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Abstract. In a final stage of an accelerator system for heavy ion inertial fusion (HIF), pulse shaping
and beam current increase by bunch compression are required for effective pellet implosion. A compact
simulator with an electron beam was constructed to understand the beam dynamics. In this study, we
investigate theoretically and numerically the beam dynamics for the extreme bunch compression in the
final stage of HIF accelerator complex. The theoretical and numerical results implied that the compact
experimental device simulates the beam dynamics around the stagnation point for initial low temperature
condition.

1. INTRODUCTION

Transport of space charge dominated beams with low emittance is crucial issue for application to inertial
confinement fusion (ICF) driven by heavy ion beams [1, 2]. A compact simulator with an electron beam
was constructed to understand beam dynamics during final pulse compression for ICF driven by heavy
ion beams [3, 4]. It is important to clear the beam dynamics for the precise control of high-current
charged particle beams due to effective fuel pellet implosion of ICF. To investigate the limitation of
longitudinal pulse compression, we study the space-charge dominated beam dynamics with theoretical
and numerical simulation approaches [5].

2. THEORETICAL ESTIMATION TO CREATE SPACE CHARGE DOMINATED BEAMS

Using a longitudinal beam envelope equation, the ratio between the repulsion forces due to the space
charge and the emittance of the beam bunch is estimated. The envelope equation is written by [6]
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where zm is the half bunch length, K‖ is the longitudinal perveance, k‖ is the longitudinal focusing
force, ε‖ is the longitudinal emittance, respectively. From third and fourth terms in the left hand side of
Eq. (1), the condition of the space charge dominated beam is obtained by
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Figure 1. Ratio of longitudinal repulsion force due to space charge and emittance at each temperature.

where e is the elementary charge, g is the geometry factor, Ib0 is the initial beam current, �b0 is the
initial pulse duration, ε0 is the permittivity in vacuum, kBT‖ is the longitudinal temperature, kB is the
Boltzmann constant, respectively.

The estimation result normalized by the initial bunch length zm0 is shown in Fig. 1. The initial beam
current Ib0 is 100 �A and the initial beam pulse duration �b0 is 100 ns. As a result, it is predicted that the
compression ratio of 57.8 is required to demonstrate the space charge dominated beams in the apparatus
for kBT‖ = 1 eV.

3. NUMERICAL SIMULATION FOR BUNCH COMPRESSION

Numerical simulations based on a particle-in-cell (PIC) code [7] are carried out. The model is a
one-dimensional electrostatic PIC code with the long wave approximation for the longitudinal space
charge calculation [6]. Figure 2 shows the computational region for electron beam transport with pulse
compression by applying modulation voltage at the gap.

The longitudinal self-electric field Ez is calculated by Ez = −{g/(4�ε0)} d�/dz [6], where � is the
line-charge density.

The electron bunch is extracted from an electron gun assisted by thermal electron emission. The
electron bunch is modulated by the applied electric field in the gap. The voltage pulses produced at each
module are overlapped at the gap using induction modulator technology. The overlapped voltage pulse
Vg at the gap is given by

Vg = me

2e
{√

me/2eV0 + (�V − t)/L
}2 − V0, (3)
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Figure 2. Calculation box of longitudinal 1D PIC simulation for electron bunch compression with transverse
confinement due to solenoid coil.

-500
-400
-300
-200
-100

 0

 164  165  166  167
Time [ns]

N
or

m
al

iz
ed

 B
ea

m
 C

ur
re

nt
  I

b 
/ |

I b0
|

(e) Gap Length=25 mm
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Figure 3. Beam currents normalized by initial one without space charge effect for kBT‖ = 0 at each gap length for
(a) 5 mm, (b) 10 mm, (c) 15 mm, (d) 20 mm, and (e) 25 mm, respectively.

where me is the electron mass, V0 is the extraction voltage of the electron beam at the electron gun, �V

is the pulse duration of the applied voltage, L is the beam transport distance with solenoid magnetic
field, respectively. In this study, V0 = 2.8 kV, �V = 100 ns, L = 2 m are assumed to correspond with
the experimental condition. By the applied voltage as given by Eq. (3), the head of the beam bunch is
decelerated, while the tail of the beam bunch is not modulated. As a result, the beam pulse is compressed
during the transport. It is assumed that the extracted electrons are thermalized at the electron gun and
mismatch injection into the gap as vth = √

kBT‖/me , where vth is the initial thermal velocity.
Figure 3 shows the calculation results of the beam current normalized by the initial one at each

gap length, i.e., the pulse compression ratio. The initial beam current Ib0 is 100 �A, and the initial
beam pulse duration �b0 is 100 ns. The applied voltage waveform was assumed by Eq. (3). As shown in
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Figure 4. Beam currents normalized by initial one (the gap length is 15 mm), for (a) kBT‖ = 0 without space
charge effect, (b) kBT‖ = 0 with space charge effect, (c) kBT‖ = 0.1 eV with space charge effect, (d) kBT‖ = 1 eV
with space charge effect, respectively.

Fig. 3, the compressed beam current depends on the gap length. Because the applied voltage given by
Eq. (3) is designed by the infinitesimal gap length. As a result, smaller gap length causes the high bunch
compression ratio.

Figure 4 shows the calculation results of the beam current normalized by the initial one with and
without space charge effect at each initial temperature. The gap length is set as 15 mm. The initial beam
current Ib0 is 100 �A, and the initial beam pulse duration �b0 is 100 ns. The space charge effect and
the initial temperature of electron bunch interfere the extreme pulse compression. In this condition, it is
found that the initial temperature of electron bunch is main issue of interference for the extreme pulse
compression. In comparisons with Fig. 1, although the compressed electron bunch becomes the space
charge dominated state for the case of kBT‖ = 0.1 eV, the electron bunch is in the condition of emittance
dominated regime for kBT‖ = 1 eV.

4. CONCLUSION

In the final bunch compression for heavy ion-beam driven ICF, we studied the beam dynamics with
theoretical and numerical simulation approaches to investigate the limitation of longitudinal pulse
compression. Using the longitudinal envelope equation, the ratio between the repulsion forces due to
the space charge and the emittance was estimated. The numerical simulations were carried out in the
parameters of compact electron beam experimental device. These theoretical and numerical approaches
suggested that if the initial temperature is low enough, the compact simulator will be able to simulate
the beam dynamics around the stagnation point at the unneutralized bunch compression.

References

[1] K. Horioka, et al., Nucl. Instrum. Methods Phys. Res. A606, 1 (2009), and references therein
[2] A. Friedman, et al., Nucl. Instrum. Methods Phys. Res. A606, 6 (2009), and references therein

09004-p.4



IFSA 2011

[3] K. Horioka, et al., 18th International Symposium on Heavy Ion Inertial Fusion (HIF2010),
Darmstadt, August-September 2010, TUS-0404

[4] A. Nakayama, et al., “Longitudinal bunch compression study with induction voltage modulator”,
these proceedings

[5] A. Namprom, T. Wiboonphon, T. Sasaki, and T. Kikuchi, Nob. Harada, 3rd Euro-Asian Pulsed
Power Conference / 18th International Conference on High-Power Particle Beams EAPPC-
BEAMS 2010, Jeju, Korea, October 10–14, 2010, MoB3-5, p.108

[6] M. Reiser, Theory and Design of Charged Particle Beams (Wiley, New York, 1994)
[7] R. W. Hockney and J. W. Eastwood, Computer Simulation using Particles (IOP publishing, Bristol

and Philadelphia, 1988)

09004-p.5


	1 Introduction
	2 Theoretical estimation to create space charge dominated beams
	3 Numerical simulation for bunch compression
	4 Conclusion
	References



