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Abstract

Beam dynamics around a stagnation point during a lon-
gitudinal pulse compression is numerically investigated by
using a three dimensional multi-particle code developed
with a reduced electric field model. A deformation of the
beam particle distribution in the longitudinal phase space
is observed during the beam transport with the pulse com-
pression. An rms transverse emittance growth is addition-
ally increased along the beam transport due to the disrup-
tion in the longitudinal distribution of the beam particle.

INTRODUCTION

An intense heavy-ion beam (HIB) is one influential can-
didate as the energy driver, and the physics of space-
charge-dominated beams is crucial in heavy ion inertial fu-
sion (HIF) researches [1]. Required parameter values of
HIB are several GeV particle energy, ∼100 kA total cur-
rent, and ∼10 ns short pulse duration [2]. The beam pa-
rameters are far from those of conventional particle accel-
erator system. Therefore the beam dynamics and control
are important research issues in HIF.

Not only for HIF application, but also research fields on
high energy density physics (HEDP) and warm dense mat-
ter (WDM) sciences [3] driven by HIB illuminations re-
quire the generation of a high-current HIB [4] .

At the final stage, the beam pulse must be longitudinally
compressed from ∼100 to ∼10 ns. Induction voltage mod-
ulators, which have a precise waveform controllability, are
useful devices for the bunch compression [5]. For an ef-
fective target implosion, we should transport and compress
the bunch of HIB with a low emittance growth. For this rea-
son, the final pulse compression and the final focusing are a
key technology in the HIF driver system. In these regions,
the intense HIB is in the space-charge-dominated state, and
beam instabilities may occur during the beam transport.

In our previous studies [6, 7], the beam dynamics was in-
vestigated by using a two dimensional multi-particle code
including the longitudinal pulse compression model. In this
study, we carry out numerical simulations by using a three
dimensional particle code developed. The longitudinal and
transverse beam parameter changes are discussed from the
numerical simulation results during the pulse compression.
Disruption of the longitudinal particle distribution is shown
in the beam transport, and implies that an emittance growth
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larger than one near center of the beam bunch and two-
dimensional sliced code result is caused due to the longitu-
dinal particle motions.

SIMULATION MODEL AND BEAM
PARAMETERS

The calculation code used, which is based on a particle-
in-cell (PIC) method [8] , takes into account of a self-
electrostatic and an external applied magnetic fields, and
can be described in a three dimensional Cartesian coordi-
nate. The particle motions are calculated in the fully three
dimensional space by neglecting a self-magnetic field.

The electric field created due to the space charge is cal-
culated by using the Poisson equation,

∇2φ =
∂2φ

∂x2
+

∂2φ

∂y2
+

∂2φ

∂z2
= − ρ

ε0
, (1)

where φ is the electrostatic potential, ρ is the charge den-
sity, and ε0 is the permittivity of free space. By solving
Eq. (1), the electric field can be completely determined by
E = −∇φ, however the higher computational cost is unaf-
fordable for a lot of parameter studies. Vorobiev and York
proposed a sub-three-dimensional PIC method [9], and the
approach is as follows. The three dimensional Poisson
equation Eq. (1) can be replaced as

∂2φ

∂x2
+

∂2φ

∂y2
= −ρ′, (2)

where

ρ′ =
ρ

ε0
− ∂Ez

∂z
. (3)

If Eq. (3) can be solved with including the transverse in-
formation, we can obtain the transverse electric field by
solving the two dimensional Poisson equation as shown in
Eq. (2).

Assuming the large aspect ratio to longitudinal and trans-
verse directions for the beam bunch, we employ the simpli-
fied calculation model for the longitudinal electric field in
this study. The transverse electric fields are normally cal-
culated by Ex = −∂ φ/∂x and Ey = −∂ φ/∂y, while
by assuming the long wave approximation the longitudinal
electric filed can be given as

Ez = − g

4πε0γ0
2

dλ

dz
, (4)

where γ0 is the relativistic factor at the central energy for
the beam and λ is the line charge density. For a space-
charge dominated regime, g is the geometry factor defined
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Figure 1: Sliced bunch model for the self-electric field cal-
culations.

by

g ∼ log
r2
p

rxry
, (5)

where rp is the outer boundary pipe radius, rx and ry are
effective beam radii estimated as

rx = 2
√
〈(xp − 〈xp〉)2〉, (6)

with analogous expression for ry . Here xp is the transverse
position of the beam particle at the index p.

To reduce the computational cost, the beam bunch is
longitudinally sliced and separated to calculate the trans-
verse and longitudinal electric fields as shown in Fig. 1.
At each time-step the bunches sliced are identified by us-
ing the index b. The transverse electric fields are calcu-
lated at each slice. For this reason, the horizontal and ver-
tical electric fields are rewritten as Exb = −∂ φb/∂x and
Eyb = −∂ φb/∂y at each slice. Here the subscripts b in-
dicate the sliced bunch index. The electrostatic potential at
each slice can be calculated by

∂2φb

∂x2
+

∂2φb

∂y2
= −ρ′b, (7)

where

ρ′b =
ρb

ε0
− dEzb

dz
. (8)

Here
dEzb

dz
= − 1

4πε0γ0
2

d

dz

(
gb

dλb

dz

)
. (9)

The Poisson equation at each slice can be numerically
solved by using a multigrid and SOR methods [10].

The beam parameters are assumed as Table 1 [2]. The

Table 1: Beam parameters.
Ion species Pb1+

Number of ions 6.25×1014

Particle energy [GeV] 10
Initial beam current [A] 400
Final beam current [kA] 10
Initial pulse duration [ns] 250
Final pulse duration [ns] 10

initial generalized perveance is assumed to be 3.58×10−6.
The initial undepressed and depressed phase advances are
σ0 = 72 deg and σ = 65.2 deg at 3 m in the longitudi-
nal direction. A continuous focusing (CF) configuration is

assumed for the transverse confinement system. The trans-
verse focusing coefficients kx = ky = 0.157 m−2 are con-
stant for the CF model.

The transverse calculation region is fixed at the square
of 10 cm × 10 cm, and the outer boundary condition is
given as a conductor wall. As a result, the pipe radius rp is
assumed as 5 cm in this study.

The rms matched Gaussian [11] beam is chosen as the
initial particle (non-stationary) distribution for the trans-
verse plane. The longitudinal charge distribution is as-
sumed to be uniform before the bunch compression, on
which a head-to-tail velocity tilt (βt − βh)/βc of 5 % is
applied. Here βh, βt, and βc are the velocity divided by
light speed at the head, in the tail part and in the center of
the beam, respectively.

LONGITUDINAL AND TRANSVERSE
BEAM PARAMETERS DURING PULSE

COMPRESSION

We simulate numerically the beam dynamics during the
pulse compression with the CF focusing model as dis-
cussed in the previous section.
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Figure 2: Line charge density along the beam transport di-
rection.

Figure 2 shows the line charge density profiles at each
longitudinal position during the beam transport. Due to
the head-to-tail velocity tilt given initially, the beam bunch
is longitudinally compressed during the transport, and the
line charge density can be increased with the pulse com-
pression.

The emittance value can be used to evaluate the beam
quality. We define the average of unnormalized rms trans-
verse emittance as ε = (εx,rms + εy,rms)/2, where εx,rms

and εy,rms are the unnormalized rms emittances for hori-
zontal and vertical directions given by

εx,rms =
[〈x2

p〉〈x′2
p 〉 − 〈xpx

′
p〉

]1/2
, (10)

and
εy,rms =

[〈y2
p〉〈y′2

p 〉 − 〈ypy
′
p〉

]1/2
, (11)
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where the prime (′) indicates the slope, i.e., x ′
p = dxp/dzp

and y′
p = dyp/dzp, respectively. The initial emittance εi is

assumed to be εi =10 mm-mrad, and εx,rms = εy,rms =
εi. The evolutions of the emittance growth ε/ε i, which
indicates the ratio of the average emittance to the initial
one along the transport distance, are shown in Fig. 3. The
emittance growth over the entire beam is calculated by con-
sidering all beam particles, and the emittance growth near
center is evaluated by the particles included in the range
of ±10 cm fixed from the longitudinal center of the beam
bunch. As shown in Fig. 3, the emittance growth evaluated
near center of the beam bunch is lower than one over the
entire beam bunch. We also calculate the paticle dynam-
ics in the transverse cross section of the beam bunch, and
the effect of the longitudinal compression is performed as
the current increase model. As shown in Fig. 2, the beam
current is increased as 1/zb(s), where zb is the half bunch
length at each transport distance s. For this reason, the
beam current increase model is assumed to calculate the
2D sliced bunch. It is found that the 2D sliced calculation
with the longitudinal compression model well represents
the emittance growth history for the 3D calculation result.
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Figure 3: Evolution of the rms emittance during the beam
transport with the pulse compression. The solid curve indi-
cates the emittance growth over the entire beam bunch, the
dashed line shows one evaluated near center of the beam
bunch, and the dotted line shows for the 2D sliced calcula-
tion result with the longitudinal compression model.

Figure 4 shows the normalized charge distribution in the
longitudinal phase space at the stagnation point. A disrup-
tion of the smooth particle distribution in the longitudinal
phase space is indicated by Fig. 4. The disruption is caused
by increasing the amplitude of the longitudinal electric field
due to the pulse compression. As a result, the large trans-
verse emittance growth over the entire beam bunch can be
caused due to the disruption of the particle distribution in
the longitudinal phase space as shown in Fig. 4.
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Figure 4: Normalized charge distribution in the longitudi-
nal phase space at the stagnation point.

CONCLUSIONS

A high-current HIB dynamics during the beam transport
with a longitudinal pulse compression was numerically in-
vestigated by using a three dimensional particle simulation
code. The used code was developed to solve the three di-
mensional particle motions with the reduced electric field
due to the space charge effect and the applied external mag-
netic field for the transverse confinement of the beam.

A disruption of smooth particle distribution in a longitu-
dinal phase space during the pulse compression, which is
caused due to the longitudinal self-electric field, was ob-
served. A comparison of emittance growth between the
all particles in the beam bunch, the particles included near
center of the beam bunch and 2D sliced calculation result
implies that the rms emittance growth over the entire beam
can be increased due to the disruption of the longitudinal
particle distribution.
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