al.,
2007; Hoffmann er al., 2005). We have proposed a feasibility
of a new approach to laser induced nuclear reaction using
intense laser field. An intense laser field distorts the
Coulomb barrier, which enhances the tunneling. This forms
the cloud by tunneled nucleon and they react when they
meet each other. This is a non-Gamov nuclear reaction
(Balantekin & Takigawa, 1998). A more than 10 EW laser
was required to distort the Coulomb barrier to obtain
enough penetrability for tunneling (Imasaki & Li, 2008). In
this article, improvements for the model and application for
Deuterium-Deuterium (D-D) reaction are discussed.

In this article, modeling and assumptions are noted in
Section 2 and potentials of the interaction of the nucleus
with the laser field are estimated in Section 3. Penetrability
of nucleon through Coulomb barrier and formation factor
of nuclei with tunneled nucleon as a cloud are noted in
Section 4. Energy gain by the D-D reaction in plasma in
this scheme is discussed in Section 5 and Section 6 is a
summary of the article.
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2. MODELING AND ASSUMPTIONS

Around the center of the nuclei, in a previous article, we had
assumed a well of nuclear potential with a radius of 5 fm,
which is shown in region a by a gray line in Figure 1. But
in the actual case, there are mesons at the center of the
nucleon, which works as an attractive force. Due to the
mesons, the nuclear potential can be shifted as it is presented
by the black solid line in Figure 1. This effect is included here
in the simple calculation of penetrability.

The Coulomb barrier is dominant in the outer region, and
this is schematically shown in region b of Figure 1. In a
normal case without intense laser, the field is decayed
away with D !. Here, D is the distance from the nuclear
core center.

At the foot of the Coulomb barrier to the intense laser, the
laser field becomes dominant. This is shown in region c of
Figure 1, which is a picture at peak laser field. In the laser-
dominated region, the field is oscillating with the laser field.

The intense laser is focused and is injected into the plasma
as a Gaussian beam. This laser can propagate through the
plasma. During this, the intense field of the laser is applied
along the center of the laser path. This field distorts the
Coulomb barrier in each peak of laser cycle, which promotes
the tunneling. The tunneled nucleon forms a cloud of prob-
ability of the dimension of the de Broglie wave of the
nucleon. The cloud expands with group velocity v, of the
tunneled nucleon. This expansion is kept in the oscillating
laser field. When the clouds of tunneled nuclei meet each
other, they immediately form a compound nucleus and
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Fig. 1. Typical potential of nucleus with intense laser.

react as a usual nuclear reaction. This is taking place during
the laser pulse.

After the laser pulse, the nuclei with the cloud are diffus-
ing away, so the probability to meet each other rapidly
decreases and the reactions are eventually reduced.

The basic assumptions of this model are the following: (1)
The plasma has a density up to 10 / cm’, which is below the
cut-off density of 1 wm meter wavelength of the solid state
laser. For simplicity, we assumed the plasma density to be
uniform and charge neutral. There are several ways to
make long and narrow plasma with sufficient relative vel-
ocity. For example, after the injection of a jet of fuel from
opposite sides in the reactor, they are irradiated by an appro-
priate laser pulse from each end before the main pulse. The
plasma with a sufficient relative velocity is produced. The
plasma shape may have several tens of cm in length with
several mm in radius. Such plasma is produced and acceler-
ated by other lasers or ion beams during actual applications
(Shimada et al., 2005). (2) The wavelength of the laser is
1.06 wm. The laser technology today for solid-state lasers
of 1 wm wavelength is well developed for laser fusion.
So the solid-state laser is the first candidate for this intense
laser. Its efficiency and repetition rate are being improved
for laser fusion driver rapidly. (3) At first, nucleons are
trapped in a nuclear potential and hit the inner wall of the
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Fig. 2. (Color online) Laser cycle and peak power waveform.

Coulomb barrier many times at laser power peak with a
nucleon kinetic energy up to 10 eV. The typical mean time
of this motion is estimated to be 102° to 102! s, which is
much shorter than the laser peak period. (4) One of the
main issues for penetrability is the nucleon energy level.
The nucleon distribution in the core is determined by the
Fermi-Dirac model as shown in Figure 1. The nucleon in
the Coulomb barrier is free from the nuclear potential, so
the energy level of the nucleon cannot be determined
around the foot of the barrier simply. In this article, the
energy level E is considered for a typical level, it is varied
from +1 to —5 keV. (5) The typical relation of laser wave-
form and its defined field peak are shown in Figure 2. The
laser peak per one cycle distorts the nuclear Coulomb
barrier and promotes the tunneling, and then such a tunneled
nucleon forms a cloud around the nuclei. So, the cycle
number corresponds to the formation factor of the cloud.
(6) A Gaussian laser beam of 2 m in diameter with annular
shape for a long and tight focusing is applied. One-sixth of
laser pulse is rise time. The power crest lasts about two-third
of the time of the laser pulse, and this is an effective period of
laser tunneling. After this, the laser pulse is decayed away
during one-sixth of the pulse duration. We have set 1/30
of the laser cycle for the laser peak duration. This is shown
in Figure 2. It is enough time for a 10 eV proton to tunnel
out of the region b of Figure 1 with a nucleon group velocity
of 4 x 10" m/s. (7) Clouded nuclei are piled up through the
laser pulse. Cloud life is limited by a pion life span of 10 ns
in free space, but it is limited by the effective laser pulse due
to the diffusion in focusing area for the nuclear reactions.
Then the nuclear reaction is decreased rapidly after the
laser pulse, which may be shorter than the pion life span.
So we set effective reaction duration laser pulse.

3. NUCLEI IN LASER FIELD

3.1. Coulomb Barrier and Nuclear Potential

At the center of the nuclei, there are mesons to combine the
nucleon. They reduce the Coulomb potential and cause an
attractive force around the center of the nucleon. This force
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is estimated by the nuclear potential as shown in Figure 3. A
simple Coulomb potential shown as a dashed line was used in
a previous model. The precise total nuclear potential is esti-
mated by the Yukawa model with appropriate mesons. The
difference was recognized around the center at 5 to 10 fm
when the model was set and a solid line shown in Figure 3
was obtained. The initial value of the barrier around the
core is reduced significantly, which is effective for tunneling
and enhances the penetrability.

3.2. Coulomb Barrier with Laser Field

The nucleon wave traveling through the Coulomb barrier
decays exponentially, and finally it is reflected in most of
the cases. When an intense laser is applied, the field in the
foot of the Coulomb barrier is distorted at the laser intensity
peak. Then the possibility to penetrate the barrier becomes
increased.

The field A of the applied laser can be written as

A(V/m) = 2.7 x 10°I'2(W/cm?). 1)

Here, I indicate the power density of the laser. Within a
simple model, the potential induced by the laser field can
be written as ¢; = — Er, where the field can be given as
E = Asin(wt). Then, we have the total nuclear potential
with mesons, Coulomb barrier and laser as

Ze i v e~ "
Protal Aeor PL 0 r/ro
7 —r/ry
= 21 Asin(onr— Vo, )
dmegr r/ro

The first term describes the Coulomb field, the second term
presents the laser field, and the third term is the nuclear
potential with pions. Here we use the Yukawa potential for
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Fig. 3. (Color online) Natural nuclear potential without laser.
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the pion, where V= 109 MeV, r is a distance in fm, and
ro = 1.13 fm in the usual case.

Let us consider two extreme cases for this potential at
the laser peak. We can derive the following equations from
Eq. (2). One is

7 —r/ry
U = (i - Ar)de —Vpe—. 3)
d1regr r/ro

And the other is

Zie =r/r
U, = +Ar)Ze -V, . 4
d1regr r/ro

In Eq. (3), one can decrease the barrier. Let us focus on U,
providing Z1 = Z2 = 1, then we calculate and figure out U,
as shown in Figure 4. Under this assumption, each line of
Figure 4 indicates the result for the field at different laser
intensity peak obtained solving Eq. (3).

3.3. Penetrability and Formation Factor

Further, the transmission rate 7 is calculated using the poten-
tial of nuclei discussed in Section 3.2. The transmission
rate of the nucleon passing through the barrier may be

expressed by
Ry
T =exp —2J Bx)dx |, 5)
R
where
2\ /2
Bx) = <72> [U(r) — E]l/2 (6)
h
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Fig. 4. (Color online) Nuclear potential and Coulomb barrier at various
intensity of laser peak.
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Here, m = 938.28 MeV/c? is the proton mass, and h =
6.58217 x 107 '° x 10~ ° MeVs. Further the penetrability
P is defined by

P=/T. O]

In a laser peak, fis the mean time of the nucleon collision
with the inner wall because of the nuclear potential and the
Coulomb barrier. Substituting for the nuclear potential
radius, the typical value 5 fm, one finds for f a value of
2000 to 20000 for a nucleon kinetic energy corresponding
to 10 eV or 1000 eV during the laser peak. In the actual
case, £ in Eq. (6) is the kinetic energy of the nucleon. It
should be determined by experiments, but for the first
simple calculation in this paper, we used values between
0eV and —10000 eV. Then, the penetrability is calculated
as shown in Figure 5 from the Egs (5), (6), and (7).
Figure 5 shows the results of these calculations for various
cases.

Comparing with the quantum well model, significant
enhancement was observed in the region of laser power
around 10** to 10?® W /cm?. This is due to the nuclear poten-
tial effect around the center. A typical group velocity of the
nucleon is estimated to be 10* to 10° m/s. From the velocity,
a traverse time for 1000 fm is estimated to be 0.01 to 0.1 fs.
So, the penetrability obtained in Eq. (5) is valid in our case
during the laser peak.

Now we define F as the formation factor of the cloud of
the tunneled nucleon after penetration. The probability of
the formation of the cloud can be written as

F=PxN.,. ®)

Here N, is a cycle number of the laser pulse crest. In the
present case, 2000 to 20000 can be taken. When F is
approaching unity, the saturation with a depletion of the
nuclei, and so on, will have taken place. In the calculation
presented in Figure 6, this effect is included. In this region,
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Fig. 5. (Color online) Penetrability at laser peak power.
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Fig. 6. (Color online) Formation factor of cloud for N, = 2000 and
20000 in case of f= 1000.

the F's for the saturation level can be roughly written using F,

Fs=F/(F+1).

Typical results of Eq. (8) are shown in Figure 6. Here, two
cases of cycle numbers are considered, 2000 at 10 ps pulse
length and 20000 at 100 ps.

4. NUCLEAR REACTION

In an appropriate time before the main laser pulse, column
shaped plasma bulks are produced at each ends of the cylind-
rical reaction chamber by the laser or the ion beam and are
accelerated. They collide with each other at the center with
velocity v,. At this time, the main laser pulse is irradiated,
which form the cloud. Here the formation factor is fixed as
f=0.3. The laser intensity and pulse length are fixed as
10°**> W /em? and 10 ps. This model is shown in Figure 7.

Fig. 7. Model for nuclear reaction.
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The radius of the cloud is calculated as

Teff = Vg <t>. (9)

Here, v, is the group velocity of the de Broglie wave of the
tunneled nucleon. <7> is an average time of cloud holding
in the reacting area. In the period of 7, each nucleus has a rela-
tive velocity of v, with cloud density of n.. We introduce r.g
as a radius of the nucleon cloud, which is diffusing during the
laser pulse of 10 ps to 100 ps.

Thereafter, the reaction rate R, in this model of Figure 7 is
written as

R, = F\Fymrigv,. (10)

In this equation, F'1 and F2 are formation factors of laser tun-
neling nuclei for n; and n, of two species. n; and n, are the
number densities of the species in the reacting plasma. In the
unit period of ¢, each nucleus has a relative velocity V, and a
cloud density n.. This is given by the group velocity of the
tunneled nucleon wave and is estimated to be 10’ cm/s. So
ris 10 7cm in our case. v is a relative velocity of the
nuclei caused by the thermal motion or by the differential
acceleration of the particles by the laser. We use a typical
velocity of 2 x 10® cm/s.

Then, the reaction rate can be calculated for a density of
the plasma using parameters of the relative velocity shown
in Figure 8. There is a density limit for laser beam propa-
gation. So the density of the plasma should be less than
this parameter, which is shown in Figure 8.

In the actual case, we can choose the particle relative vel-
ocity much higher than the usual thermal velocity, when we
use a prepulse or double pulse of the laser. When we use a
laser to irradiate from opposite sides, we can obtain a relative
velocity of more than 10® cm /s, just before the main pulse in

107 =
7]
< |
£
Q10 Vg=105cmfsec
Q
-
©
o
5

-8

e 10
g Vu=10"cm!5ec
Q |
(=4

.. | | |

10° 107 108 10°
Relative Velocity cm/sec

Fig. 8. Relative velocity for reaction rate.
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Table 1. Parameters for gain in Deuteron plasma

Fuel for reaction D-D {n+He}/ [P+ T]1=1/1

Relative velocity of plasma  10* to 105m/s  Two plasma groups with

particles Laser accelerated or

plasma jet etc.

Density 10%! / cm® Slightly lower than the cut
off density of the laser

Ve 10°to 10° cm/s  de Broglie wave group
velocity

Laser intensity 10*°W/em®*  F=03

<t> = laser pulse length 0.1 psto 100 ps 1 cycle 3 fs

or averaging duration of
clouded
Nucleon energy level
around barrier foot
Laser focused area

+1 keV to
—5keV
5 x 1078 cm?

Fermi-Dirac model

Diffraction limit

this case. These are typical values for the scheme and is
summarizes in Table 1.

5. ENERGY GAIN BY THE REACTIONS

Now the presented simple model is applied for the D-D
plasma. The energy from the nuclear reaction is described
by E; and can be written in the form

Ey = BORninp Voty.. (11)

Here, Q is the energy from one event of nuclear reaction; n,
and n, are number densities as noted. V is the volume of a
region with length 1 and radius rp of the laser focusing
area, and 7 is the duration of the laser pulse. This is a kind
of inertial confinement fusion. Bis a burning rate of the
fuel. During the active reaction time, the density of fuel is
varied as

dn/dt = Rin}
and this can be written as
1/n—1/ny = Rity.

Here f, is a characteristic time and is written as r¢/Vpe. Vpe
is a perpendicular component of the plasma particle
velocity in a focused area. In this case, the burning rate B
is determined by

B = (ny —n)/nyg.

Then, B is rewritten as

B = Rtyny/(Rtong + 1),
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Fig. 9. Nuclear reaction gain in this scheme.

fo is a confinement time of particles with cloud in the plasma.
This equation indicates the burning rate and gives almost 1
by a simple estimation because the reaction rate is very
large and the thermal velocity is very small.

Then, a gain of the energy G from the reactions is deter-
mined by

G =E;/E,. (12)

E; is the laser energy in #; of one pulse and can be written as
E, = wrlt. When G is equal to 1.0, it is called break-even.
Figure 9 shows the gain obtained from Eq. (12). In the case of
Figure 9, the parameters used are summarized in Table 1. In
the optimistic case, we can expect break-even at an almost
200 kJ laser, and we can obtain a gain of 10 for 1 MJ,
although very high laser intensity with a 10 ps pulse is
required. When we use the deuterium-deuterium reaction as
a gain medium, hydrogen production by high temperature
is possible in the reactor by this scheme (Imasaki & Lie,
2007).

6. CONCLUSION

In this article, the feasibility of a new approach of laser fusion
for break-even of Deuterium plasma is discussed. We find
out that the nuclear potential including mesons at the
nuclear center plays an important role for tunneling of
the Coulomb potential of the outer foot of the Coulomb
barrier, which has not been expected before. The penetrabil-
ity is significantly enhanced in this case. This penetrability
leads to the sufficient nuclear reactions to obtain an energy
gain by D-D reactions with a laser that power is around EW.
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This is a primitive concept, so there are many issues to be
solved as the relation of Coulomb barrier and energy level in
three dimensions, the correct nucleon kinetic energy and so
on. Further, the following problems have to be solved: (1)
Saturation region on formation factor F. (2) Cloud behavior
and life span. (3) Group velocity of nucleon and relative vel-
ocity of nucleon after tunneling. (4) Self-consistent field of
Coulomb barrier region during the tunneling. These issues
are under discussion.
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