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Abstract. Space charge effects in multi-beam irradiation play an important
role for increasing the energy deposition entropy in inertial confinementfusion.
The analytical approach is too complicated and leads to heavy and slow-working
numerical procedures even in multiple-processor’s performance.The proposed
numerical algorithm is a simple and efficient iterative space charge effects eval-
uation, created to improve the OK2 code calculation accuracy.

PACS number: 52.58.Hm, 52.40.Mj, 28.52.Cx, 41.75.Ak, 41.85.Ja,
29.27.Eg

1 Introduction

Heavy ion beam (HIB) is one of the promising energy-driver candidates in iner-
tial confinement fusion [1-13]. In heavy ion fusion (HIF) oneof the key issues
is HIB final transport in a gas-filled reactor chamber. The HIBs should be trans-
ported through the reactor gas in 2–6 m and focused on a fuel pellet of a radius
of few mm. Direct-driven as well as indirect-driven fuel pellets require several
MJ of HIB driver energy in HIF. Each HIB carries∼1–5 kA and HIB particle
energy should be∼4–10 GeV depending on the HIB ion types. In case of Pb+

HIB radius at the chamber beam port entrance can be 2–4 cm and its number
densitynb0 ∼ 1012 cm−3. Propagating in the chamber HIB radius decreases to
Rb ∼ 2–6 mm and its number density increases tonbf ∼ 100–200×nb0 = 1–
2×1014 cm−3 at the fuel pellet position.

In the HIB final transport several transport schemes have been proposed: pre-
formed channel transport [3-5], neutralized ballistic transport using a pre-formed
plasmas [3,6,7], or using a tube liner [8-11], ballistic transport in near vacuum
[3] and many other.

Nearly all of the above schemes describe one or two-beam irradiation on the fuel
pellet and propose solutions to suppress the HIB divergenceby the ambipolar
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field at time of the beam propagation in the reactor chamber. The HIBs are
ionized toZb ∼ 1–6 depending on the transport conditions.

The most important results from these studies are included in OK2 code and de-
scribed by the beam emittance [1,2]. However in case of multi-beam irradiation
[12,13] HIBs start to overlap around the pellet and a dynamicnon-uniform elec-
tric field is created from this effect. That electric field increases the deposition
entropy at the time of irradiation and disturbs the ion ballistic trajectories. An-
alytic calculations of each ion trajectory are principallypossible but will make
the code too heavy and slow-working even if multiple processors are used. The
purpose of the present study is to create a simple and appropriate numerical al-
gorithm describing the space charge effects in multi-beam irradiation for HIF,
and to improve the calculation accuracy of OK2 code.

2 Numerical Algorithm

The described numerical algorithm is a simple and efficient iterative space
charge effects evaluation in HIF. Each beam is longitudinalsubdivided intonbch

bunches [1,2] and the pellet surface consists ofnθ × nφ number of meshes. The
indexesj = 1, 2, . . . , nθ andk = 1, 2, . . . , nφ indicate the pellet meshes inθ
andϕ directions in spherical coordinates. First bunches (first one from each
beam) just before to impinge on the pellet surface, overlap in a layer around the
pellet and create a non-uniform electric field (see Figure 1). Even in totally neu-
tralized ballistic transport schemes [3,6,7], near to the fuel pellet at the chamber
center the HIB number density increases and we can expect additional ioniza-
tion (especially in the overlapping area). We assume that the ions from the first
bunches propagate on straight trajectories through the chamber. From that as-
sumption the ion number density distribution on the pellet surface (due to the

Figure 1. Space charge effects evaluation scheme.

42



Numerical Approach to Space Charge Effects Simulation in...

ions from the first bunches) is evaluated. An ion from the second bunch obtains
a potential energyEp,2.

Ep,2 =
e2Zb,2Zb,1

4πεε0

∑

j

∑

k

N1 (j, k)

|~r − ~rj,k|
, (1)

wheree is the electron charge magnitude,εε0 is the reactor chamber gas permit-
tivity, Zb,1 andZb,2 are the electric charges of the ions from the first and second
bunches andN1(j, k) is the number of ions from the first bunches in the surface
mesh with indexj, k. In a distance~r = ~r2 the potential energyEp,2 takes value
of Ek,2 (particle kinetic energy). We define the critical distanceb2, then the ion
trajectory closer to the pellet is affected from the electric field created around
the pellet surface

b2 = |~r2| −

∑
j

∑
k

|~rjk|

nθnφ
. (2)

The value ofb2 can be interpreted as the effective thickness of the overlapping
layer created around the pellet, due to the ions from the firstbunches. The
Coulomb force~fc,2 acting on the ion from the second bunch in a distanceb2
is

~f=
c,2
e2Zb,2Zb,1

4πεε0

∑

j

∑

k

N1(j, k) (~r2 − ~rj,k)

|~r2 − ~rj,k|3
. (3)

The projection of~fc,2 on the pellet surface determines the direction of the ion
deflection from the intersection pointC2 (impinging point to the non-disturbed
ion). Following that direction we find the pointC ′

2 where the potential energy
of the ion will be minimal and assume that the ion impinges on that point. The
boundary condition is the length ofC2C

′
2 not to exceed the effective thickness

b2. Because of the short deposition time – 10 ns, we ignore the surface transport
processes during that initial time. After the second bunch deposition upon, the
electric field around the pellet changes and the ions from thenext bunch are
influenced from the new electric field that is created. Fori−th bunch the ion
deflections are determined by solving the system of equations (4):

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣
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4πεε0
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|~ri − ~rj,k|

)
= Ek,i
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|~rjk|

nθnφ
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4πεε0
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Zb,m
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)

CiC
′
i 6 bi

(i = 2, 3, 4, . . . , nbch; m = 1, 2, 3 . . . , nbch− 1)

(4)
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3 Simulation Results

The space charge effects evaluation was included in OK2 codeand tested on a
simple simulation scenario. A spherical Al pellet was irradiated by three Pb+3

beams, with a difference of its impinging directions of 30 degrees from each one
to another (see Figure 2a). Each beam has the following parameters: the beam
radius at the chamber entrance is 35 mm and decreases to 2 mm atthe pellet
position, the beam particle density is in the Kapchinskii–Vladimirskii (KV) dis-
tribution and all ions have the same energy of 8 GeV (a cold beam), the maximal
beam current is 5 kA, the pulse width is 10 ns with the rise and fall times of
2 ns [13]. In order to demonstrate only the space charge effects evaluation, the
beam emittance (i.e. HIB transverse divergence by the ambipolar field) is set to
be zero mm-mrad. The beam and pellet temperature effects arealso excluded.
Figure 2b shows the rise of the critical distancebi for an ion from the center of
HIB. As should be expected the tail ions from the HIB are disturbed much more
than the front ions. The ion number density distributions atthe pellet surface
without space charge effects evaluation (see Figure 3a) andwith space charge
effects evaluation (see Figure 3b) are compared. The Coulomb spread is very
well seen especially in the overlap area. The deposition picture becomes more
realistic and the accuracy of OK2 calculations increases.

Figure 2. Three-beam irradiation on a spherical pellet: (a) irradiation scheme; (b) critical
distancebi and beam current at the time of deposition.
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Figure 3. Ion number density distribution at the pellet surface: (a) without space charge
effects evaluation; (b) with space charge effects evaluation.

To test the algorithm in a typical HIF simulation, the Al spherical pellet was
irradiated by 32-beam central-symmetric system (based on dodecahedron [15-
17]). The HIB parameters are the same as in the previous test.The energy
deposition layer has external radiusR0 = 4 mm and thickness of 1 mm. It was
subdivided into a mesh structure in ther, θ andϕ directions with the following
mesh numbers:nr = 100, nθ = 180, nφ = 360. Each spherical shell layer has
a thicknessdr of 0.01 mm. For the energy deposition non-uniformity evaluation
[2] we define the total relative root-mean-square (RMS) deviationσRMS and the
total relative peak-to-valley (PTV) deviationσPTV as follows:

σRMS =

nr∑

i

wiσRMSi, σRMSi =
1

〈E〉i

√√√√√
nθ∑
j

nφ∑
k

(〈E〉i − Eijk)2

nθnφ
, wi =

Ei

E
, (5)

σPTV =

nr∑

i

wiσPTVi, σPTVi =
Emax

i − Emin
i

2〈E〉i
, (6)

whereσRMSi is the relative RMS deviation on thei-th spherical shell layer of
the fuel pellet,Ei is the energy deposited on that shell andE is the total energy
deposition,σPTVi is the relative PTV deviation on thei-th shell layer,Emax

i and
Emin

i are the maximal and minimal energy deposited on that shell. Figure 4
shows the non-uniformity evaluation and the energy deposition profile in pellet
radial direction (radial cut of pellet deposition layer).

4 Discussions and Conclusions

The magnitude of the Coulomb spread is estimated quantitatively by the fall to
σPTV four times. That effect decreases the non-uniformity of theenergy depo-
sition σRMS twice. All other effects (excluded from that simulation) which in-
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Figure 4.σRMSi, σPTVi and the energy deposition profileEi versus the pellet radius.

crease the beam emittance and raise the pellet temperature during the deposition
time have the same tendency to decrease the energy deposition non-uniformity.
All of them diminishσRMS, but not so drasticallyσPTV. Therefore, in case of
multi-beam irradiation simulations, the artificial non-uniformity might be gen-
erated by the code if the space charge effects (due to the beamoverlapping) are
ignored.

The presented numerical algorithm is based on energy conservation law and
entropy increasing principle. It is simple, efficient and gives physical results with
negligible slow up in code performance. The calculation accuracy of OK2 code
is improved. As a result the energy deposition picture becomes more realistic.
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