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The processes of electric ion extraction from plasma induced by pulse lasers are simulated by particle-in-cell (PIC)
method and hybrid-PIC method. A new calculation scheme named preprocessing hybrid-PIC is presented because neither
of the two methods above is omnipotent, especially under the circumstance of high initial plasma density. The new scheme
provides credible results with less computational consumption than PIC method in both one- and two-dimensional simula-
tions, except for I1-type electrode configuration. The simulation results show that the M-type performs best in all electrode
configurations in both high-density and low-density plasma conditions.
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1. Introduction

Investigations of ion extraction in laser-induced plasma
have been an important researching topic for their applica-
tions such as in ion plantation,m ion beam generation, [2.3]
and nuclear fusion,*! especially the laser isotope separa-
tion (LIS) process. [6-8] T the last several decades, an ion ex-
traction method with the characters of short extraction time,
simple structure and less influence on other processes was
required, especially under the circumstance of high-density
plasma (~10'' cm™3) and big size (several centimeters) for
commercial values. Several extraction configurations meeting
these requirements were reported. It should be noted that the
experimental setups become complex and the ionization is dis-
turbed due to the Zeeman effect if magnetic field is adopted,
though it may be conducive to breaking the plasma shielding.
Therefore, ion extraction by electric field is a common method
in both theoretical and experimental researches.

In the early time, Chen!®! and Okano!'’! have analyzed
the ion extraction process theoretically and Okano derived
a simplified formula that can describe extraction time of
With the devel-

opment of experimental and computational technology, Ya-

one-dimensional parallel plate condition.
mada et al. have investigated the extraction properties of
several electrode configurations experimentally, such as par-
allel type, Il-type and alternately biased parallel type.l!!-14]
Scaling laws between ion-extraction time and applied volt-
age (0.5 kV—4.0 kV), plasma width (2 cm-9 cm), ion density

(2 x 108 em™3-2 x 1019 cm—3) were formulated. Nishio ef
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al. presented a new conceptual electrode system, designated

as ‘M-type electrodes’.[1

I Rapid ion extraction is possible in
the M-type system compared with that in the parallel type sys-
tem. In theoretical researches, fluid model and particle model
based on particle-in-cell (PIC) are used as common models

[16.17] However, computing divergences

in plasma simulations.
of continuum and momentum equations appear easily at dis-
continuities and the collision processes cannot be described
truly in fluid model. Watanabe and Okano have performed
one-dimensional PIC and two-dimensional hybrid-PIC simu-
lation and good agreement with the empirical formula given by
Okano previously.!!8] Ogura er al. calculated gadolinium ion
extraction by the two-dimensional hybrid-PIC method, and the
results were consistent with the experimental results.!!”! Be-
sides, some improved approaches such as two-region PIC[20]

21.22] that appeared in recent years, pro-

and two-system PIC!
vide new ideas for further simulating the ion extraction.
However, both simulations and experiments above were
carried out under the circumstance of the low ion density
(107 em™3-10'9 cm™3).

(~10"" cm~3), which is required for economic efficiency and

The high-density ion extraction

production yield in laser isotope purification plants, has been
studied rarely. On the one hand, large-scaled metal evapo-
ration and laser devices are required for high-density ion ex-
traction experiments. On the other hand, PIC method occu-
pies a huge computation cost in high-density two- or three-
dimensional plasma simulations and the errors accumulate
gradually in transient simulations. Besides, the applicability
of hybrid-PIC still needs to be verified due to the fact that its
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electron thermal-equilibrium assumption is made. Therefore,
there are few researches of high-density big-sized ion extrac-
tion both in experiment and in theory.

In this article, we build PIC and hybrid-PIC codes in
both one- and two-dimensional ion extraction simulations.
Firstly, the applicability of the two methods are verified in
one-dimensional simulations and the process of electric ion
extraction is discussed. Then the preprocessing hybrid-PIC is
presented to extend the applicability of PIC method. Next, the
extraction times of several electrode configurations are pre-
sented for comparison between the results obtained in low and
high density situations. Finally, some conclusions are drawn

from the present study.

2. Methods
The PIC method and hybrid-PIC method in electrostatic

model are used for electric ion extraction simulation. The al-
gorithms of the two methods are based on three steps. First,
spatial density distributions, n; and ne, are obtained from the
positions of particles by particle-in-cell technique. Second,
the Poisson equation, as shown in Eq. (1), is solved for spatial
potential ¢. Third, velocities and positions of particles are ad-
vanced to new ones after one time step due to the influence of
the electric field, which is derived from the spatial potential. It
should be noted that only ions undergo the first and third steps
in the hybrid-PIC method. The electronic density can be ob-
tained by solving Eq. (2) instead of particle-in-cell technique,
as electrons are assumed to be in thermal equilibrium state.
Both ions and electrons undergo the first and third steps in the
PIC code.

Ne = / nedV, 3)

d 1
—N:—/ LdS=—-
dr ¢ v © 4 Jov

where ¢ is the potential, n, and n; are the densities of ion and

nevsds, 4

electron, T is the electron temperature. e is the elementary
charge, & is the permittivity of vacuum and k is the Boltz-
mann constant. The Poisson equation in hybrid-PIC method
is solved with Eq. (2) in each time step. Dichotomy method
and Newton—Raphson method are adopted due to the nonlin-
ear coupled equations. Boundary conditions of electrons are
given in Egs. (3) and (4), where S is the boundary of simula-
tion region, I¢, vg, and N, are the electronic flux density on the
boundaries, average thermal speed, and total number of elec-
trons in simulation region, respectively.

Figure 1 shows the typical diagrams of electric ion extrac-
tion of parallel type, alternately biased parallel type, I1-type,
and M-type. The simulation parameters are as follows. Rela-
tive atomic mass of ion is M = 200. Electron temperature and
ion temperature are T, = 0.5 eV and 7; = 0.1 eV. Initial bulk
velocity of plasma is v, = 0 m/s. Length of left/right plate is
H = 6 cm. Length of upper plate, which equals to the distance
between left and right plate, is L = 5 cm. Upper plate lies at a
height of 2 cm above left/right plate and the length of M-plate
is 5 cm. Size of plasma is L, X H, = 3 cm x3 cm (width of
plasma is L, = 3 ¢cm or 5 cm and distance between left and
right plate is L = 5 cm in one-dimensional simulations). Ini-
tial plasma is uniformly distributed and lies in the center be-
tween left and right plates. Two initial plasma densities are
5x10° ecm™3 and 1 x 10'"" cm™3, and the corresponding ap-

plied voltages are 2.0 kV and 10.0 kV respectively. Unless

e
_Vz‘P = P (ni —ne), (D otherwise specified, all the results in the following sections
B e ) have experienced the test of super-particle number, cell size
fle = Q- €Xp kT, )’ @) and time step.
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Fig. 1. Typical diagram of electric ion extraction of (a) parallel type, (b) alternately biased parallel type, (c) I1-type, and (d) M-type.
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3. Results and discussion

Both one- and two-dimensional simulation results are
presented in this section. Only parallel type and alternately
biased parallel type are displayed in one-dimensional simula-
tions.

3.1. One-dimensional simulations

Five one-dimensional simulation cases are displayed to
verify the applicability of PIC and hybrid-PIC method. The
simulation parameters are listed in Table 1. Figure 2 shows the
remaining ion/electron ratio as a function of extraction time in
Case 1 and Case 2. Figure 3 shows the spatial evolution of
electronic density and potential calculated by PIC method in
the early extraction time in Case 2. The results of hybrid-PIC
method is found to accord with those from the PIC method
perfectly in Case 1, but not in Case 2. Their difference can be
explained as follows. There exist three stages in electric ion
extraction: (I) electron oscillation, (IT) potential fall, and (III)
sheath exfoliation, as shown in Fig. 2. Potential and electronic
density oscillate violently when voltage is suddenly applied
due to huge mass ratio between ion and electron as shown in

Fig. 3. The first stage continues about hundreds of nanosec-
onds, in which duration the electrons which are located at the
edges of plasma in the beginning, are absorbed by the elec-
trodes easily. As a result, oscillation amplitude decreases grad-
ually and the plasma potential may be higher than the voltage
of anode plate. Then, ion extraction enters into the potential
fall stage, which lasts about several microseconds. The ex-
traction speed of electron is smaller than that of ion in this
stage until the plasma potential drops nearly down to the volt-
age on anode plate, especially in Case 2. Finally, a plasma
sheath is formed near cathode plate and then the sheath ex-
foliation stage begins. The region between two plates can be
divided into two subregions, i.e., neutral plasma and sheath.
In the neutral plasma there is no obvious electric field while in
sheath region almost only ions exist, which are forced to move
to cathode by electric field. As a result, the sheath is peeled
constantly and the thickness of neutral plasma decreases until
all ions and electrons are extracted entirely. The third stage
continues dozens of microseconds, which occupies the major-

ity of ion extraction time.

Table 1. Simulation parameters in one-dimensional simulation cases.

Simulation parameters Case 1 Case 2 Case 3 Case 4 Case 5
Initial plasma density/cm—> 5.0 x 10° 5.0x 10° 5.0x10° 5.0x10° 1.0 x 10!
Initial plasma size/cm 3.0 5.0 3.0 5.0 3.0
Extraction voltage/kV 2.0 2.0 2.0 (1 MHz) 2.0 (1 MHz) 10.0
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Fig. 2. Plots of remaining ion/electron ratio versus extraction time in (a) Case 1 and (b) Case 2.
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Fig. 3. (a) Electronic density and (b) potential as a function of extraction time in Case 2.
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Obviously, the electron oscillation stage cannot be rec-
ognized in hybrid-PIC method because electronic motions are
not taken into consideration. It means that the simulation re-
sults from hybrid-PIC method in Case 2 are incorrect because
too many electrons are extracted in the first stage in practi-
cal processes. Therefore, the hybrid-PIC method is inapplica-
ble to the circumstance that initial plasma is too close to the
electrode plates. However, electron oscillates weakly in alter-
nately biased parallel-type ion extraction because the voltage
is increased slowly in the first stage. Therefore, two methods
obtain almost identical results in Cases 3 and 4 as shown in
Fig. 4, where the frequency and amplitude of applied voltage
are 1.0 MHz and 2.0 kV respectively.

Figure 5 presents the remaining ion ratio (Fig. 5(a)) and

remaining electron ratio (Fig. 5(b)) as a function of extrac-
tion time in Case 5. Table 2 shows the computational con-
sumptions in several simulation conditions. We can see that
the computational consumption of PIC method is far larger
than that of hybrid-PIC method. The results of PIC method
approach to those of hybrid-PIC method gradually with the
increase of super-particle number and decrease of cell size
and time step. Consequently, it is unrealistic to simulate two-
or three-dimensional high-density ion extraction by the PIC
method for large computational and storage consumption. In
general, the hybrid-PIC method cannot provide correct results
in some simulation cases, and the PIC method cannot yield
accurate results in an acceptable time in the high-density sim-

ulation case either.
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Fig. 4. Plots of remaining ion/electron ratio versus extraction time in (a) Case 3 and (b) Case 4.
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Fig. 5. Plots of (a) remaining ion and (b) remaining electron ratio as a function of extraction time in Case 5.
Table 2. Simulation parameters in one-dimensional simulation cases.

Simulati S -particl C tational
1mu.a' on Method tper-particie Cell size/Ap Time step/ps omputa '1ona
conditions number consumption/h
1 hybrid-PIC 2.0 10 12.03 2000 0.2
2 PIC 5.0 x 10° 0.75 10 541
3 PIC 2.0x 10° 1.50 50 45
4 PIC 1.0 x 106 1.50 50 24
5 PIC 2.0x 10° 3.01 50 44
6 PIC 2.0x 108 1.50 75 18
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Based on the simulations and analyses above, we present
a new scheme named preprocessing hybrid-PIC to solve the
two problems above. The first stage of ion extraction is cal-
culated by the PIC method and the rest two are calculated
by the hybrid-PIC method because the electronic distribution
satisfies the thermal-equilibrium assumption in the duration.
The computational consumption of preprocessing hybrid-PIC
is far less than that of the PIC method as the electron oscil-
lation stage lasts only hundreds of nanoseconds. It should be
noted that the deviation in the first stage obtained by the PIC
method is insignificant due to its short duration, although none
of super-particle number and others can meet the requirements
of accurate simulation. Besides, the variation of electric field
in plasma is selected to be the criterion for the method trans-
formation. Finally, only total number of electrons and electron
temperature are needed when hybrid-PIC method begins to be
used, while none of the position and velocity of electron, and
the plasma potential is taken into consideration. As shown
in Fig. 2(b), the remaining ion/electron ratios obtained from
preprocessing hybrid-PIC and PIC methods have no signifi-
cant differences in Case 2 nor in other cases. As a result, the
preprocessing hybrid-PIC scheme is effective in electric ion

extraction simulations.

3.2. Two-dimensional simulations

In this subsection, two-dimensional simulations are car-

ried out in four electrode configurations: parallel type, alter-
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nately biased parallel type, II-type, and M-type, whose dia-
grams are shown in Fig. 1. Here we present the ion extrac-
tion results in Fig. 6 with an initial plasma density being 5.0 x
10° cm—3. The applied voltage is 2.0 kV. It should be noted
that the correctness of two-dimensional code is proved by
the comparison between two-dimensional periodic results and
one-dimensional results. Besides, a bigger region is used in
the simulations for solving the Poisson equation with the open
boundary condition. Obviously, the preprocessing hybrid-PIC
method provides almost identical results with those from the
PIC method in the parallel type, alternately biased parallel type
and M-type electrode configurations with much smaller (1/5
or 1/10) computational consumption, but not in the II-type.
This phenomenon can be explained as follows: there exists
a potential well of several electron volts between upper plate
and plasma indicated by the results from the PIC method as
shown in Fig. 7. It is difficult for electrons to pass through
the well to upper plate although the plasma potential is much
lower than the ground potential. However, the potential well
cannot be distinguished from the hybrid-PIC results because
electrons are assumed to follow the Boltzmann relation in the
whole simulation region, nor from the preprocessing hybrid-
PIC. Therefore, the results of the II-type, obtained under the
thermal equipment assumption, are quite different from those
from the PIC method. Numerical simulation of IT-type with

high initial plasma density is still a problem.
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Fig. 6. Plots of remaining ion ratio and remaining electron ratio versus extraction time in two-dimensional simulations for four electrode configurations:
(a) parallel type, (b) alternately biased parallel type, (c) II-type, and (d) M-type, with initial plasma density being 5.0 x 10% cm~3.
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Figure 8 shows the remaining ion and electron ratio as
a function of extraction time in the parallel type, alternately
biased parallel type and M-type, obtained by the prepro-
cessing hybrid-PIC method. The initial plasma density is
1.0 x 10" ¢cm™3, and the applied voltage is 10.0 kV. The sim-
ulation results show that the M-type presents the shortest ex-
traction time in the three types above in the case of high initial
plasma density, which are coincident with those in the case of
low density. The potential difference between plasma and two
cathodes are equal to the applied voltage in the M-type over
the duration of extraction, and as a result, the ions can be ex-
tracted through the sheaths of two sides and by the M-plate
simultaneously, which cannot do so by the remaining three
types. As a result, M-type performs best because the extrac-
tion speed depends on the electric field intensity at the edge of

plasma basically.
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Fig. 7. Plots of potential at mid-line in II-type PIC simulation for three
different plasma potentials.
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Fig. 8. Plots of remaining ion/electron ratio versus extraction time in two-
dimensional simulations with initial plasma density being 1.0 x 10! cm—3.

4. Conclusions

One- and two-dimensional particle simulations of ion ex-
traction in laser-induced plasma are displayed by the PIC
method and hybrid-PIC method. Three typical stages, electron
oscillation, potential fall, and sheath exfoliation, are found to
exist in electric ion extraction process. It shows that neither
of the above two particle methods is perfect in some ion ex-
traction simulation conditions, and the preprocessing hybrid-
PIC are presented. Accurate results can be obtained by this
new calculation scheme with less computational consump-
tion than by the PIC method in one-dimensional simulations.
In two-dimensional conditions, four electrode configurations,
i.e., parallel type, alternately biased parallel type, I1-type, and
M-type, are calculated under the circumstances of low and
high initial plasma densities. The results show that the M-
type has the best performance in all four configurations al-
though the extraction time of high-density II-type condition is

unknown.
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