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An approach for producing a large quantity of neutrons is proposed. It involves compression of a fuel foil
and confinement of the resulting plasma between two intense laser pulses. It is shown that two circularly
polarized laser pulses of amplitudea=7 illuminating a deuterium-tritium foil of areal density 3.3
31018 cm−2 can produce about 4.23106 neutrons per joule of the input laser energy.
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In connection with the peaceful use of fusion energy,
there has been much interest in inertially confined plasmas
sICPsd produced by lasers or particle beamsssee, e.g., Refs.
f1–6gd. Although ICPs are in fact unconfined, it is expected
that gainful self-sustained fusion reaction, or ignition, would
occur before the plasma disintegrates. On the other hand,
many other applications for the neutrons from the nuclear
reactions in ICPs do not require ignition of a chain reaction.
The recently available tabletop lasers with ultrashort pulse
and ultrahigh intensity are particularly suitable for these ap-
plicationsf7–10g.

Ditmire et al. f7g proposed a scheme of neutron produc-
tion using modern tabletop lasers. There, a femtosecondsfsd
laser pulse interacts with a deuterium cluster. The atoms are
rapidly ionized by the intense light and the resulting elec-
trons fly off, leaving the ions behind, and an intense space-
charge field is created. The Coulomb explosion that follows
causes the deuterium ions to gain high kinetic energies, and
fusion reaction occurs when they collide. About 104 neutrons
per shot, or 105 per joule of laser energy, were produced. On
the other hand, Fritzleret al. f11g detected more than 1
3106 neutrons from the direct interaction of a 62-J laser
with an underdense deuterium plasma. The main weakness
of these approaches is that the ion density is relatively low in
clusters and underdense plasmas, and it rapidly becomes
even lower during the interaction, while the fusion reaction
rate is proportional to the square of the ion density.

In this paper we propose an alternative approach for pro-
ducing neutrons: from a DT foilsplasmad confined by laser
fields. In the present laser confined fusionsLCFd approach,
neutrons are produced by thesfusiond reaction D+T
→He4 s3.5 MeVd+n s14.1 MeVd. Two circularly polarized
laser pulses illuminate a frozen DTsothers such as CD2 can
also be usedd foil from both sides simultaneously. The atoms
are ionized rapidly and the electrons are pushed inward by
the light pressure. The ions are then pulled inward by the
space-charge field, but at a much longer time scale. If the foil
is sufficiently thick, the ions need some time to catch up with
the electrons. The ion velocity will remain comparable to,
but smaller than, the electron velocity. In the compressed
quasistationary state, the ion density and temperature, which
can be much larger than that of the electrons because of the
large ion mass, can be sufficiently large for fusion reaction to
occur. Clearly, a compact neutron source based on LCF can
have many modern applications.

As a specific example, we consider a not-too-thin frozen
DT foil shalf deuterium and half tritiumd of areal plasma
densityNs=3.331018/cm2 confined by two identical circu-
larly polarized laser pulses of wavelength 1mm and ampli-
tudeas=eA/mc2d=7, wheree andm are the electron charge
and mass, andc is the vacuum light speed. For simplicity, we
assume that the two laser pulses have the same phase, i.e.,
f21=f2−f1=0. In general, this configuration leads to un-
stable interactionf12,13g. However, if the foil is not ex-
tremely thin, the interaction can continue for a sufficiently
long time for effective neutron production. In fact, in the
simulations we failed to find any observable change of the
foil within the time of neutron production. That is, although
the relative phase can be important for ultrathin foils, it is not
crucial for the purpose here. By using a suitable pulse front,
one can obtain a quasistationary state with the desired ion
temperature.

In our one-dimensional particle-in-cellsPICd simulation
based on theLPIC11 codef14g, the ion mass is taken to be
2.5 times the proton mass, ormi /me=4590, which is the
average mass of deuterium and tritium ions. The pulse length
is 400 laser periods. At the end of the compression, the ion
temperatureTi is about 20 KeV, and the electron temperature
is much smaller than the ion temperature. The areal thermal
energy of the hot plasma is32NsTi =1.63104 J/cm2, with the
electron thermal energy neglected. If the area of the hot
plasma is 10310 mm2, the thermal energy is 0.016 J. This
much energy is emitted in only 0.12 fs by the laser pulse of
amplitudea=7. In fact, only a small fraction of the laser
energy has been used to heat the DT foil. The compressed-
state plasma density and laser field are shown in Fig. 1. The
foil thickness is compressed toD=0.013mm, and the ion
density is about 2400nc scorresponding to 10 g/cm3d. The
ion mass density is still much smaller than thats200 g/cm3d
for inertial confinement fusionsICFd. Nevertheless, it is
much larger than that obtained from clusters or underdense
plasmas f7,11g. The neutron production rate isPneutron
=nDnTssvdDTD=131025/cm2 s, where the reaction rate
ssvdDT=4.231016 cm3 s−1 for Ti =20 keV is used. The deu-
terium snDd and tritiumsnTd densities are both 1200nc. Thus,
,4.23106 neutrons can be produced per joule of pumping
laser energy.

The results for a thicker DT foil of areal density 8.8
31018/cm2 are shown in Fig. 2. In order to maintain the
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same peak amplitude as in the thin foil case, a longers,500
instead of,400 laser periodsd pulse is needed to compress
the plasma to the same plasma density and temperature. We
see that after compression the plasma density is similar to
that of the preceding case. However, since the total number

of ions has increased, more neutrons are produced. On the
other hand, more laser energyslonger pulsed is needed to
compress the thicker DT foil. In general, given the laser pa-
rameters, one can easily find the optimum foil thickness.

We now give a simple one-dimensional analytical model
of the compressed plasma. Models for laser confined plasmas
involving immobile and cold ions have been considered ear-
lier f12,13g. In the present problem, since the electron tem-
perature is much smaller than the ion temperature, the elec-
tron plasma can be assumed to be cold. In the stationary
state, the ponderomotive force of the intense laser pulse on
the electrons is balanced by the electrostatic force arising
from charge separation, or]g /]j=]c /]j, where g is the
relativistic factor of electrons,c=ef /mc2 is the normalized
scalar potential,j=vLz/c is the normalized distance, andvL
is the laser frequency. For the ions, the ponderomotive force
can be neglected. So the space-charge electric force is bal-
anced by the thermal pressure force, orNis]c /]jd
=−sTids]Ni /]jd, whereNi is the ion density normalized by
the critical densitync s=1.131021 cm−3 for a laser of wave-
length 1mmd. The ion temperatureTi is normalized bymc2.
The ion density is then given by

Ni = N0 exps− g/Tid, s1d

whereN0 is a constant determined by the areal density of the
foil. Assuming that the laser field is given bya
=a0sjdexp(ivLt+ iusjd) with amplitudea0sjd and phaseusjd,
from the Maxwell equations one obtains two constants of
motion,

M = −
]u

]j
sg2 − 1d, s2d

W=
g

2sg2 − 1d
S ]g

]j
D2

+
M2

2sg2 − 1d
+

g2

2
+ NiTi . s3d

For M =0, valid for f12=0 or large foil thickness, the elec-
tron density can be written as

Ne = gs2W− 2g2 + 1 +gNi − 2NiTid. s4d

Although because of thermal motion the ions can be ev-
erywhere, the cold electrons will have a sharp boundary. The
laser light propagates as if in vacuum in the electron-free
region, since the ions are too heavy to affect the short light
pulse. The boundary conditions are thus the continuity of the
transverse electric and magnetic fields on the surfaces of the
electron plasma. The results are given in Figs. 1sbd and 2sbd.
In the stationary state the ion density is mainly determined
by the ion temperature and laser intensity, and is almost in-
dependent of the areal density of the foil. The largest ion
densitysat the centerd is

Ni
max=

2a2

Ti
s5d

for a thick foil. For a laser pulse ofa=7 and ion temperature
Ti =20 keV s3.9310−2d, we haveNi

max=2500nc, which is
also in excellent agreement with the simulation result.

The analytical model assumes cold electrons. If electron
thermalization and electron pressure effects have been in-

FIG. 1. sColor onlined Electron and ion density profiles and laser
field a as a function of the foil depthx/l. Two circularly polarized
laser pulses of amplitudea=7 and phasef=0 illuminate the foil
from opposite sides. The laser-pulse length is 400 wave periods and
the areal plasma density of the foil is 3.331018 cm−2. sad The result
of the simulation after a stationary state is reached.sbd The corre-
sponding analytical result.

FIG. 2. sColor onlined Same as in Fig. 1, but the laser-pulse
length is 500 wave periods and the areal plasma density is 8.8
31018 cm−2.
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cluded, the final ion temperature would have been less. It is
thus of interest to estimate the electron thermalization time.
For a DT plasma at density 2400nc and temperature 20 keV
the ion-electron collision rate is aboutn=3.2
310−9Z2ln/mT3/2 sec−1=231010 sec−1. That is, about 50 ps
are needed for the electrons and ions to reach the same tem-
perature. This time is usually much longer than that for neu-
tron production. Our simulations also do not show any ob-
servable change in the plasma density in the stage after the
compression. Thus, the steady-state cold-electron model is
suitable for estimating the behavior of laser confined plas-
mas.

In summary, we have proposed an approach for generat-
ing controllable quantities of neutrons from a DT-foil plasma
produced and confined by two oppositely directed circularly
polarized intense laser pulses. PIC simulations show that a
quasistationary state can be reached, and a simple analytical
model for the latter is given. From Eq.s5d, one finds that ion
temperature between 10 and 20 KeV is optimum for neutron
production in the DT-foil plasma. Both the PIC simulations
and the analytical model here are one dimensional, and are
expected to be valid if the focusing area is sufficiently large.

In practice, in order to have better confinement, the foilsfu-
sion materiald can be placed inside a preformed channel, as
shown in Fig. 3. The channel can be a hollow fiber or created
by a laserssee, for example, Refs.f15–20g and the references
thereind. The foil can also be pushed as a whole into the
channel by appropriately controlled laser pulsesf15,20g. Fi-
nally, the efficiency of neutron production can also be im-
proved by carefully designing the laser pulse and target ge-
ometries.

We would like to thank Wei Yu and Zhengming Sheng for
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FIG. 3. Schematic drawing of a foil placed inside a preformed
channel.
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