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Detailed neutron energy spectra produced from a CD2 target irradiated by a 450 fs, 20 J, 1053 nm
laser at an intensity of 3 10'® W/cm? have been studied. Wide-ranging neutron spectra were
observed from two different observation angles 20° and 70° relative to the rear-side target normal.
The experiment and numerically calculated spectra, by a three-dimensional Monte Carlo code,
indicate that the range of the measured spectra is larger than that produced by the D(d ,n)°He
reaction. An interpretation for the measured spectra is introduced by considering the '*C(d,n)"*N
and D("2¢,n) "N reactions. In addition, the study revealed that the neutron spectra produced by the
D-C and C-D reactions can overlap that produced by the D-D reaction, and due to their high cross
sections, comparing to the D-D reaction, both of them effectively participate in the neutron yield.
© 2005 American Institute of Physics. [DOI: 10.1063/1.2131847]

Recent progress in short-pulse laser technology has al-
lowed focusing laser pulses with extremely high irradiation
intensities." The interaction of this ultraintense femtosecond
laser with solid targets acts as a source of energetic particles
such as MeV electrons and ions.” The fast ignitor concept,3
relevant to the inertial confinement fusion (ICF), enhances
the interest in this process. Once the laser intensity exceeds
10'8 W/cm?, the generated hot electrons become relativistic.
The propagation of this intense electron beam inside the tar-
get leads to generate 7y rays and accelerate ions which in turn
initiate nuclear reactions producing neutrons, positrons, and
radioactive nuclei. Whereas a relatively high number of pa-
pers are devoted to study hot electrons, 7y rays, and emitted
ions, studies of femtosecond-laser-generated neutrons are
rare and further detailed investigations are needed. Experi-
mentally, neutron production has been observed by irradiat-
ing deuterated targets with ultraintense lasers at different
intensities.* " The interpretation of the experimental results
based on considering the D(d,n)*He reaction is the only pro-
ductive reaction of the emitted neutron spectra. However,
neutrons with energies lower than that produced by the D-D
reaction (the absolute minimum energy of the D-D neutrons
is 1.63 MeV) were observed when lasers with intensities of
the order of 10'® W ecm2 is focused on solid CD2 targets.™'”
The identification of the reaction(s) that produce these neu-
trons is still needed. Such identification is crucial for ICF
since the measured neutron yield is usually attributed to the
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D-D reaction only. In this letter, we introduce for the first
time a study that utilizes neutron spectroscopy to identify the
generative reactions of a wide range of neutron spectra ob-
served in ultraintense laser interactions with carbon-
deuterated plasma.

Figure 1 shows the schematic of the experiment which is
performed using 30 TW GekkoMII (Ref. 12) short-pulse la-
ser system at the Institute of Laser Engineering (ILE), Osaka
University. The 450 fs, 20 J, 1053 nm laser was focused on a
CD2 target at an intensity of 3 X 10'® W/cm?. The incident
angle of the p polarized laser light was 20° relative to the
target normal. Two neutron detectors were positioned at 2.17
and 1.98 m from the target at angles 20° and 70° relative to
the target normal, respectively. Neutron diagnostics consist-
ing of current mode time-of-flight (TOF) detectors com-
prised a scintillator/photomultiplier tube (PMT) combina-
tion. The scintillator type, ultrafast timing plastic scintillator,
is the quenched version of Bicron BC-422 scintillator (BC-
422Q). The scintillation light from BC-422Q has a rise time
of less than 20 ps.13 A photomultiplier tube that is one of the
highest performance timing tubes available is Hamamatsu
R2083. It is an eight-stage PMT with a rise time of 700 ps
and a transit-time spread of 370 ps. To reduce the influence
of the undesirable flashes, cone-shaped collimators are in-
stalled in the chamber. The collimators limit the view of the
detectors and reduce the bremsstrahlung flashes from the di-
agonal inner walls of the chamber. In addition, the detectors
were shielded with 10-cm-thick Pb wall placed in the front
and 5 cm of Pb plates on all sides. The modulation of the
neutron spectra due to the shielding14 was taken into account.

© 2005 American Institute of Physics
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FIG. 1. View of the experimental setup. The 450 fs, 20 J, 1053 nm laser
was focused on a CD2 target at an intensity of 3 X 10'® W/cm? Two neu-
tron detectors were positioned at 2.17 and 1.98 m from the target at angles
20° and 70° relative to the target normal, respectively.

Therefore, time-of-flight values of the neutron groups were
corrected by considering the delay of the neutrons inside the
lead blocks. The accuracy of each energy value is calculated
by using the differentiation method.”® In this method, the
error in neutron energy is calculated by the partial differen-
tiation depending on the experimental errors in both time of
flight and distance of the detector from the target. The signal
levels are normalized to the neutron yield per solid angle,
taking into account the detector position and sensitivity.

Figure 2 shows the emitted neutron spectra observed in
the forward direction from two angles of observation 20° and
70° relative to the target normal when a 5 um CD?2 target is
irradiated by laser at an intensity of 3 X 10'® W/cm?. The
neutron spectra observed at 20° extend from 75+5 keV up to
4.5+0.31 MeV and those observed at 70° extend from
20+1.4 keV up to 4.0+0.28 MeV. This means that the en-
ergy range of the measured neutrons extends from
20+1.4 keV up to 4.5+0.31 MeV.

The laboratory energy of the emitted neutron E, as a
function of the incident ion energy E, and the angle 6 be-
tween the incident ion and the emitted neutron'® are given as

Count [10*4(MeV Si]

1 z 3
Neutron anergy (MeV)

FIG. 2. The measured neutron spectra observed at (a) 20° and (b) 70°. The
spectra observed at 20° extend from 75+5 keV to 4.5+0.31 MeV and that
observed at 70° extend from 20+ 1.4 keV to 4.0+0.28 MeV. The two arrows
display the maximum energy range of the D-D neutron spectra for each
observation angle.
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FIG. 3. (Color online). The energy spectrum of the accelerated deuterium
ions inside the target from 2D PIC simulation. The energy spectrum can be
fitted to two temperatures (100 and 300 keV). The bulk ions whose tempera-
tures are very low (~keV) and are not accelerated by the laser light are
excluded from the fitting.

E}* = (mgmyE,)"? cos 6 +{m m,E,cos’0+ (my+m,)
X[myQ + (my = m)EJ ) (my +my). (1)

where m,, m;, and my are the masses of incident ion, emitted
neutron, and residual nucleus, respectively. By considering
beam fusion through D-D reaction, the maximum energy of
the emitted neutrons (in the forward direction =0) will be
4.5+0.31 MeV if the maximum energy of the accelerated D
ions is 1.3+0.22 MeV. In this case, when the incident D ions
are accelerated up to 1.3+0.22 MeV, the minimum energy of
the produced neutrons by the D-D reaction (in the backward
direction 6=180) is 1.7+0.12 MeV. Hence the maximum
range of the neutron spectra produced by the D-D reaction
extends from 1.7+0.12 up to 4.5+0.31 MeV (the arrows in
Fig. 2 display the maximum range for each observation
angle). However, the observed neutron spectra contain neu-
trons with lower energies up to 20+ 1.4 keV. Consequently,
the observed spectra cannot be explained by considering the
D-D reaction only.

To elucidate the observed spectra, the energy spectrum
of the accelerated deuterium ions inside the target in ultrain-
tense laser plasma interactions has been investigated by two-
dimensional particle in cell simulation PICLS2D (Fig. 3). In
the simulation, a p-polarized 1-um laser light with a pulse
length of 500 fs irradiates the deuteron plasma at an inci-
dence angle of 20°. The critical density n. of this laser is
10! cm™. The laser has a peak intensity of 4
X 10'® W/cm? in a 10 um spot of a Gaussian profile. The
target is a fully ionized deuteron plasma (ion mass M
=3680m,) with a peak density of 40n,.. A steep preplasma
whose peak density is 4n,. is placed in front of the target. It is
extending in 2 um from the target surface exponentially with
0.66 wm scale length. The plasma density at the expansion
edge is 0.17n,.. The PIC simulation shows that the energy
spectrum of ions accelerated into the target can be fitted to
two temperatures (100 and 300 keV). The cutoff energy of
the accelerated ions is about 500 keV, which is well ex-
plained by the sweeping acceleration due to the pondermo-
tive pressure.l7 This maximum deuteron energy can explain
the generation of neutrons with energies up to 3.5 MeV [Eq.
(1)]. However, the ion energy might increase to become two
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FIG. 4. Comparison between the measured neutron spectra (black) and the
calculated spectra for the D-D reaction by 3D Monte Carlo code (gray) at
(a) 20° and (b) 70°. The D-D reaction can introduce an acceptable interpre-
tation for the measured neutron spectra from 2.3+0.16 up to 4.5+0.31 MeV
for the neutrons observed at 20° and from 2.1+0.14 up to 4+0.28 MeV for
those observed at 70°. The arrows display the produced neutron spectra by
the D-D reaction and the maximum energy ranges of the neutron spectra
produced by the D—'2C and ">C—D reactions.

times or more in a gentle sloop preplasma as discussed in
Ref. 17.

Furthermore, we performed numerical experiments by
using three-dimensional (3D) Monte Carlo code. The code
calculates the spectra of neutrons produced by D-D reaction
in a finite thickness target and emitted in specific directions
of observation. For the best fitting to the experimental re-
sults, ions are assumed to be accelerated in the target normal
direction’ with Maxwellian energy distribution. The distribu-
tion has two temperatures, 100 and 300 keV, that are in
agreement with the PIC simulation. The multiple scattering
of the accelerated ions due to small angle scattering by col-
lisions with electrons was calculated by using Jackson’s
equation.18 The effect of this scattering on the path of the
accelerated deuterons must be small but it is taken into ac-
count for the sake of high degree of accuracy. The neutron
yield Y emitted in a specific direction is calculated as

Yzfnlnzo(v)vdtdv, (2)

where 7, is the number density of the accelerated ions, n, is
the number of the target ions per unit volume, o(v) is the
differential cross section of the nuclear reaction for a given
value of energy, and v is the velocity of the accelerated ions.
The differential cross section o(E, ) for a given energy E
and emission angle 6 calculated from experimental data and
the best fitting calculated values' by using Legendre poly-
nomials are as follows:

o(E,0) = o(E,0)2A;P{(0), (3)

where o(E,0) is the differential cross section for a given
energy E and zero emission angle, P; are Legendre coeffi-
cients, and A; are constants provided that 2A,=1. The calcu-
lated spectra fit well with the measured ones (Fig. 4) when
the ion energy distribution in the Monte Carlo code reflects
the exact distribution displayed in the PIC simulation (Fig.
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3). In the same time, the degree of fitting becomes lower
elsewhere when the previous condition is not fulfilled.

The 3D Monte Carlo simulation pointed out that the neu-
tron spectra produced by the D-D reaction are those pro-
duced in the range of 2.3+0.16—4.5+0.31 MeV for the ob-
served neutrons at 20° and in the range of
2.1£0.14-4+0.28 MeV for the observed neutrons at 70°
(Fig. 4). To identify the neutron spectra that emitted with
lower energies, the other probable neutron productive reac-
tions have to be investigated. These reactions include deu-
teron break up, deuteron electrodisintegration, and the inter-
actions of the accelerated deuterons with °C ions (inside the
target) and with the chamber wall (Al). In addition, photo-
nuclear reactions and the interactions of protons (come from
the contaminations on the target surface) with D and C ions
inside the target and with the chamber wall (Al) have to be
discussed. Finally the reactions between D ions and '*C ions
have to be considered.

Deuteron breakup cannot occur because its threshold en-
ergy is 4.45 MeV whereas the maximum acceleration energy
of the deuterons is 1.3+0.22 MeV. Deuteron electrodisinte-
gration is negligible due to its extremely small cross section,
~10 ,ub.20 The reactions between accelerated ions and *C
ions can be ignored because of the small amount (1%) of B¢
in the natural carbon even though the cross section is high.
The interactions between the emitted deuterons and the
chamber wall (Al) take place only when the deuterons have
energies higher than 5.75 MeV.

Photonuclear reactions produced by the hard bremsstrah-
lung x rays or yrays are generated due to the stopping power
of the relativistic electrons through the target. To effectively
stop the relativistic electrons, CD2 target with thickness
more than 300 um is needed.”’ The thickness of our target is
5 um and hence the energies of the generated photons are
too weak to produce any photonuclear reactions.

Protons (that contaminate the target surface) can produce
neutrons from the interactions with deuterium and carbon
ions inside the target if they accelerated to energies
=3.34 MeV. As the charge-to-mass ratio of proton ion is
twice that of deuterium ion, the estimated maximum energy
of the accelerated proton ions would be twice that of the
deuterium ions, i.e., 2.6+0.44 MeV. Also, the reactions be-
tween energetic protons and the chamber wall (Al) cannot
produce neutrons unless protons accelerated to energies
higher than 5.80 MeV.

The reactions between D ions and '°C ions produce low-
energy neutrons, comparing to the D-D reaction, with high
cross sections. The reaction between accelerated D ions and
target background '*C ions (D +'>C — N +71-0.28 MeV) is
possible as soon as the kinetic energy of the incident D ions
exceeds the reaction threshold energy (i.e., 0.328 MeV).
Comparing to the D-D reaction, the D—'°C reaction has a
very high cross section. While the maximum value of the D—
D reaction cross section is around 100 mb within the energy
range of 0—5 MeV,"”* that of the D—"2C reaction is around
250 mb.”* Because the deuterium ions are accelerated up to
1.3£0.22 MeV, the D—'"°C reaction can produce neutrons
with energies up to 1.02+0.23 MeV [Eq. (1)] as shown in
Fig. 4. Moreover, carbon ions can be accelerated to the same
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maximum velocity as deuterium ions. Thus, the maxi-

mum energy of 'C ions can be six times (ie.,
7.8+1.3 MeV) that of D ions. Carbon ions that have energies
=1.96 MeV (the threshold energy of the '*C—D reaction)
can produce neutrons through the interaction with the target
background D ions. As the maximum energy of the incident
12C ions is 7.8+1.3 MeV, the 2C_D reaction can produce
neutrons with energies up to 2.4+0.39 MeV [Eq. (1)] as
shown in Fig. 4.

It is known that the cross sections of the D—'*C and
12C—D reactions are the same in the center-of-mass system.
In the laboratory system, when '>C ions have the same ve-
locity as D ions, the cross section of the 2C_D reaction
becomes approximately twice®! that of the D—'2C reaction.
The endothermic reactions such as the D—'>C and >C-D
reactions produce neutrons with energies starting from ex-
tremely small value (theoretically zero) extending to a maxi-
mum value determined by the maximum energy of the inci-
dent ions. For example, in the case of deuterium ions
accelerated inside the target up to 3 MeV (>C ions will be
six times), the neutron spectra of the D-"2C reaction will
extend to 2.7 MeV and that of the '>C—D reaction will en-
large beyond 5 MeV [Eq. (1)]. Then, these spectra will over-
lap the D-D reaction spectra. In the same time, due to their
high cross sections, the D-"2C and ">C-D reactions will
strongly take part in the total neutron yield. These results are
reasonably consistent with the prediction of kinetic numeri-
cal simulations by Toupin et al?!

Unfortunately the differential cross-section data of the
D-'2C and '2C-D reactions are not available. Accordingly,
the produced spectra from these reactions could not be cal-
culated for the same observation angles as the measured
ones. However, the total neutron yields produced by the re-
actions D-D, D— 12C, and ">)C—D have been estimated from
Eq. (2) by using the total cross-section values and the total
number of the accelerated D and '*C ions. From the 3D
Monte Carlo simulation, the best fitting to the experimental
results are obtained when the number of the accelerated D
ions was 2 X 10'?/sr. This means that the total number of the
accelerated D ions is close to 2 X 10'3 and the expected total
number of the accelerated '>C ions (50% of the number of D
ions) is around 10'3. The estimated total neutron yield (in the
411 space) of the D-D reaction is 9 X 10°, whereas those of
the D-"?C and 'C-D reactions are 2.3X10° and 4.1
X 103, respectively.

The total energy (E,) of the accelerated ions can be cal-
culated as follows:

E = f Fypg(E)dE, 4)

where Fyp is the Maxwell-Boltzmann distribution function
and g(E) is the density of states. The calculated total energy
of the accelerated D ions is 0.5 J which is equivalent to 2.5%
of the laser energy. The energy of the full stripping carbon
ion can be six times that of D ion and the number of '*C ions
is 50% of the number of D ions. Under these assumptions,
the utmost laser-energy transfer to 12C ions would be 7.5%.

Phys. Plasmas 12, 110703 (2005)

Then the maximum converted laser energy to ions might be
10% or less.

In summarize, we have studied the creative neutron re-
actions when an ultraintense laser at an intensity of 3
X 10'® W/cm? is focused on a CD2 target. The experimental
results are compared to 3D Monte Carlo code and the energy
spectrum of the accelerated D ions inside the target has been
investigated by 2D PIC simulation. Neutrons with energies
lower than that produced by the D-D reaction were observed
in the measured neutron spectra. By considering the D—'>C
and '2C—D reactions, a complete explanation for the mea-
sured neutron spectra is introduced. With increasing the en-
ergy of the accelerated ions, neutron spectra produced by the
D-"2C and '>C-D reactions can effectively overlap that pro-
duced by the D-D reaction. Due to the high cross sections of
the D—'2C and '>C-D reactions, their neutron yields
strongly participate in the total neutron yield. We have to
keep in mind that more reactions will contribute in the neu-
tron production when using higher energy and intensity la-
sers. These results are of critical importance for laser fusion
in which the total neutron yield is usually attributed to the
D-D reaction only.

We are grateful to the members of the Laser, Target, and
Measurement Tech. for their technical assistance.
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