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Key issues in heavy-ion beam (HIB) inertial confinement fusion (ICF) include an accelerator design
for an intense HIB, an efficient HIB transport, a HIB-target interaction, 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 dependence of multi-HIB illumination
nonuniformity on parameter values of HIB illumination. For various beam parameters and reactor
chamber radii we investigate the energy deposition nonuniformity using 12, 20, 32, 60, 92, and 120-
beam irradiation systems. In this study, the effects of HIB temperature, HIB illumination systems, HIB
emittance, and pellet temperature on the HIB illumination nonuniformity are also evaluated. In
addition, the nonuniformity growth due to a little pellet displacement from a reactor chamber center
is investigated. The calculation results demonstrate that we can realize a rather low nonuniform energy

Heavy-ion beam illumination on a direct-driven pellet in heavy-ion inertial fusion

deposition, for example, less than 2.0 % even for a 32-beam irradiation system.
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L. INTRODUCTION

Key issues in heavy-ion beam (HIB) inertial confine-
ment fusion (ICF) include an accelerator design for
intense HIBs, efficient HIB transport, a HIB-target inter-
action, a reactor design, and so on [1-11]. In this study, we
focus on a HIB-target interaction in ICE In HIB-ICE the
beam irradiation nonuniformity on a direct-driven fuel
pellet must be suppressed under a few percent in order to
achieve a symmetric fuel pellet implosion [7,12-17].
Therefore a multi-HIB illumination is required to achieve
a low beam nonuniformity 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 hundred
beams. Therefore, in this study, we simulate a HIB illu-
mination on the spherical direct-driven target using 12,
20, 32, 60, 92, and 120-beam irradiation systems. In
Sec. II we present details of beam illumination.

In heavy-ion fusion (HIF), the HIB space charge
should be neutralized by a plasma [10] or an insulator
guide [9] or other methods [11] at the final transport
region in order to suppress the beam divergence and the
emittance growth; the HIB neutralization methods have
been proposed and studied. After the HIB final transport,
the neutralized HIBs illuminate a fuel target. In the fuel
pellet implosion the HIB energy deposition nonuniform-
ity should be suppressed to less than a few percent [7,15—
17] in order to realize a stable implosion and to obtain a
high pR of the compressed fuel core. The requirement for
the implosion uniformity has also been well studied, and
analyses of instabilities, including the Rayleigh-Taylor
instability, have been performed intensively in the
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indirect-driven and the direct-driven implosion schemes.
Each implosion scheme has merits and demerits [3—
5,7,15,18]: the indirect-driven scheme may be robust
against the beam nonuniformity, though its structure
may be complicated and may be relatively expensive.
The direct-driven pellet structure may be simple, though
the scheme may be sensitive to the HIB illumination
nonuniformity.

In HIF research a study of a realistic HIBs illumination
nonuniformity remains between the final HIB transport
and the fuel pellet implosion studies and is at present
essentially important for progress in HIF studies. There-
fore in this paper we perform three-dimensional analyses
of the HIB illumination nonuniformity in HIB-ICF in
order to know the detailed information of energy nonun-
iformity on a spherical fuel target.

The HIB illuminates the spherical target and deposits
its energy on the target. We calculate the deposition en-
ergy on the spherical target according to a stopping power
[19-26]. We also show the detail of a stopping power in
Sec. II. A three-dimensional computer code is developed
for the simulation of a HIB irradiation onto a spherical
fuel pellet in direct-driven heavy-ion fusion. The main
object of this paper is to clarify a dependence of multi-
HIB illumination nonuniformity on parameter values of
HIB illumination in HIE The HIB ions impinge the target
surface, penetrate relatively deep into the deposition
layer, and deposit their energy in a rather wide region
in the deposition layer: this HIB deposition feature influ-
ences the beam illumination nonuniformity. The HIB
temperature and emittance effects are also evaluated.
During the HIB illumination the temperature of the
energy deposition layer increases to a few hundred eV.
We also investigate the pellet temperature effect on
the HIB illumination nonuniformity. We investigate the
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relationship between a chamber radius and the HIB illu-
mination nonuniformity and study the effect of the total
HIB number on the HIB illumination nonuniformity. In
an ICF power plant, the position of a fuel pellet may shift
from a reactor center, because a pellet may be injected
from a pellet injection port at a reactor wall. The HIB
illumination nonuniformity may be influenced by a little
pellet displacement from the chamber center. In this paper
we also investigate the relation between the pellet dis-
placement and the HIB illumination nonuniformity. For
the evaluations of the illumination nonuniformity on the
target, we compute the root mean square (rms) and the
peak to valley (PTV) nonuniformities on the target [27].
In addition, we also perform mode analyses of the HIB
deposition energy on the spherical fuel target using the
Legendre polynomial and the fast Fourier transfer (FFT).

The simulation results present the fact that the HIB
deposition-energy rms nonuniformity on the target is
suppressed to a low value, for example, less than 2.0%
even by a 32-beam system.

IL. SIMULATION MODEL AND CALCULATION
METHOD

HIBs may be one of many promising energy-driver
candidates in ICE In this study, we use a lead (Pb")
beam as a HIB in ICE The beam parameters are as
follows: the mean particle energy is 8.0 GeV, and the
maximal initial beam density is 1.3 X 10'! cm™3. 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 3.3 mm at the pellet surface
in the case of a zero-temperature beam. The chamber
radius varies from 2.0 to 8.0 m in our study. In this study,
we select three types of beams: the Kapchinskij-
Vladimirskij (KV), the semi-Gaussian distribution of a
flat constant density in transverse with the Maxwell-
distributed particle energy (with 100 MeV beam longitu-
dinal temperature), and the transverse number density in
the Gauss distribution with the Maxwell-distributed par-
ticle energy (with 100 MeV beam longitudinal tempera-
ture). The Gaussian distribution is shown in Eq. (1):

1 ( ri ) 0
expl — =% |-
270’ P 207
Here n(r,) is a number density as a function of beam
radius r,. The o is standard deviation.

n(ry) =

A. Stopping power

The HIB energy deposition comes mainly from the
Coulomb collisions between bound and/or free electrons
and beam ions. Moreover the Coulomb collisions between
beam ions and target ions, nucleus scattering, and the
plasma wave excitation contribute the stopping power. We
employ the widely used expression of the HIB particle
effective charge in Refs. [24-26] and calculate the effec-
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tive charge of the HIB particles traveling through the
target. The stopping power in the target is considered to
be the sum of the energy deposited in a target nuclei,
target bound, free electrons, and target ions [22]: Estop =
Enuc + Efree + Ebound + Eion, where Estop is the dep-
osition energy in the target, Enuc is the deposition energy
by the nucleus scattering, Efree is by the free electron,
and Eion is by the target ion. The nucleus stopping power
Enuc becomes effective at the end of the stopping range
and describes the elastic Coulomb collisions between the
projectile ions and target nuclei [19,28]. When the tem-
perature of the target rises and the target is ionized, free
electrons contribute the stopping power, through the
Coulomb collisions and the plasma collective wave ex-
citations. The free electron stopping power Efree is cal-
culated by the Coulomb collision between projectile ions
and the target free electrons [25,26]. Eion is evaluated by
the Coulomb collisions between HIB particles and target
ions. The Lindhard and the Bethe-Bloch equations de-
scribe the bound electron stopping power Ebound. We use
the Bethe equation to calculate the bound electron stop-
ping power at the high beam energy region in this study
[24]. In the middle beam energy region, we calculate the
bound stopping power from the Bethe equation with the
shell correction [19]. At low beam energies, the stopping
power theory is mostly evaluated using the Thomas-
Fermi model of the atom [19,20,28,29]. Therefore we
use the Lindhard-Scharff-Schiott equation at the low
beam energy domain to calculate the bound electron
stopping power [19,30].

B. Beam illumination scheme

In this study, we simulate a multi-HIB illumination on
the spherical target using 12, 20, 32, 60, 92, and 120-
beam irradiation systems. In HIF the HIB space charge
must be neutralized in order to overcome the beam di-
vergence due to the self-space charge. Viable methods of
HIB space charge neutralization have already been pro-
posed and studied intensively at the final HIB transport
[9,10]. Therefore we assume that HIBs are neutralized
perfectly in this paper based on this recent research
progress. 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 [14]. The 60-beam system is vertices of a soccer
ball or fullerene [12,13]. The 92-beam system is a 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° in the vertex direction.

C. Beam particle orbit in the target

In our study we select two types of targets: one is an Al
monolayer pellet structure with a 4 mm external radius as
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shown in Fig. 1(a) and another one is a Pb + Al pellet
structure [7] with the same external radius as shown in
Fig. 1(b). In the latter pellet structure, the outer Pb layer
thickness and mass density are 0.03 mm and 11.3 g/cm?,
respectively. The Al layer thickness and mass density are
0.97 mm and 2.69 g/cm?, respectively. We employ the
target temperatures of 1, 100, 200, 300, and 400 eV in this
study.

In order to calculate the beam particle orbit we define
the beam position at the tangential target surface
(R, ©, ®) and the focal position (f, @, ®;) as shown in
Fig. 2. Then we can calculate the beam particle orbit in
the target (r, 6, ¢) by the following Eq. (2) using the
target radius r:

rsinf cos¢ — R sin(0®) cos(P)
fsin(® ) cos(®;) — Rsin(O) cos(P)
_ rsingsing — Rsin(0) sin(P)
fsin(®;) sin(®,) — Rsin(O) sin(P)
_ rcosf — Rcos(0)
fcos(®;) — Rcos(0)

2

From Eq. (2), we calculate the beam orbit, i.e., (r, 6, ¢) by

Void

3.0mm il

1.00mm
2.69g/cm?

(b) Pb+Al pellet structure Pb
0.03mm

FIG. 1. Fuel target structure. (a) The Al layer thickness and
mass density are 1.00 mm and 2.69 g/cm?. (b) The Pb layer
thickness and mass density are 0.03 mm, 11.3 g/cm? and Al
are 0.97 mm, 2.69 g/cm?, respectively. The initial target tem-
perature varies from 1 to 400 €V in this study.
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FIG. 2. Beam focal spot and the target. (R, ®, ®) means the
beam position at the tangential target surface, (f, O, @) is the
focal position, and (r, 6, ¢) is the beam particle orbit in
the target.

the known values of the beam position (R, ®, ®), the focal
position (f, @, ®;), and the value of the target radius r.

D. Beam divergence

The beam particle may slightly diverge by a finite
emittance in the transverse direction. Therefore we in-
clude a beam emittance effect and change the beam
radius not to miss the target so that all ions hit the target
surface. In Fig. 3, we define a relation between a beam
transverse emittance and a divergence angle ag,,. R, 1S
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, R, is the focal spot
radius, R, is the pellet radius, and Ry, is the beam
radius at the target surface (see Fig. 3). The beam diver-
gence angle «ag,, is defined as follows:

p— Sr
Xgyr = R

3

en

Here, &, is a beam transverse emittance:
Rf = (Rch + f) tan(a’dvr)- (4)

In this study, we calculate a beam divergence angle from
the beam transverse emittance ,. We change the beam
transverse emittance from 2.0 to 10 mm mrad in this
study in order to know the emittance influence. From
Eq. (3), the beam divergence angle «y,, is calculated to
be about 8.2 X 1073° in the case of &, = 5.0 mm mrad
and R., = 35 mm. In our study the relation between the
focal length f and the beam radius Ry, is defined by

Ryeam " Ren — Rp " Rey

f =
Ren - Rbeam

&)

In addition, the beam focal position moves backward and
forward by the beam divergence angle as shown in Fig. 3.
Therefore we use Eqgs. (3) and (5) in order to calculate
backward and forward focal positions:

fmin = Ren ’ tan(§ - 0-01745advr) - Rchr

Smax = Ren - tan(é + 0.01745a4,,) — R (6)
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FIG. 3. The relationship between a beam emittance and the divergence angle at the beam port. R, is the chamber radius in the
fusion reactor, Ry, is the reactor radius, f is the beam focal spot, R; is the focal spot radius, R, is the pellet radius, ag,, is the beam
divergence angle, and Ry, is the beam radius in front of the target.

Here f.;. is the backward focal position of the beam
focal spot, f..x 1S the forward focal position (see Fig. 3),
and ¢ is given by & =tan"'[(R., + f)/R.,]. Based on
Egs. (5) and (6), the beam radius at the fuel pellet surface
changes between 2.7 and 3.8 mm in the case of
5.0 mm mrad emittance, so that any HIB ions do not
miss impinging the pellet surface.

E. Deposition-energy calculation procedure

In this study, we divide one HIB into 316 beamlets in
order to simulate a precise HIB illumination nonuniform-
ity as shown in Fig. 4(a). Each beamlet deposits its energy
on space meshes of the spherical target as shown in
Fig. 4(b). Then in order to calculate the deposition energy
of one HIB in one mesh, we use Eq. (7):

dE
Eqp =77V~ n/3, @)

Here dE/dl is the stopping power, that is, a beamlet
deposition energy per unit length, n is the beam particle
number density, and V is the volume 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 effec-
tive area as shown in Fig. 4(b). When multi-HIBs illumi-
nate the spherical target and deposit their energy on the
target, the deposition energy is calculated by Eq. (8),

Eijk = ZEstop' (8)
N

Here E;j is the deposition energy at each mesh point
denoted by (i, j, k) in the 3-dimensional space and N is
the number of HIBs impinging the cell.
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F. Evaluation of nonuniformity on the spherical target

In our study, we evaluate the energy nonuniformity at
the target. In ICE the beam irradiation nonuniformity on
the fuel target must be suppressed under a few percent in

(a) Beamlets
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(b) Deposition energy

Beam axis Deposition energy point

beamlet orbit

=

FIG. 4. (a) Beamlet. Each beamlet deposits its energy in the
spherical target, then the deposition energy is divided into
mesh points on the spherical target. (b) Deposition energy at
each mesh point. The beamlets have an effective area. The
deposition energy at a mesh point is defined from the beamlet
effective area.
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order to achieve a symmetric fuel pellet implosion [7,12—
17]. In HIB-ICF the Bragg peak deposition area plays the
most important role for a target implosion. Therefore we
define the total relative rms and PTV nonuniformity as
follows:

y

= Z Wi O rmsi»
\/z S(E); —E
— J ok

Oimsi = , ;=
rmsi <E>l n0n¢ E
Emax _ Emin

nl‘
= Z WiOPTVi> Y
i 2<E>l

Here o, and opry are the rms and PTV nonuniform-
ities, respectively. o, and opry; are the rms and PTV
nonuniformities on the ith (» = const) surface of deposi-
tion, respectively. w; is the weight function in order to
include the Bragg peak effect or the deposition profile. n,,
ng, and n, are mesh numbers in each direction of the
spherical coordinate. (E); is the mean deposition energy
on the ith surface, E; is the total deposition energy on the
ith surface, and E is the total deposition energy. E** and
E™n are the maximal and minimal deposition energies on
the ith surface, respectively.

We also performed mode analyses on the spherical fuel
target by using the spherical harmonic function Y”*(6, ¢):

O-rms

ijk)2 (9)

OpTV opryi = (10)

s =if” sinfdé f” E(6, )Y(0, )dp.  (11)
dar 0 0

Here s} is an amplitude of energy spectrum, n and m are
the mode numbers, and € and ¢ are azimuthal and vertex
angles, respectively. E(6, ¢) is the deposition energy from
the beam particles at each mesh point. By using the
Legendre polynomial function P?(cos6), the spherical
harmonic function is described as follows:

Y™(8, ) = P"(cosh)e™?.

Therefore the spectrum of the deposition energy on a
spherical target is

12)

s = Lfl d(cosh) [277 E(6, )P (cosB)e P d .
47 )1 0
(13)

In order to compute the energy spectrum sj' on a com-
puter, Eq. (13) is modified by using the Gauss-Legendre
integration and FFT as follows:

_1

J
- Z JF™(0,)P,(cosh)), (14)

l\)

where

15 .
F™(0)) = E};E(ej, Br)e Mo, (15)
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Here g; is the Gaussian weight corresponding to the zero
points, and J is the number of zero points. In our study,
the Gaussian weight is given by Eq. (16):

2
(1 — cos?8,){Py(cos)}*"

g = (16)
Here P} (cosf;) is the Legendre polynomial differential
coefficient. K is a mesh number in the vertex direction. In
order to include the Bragg peak effect we calculate the
spectrum of the deposition energy at the Bragg peak layer
and we also calculate the global energy spectrum using
the weight function w;. The summation of the energy-
spectrum amplitude is normalized to be 1.0 in our study.

IIL. SIMULATION RESULTS
A. Deposition nonuniformity

Figure 5(a) shows the deposition energy of beam par-
ticles at each surface without the beam temperature effect
for the Al layer target with the chamber radius of 5 m,
120-beam system, and the KV distribution. In Fig. 5(a),

(a) Without heam temperature
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O 1
33 34 35 36 37 38 39 4
Pellet radius[mm]
(b) With beam temperature
007 T T T T T T 22
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§ 003f - <
z 18 §
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g ;
001 DA T
. 12
I T 0

0
33 34 35 36 37 38 39 4
Pellet radius[mm]

FIG. 5. The deposition energy of beam particles in the rela-
tive unit and nonuniformities at each surface in the cases (a)
without the beam temperature effect and (b) with the tempera-
ture effect for the Al layer target for the chamber radius of 5 m,
120-beam system, and the semi-Gaussian distribution.
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we can see the Bragg peak at the middle layer of the
energy absorption region, and the rms and PTV nonun-
iformities are low at the Bragg peak layer. At the end of
the beam particle stopping region, the deposition energy
is much smaller compared to the Bragg-peak-layer’s one.
In actual the pressure peak generated by the HIBs depo-
sition at the Bragg peak region drives the inner fuel to the
implosion with a high speed (typically ~3 X 107 cm/s).
Based on this reason and on results of the implosion
studies previously performed [7,9,15,25,26], it is known
that the HIBs deposition energy in the Bragg peak region
contributes mainly to the implosion. Therefore, in this
paper, we calculated total rms nonuniformity using the
weight function w; in order to include the Bragg peak
effect. The rms nonuniformity is evaluated by Eq. (9), and
the result is o, = 4.44%. Figure 5(b) shows the energy
deposition in the case of a 120-beam system, 5 m cham-
ber radius, the semi-Gaussian distribution, and the Al
target including the longitudinal beam temperature of
100 MeV and the transverse beam radial emittance of
5.0 mm mrad. In Fig. 5 we can see that the Bragg peak
moves slightly outward in the radial direction and the rms
nonuniformity becomes o, = 1.52%. The HIB illumi-
nation nonuniformity in the realistic case including the
beam temperature or the beam divergence becomes small

compared with that in the case with the zero-temperature
HIB. This result presents the fact that the HIB illumina-
tion nonuniformity can be smoothed and suppressed due
to the beam temperature or the transverse emittance.
We also calculate the deposition-energy spectra at the
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. 6(a) and
6(b). Figures 6(c) and 6(d) are the global nonuniformity
spectra using the weight w; for the zero-temperature
beam and for the case with the beam temperature of
100 MeV. In Fig. 6, (n, m) and s}’ are the mode numbers
and the amplitude of the spectrum, respectively. If the
deposition energy is distributed in complete spherically
symmetric, the amplitude of spectrum is set to 1.0 in the
mode (n, m) = (0,0) in our study. In order to achieve a
symmetric energy deposition in the direct-drive HIB-
ICE most spectrums 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 shown in spectrum fig-
ures present the spectrum without the mode of (n, m) =

(a)Bragg peak (r=3.73mm), zero-(b)Bragg peak (r=3.83mm), with

temperature beam, Al target
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FIG. 6. The energy spectra at the Bragg peak layer (a) for the zero-temperature beam (» = 3.73 mm) and (b) with the beam
temperature (r = 3.83 mm) for the Al layer target. The global nonuniformity spectra using the weight w; for the (c) zero-
temperature beam and (d) with the beam temperature for the Al layer target.
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(0, 0). In Fig. 6 the amplitude of the spectra in the case of
the Bragg peak layer is small compared with that for the
global nonuniformity. This result means that the deposi-
tion energy at the Bragg peak layer is more uniform
compared with the deposition energies at other layers.
This is also confirmed by the results in Fig. 5. In HIB-
ICF the Bragg peak area plays an important role for the
symmetric target implosion. Therefore we expect that we
may realize an effective compression of target and effi-
cient target implosion. We also confirm that the amplitude
in the case including the beam temperature becomes
small compared with that in the case of the zero beam
temperature, as expected by the results presented above.
Moreover in Figs. 6(a) and 6(b) the amplitude of the
deposition-energy spectrum at the mode (n, m) = (0, 0)
is 0.97 in the case with the zero beam temperature, and the
amplitude of the energy spectrum at the mode (n, m) =
(0,0) is 0.99 in the case including the beam temperature.

Figure 7 shows the energy deposition in the target in the
case of Pb + Al layers target structure (a) without the
beam temperature (KV) and (b) with the beam tempera-

(a) Without beam temperature
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FIG. 7. The deposition energy of beam particles in the rela-
tive unit and nonuniformities at each surface in the cases (a)
without the beam temperature effect and (b) with the tempera-
ture effect for the Pb + Al layer target for the chamber radius
of 5 m, 120-beam system, and the semi-Gaussian distribution.
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ture of 100 MeV and the transverse beam emittance of
5.0 mm mrad. The number of HIBs is 120, the chamber
radius is 5 m, and particle number density is in the semi-
Gaussian distribution in both cases. The HIB energy is
deposited in the Al energy-absorber layer as well as the
Pb layer. However the energy deposited in the Al pusher/
energy-absorption layer in our study is used effectively
for the fuel implosion [7]. The Pb layer behaves as a
tamper. In this type of HIF pellet the thickness of the
Al pusher layer is designed to be sufficiently thick so that
a perturbation of the Pb tamper layer cannot reach the
fuel during the HIB pulse duration and at the same time
HIB particles do not reach the fuel in order to prevent a
fuel preheating. Therefore the HIB energy deposition
nonuniformity is evaluated only in the Al layer in this
study. In these cases, the rms nonuniformity is oy, =
1.72% for the case including the beam temperature of
100 MeV, and o, = 5.25% for the case with the zero
beam temperature. We also calculate the spectra as shown
in Figs. 8: (a) in the case with the zero beam temperature
at the Bragg peak layer (r = 3.79 mm), (b) with the
100 MeV beam temperature at the Bragg peak layer (r =
3.87 mm), (c) the global nonuniformity in the case with
the zero-temperature beam, and (d) the global nonuni-
formity with the 100 MeV beam temperature. In Fig. 8,
the amplitude of the energy spectra at the Bragg peak
layer is small compared with that for the global nonun-
iformity. We also confirm that the amplitude in the case
with the beam temperature of 100 MeV and the
5.0 mm mrad transverse emittance is small compared
with that in the case with the zero beam temperature.
From these results, we found that the Pb tamper effect is
minor. The energy-spectrum value is 0.99 at the mode
(n, m) = (0, 0) in the case including the beam tempera-
ture and 0.96 at the mode (n, m) = (0, 0) in the case with
the zero beam temperature. The rms nonuniformity in the
case of Pb + Al target is 1.72%, and this result also shows
a good result for a symmetric energy deposition (see
Fig. 9).

B. Chamber radius effect

Figure 10 shows a relationship between the HIB-ICF
reactor chamber radius R, and the HIB illumination
nonuniformity for the Al layer target with the beam
temperature and the semi-Gaussian distribution in the
cases of 32, 60, and 120-beam systems. In this case we
fix the beam transverse emittance to 5.0 mm mrad and
vary the focal spot radius R, and distance f. The rms
nonuniformity changes gradually along with the change
in the reactor chamber radius. In recent ICF designs, the
chamber radius of the fusion power plant is about 4.0—
6.0 m [2,8]. In our results the optimal nonuniformity
stays at around the 3.0—6.0 m chamber radius in the 32,
60, and 120-beam systems for the fixed emittance of
5.0 mm mrad. These results present the fact that the rms
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FIG. 8. The energy spectra at the Bragg peak layer (a) for the zero-temperature beam (» = 3.79 mm) and (b) with the beam
temperature (» = 3.87 mm) for the Pb + Al layer target. The global nonuniformity spectra using the weight w; for the (c) zero-
temperature beam and (d) with the beam temperature for the Pb + Al layer target.

nonuniformity is kept low enough even in the 32-beam  realize the low nonuniformity when the chamber radius
system in the cases with a realistic ICF reactor chamber ~ varies. In this study we fix R, =4 mm and R; =
radius. We also perform another parameter study to dem-  0.66 mm and change the chamber radius R,. By Egs. (3)
onstrate a requirement for the emittance in order to  and (4) the emittance is computed as shown in Fig. 11. In

this parameter study the nonuniformity is kept small (see

0-14 T T T T T T 22
Deposition energy (Pb+Al) 4 20 & :5 mm mrad
— 012 | r
= 18 = < 6.0
% 0.1 Deposition energy (Al) 116 E- E 50 L —32-Beam
= 414 € e -u- 60-Beam
2 0.08 iformi i S
s Nonuniformity(Al) s 12 2 E 4.0 - —a- 120-Beam
g 0.06 - \Nonuniformity (Pb+Al) 410 g £
S g 2 £ 30 r
S 0.4 ‘ g z
o . B - -4 6 = =) L
g 14 2 2.0
0.02 - 2
42 £ 10 r
| . =
0 0 0 0 1 1 1
33 34 35 36 37 38 39 4 .
Pellet radius[mm] 1.0 3.0 5.0 7.0 9.0

Chamber radius [m]
FIG. 9. The deposition energy of beam particles in the rela-

tive unit and rms nonuniformity at each surface in the case  FIG, 10. The chamber radius versus the rms nonuniformity in
with the temperature effect for the Al and the Pb + Al layer  the cases of the Al layer target with the semi-Gaussian dis-

targets for the chamber radius of 5 m, 120-beam system, and tribution including the beam temperatures for the 32, 60, and
the semi-Gaussian distribution. 120-beam systems.
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1.0 R =066 mm follows: o = 1.20R}.,, (we call this type “GI1” in this

study), 0 = 1.O0Rpe,m (G2), 0 = 0.80Ry.,m, (G3), o =

0.8 ) 0.55Rpeam (G4), and o = 0.50Ry,.,m (GS). Figure 13 shows

— E the relation between the rms nonuniformity, the Gaussian

§- 061 E types, and the beam numbers for the various o in the case

0.4 = of the Al layer target with the chamber radius of 5 m

' o including the longitudinal beam temperature of 100 MeV

021 and the transverse beam radial emittance of 5.0 mm mrad.

In Fig. 13 we confirm that the nonuniformities are sup-

X 2 pressed low in the cases of G1-G3 for the larger number

'_'g ° X * * of beams (> 32). This result shows that the sharp
o Gaussian distribution should be avoided.

[T S T T ST S AR S

Chamber radius [m] D. Beam number effect

FIG. 11. The relationship between the beam transverse emit- Figure 14 shows the rms nonuniformity versus the HIB

tance, focal distance, and the rms nonuniformity. The beam
emittance should decrease and the focal distance f should
increase with the increase in the chamber radius R,.

O ms 10 Fig. 11), though the requirement for the emittance
becomes severe with the increase in the chamber radius
R,. These results present the fact that the HIB accelerator
should deliver HIBs with a low beam transverse emit-
tance and that we should select the chamber radius.

C. The Gaussian beam

We use the Gaussian distribution in order to simulate a
more realistic case compared with the semi-Gaussian
distribution as the beam particle transverse number den-
sity distribution. We optimize the standard deviation o for
any beam systems in order to suppress the beam irradia-
tion nonuniformity. Figure 12 shows the Gaussian distri-
butions with the various standard deviations o selected as

—Flat
—G1
—G2

—GS§

-3.0 2.0 -1.0 0.0 1.0 2.0 3.0
Beam radius[mm]
FIG. 12. The Gaussian distribution. The standard deviation o
of the Gaussian distribution is defined as follows. Gl: o =

1.20Rpeam: G2: 0 = 1.00Rycym: G3: 0 = 0.80Rya; G4: 0 =
0.55Rpeam; GS5: 0 = 0.50Rpeam-
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total number in the cases of (a) Al and (b) Pb + Al layer
targets with the chamber radius of 5 m. The marked
diamonds, triangles, squares, and crosses mean the results
in the cases of the Gaussian distribution (G2) with and
without the temperature effect and of the semi-Gaussian
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. 14, the rms nonuniformity
in the case of the 120-beam system is 1.49% for the Al
structure and 1.60% for the Pb + Al structure. These
values are close to the values in the semi-Gaussian dis-
tribution with the beam temperature: 1.52% for the Al
structure and 1.72% for the Pb + Al structure in the case
of the 120-beam system for the semi-Gaussian with the
beam temperature. Therefore our calculation results also
demonstrate that the realistic Gaussian beam is good for
HIB-ICF in order to achieve a symmetric implosion.

E. Target temperature effect

The target temperature increases in HIB-ICE when
HIBs impinge on a fuel pellet. When the target tempera-
ture increases, the beam particle stopping range changes
with a target temperature [21,22]. When the stopping
range changes, the nonuniformity of the deposition en-
ergy at the target may change. Therefore we should in-
vestigate the relationship between the deposition-energy
nonuniformity and the target temperature. From Fig. 15(a)
we can confirm that the beam particle stopping range
changes with a target temperature change. Figure 15(b)
shows the target temperature versus the rms nonuniform-
ity. We use the Al layer target and the semi-Gaussian
beam including the longitudinal beam temperature of
100 MeV and the transverse beam radial emittance of
5.0 mm mrad in the cases of 32, 60, and 120-beam
systems. When the target temperature increases, the rms
nonuniformity does not change much in the target tem-
perature range expected in HIB-ICE This result demon-
strates that the HIB illumination nonuniformity is kept

044701-9
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FIG. 13. The rms nonuniformity versus HIB total number in the case of the Al layer target with the chamber radius of 5 m
including the longitudinal beam temperature of 100 MeV and the transverse beam radial emittance of 5.0 mm mrad using five

Gaussian types.
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FIG. 14. The rms nonuniformity versus the HIB total number
in the cases of (a) the Al layer target and (b) the Pb + Al layer
target with the chamber radius of 5 m. The marked diamonds,
triangles, squares, and crosses mean the results in the cases of
the Gauss distribution (G2) with and without the temperature
effect, and of the semi-Gaussian distribution with and without
the temperature effect, respectively.
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(a) Change in stopping range
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FIG. 15. (a) The deposition energy of beam particles and rms
nonuniformity at each surface in the case with the beam
temperature effect and target temperature (1 and 100 eV) for
the Al layer target, the chamber radius of 5 m, 32-beam
system, and the semi-Gaussian distribution. (b) The rms non-
uniformity versus the target temperature.
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low during the HIB pulse duration, once the HIB illumi-
nation pattern is selected for the cold target.

F. Displacement of fuel pellet position in a reactor

In the above subsections, all calculations were per-
formed with the assumption that a pellet is set just to
the chamber center. Such a requirement is difficult to be
realized in practice. Therefore a little pellet displacement
from the reactor chamber center is evaluated in this sub-
section. We assume that the pellet is injected into the
chamber vertically and simulate the effect of a little
displacement dz as shown in Fig. 16(a). Our illumination
pattern is a basic spherically symmetric pattern. So the
vertical displacement of dz may be sufficiently general for
our present purpose. The results for the HIB irradiation
systems investigated are plotted in Fig. 16 in the cases of
the Al layer target, the Gaussian beam (G2) including the
beam temperature with the chamber radius of (b) 2 m and
(c) 5 m. In Figs. 16(b) and 16(c) we can confirm that the

(a) Pellet displacement

Pellet entrance

Reactor chamber

center ‘ 'Displacement dz <1 mm

Fuel pellet \4 )
Fusion reactor

(b) G2,R,=2m

[

0

——32-Beam
-&- 60-Beam
—a-120-Beam|

rms Nonuniformity [%]

0.01 0.1
dz [mm]

(¢) G2, R,=5m
10 [

——32-Beam
-#- 60-Beam
—4-120-Beam|

rms Nonuniformity [%]

0.01 0.1
dz [mm]

FIG. 16. (a) Pellet displacement from the chamber center. The
pellet displacement versus the rms nonuniformity for the
chamber radius of (b) 2 m and (c) 5 m in the cases of 32, 60,
and 120-beam systems.
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HIB irradiation nonuniformity is sensitive to the pellet
position displacement in both cases. This result means
that the pellet displacement may be a serious problem in
HIB-ICE

IV. DISCUSSIONS AND CONCLUSIONS

In HIF the HIB nonuniformity induces the pressure or
acceleration nonuniformity and consequently induces the
implosion and pR nonuniformities. Here we discuss
the relation between the HIB nonuniformity and the
implosion radial acceleration nonuniformity following
Ref. [31]: in [31] Sacks et al also present an estimation
of the HIB irradiation nonuniformity, as well as a dis-
cussion on a relation between an implosion nonuniform-
ity and the HIB irradiation nonuniformity and suggest a
pressure smoothing effect. First we define the radial ac-
celeration nonuniformity 8a/{a) as a summation of a
ratio between the average acceleration (a); at the ith
surface and the variation of acceleration da; along the
ith surface, including the weight function w; [see Eq. (9)].
The HIB energy deposition nonuniformity consisted of
mainly the variation of the HIB deposition-energy
amount and the variation of the deposition position [31];
in our study the former factor is evaluated through éa;
and w; represents the latter. The pressure in one cell at the
deposition layer is estimated by E;;/ 8V, ;. Here 6V, is
the volume of one cell. Therefore we can estimate the
radial acceleration a;j; at each mesh point as follows:

Eijk

;o 00 —% a7
ok 5Vijk . /\ijk

Here A;j is a scale length of the pressure gradient at each
mesh point. Moreover the mean radial acceleration {a); at
the ith surface is given by

(E);

{ah = (6V); - A

(18)

Here (8V); is the mean volume of each cell and A; is the
mean scale length of the pressure gradient at the ith
surface.

In our study, we estimate the variation of radial accel-
eration at the ith surface using the rms as follows:

\/Z > (a); — aijk)2
Jj k

I’l()l’ld,

Sa; * (19)

From Egs. (17)—(19), we can calculate the radial accel-
eration nonuniformity as follows:
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i VT 67

In an actual fuel target we can usually assume oV =

(6V); and A; = A, at each ith surface. Therefore we can
rewrite Eq. (20) as follows:
da <<E>i —Eij )2 1
—_— == w; - . = Omgs-
(@) Z,: Jg‘ Zk: (E); ngh g m

21

Equation (21) shows that the global acceleration nonun-
iformity can be estimated by the rms deposition-energy
nonuniformity [see Eq. (9)]. Therefore the results pre-
sented in this paper serve important information in the
HIF direct-driven pellet implosion.

In this paper, we studied the HIB deposition nonuni-
formity in a direct-driven HIB-ICF pellet. For various
beam parameters and different reactor chamber radii we
investigated the deposition-energy nonuniformity using
12, 20, 32, 60, 92, and 120-beam irradiation systems. The
HIB diverges slightly by the beam temperature. We in-
clude the effect of a beam longitudinal temperature and
the beam transverse emittance. In our simulation results
we confirm that the HIB illumination nonuniformity is
Oms = 1.52% in the case of the Al monolayer structure
target, the beam temperature of 100 MeV, the 120-beam
system, and the semi-Gaussian particle density distribu-
tion. In the case of the Pb + Al target structure, o, =
1.72%. On the other hand, the rms nonuniformity using
the Gaussian beam including the beam temperature is
close to the nonuniformity for the semi-Gaussian distri-
bution with the temperature effect (o,s = 1.49% for the
Al layer, o, = 1.60% for the Pb + Al layer). From these
results, we expect that the fuel can be successfully im-
ploded and the fusion energy can be released from a
direct-driven fuel pellet in HIB-ICF using the Gaussian
or semi-Gaussian HIBs. Moreover we analyzed the spec-
trum of the HIB illumination nonuniformity in the
spherical target. As a result, the deposition-energy non-
uniformity in the target includes higher modes with
sufficiently low amplitudes. Therefore the mode analyses
also demonstrate that by using an appropriate illumina-
tion pattern and the selected HIB illumination parameter
values the sufficiently low nonuniformity can be realized.
From the relationship between the chamber radius and the
HIB illumination nonuniformity in the cases of 32, 60,
and 120-beam systems, with the beam temperature and
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the semi-Gaussian distribution particle number density,
the rms nonuniformity does not change much with the
change in the reactor chamber radius as shown in Fig. 10
at a realistic chamber radius R, of about 3—6 m. In this
parameter range of Ry we can expect that the HIB
illumination nonuniformity is suppressed less than a
few percent. We also demonstrated the important effect
of the HIB transverse emittance in Fig. 11. The results
show that the beam transverse emittance should be suffi-
ciently low and that the reactor chamber radius should be
optimized.

In HIB-ICE the target temperature increases during
the HIB pulse duration. Therefore we also calculated the
relationship between the target temperature and the HIB
illumination nonuniformity. We found that even if the
target temperature increases in a typical temperature
range in HIB-ICE the rms nonuniformity does not
change much. This result presents the fact that the rms
nonuniformity is kept low during the HIB pulse illumi-
nation onto a direct-driven pellet in ICE. Moreover we
investigated the nonuniformity growth due to the small
pellet displacement of the pellet position from the cham-
ber center. The calculation results demonstrated that the
pellet displacement is a serious problem in HIFE In order
to investigate a dynamic HIB illumination nonuniform-
ity, hydrodynamic implosion simulations coupled with
our 3D HIB illumination code should be performed,
and this work should be done in the near future as the
next step.
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