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In heavy ion beam (HIB) inertial confinement fusion (ICF), key issues include an accelerator design for
an intense HIB, an efficient HIB transport, interaction between HIB and reactor gas, a HIB-target interac-
tion, a reactor design and so on. In this paper, three-dimensional computer simulations are performed for a
HIB irradiation onto a direct-driven spherical fuel pellet in HIB ICF in order to clarify the dependence of
multi-HIB illumination non-uniformity on parameter values of HIB illumination. We investigate the energy
deposition non-uniformity using 12, 20, 32, 60, 92 and 120-beam irradiation systems. In this study, effects of

HIB temperature and emittance are also evaluated. The calculation results demonstrate that we can realize

a sufficiently low non-uniform energy deposition, for example, less than 2[%] even for a 32-beam irradiation

system using the Gaussian beam.
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1. Introduction

Key issues in heavy ion beam (HIB) inertial confine-
ment fusion (ICF) include an accelerator design for in-
tense HIBs, efficient HIB transport, a HIB-target inter-
action, a reactor design and so on®~®, In this study,
we focus on a HIB-target interaction in ICF. In HIB ICF,
the beam irradiation non-uniformity on a direct-driven
fuel pellet must be suppressed under a few % in order to
achieve a symmetric fuel pellet implosion ¥~ There-
fore a multi-HIB illumination is required to achieve a
low beam non-uniformity in the pellet implosion. On the
other hand, the total HIB number should be restricted

to a realistic number, for example, less than a few hun- -

dred beams. Therefore, in this study, we simulate a HIB
illumination on the spherical direct-driven target using
12, 20, 32, 60, 92 and 120-beam irradiation systems. In
Section 2 we present a detail of beam illumination.
The HIB illuminates the spherical target and deposits
its energy on the target. We calculate the deposition
energy on the spherical target according to a stopping
power D08 We also show the detail of stopping power
in Section 2. The main purpose of this study is to clar-
ify the multi-HIB energy deposition non-uniformity onto
a direct-driven spherical pellet. The HIB ions impinge
the target surface, penetrate relatively deep into the de-
position layer and deposit their energy in a rather wide
region in the deposition layer: this HIB deposition
feature influences the beam illumination non-uniformity.
The HIB temperature and emittance effects are also

* Department of Energy and Environmental Science,
Utsunomiya University

Yohtoh 7-1-2, Utsunomiya 321-8585

BHFRA, 124% 15, 2004 F

85

evaluated. We also study the effect of the total HIB
number on the HIB illumination non-uniformity. For
the evaluations of the illumination non-uniformity on
the target, we compute the root mean square (RMS)
and the peak to valley (PTV) non-uniformities on the
target . In addition, we perform mode analyses of the
HIB deposition energy on the spherical fuel target.

2. Simulation Model

In this study, we use a lead (Pb*) beam as a HIB
in ICF. The beam parameters are as follows: the mean
particle energy is 8.0 [GeV], the maximal initial beam
density is 1.3 x 10'! [1/ecm?®]. The HIB radius varies
from 2.7 to 3.8 [mm] on the pellet surface depending
on the beam temperature and emittance. For example,
the beam radius is 3.0 [mm]| at the pellet surface in the
case of a zero-temperature beam. In this study, we se-
lect two types of HIB transverse number density profiles:
the Kapchinskij-Vladimirskij (K-V) and the Gauss dis-
tributions with the Maxwell-distributed particle energy
with the beam longitudinal temperature of 100 [MeV].
The Gaussian distribution is shown in Eq. (1).

n(r) =

1 T
Vong? P (‘ 272)

Here, n(r) is a number density as a function of beam
radius 7. The o is standard deviation. In this study the
standard deviation is equal to the 1.2 times of the beam
radius on the pellet surface.

2.1 Stopping Power The HIB energy deposi-
tion comes mainly from the Coulomb collisions between
bound/free electrons and beam ions. The Coulomb



collisions between beam ions and target ions, nucleus
scattering and the plasma wave excitation contribute
the stopping power. The ion stopping power of the tar-
get is considered to be the sum of the energy deposited
in a target nuclei, target bound and free electrons, and
target ions **): Estop = Epuc + Efree + Bbound + Fion,
where Fgp, is the deposition energy in the target, Enqc
is the deposition energy by the nucleus scattering, Ff e
is by the free electron, and E;,, is by the target ion.
The nucleus stopping power F,,. becomes effective at
the end of the stopping range and describes the elas-
tic collisions between the projectile ions and target nu-
clei 9 When the target temperature rises and the
target is ionized, free electrons contribute the stopping
power, through the Coulomb collisions and the plasma
collective wave excitations. The free electron stopping
power ... is calculated by the Coulomb collision be-
tween projectile ions and the target free electrons 7 (%)
E;on is evaluated by the Coulomb collisions between HIB
particles and target ions. The Linhard and Bethe-Bloch
equations describe the bound electron stopping power
Eround. We use the Bethe equation to calculate the
bound electron stopping power at the high beam en-
ergy region in this study ®®. In the middle beam en-
ergy region, we calculate the bound stopping power from
the Bethe equation with the shell correction @Y. At low
beam energies, the stopping power theory is mostly eval-
uated by the Thomas-Fermi model of the atom 1 (2 (20),
Therefore we use the LSS equation at the low beam en-
ergy domain to calculate the bound electron stopping
power 9, ‘

2.2 Beam Illumination Scheme In this study,
we simulate a multi-HIB illumination on a spherical tar-
get using 12, 20, 32, 60, 92 and 120-beam irradiation
systems. Each beam position is decided as follows: in
the 12-beam system each beam center coincides with the
center of each face at the regular dodecahedron. In the
same way the 20-beam system is based on the regular
icosahedron. We employ the 32-beam system shown by
Skupsky ®. The 60-beam system is vertices of a soccer
ball or fullerene ® ™, The 92-beam system is combi-
nation of 12, 20, and 60-beam systems. The 120-beam
system is the combination of two 60-beam systems, each
of which is shifted by 90 degree in the vertex direction.

2.3 Beam Particle Orbit in the Target In
our study we select two types of target: one is an
Al mono-layer pellet structure with the 4-mm exter-
nal radius as shown in Fig. 1 a) and another one is
a Pb+Al pellet structure ® with the same external ra-
dius as shown in Fig. 1b). In the latter pellet structure,
the outer Pb layer thickness and mass density are 0.03
[mm] and 11.3 [g/cm3], respectively. The Al layer thick-
ness and mass density are 0.97 [mm]| and 2.69 [g/cm?],
respectively.

In order to calculate the beam particle orbit we de-
fine the beam particle position (R, ©, ®) at the tangen-
tial target surface and the focal position (f,©f, ®) as
shown in Fig. 2a). Then we can calculate the beam
particle orbit in the target (r, 8, ¢) by Eq. (2) using the
target radiusir. .
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a) Al pellet structure

b) Pb+Al pellet structure

Void
3.0mm

Al
0.97mm
2.69g/cm?

Fig.1. Fuel target structure: a) the Al layer
thickness and mass density are 1.00mm and
2.69g/cm?®, respectively, b) the Pb layer thickness
and mass density are 0.03mm and 11.3g/cm?®, and
the Al layer thickness and mass density are 0.97mm
and 2.69g/cm?®, respectively

rsinf cos ¢ — Rsin © cos @
fsin©fcos®y — Rsin© cos @

_ rsinfising — Rsin©sin ®
© fsin®;sin®; — Rsin O sin ®
_ rcos — Rcos©
~ fcos©; — Rcos©

By Eq. (2) we can calculate the beam orbit, i.e. (7,6, ).
2.4 Beam Divergence The beam particle may
slightly diverge by a finite emittance in the transverse
direction. Therefore we include a beam emittance ef-
fect and change the beam radius not to miss the target
so that all ions hit the target surface. In Fig. 2b), we
define a relation between a beam transverse emittance
and a divergence angle agyr. Ren is the beam radius
at the fusion reactor wall, R, is the reactor radius, f
is the focal length between the beam focal position and
the target center, Ry is the focal spot radius, and Rpeam
is the beam radius at the target surface (see Fig. 2b)).
The beam divergence angle ag,, is defined as follows:

................................. (3)

€r

RETL

Here, ¢, is a beam transverse emittance. In this study,
we calculate a beam divergence angle from the beam
transverse emittance . The beam transverse emittance
is 5.0 [mm-mrad] in this study. From Eq. (3), the
beam divergence angle ag,, is calculated to be about
8.2 x 1073 degree in the case of €,=5.0 [mm-mrad] and

Adyr =
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Fig.2. a) Beam focal spot and target pellet;
(R,©, ®) means the beam particle position at the
tangential target surface, (f,Of,®s) is the focal
position and (r,8, ¢) is the beam particle position
in the target, b) the relationship between a beam
emittance and a divergence angle at the beam port;
Rer, is a chamber radius of a fusion reactor, R.p is
the reactor radius, f is the beam focal spot lengt
from the target center, R; is the focal spot radius,
Qapris a beam divergence angle, and Rpeam is the
beam radius at the tangential target surface

Rern=35 [mm]. In our study the relation between the
focal length f and the beam radius Rpegm is defined by

Rbeachh - RpRen

f - Ren - Rbsam

In addition, the beam focal position moves backward
and forward by the beam divergence angle as shown in
Fig. 2b). Therefore we use Eqgs. (5) and (6) to calculate
the backward and forward focal position.

Foin = Ren tan (g - 0.07145adw> ~Ren

frnax = B tan (€ + 0.0714500r ) ~ Ron

Here, fmin is the backward focal position of the beam
focal spot, fuax is the forward focal position, and § is
given by & = atan[(Rey, + f)/Ren)- From Egs. (4), (5)
and (6) the beam radius at the fuel pellet surface changes
2.7 [mm)] to 3.8 [mm)] in the case of 5.0 [mm-mrad] emit-
tance, so that any HIB ions do not miss impinging the
pellet surface.

2.5 Deposition Energy Calculation Procedure

In this study, we divide one HIB into 316 beamlets
in order to simulate a precise HIB illumination non-
uniformity as shown in Fig. 3a). Each beamlet deposits
its energy on space meshes of the spherical target as
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Fig.3. a) Beamlet. Each beamlets deposit its en-

ergy in the spherical target, b) the beamlet has an
effective area. The deposition energy at a mesh
point is calculated by using the beamlet effective
area

shown in Fig. 3b). Then in order to calculate the depo-
sition energy in one mesh, we use Eq. (7).

dE ., 273
i Vn
Here, dE/dl is the stopping power, that is, a beamlet
deposition energy per unit length, n is the beam parti-
cle number density, and V is the volumeé of one cell in
the target.

The deposition energy is distributed to the mesh
points. Each beamlet has an effective area, and the
deposition energy is distributed to the meshes by the
beamlet effective area as shown in Fig. 3b). When
multi-HIBs illuminate the spherical target and deposit
their energy on the target, the deposition energy is cal-
culated by Eq. (8)

Estop =

Here, E;;i is the deposition energy at each mesh point
denoted by (4,74, k) in the 3-dimensional space and N is
the number of HIBs impinging the cell.

2.6 Evaluation of Non-uniformity on Spherical
Target In this study, we evaluate the energy non-
uniformity at the target. In ICF, the beam irradiation
non-uniformity on the fuel target must be suppressed



under a few % in order to achieve a symmetric fuel pel-
let implosion ®~9, In HIB ICF the Bragg peak depo-
sition area plays the most important role for a target
implosion. Therefore we define the total relative root-
mean-square (RMS) as follows:

35518 5
ORMS; = B, 7k Nty (10)
= B "

The peak-to-valley (PTV) non-uniformity is defined as
follows:

Uz

opTy = szUPT% ....................... (]_2)
Emax _ Emin

OPTV, = — it rreea (13)

2(E)s

Here, orms, and opry, are the RMS and PTV non-
uniformities on the i-th surface of deposition, respec-
tively. w; is the weight function in order to include the
Bragg peak effect or the deposition profile. n,, ng and
ng are mesh numbers in each direction of the spherical
coordinate. (E); is the mean deposition energy on the
i-th surface, E; is the total deposition energy on the i-th
surface, and E is the total deposition energy. F™** and
E™® are the maximal and minimal deposition energies
- on the i-th surface, respectively.

3. Simulation Results

Figure 4a) shows the deposition energy of beam par-
ticles at each-surface without the beam temperature ef-
fect for Al layer target with the chamber radius of 5
[m], 120-beam system, and the K-V distribution. In
Fig. 4a), we can see the Bragg peak at the middle layer
of the energy absorption layer, and the RMS and PTV
non-uniformities are low at the Bragg peak layer. The
total RMS non-uniformity is evaluated by Eq. (9), and
the result is oryrg=4.44 [%). Figure 4b) shows the en-
ergy deposition in the case of 120-beam system, 5 [m]
chamber radius, the K-V distribution and the Al only
target including the longitudinal beam temperature of
100 [MeV] and the transverse beam radial emittance of
5 [mm-mrad]. In this case the mean HIB particle en-
ergy is 8 [GeV]. We can see that the Bragg peak moves
slightly outward in the radial direction and the RMS
non-uniformity becomes orars=1.52 [%]. The HIB il-
lumination non-uniformity in the realistic case includ-
ing the beam temperature or the beam divergence be-
comes small compared with that in the case with the
zero-temperature HIB. This result presents that the HIB
illumination non-uniformity can be smoothed and sup-
pressed due to the effects of the beam temperature and
the transverse emittance.

We also calculate the deposition-energy spectra at the
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Fig.4. The deposition energy of beam particles
at each surface in the case of Al layer target with
the chamber radius of 5m, 120-beam system, and
the K-V distribution for the cases a) without the
beam temperature effect and b) with the tempera-
ture effect

a)Bragg peak, zero-temp. b)Bragg peak, with beam
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Fig.5. The energy-spectra at the Bragg peak layer

. a) for the zero-temperature beam (r=3.73 [mm)])
and b) with the beam temperature of 100 [MeV]
(r=3.83 [mm]); Figures c) and d) shows the global
non-uniformity spectra using the weight w; for the
zero-temperature beam and with the beam temper-
ature of 100 [MeV]

Bragg peak layer for the zero-temperature beam (r=3.73
[mm]) and for the case with the beam temperature of 100
[MeV] (r=3.83 [mm)]) as shown in Figs. 5a) and 5b). Fig-
ures 5¢) and 5d) are the global non-uniformity spectra
using the weight w; for the zero-temperature beam and
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Fig.6. The RMS non-uniformity versus the HIB
total number in the cases of a) Al layer target and
b) Pb+Al layer target with the chamber radius of
5; the marked diamonds, triangles, squares, and
circles mean the results in the cases of the Gauss
distribution with and without the temperature ef-
fect, and of the K-V distribution with and without
the temperature effect, respectively

for the case with the beam temperature of 100 [MeV]. In
Fig. 5, (n, m), and S are the mode numbers and the
amplitude of spectrum, respectively. If the deposition
energy is distributed in a perfect spherical symmetric
way, the amplitude of spectrum is set to 1.0 for the mode
(n,m)=(0, 0) in our study. In order to achieve a sym-
metric energy deposition in the direct-drive HIB ICF,
the most spectra should be concentrated on the mode
(n,m)=(0, 0), and the amplitude of the mode (n, m)=(0
0) has a large value near 1.0 in our simulation results,
compared with those for other modes. For this reason,
in this paper, we focus on the amplitudes of spectrum
modes except the mode (n,m)=(0, 0). Therefore our
calculation results in Fig. 5 present the spectra without
the mode of (n,m)=(0, 0). In Fig. 5 the amplitudes
of the spectra at the Bragg peak layer is small com-
pared with those for the global non-uniformity. This
result means that the deposition energy at the Bragg
peak layer is more uniform compared with other layers.
In HIB ICF the Bragg peak area plays an important
role on the symmetric target implosion. Therefore we
expect that we can realize an effective compression of
target and efficient target implosion. We also confirm
that the amplitude in the case including the beam tem-
perature becomes small compared with that in the case
of the zero beam temperature, as expected by the results
presented above. Moreover in Figs. 5a) and b) the am-
plitude of the deposition-energy spectrum at the mode
(n,m)=(0, 0) is 0.97 in the case with the zero beam tem-
perature, and the amplitude of the energy spectrum at
the mode (n, m)=(0, 0) is 0.99 in the case including the
beam temperature.
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Figure 6 shows the RMS non-uniformity versus the
HIB total number in the cases of a) Al layer target and
b) Pb+Al layer target with the chamber radius of 5 [m].
The marked diamonds, triangles, squares, and circles
mean the results in the cases of the Gauss distribution
with and without the temperature effect, and of the K-
V distribution with and without the temperature effect,
respectively. Particularly, in the case with the Gaussian
distribution with the beam temperature of 100 [MeV]
marked by diamonds in Fig. 6, the RMS non-uniformity
is 1.49 [%)] for Al structure and 1.63 [%) for Pb+-Al struc-
ture. These values are small compared with those in the
K-V distribution with the beam temperature (1.52 [%]
for Al structure and 1.72 [%)] for Pb+4Al structure in the
case of 120-beam system). Therefore our calculation re-
sults demonstrate that the more realistic beam, that is,
the Gaussian beam may be useful for HIB ICF in order
to achieve a symmetric implosion. '

4. Conclusions

In this paper, we studied the HIB deposition non-
uniformity in a direct-driven HIB-ICF pellet. We also
included the effect of a beam longitudinal temperature
and the beam transverse emittance. From our simula-
tion results, we confirm that the HIB illumination RMS
non-uniformity is 1.49 [% ]in the case of the Al mono-
layer structure target, with the beam temperature of 100
[MeV], the 120-beam system and the Gaussian beam. In
the case of the Pb+Al target structure, the RMS non-
uniformity is 1.63 [%]. From these results, we expect
that the fuel may be successfully imploded and the fu-
sion energy can be released from the direct-driven fuel
pellet in HIB ICF.

In order to investigate a dynamic HIB illumina-
tion non-uniformity, hydrodynamic implosion simula-
tions coupled with our 3-D HIB illumination code should
be performed, and this work should be done in the near
future as well as the displacement of target position in
a fusion reactor.
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