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Abstract. In cone-guiding fast ignition, the guiding of fast electron beam with significantly large beam
divergence is one of the most important issues for achieving efficient core heating. We proposed two
guiding schemes; one is the “Tongari” tip guiding by resistive magnetic fields and the other is the
guiding by externally applying axial magnetic fields. The guiding performances for these two schemes
are demonstrated by Particle-In-Cell and Fokker-Planck simulations.

1. INTRODUCTION
In cone-guiding electron-driven fast ignition [1], fast electrons generated inside the cone propagate
over the distance of 50 m ∼ 100 m to the imploded dense core, and then heat the core up to ignition
temperature. Thus, the fast electron beam control (e.g., enhancement of energy coupling of heating laser
to fast electrons, optimization of fast electron energy spectrum, reduction of beam divergence and beam
guiding to core) is one of the most crucial issues to achieve the ignition and high gain in fast ignition.
According to the previous work [2], the fast electron beam has large beam divergence (full angle
of ∼ 100 degree). Such a large beam divergence could be one of the main factors for lowering the core
heating efficiency. There are some ideas on beam guiding using self-generated magnetic fields, e.g.,
extended double cone [2] and layered cone with guiding wire [3]. The other idea is the guiding by
externally applied magnetic fields along to the beam propagation direction [4].
In the present paper, on the basis of 2D Particle-In-Cell (PIC) and Fokker-Planck (FP) simulations,
we evaluate the fundamental performances of beam guiding due to the self-generated resistive magnetic
fields and the external magnetic fields, and propose a target design for beam guiding to improve the
heating efficiency.
2. FAST ELECTRON BEAM DIVERGENCE
The fast electron beam divergence was evaluated by 2D PIC simulations [2], where the Au cone with
open angle of 30 degree was irradiated by intense laser with intensity of 3 × 1019 W/cm2 and duration
of 1 ps, and the fast electron distribution function ffe (E, , y, t) (E, , y and t are energy, pitch angle,
transverse position and time) were observed at the cone tip. The details of simulation condition and
results are shown in Ref. [2].
of fast electron beam
The “particle” and “energy” angular distributions

ff e (E, , y, t)dtdydE and ffe,E () =
E · ffe (E, , y, t)dtdydE. The
are evaluated by ff e,n () =
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Figure 1. An example of (a) particle and (b) energy angular distributions of fast electron beam evaluated by 2D
PIC simulation [2].

Figure 2. Spatial profiles of (a) inital density of standard Au flat top tip and (b) DLC Tongari tip and (c) resistive
magnetic field at 500 fs. The yellow lines in (a) and (b) show the beam injection points.
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typical angular distributions are shown in Fig. 1, where Ffe,n () = 0 ffe,n ( )d / 0 ffe,n ( )d

 2
and Ffe,E () = 0 ffe,n ( )d / 0 ffe,E ( )d are also plotted. The “particle” and “energy” angular
distributions are fitted by exponential functions, Aexp(−/). The values of  are 75 degree and
55 degree for ffe,n () and ffe,E (). The 50% of beam energy is contained within 30 degree and 90% of
beam energy within 60 degree. Because of such a large beam divergence, most of the fast electrons do
not hit the core, which results in the poor heating efficiency. One possibility is the control of laserplasma interactions to reduce the beam divergence, but the control of non-linear process seems to be
quite difficult. So we consider the beam guiding.
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Table 1. Summary of guiding performance of Tongari tip.

Tongari tip
material
Au
Cu
Al
DLC

Bmax [T]
1250
1020
977
723

Econe *
1.9
1.8
1.3
1.4

Ecore *
0.8
1.0
1.3
1.3

Te0∗
1.0
1.4
1.8
1.9

*The values of deposited energies in cone tip Econe and in core Ecore , and electron temperature enhancement at core center Te0
due to heating are normalized by the values for the standard Au flat top cone tip (5 m thickness) case.

3. RESISTIVE GUIDING BY “TONGARI” CONE TIP
The magnetic field growth in collisional plasmas is derived from Faraday’s law and Ohm’s law, together
with the assumption of quasi neutrality for beam and return currents (jfe = −jbe );


*B
= (∇ × j f e ) + ∇ × jf e ,
*t
where  is the resistivity. Previously, the self-pinch of fast electron beam due to the first term was
expected [5, 6]. However, for the case of fast electron beam with large divergence, it does not work
well. The second term means the magnetic field generation due to gradient of resistivity, which works
to confine the fast electrons in the higher-resistivity region [7]. To guide the fast electron beam to the
core, we propose “Tongari” cone tip (Tongari is Japanese word, means “pointed”). If using higher-Z
material for the tip compared with the surrounding imploded plasma, the confinement field will be
generated at the material contact surface. To confine the fast electrons whose energy is a few MeV, the
required strength of magnetic field is a few kT. Though a high-Z material, such as Au, is preferable
for generating the strong magnetic field, the energy loss and scattering of fast electrons become large
in the high-Z material. So, we estimate the guiding performance for different cone materials (Au, Cu,
Al, DLC) by Fokker-Planck simulations where we used the fast electron beam profiles obtained from
2D PIC simulations [2] for 30 degree cone without pre-plasma and spherically compressed CD core
(Gaussian density profile with 200 g/cm2 density at the core, R = 0.12 g/cm2 and uniform temperature
of 300 eV) was assumed (Fig. 2(a)-(b)). The spatial profile of magnetic field for the case of DLC Tongari
tip at t = 500 fs is shown in Fig. 2(c). Due to the energy deposition by fast electron beam, the DLC tip
is rapidly heated, and then the gradient of resistivity at cone-plasma interface becomes smaller. Thus
the growth of magnetic field is saturated at this moment. The strength of magnetic field is ~0.7 kT,
which is not enough to confine the fast electron with the energy of several MeV. But, the relatively lowenergy (∼ 1 MeV) and small-pitch-angle electrons can be confined and guided to the core. The transport
simulation results are summarized in Table 1. The strength of confinement magnetic field generated
at the cone-plasma interface is about 1 kT and it increases with material-Z. On the other hand, the
collisional effects are also large in the high-Z material, i.e., the energy deposition in the cone is larger
for the higher-Z material. As the results, the core heating rate for the Au and Cu Tongari tip cases is
smaller than that for the standard Au flat tip. The core heating rate is enhanced for the Al and DLC cone
cases, which means that the low-Z material such as Al and DLC is preferable as the Tongari tip.
4. GUIDING BY EXTERNALLY APPLIED AXIAL MAGNETIC FIELDS
Under the sufficiently-strong axial magnetic fields, the generated fast electrons twist around the
magnetic field lines and are expected to be guided into the core. In addition, the fast electron stopping
rage becomes effectively shorter due to the gyro-motion. The core heating is mainly done by the fast
electrons of which energy is less than 10 MeV. The heating spot size required for efficient ignition is

03010-p.3

EPJ Web of Conferences

Beam Divergence angle θ div [deg.]

Figure 3. Spatial profiles of (a) electron number density ne normalized by ncr and (b)∼ (d) fast electron energy
density observed at 150 fs for Bx,ext = 0, 1, 10 kT.
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Figure 4. Beam divergence angle div as a function of Bx,ext .

∼ 30 m diameter. Thus, the fast electrons of which energies are less than 10 MeV should be confined
in a few tens m region (gyro-radius), which requires magnetic field strength of several kT, e.g., the
strength of magnetic field of 3.8 kT (30 kT) is required for 10 m gyro-radius of 1 MeV (10 MeV)
electron with 60 degree pitch angle. The preliminary evaluation of guiding performance was done by 2D
PIC simulations (collisionless), where we assumed that an Au plane target (50 ncr , Z = 40) with 1 m
scale pre-plasma is irradiated by an intense laser pulse with 1 m wavelength, 1019 W/cm2 intensity,
200 fs flat top (30 fs rising) duration and 5 m spot diameter. The external magnetic fields with strength
of Bx,ext = 0 ∼ 10 kT are uniformly applied along to the beam propagation direction. In Fig. 3, (a) the
electron density profile and (b) ∼ (d) the energy density of fast electron beam for Bx,ext = 0, 1 and 10 kT
observed at 150 fs are shown. It is found that the spatial divergence of electron beam div is 55o in the
case without external field, and it becomes smaller with increasing the strength of magnetic field.
In Fig. 4, the beam divergence div is plotted as a function of Bx,ext . The value of div starts to decrease
at Bx,ext = 0.1 kT and reaches div = 0o at Bx,ext = 3 kT. For further strong Bx,ext (< 3 kT), the beam
radius becomes smaller due to smaller gyro-radius. These results indicate that the effective guiding can
be achieved with Bx,ext > a few kT. Such a high field could be achieved by implosion [8] of spherical
shell target with externally applied magnetic field [9]. Further investigation including magnetic field
compression and core heating is indispensable. Especially mirror effect is important since the magnetic
field does not compress in the cone region, so the ratio of magnetic field strength between the generation
point and compressed dense core region might be ∼100.
5. CONCLUDING REMARKS
We demonstrated the guiding performance of two types of guiding concepts (i.e., the resistive guiding by
Tongari tip and the externally applied axial magnetic fields). The evaluations are still preliminary ones,
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Figure 5. Schematic view of a cone-shell target with two guiding concepts.

so further study is needed. Also, the experimental evidence is indispensable. We propose the guiding
scheme by combination of two guiding concepts (Fig. 5) and plan to introduce it into the next FIREX-I
integrated experiments.
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