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In fast ignition laser fusion, electron beam guiding with a kilo-tesla magnetic field has been proposed to avoid
divergence of the beam, which significantly enhances the core heating efficiency. In addition to beam guiding,
magnetic fields affect electron heat conduction and alpha particle energy transport. The objective of this study is
to estimate the effect of a magnetic field on ignition and burn propagation dynamics of a high-gain target in fast
ignition (FI) laser fusion based on axially symmetric two-dimensional burn simulations. A uniformly compressed
DT plasma sphere with a cylindrical hot spot was assumed as the initial condition. A magnetic field of 100 kT
was applied along the symmetrical axis. In the ignition phase, the suppression of the alpha particle flux and heat
conduction by the magnetic field fastens temperature rise in the hot spot. However, the magnetic field reduced
the burn propagation speed and then increased the burning time, which enhanced the erosion of the fuel edge by
rarefaction waves and decreased the effective areal density of the fuel. Consequently, the burnup fraction for a
100 kT magnetic field was 11% lower than that without a magnetic field.
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1. Introduction

Fast ignition (FI) laser fusion [1], in which the edge
of a compressed fuel is heated by a laser-produced electron
beam to the ignition temperature, is an alternative approach
to central spark ignition (CSI) scheme [2]. Compared with
CSI, the requirement for spherical symmetry for implosion
is relaxed because the hot spot does not need to be formed
by implosion. In addition, FI, in which the fuel is isochor-
ically compressed, can achieve an areal density equivalent
to that of an isobarically compressed fuel in CSI with a
small fuel mass. Therefore, FI can achieve the same bur-
nup fraction as CSI with low implosion energy.

One of the critical issues in FI laser fusion is the large
divergence of the laser-produced electron beam, which
inhibits effective core heating. To solve this problem,
electron-beam guiding using a kilo-tesla-class magnetic
field has been proposed [3]. The improvement in the heat-
ing efficiency by this guiding scheme has been demon-
strated by numerical simulations [4, 5] and experiment us-
ing the GEKKO-LFEX laser system at ILE Osaka Univer-
sity [6]. In the experiment, a kilo-tesla-class magnetic field
was applied using a capacitor coil target [7], and the mag-
netic field strength reached about 0.6 kT [8].

The magnetic field also affects ignition and burn dy-
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namics through the suppression of electron heat conduc-
tion and alpha particle transport in the direction perpen-
dicular to the magnetic field. The simulation of CSI for
an NIF experiment showed that a kilo-tesla class magnetic
field was formed by compressing a S0 T seed field through
fuel implosion, which resulted in relaxing ignition crite-
rion [9]. This is because the range of alpha particles was
reduced by the magnetic field, and then the self-heating
rate in a hot spot was enhanced. In addition, the electron
heat conduction was suppressed perpendicular to the mag-
netic field. Suppression of the energy flux from the hot spot
to the main fuel relaxed the ignition criterion. However, in
the burn propagation phase, the magnetic field reduces the
energy flux of alpha particles and electron heat conduction
from the burning area to the unburned main fuel, resulting
in the suppression of burn propagation [10, 11].

Figure 1 shows (a) the ratio of path length A, and Lar-
mor radius 1, of a 3.5MeV alpha particle Q,, and (b)
electron hall parameter Q. in DT plasma (p = 300 g/cm?).
The effect of the magnetic field appears in the areas of
Qq 2 1 and Q. > 1. The range of the alpha particle is lim-
ited to within the Larmor radius under a strong magnetic
field. The collisional range determined by the Coulomb
interaction increases with increasing plasma temperature.
This implies that for a given magnetic field strength, the
effect of the magnetic field becomes pronounced in high-
temperature plasma. Similarly, in the case of electron
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Fig. 1 (a) Ratio of path length A, to Larmor radius r, of a 3.5 MeV alpha particle £, and (b) electron Hall parameter . (0 = 300 g/cm3,
D:T = 1:1) in plasma temperature and magnetic field strength plane. Path length of alpha particle is the flight distance of alpha
particle along its trajectory until thermalization. The blue broken lines in (a) indicate ry.

heat conduction, the effect of the magnetic field becomes
stronger as the electron Hall parameter increases with the
temperature for a given magnetic field strength.

In the ignition phase of FI, typical hot spot radius and
temperature are 20 um and 10 keV, respectively. For mag-
netic field strength B > 20 kT, the Larmor radius of the al-
pha particle is less than the hot spot radius. Therefore, the
alpha-particle heating rate in the hot spot increases, which
may relax the ignition condition.

In the burn propagation phase, energy transport due to
electron heat conduction and alpha particles from the burn-
ing region (several tens to 100 keV) to the unburned region
(~0.1keV), which is the so-called preheating in front of
the burn wave, plays an important role in burn propaga-
tion. For B > 100KkT, energy transport in the direction
perpendicular to the magnetic field is strongly suppressed,
which will affect burn propagation.

In FI, a kilo-tesla-class magnetic field is required at
the fast electron generation point for electron beam guid-
ing [12]. This applied magnetic field is further compressed
during fuel implosion. For instance, Knauer et al. [13]
showed about a thousand times compression of a seed field
through implosion. In the case of electron beam guiding,
an externally applied kilo-tesla-class magnetic field is ex-
pected to be compressed up to several tens to 100 kT in the
high-density fuel region through the implosion of a high-
gain target, where the fuel is compressed up to thousands
times of the solid density. The ignition and burn dynamics
in FI, where a fusion reaction is ignited at the edge of an
isochorically compressed fuel under an extremely strong
magnetic field, have not yet been investigated.

The objective of this study is to estimate the magnetic
field effects through the suppression of electron heat con-
duction and alpha particle transport on burn dynamics and
the resultant burnup fraction in FI laser fusion. In Sec-
tion 2, we briefly explain the hybrid code, FIBMET, and
the simulation setup. The simulation results and discus-

sion are presented in Section 3, in which the effects of the
suppression of electron heat conduction and alpha particle
transport on ignition and burn dynamics in the presence of
a magnetic field are discussed. Finally, a summary is pro-
vided in Section 4.

2. Simulation Setup

We conducted burn simulations using the axial sym-
metric two-dimensional (2D) simulation code “FIBMET”
[14] which is based on an Eulerian radiation-hydro code.
In this code, the plasma is treated as a one-fluid two-
temperature model, and QEOS [15] was used for the equa-
tions of state. The electron heat conduction was calculated
using a flux-limited diffusion model with the Ji-Held dif-
fusion coeflicient [16] which considers the magnetic field
effect. The alpha particle transport was calculated using
the particle method which considers collisions with plasma
particles and the Lorentz force. The Li-Petrasso model
[17] was used for stopping power. The temporal evolution
of the magnetic field was calculated using the MOC-CT
scheme [18]. The radiation transport was calculated using
a flux-limited multi-group diffusion model where only a
free-free process was considered.

Figure 2 shows the simulation setup. For the ini-
tial condition, we assumed a spherical isochoric DT fuel
(D:T = 1:1) with a cylindrical hot spot at the fuel edge.
The densities of the main fuel and hot spot were equal
(or = pn = 300g/cm?). The isentrope parameter of the
main fuel was set as @y = 2, the corresponding tempera-
ture T¢ was 0.16keV, and the main fuel areal density pRy
was 3.0 g/cm?. For the hot spot, we assumed that the tem-
perature T}, was 6keV, the radius r, was 20 um, and the
areal density along the axial direction pLy, was 2.0 g/cm?.
For the fuel, the uniform magnetic field, By = 0 or 100 kT,
was initially applied in the direction of the symmetric axis.
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3. Results and Discussion

Figure 3 shows the temporal evolution of the DT reac-
tion rate for By = 0 and 100kT. In the ignition phase, the
reaction rate when By = 100kT was higher than that when
By = OKT. In contrast, in the burn propagation phase, the
increase in the reaction rate was slower for By = 100KkT.
The burnup fraction for By = 100kT was 0.27, which was
11% lower than that for By = OkT. The reasons for these
results are discussed as follows.

Figure 4 shows the spatial profiles of (a) ion tempera-
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Fig. 2 Initial condition of FI laser fusion simulation.

1031
. ® — By =0KT
T 100 . @ — By = 100kT
— =
° o
© c
s 10 - 2
g i
e
E 1028 -

Burn propagation phase
1027
0 20 40 60 80 100
Time [ps]
Fig. 3 Temporal evolution of DT reaction rates for By = 0 and

100kT.

ture T, (b) electron conduction heating rate ¢g., (c) alpha-
particle heating rate g4, and (d) DT reaction rate 8 in the
ignition phase (+ = 15ps). The electron heat flux in the
r direction around the boundary between the hot spot and
main fuel was suppressed, and the energy loss from the hot
spot was reduced. Additionally, the suppression of alpha
particle transport perpendicular to the magnetic field in-
creased the alpha particle heating rate in the region around
the z axis. Consequently, the temperature in the hot spot
and the reaction rate increased. This effect is expected to
reduce the core heating energy required for ignition.

In contrast to the suppression of energy transport in »
direction with a magnetic field, g. and ¢, along the mag-
netic field were increased by increasing the temperature in
the hot spot. This results in enhancing the heating rates
at the boundary between the hot spot and the main fuel in
the z direction. Hence, the magnetic field suppressed burn
propagation in the r direction and enhanced propagation in
the z direction.

Figure 5 shows the (a) 2D spatial profile of S and
(b) one-dimensional (1D) profiles of p, g, qq, Ti, elec-
tron temperature T, and source power of alpha-particle
sq. The 1D profiles were plotted along the arrows shown
in Fig. 5 (a). In this phase, the burn wave propagates with
the shock wave. Without a magnetic field, the alpha par-
ticles and electron conduction diffusively heated around
the shock wave. In particular, electron conduction heated
strongly in front of the shock wave and increased the elec-
tron temperature, which extended the range of alpha parti-
cles. With a magnetic field, the transport of alpha particles
and bulk electrons was strongly suppressed in the direc-
tion perpendicular to the magnetic field. Thus, preheating
by alpha particles and electron heat conduction in front of
the shock wave was suppressed, which reduced the propa-
gation speed of the burn wave. In addition, since the tem-
perature behind the shock wave was higher than that with-
out a magnetic field, the fuel behind the shock wave ex-
panded faster and then the density decreased faster. Thus,
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Fig. 4 Spatial profiles of (a) ion temperature T, heating rates by (b) electron conduction ¢, (c) alpha-particle g, and (d) DT reaction
rate 8 at t = 15 ps (ignition phase). The negative value of ¢, indicates energy loss rate. The lines indicate density contours every

100 g/cm®.
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Fig. 5 (a) 2D spatial profiles of DT reaction rate 8 and (b) 1D profiles of p, g., qq, T, electron temperature 7., and source power of
alpha-particle s, at t = 50 ps (burn propagation phase). 1D spatial profiles show the profiles along the arrows in (a). A negative
value of g, indicates energy loss rate. The lines in (a) indicate density contours every 100 g/cm®.

the profiles of p and temperature around the shock wave
were steepened and the reaction zone was narrowed.

The decreasing propagation speed of the burn wave
delayed the time required for it to reach the outer edge
of the fuel. During burn propagation, the size of the
high-density fuel decreased because of entering rarefac-
tion wave from the fuel outer edge. Thus, the effective
areal density decreased. Consequently, even though the
peak value of DT reaction rate did not differ between the
two cases (Fig. 1), the burnup fraction when By = 100kT
decreased by 11 % compared with that when By = OkT.

4. Summary

We conducted 2D FI burn simulations to evaluate the
effect of magnetic field on ignition and burn propagation
dynamics in FI laser fusion. For the initial condition, we
assumed a uniformly compressed DT fuel with a cylindri-
cal hot spot and a uniformly applied magnetic field along
the symmetric axis.

In the ignition phase, the suppression of alpha parti-
cle flux and electron heat conduction by the magnetic field
increased the temperature and reaction rate in the hot spot.
This may reduce the externally injected energy required for
ignition. However, in the burn propagation phase, the mag-
netic field reduced the reaction zone thickness and burn
propagation speed because of the suppression of preheat-
ing in front of the burn wave. The lower burn propagation
speed increased the burn time, which allowed the rarefac-
tion wave to enter the fuel more deeply from the outside
during the burn time, thereby reducing the effective areal
density and decreasing the burnup fraction.

Electron-beam guiding requires a magnetic field of
several kilo teslas. In contrast, the results of this study
showed that an excessively high-intensity magnetic field
negatively affected burn propagation. In addition, the ex-

ternal magnetic field affected the implosion process, and
the compressed magnetic field had a complex structure
[19]. It is necessary to evaluate and optimize the overall
characteristics of magnetic-field-assisted fast ignition by
integrated simulation that considers the process from im-
plosion to formation of a hot spot.
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