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Abstract. 2D PIC simulations for fast ignition with a planar target and an ultrahigh intensity laser have
been performed to investigate effects of laser temporal profile on fast electron characteristics. Six different
laser profiles, which are combination of two pulse shapes, namely Flattop and Gaussian shapes, and three
different maximum intensities 1 × 1020 , 5 × 1019 , and 2.5 × 1019 W/cm2 , are studied under the condition
of fixed laser energy. Time-integrated energy spectra, coupling efficiencies from the heating laser to fast
electrons, and divergence angle of fast electrons are shown and discussed.

1. INTRODUCTION
In 1994, the concept of fast ignition was proposed [1]. Many studies have intensively been performed
since this proposal [2, 3]. In Japan, the FIREX-I project [4] has been started for the sake of heating
the core up to the temperature of 5 keV. Cone-guided targets are used in this project and the design
optimization of the targets has been performed [5, 6]. In contrast, the profile of the ultrahigh intensity
laser that heats the core is not well optimized and its effects on fast electron generation are not clarified
yet. Therefore, it is necessary for full optimization to investigate effects of laser temporal and spatial
profiles. In this paper, we pay attention to the laser temporal profile and estimate its effects on fast
electron characteristics.
2. FAST ELECTRON CHARACTERISTICS
We simulated laser-plasma interactions for normal incidence of an ultrahigh intensity laser onto a gold
planar target with a two-dimensional PIC code, FISCOF2 [7]. A prepulse of the heating laser is intense
enough (e.g., 1013 W/cm2 ) to create a plasma because the intensity of the main pulse is extremely high
(e.g., 1020 W/cm2 ) even if the contrast ratio is 107 . As a result, the target is ionized before the main pulse
reaches the target, and a preformed plasma (preplasma) is generated. Therefore, we assume the target is
ionized and do not treat ionization process in simulations. Further, collision effects are neglected because
we simulate only fast electron generation that occurs in relatively low-density plasma. In order to
investigate effects of the laser temporal profile, we studied six different cases that are combination of two
pulse shapes, namely Flattop and Gaussian shapes, and three different maximum intensities 1 × 1020 ,
5 × 1019 , and 2.5 × 1019 W/cm2 as summarized in Table 1. The laser wavelength is set to 1.06 m.
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Table 1. Laser maximum intensities, temporal profiles, and coupling efficiencies of laser to observed electrons with
energies of all range, 0–0.2, 0.2–2, 2–7 MeV, and more than 7 MeV in each laser profile cases.

Case

Maximum Temporal
Coupling efficiencies of each electron energy range [%]
intensity profile
rise/fall ,
I [W/cm2 ]
All range 0–0.2 MeV 0.2–2 MeV 2–7 MeV > 7 MeV
flat [fs]

FH

1.0 × 1020 4.7, 90

71.96

FM

5.0 × 10

4.7, 190

78.78

FL

2.5 × 10

4.7, 390

GH

1.0 × 10

5.44

18.50

38.83

11.8

10.24

26.91

29.88

82.28

13.02

16.67

33.41

19.19

94, 0

78.49

11.36

8.65

21.87

36.62

GM 5.0 × 10

188, 0

81.53

12.60

14.74

29.72

24.48

2.5 × 10

376, 0

86.41

12.01

21.18

35.74

17.48

19
19
20
19

GL

19

9.20

Laser pulses were assumed to be uniform in y direction and pulse lengths are adjusted to preserve
the total energy. The intensity in the case of Flattop pulses rose up with a Gaussian profile having
half-width at half maximum (HWHM) of 4.7 fs, was kept constant with its corresponding maximum
intensity during 90, 190, or 390 fs, and fell down with a Gaussian profile having HWHM of 4.7 fs.
These three cases are called FH (Flattop of High-intensity), FM (Flattop of Medium-intensity), and FL
(Flattop of Low-intensity). In the other three cases, the intensity profile is Gaussian with full-width at
half maximum of 94, 188, or 376 fs (corresponding maximum intensities of 1 × 1020 , 5 × 1019 , and
2.5 × 1019 W/cm2 ) and they are called GH (Gaussian of High-intensity), GM (Gaussian of Mediumintensity), and GL (Gaussian of Low-intensity). The electron density profile is uniform in y direction,
and that in x direction consists of exponential region with the scale length 4 m from 0.1 to 20ncr and
flat region with the thickness of 20 m and the density of 20ncr , where ncr means the critical density and
the exponential region represents the preplasma. The charge state, mass number, and proton-to-electron
mass ratio were set to 40, 197, and 1836, respectively. The electron and ion initial temperatures were
assumed to be 10 and 1 keV, respectively. Boundary conditions in the x direction are the reflection for
particles and absorption for fields, and those in the y direction are periodic for both particles and fields.
Generated fast electrons were observed in the plasma, 5 m behind the boundary between the preplasma
and the flat profile plasma. To ignore the circulation of fast electrons, fast electrons were artificially
cooled to the initial temperature in the rear part, from the rear edge of the plasma to 6 m inner side.
2.1 Time-integrated energy spectra
Figure 1 shows time-integrated energy spectra of fast electrons, where the integration time is 2000 fs.
In the cases of flattop pulses, low-energy (<7 MeV) electrons decrease and high-energy (>7 MeV)
electrons increase as the maximum laser intensity becomes higher. High-energy electrons are more
generated and the number of low-energy electrons decreases in the high-intensity case compared to
the low-intensity case. The electron slope temperatures in the spectra are somewhat higher than those
of Wilks’s scaling [8] by reason of preplasma effects. According to Cai et al.’s research related to
the preplasma effects on fast electron generation [9], the slope temperature becomes high because of
stochastic heating [10] in the underdense plasma if the preplasma exists. In our simulations, the reflected
laser intensity is approximately 20% of the incident laser intensity in all cases, therefore the amplitudes
of two pulses exceed thresholds for stochastic motion and then stochastic heating occurs. As to the cases
of Gaussian pulses in Figure 1, the trend of the spectra is the same as that of the flattop cases. When
the cases of the same maximum intensities are compared, the generation of high-energy electrons is
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Figure 1. Time-integrated electron energy spectra. Integration time is 2000 fs.

Figure 2. HWHMs as a function of electron energy on time-integrated electron mometum distributions in the cases
of (a) flattop with same pulse duration of 100 fs and five different maximum intensities of 2 × 1020 , 1 × 1020 ,
5 × 1019 , 2.5 × 1019 , and 1.25 × 1019 W/cm2 and (b) simulations of previous subsection.

enhanced and that of low-energy electrons is weakened in the case of flattop compared to the Gaussian
case because the laser intensity of the Gaussian case is equal or lower than that of the flattop case.
Coupling efficiencies to observed electrons with energies of all range, 0–0.2, 0.2–2, 2–7 MeV, and more
than 7 MeV are summarized in Table 1. The difference of 0.2–2 MeV electrons in Table 1 is especially
large compared to the others. The results are remarkable because these electrons efficiently heat the
core. Therefore the spectrum of the GL case is the most suitable for fast ignition in those simulations
since these electrons are much generated.
2.2 Divergence angle of fast electrons
To evaluate intensity dependence of divergence angle for electrons, we performed simulations with
only flattop pulse shape and same pulse durations of 100 fs but five different maximum intensities
of 2 × 1020 , 1 × 1020 , 5 × 1019 , 2.5 × 1019 , and 1.25 × 1019 W/cm2 , where other conditions were the
same as those of previous simulations. We calculate HWHMs of divergence angle from the timeintegrated electron momentum distributions over 200 fs. Figure 2(a) shows HWHMs as a function of
the electron energy. The divergence angle tends to be larger as the intensity becomes higher. Its trend
is similar to experimental and theoretical results of Reference [11]. It is noticed that HWHMs for
electrons with 15–25 MeV energy in the case of 1 × 1020 W/cm2 is the smallest in five cases, but its
reason is still inexplicable. We also analyze results of previous simulations. Figure 2(b) shows HWHMs
of divergence angle as a function of the electron energy calculated from the time-integrated electron
momentum distributions over 2000 fs. In all cases, the HWHM becomes small with increasing electron
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Figure 3. Time evolutions of the maximum magnetic field.

energy because high-energy electrons are hard to be scattered by the magnetic field. Figure 3 shows time
evolutions of the maximum magnetic field. Large magnetic fields are observed and peak of the maximum
magnetic field increases with the maximum laser intensity. It is considered that the divergence angle for
electrons with same energy becomes larger with the laser intensity, because the generated electron beam
is also more intense and it causes larger magnetic fields. In the comparison of all cases in Figure 2(b),
divergence angles for low-energy electrons are similar. On the other hand, divergence angles for highenergy electrons in the case of FL are the smallest and those of the GH case are the largest. To clarify
these relations between the divergence angle and laser temporal profile, more simulations and detailed
analysis are needed.
3. SUMMARY
We simulated the cases of six different laser profiles under the condition of fixed laser energy, and
investigated effects of laser temporal profile on fast electron characteristics. Results show that the
generation of low-energy electrons are weakened and high-energy electrons are much generated as the
laser intensity becomes high. In addition, divergence angles of low-energy electrons were similar in all
cases because of the strong magnetic fields. In contrast, those of high-energy electrons were different.
Consequently, the low-intensity Gaussian laser pulse is clearly the most suitable for fast ignition within
the simulated parameters, because low-energy electrons that heat the core efficiently are much generated
and their divergence angles are similar to those of other cases.
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