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An analytical model for describing the charged-particle transport in a wall-confined laser-induced decaying plasma
is established under an external electrostatic field, focusing on the effects of the initial plasma—electrode gap (IPEG) that
exists in applications such as laser isotope separation. This newly developed analytical model is validated by particle-in-cell
simulations and the experimental scaling relation, and can also be reduced to its previously published counterpart that did
not consider IPEGs. Based on this analytical model, the influences of different IPEG spacings on the characteristics of the
whole ion extraction process are studied. The results show that the ion extraction ratios at the endpoints of the first and
second stages both decrease with increasing IPEG spacing, while the corresponding time durations for the first two stages
show a non-monotonous variation trend. The specific ion extraction time, defined as the ion extraction time per unit mass
to comprehensively characterize the ion extraction efficiency, increases generally with the increase of IPEG spacing. This
study not only provides further insight into the fundamental physical processes in a wall-bounded decaying plasma under
an externally applied electrostatic field, but also offers useful theoretical guidance for optimal designs of geometrical and

operating parameters in laser isotope separation processes.

Keywords: decaying plasma, charged-particle transport, effect of plasma—electrode gap, theoretical analysis,
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PACS: 52.30.—q, 52.35.Fp, 52.50.Qt, 28.60.+s

DOI: 10.1088/1674-1056/ade385

1. Introduction

Wall-confined decaying plasmas are widely used in many
applications, such as plasma immersion ion implantation!!=3!
and the ion extraction process of laser-induced plasmas.[*7!
In this paper, we focus on the characteristics of the charged-
particle transport, especially ion extraction fluxes, during a
laser-induced decaying plasma under an externally applied
electrostatic field in the context of laser isotope separation. In
both fundamental and applied research, the ion extraction flux
and ion extraction time during plasma decay are two key pa-
rameters for characterizing the performance of the laser iso-
tope separation technique. The parameters are comprehen-
sively determined by the spatiotemporal evolutions of elec-
trode sheath expansion, ion-acoustic rarefaction wave (IRW)
propagation, as well as the parameters (e.g., electron and ion
number densities and electric potential) in the core plasma
region confined between two solid electrodes. As shown in
Fig. 1, resulting from heating of solid metal or metal alloys by
an electron beam, metallic atomic vapor forms with evapora-
tion at the liquid metal surface and moves upward with expan-
sion due to a low chamber pressure (e.g., on the magnitude of
1072 Pa, or even 1073 Pa). A weakly ionized plasma is then
generated by irradiation from an intense laser beam. Next, the
ions are extracted from the core plasma region and collected
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on the electrodes under an externally applied electrostatic or
electromagnetic field within a short time. One of the intrin-
sic features, as well as a major challenge, of the ion extrac-
tion process is the electrode sheath, especially at high initial
plasma densities (e.g., on the magnitude of 10! cm~3), which
screens the externally imposed electrostatic field and signifi-
cantly reduces the ion extraction flux, resulting in a longer ion
extraction time and lower ion extraction efficiency.

In order to improve the ion extraction efficiency, many
studies have been reported, including by varying the elec-

8-11 12—14])’ by us-

trode configurations (e.g., M-type, 31! TI-type!
ing alternating electric fields (e.g., radio-frequency electric
field, 1518 alternatively biased electric field!'°!) or even with

[20-221 1o collect the target ions on two

the aid of magnetic fields
electrodes simultaneously or for weakening the shielding ef-
fect of the electrode sheath. Among the three major theoretical
research methods including analytical analyses,>232! fluid

[26.27] and particle-in-cell (PIC) simulations, 28-2]

simulations
the analytical method can present clear physical images of
the ion extraction process with reasonable assumptions and
avoid heavy computational burdens, particularly for PIC sim-
ulations with higher plasma densities and/or larger electrode
gap spacings. According to the previous analytical analyses,
a typical ion extraction process in a laser-induced decaying

plasma under an external electrostatic field consists of three

© 2025 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

115201-1


https://doi.org/10.1088/1674-1056/ade385
https://cstr.cn/32038.14.CPB.ade385
mailto:liheping@tsinghua.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 34, 115201 (2025)

successive stages,>) among which much attention has been
paid to the second stage, i.e., the sheath expansion and IRW
propagation stage. For example, the early theoretical work by
Chenl! focused on rapid sheath expansion and established an
analytical model considering the balance among the Langmuir
flux, Bohm flux and additional flux due to the sheath motion.
As for the influences of IRW, Allen and AndrewsPY theo-
retically predicted the profiles of velocity, density and elec-
tric potential in the plasma region perturbed by the propaga-
tion of IRWs. Later, Murakami and Nishihara?* established
a sheath dynamic model considering the relative velocity be-
tween the sheath edge motion and IRW front propagation, i.e.,
under supersonic and subsonic sheath expansion states. While
Khrabrov et al.!3!l considered the interaction of two opposing
IRWs and its influence on the evolution of the plasma parame-
ters theoretically and numerically in a one-dimensional (1-D)
collisionless plasma initiated between two parallel absorbing
walls.

Tonization process
- o Electron

Electron
beam

Molten metal

3 Solid metal
Power

|

: |
|

o = Cashode |

Focus  Electron gun
electrode

Fig. 1. Schematic of the charged-particle transport in a laser-induced
decaying plasma considering various factors. The symbols n;, ne, Te,
vs and ¢ represent ion density, electron density, electron temperature,
sheath motion speed and ion-acoustic speed, respectively.

Although the duration of the first stage, i.e., electron os-
cillation and matrix sheath extraction stage, is not as long as
that of the second stage, a much higher level of ion extraction
flux than that of Langmuir flux'*?! and a considerable ion ex-
traction ratio®>! occur in this stage. Consequently, increasing
attention has been paid to this stage. Chen et al.!*’] investi-
gated the electron oscillation process at the beginning of the
ion extraction process with the aid of theoretical analyses and
PIC simulations, and pointed out for the first time that the ex-
istence of electron oscillation and IRW propagation resulted

B3] and

in a non-zero ion flux to the anode. Later, Chen et al.
Wang et al.l'®! presented a quantitative description of the elec-
tron oscillation frequency and a criterion on the initial plasma
density for the initial electron temperature effects on the ion
extraction time. Wang et al.[>! also derived formulae for the
ion extraction fluxes to the cathode and anode, respectively,
during the first stage, which were well validated by PIC sim-
ulations. Based on previous research from the same group,
an analytical model considering all the three stages was firstly
established in Refs. [25,34], in which the 1-D spatiotemporal
evolutions of the densities and fluxes of ions, electric poten-
tials, and electrode sheath positions in the whole plasma decay
process under an external electrostatic field could be predicted
analytically when the gap space between two parallel metal-
lic plates is initially fully occupied by a laser-induced plasma;
this was also validated by comparisons with PIC simulation
results.

From the perspective of industrial applications, there is al-
ways a gap between the laser-induced plasma and the electrode
at the beginning of the ion extraction process, which is the so-
called initial plasma—electrode gap (IPEG). Appropriate IPEG
spacing is generally indispensable, as too large a gap would
decrease ion extraction efficiency, while too small or no gap
spacing could lead to the deposition of neutral particles on the
electrodes, which negatively affects the product purity.3>! Al-
though the effect of the IPEG on the ion extraction characteris-
tics has been taken into account in many previous experimen-
tal studies during laser-induced decaying plasmas,!!%19-36-38]
the influences of IPEGs have not been considered in the pre-
viously published theoretical analyses, e.g., Ref. [25]. There-
fore, this paper aims to establish an analytical model for de-
scribing the whole 1-D ion extraction process considering the
IPEG effect in a decaying plasma under an electrostatic field.
The organization of this paper is as follows: brief descriptions
of the physical model and PIC simulation code are presented
in Section 2, following a review of current research in Sec-
tion 1; then, in Section 3, the 1-D analytical model for the
whole ion extraction process considering the IPEG effect is
derived and validated by PIC simulations and the experimen-
tal scaling relation; next, discussions of influences of different
IPEG spacings on the charged-particle transport characteris-
tics are presented in Section 4; and the major conclusions are
presented in Section 5 accompanied by a brief discussion on
future research.

2. Physical model and PIC simulation code

In this study, a 1-D ion extraction system considering
IPEG spacing is studied, as depicted in Fig. 2, where the elec-
trode gap spacing is L, while the electric potentials imposed
on the anode (x = L) and the cathode (x = 0) are fixed at 0 and
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—Up, respectively. A laser-induced plasma containing singly-
charged argon ions (Ar™) and electrons (¢™) is distributed uni-
formly between two parallel metallic electrodes. A vacuum
gap with width d exists between the plasma and the electrode.
Since this study focuses on the fundamental charged-particle
transport during ion extraction from a decaying plasma and
different plasmas with different ion masses have no intrin-
sic influences on the ion extraction characteristics, we still
use argon plasma here as a counterpart of the case with no
IPEGs.!>! Thus, three basic assumptions are employed as fol-
lows: (i) collisionless plasma resulting from a species mean
free path exceeding the system characteristic length signifi-
cantly under the typical operating pressures, i.e., on the mag-
nitude of 1073 Pa; (ii) complete charged-particle absorption at
electrode surfaces once arriving at the electrodes; and (iii) ini-
tial Maxwellian velocity distributions for both ions and elec-
trons, characterized by temperatures 7; o and T; o, respectively.

—U, Electrons Ions 0
Q\. Q/Pla,sma' Q-
S BGOSR L
B R | -
S 0.. 00 ) o 0'0 <
0 0 ‘0 09V o
0 d T

Fig. 2. Schematic of the 1-D ion extraction system considering the ex-
istence of an IPEG.

Table 1. Parameters for the typical case studied in this paper.

Physical parameters Value
Electrode spacing [L (cm)] 2.0
Initial plasma—electrode gap spacing [d (cm)] 0.1
Externally applied voltage [—Up (V)] —400
Initial plasma number density [rg (1016 m=3)] 2.5
Initial electron/ion temperature [T, /T o (eV)] 0.5/0.02

In this study, a 1-D code, EDIPIC,?! is used to simulate
the ion extraction process. EDIPIC is a well-developed code
for PIC simulation of decaying plasmas and has been verified
and validated in literature.[*31:3% To ensure sufficiently high
accuracy while minimizing computational consumption, some
key simulation parameters are set as follows according to pre-
vious studies:/?®! the grid size is set to 0.1 times the Debye
length, i.e., Ax = 0.1Ap, and the time step is set to ensure that
the electrons do not transit across one grid in one time step,
i.e., veAtr < Ax, while the initial number of macroparticles in
each grid is set to be 256, i.e., Np = 256. A brief discussion on
the simulation method and parameter selection can be found in
Appendix A. In addition, the operating parameters for a typical
case are listed in Table 1, which were selected based on pre-
vious studies. [13:18.28:29.39-411 Since the ratio of the total IPEG
spacing to the system characteristic length (2d/L) in reported

experimental studies ranges from 8% to 20%,!%19-36-381 the

value of the IPEG spacing, d = 0.1 cm, is chosen for the typi-
cal case in Table 1 corresponding to a value of 2d /L = 10%.

3. Derivation and validation of the analytical
model

Before deriving the analytical model for the whole ion
extraction process, all the physical parameters are normalized
using the same method as that described in Ref. [25]. The
dimensionless form of the physical parameters are defined as

follows:
) X L d
S= X=—, AN=—, D=—
Ap’ Ap’ Ap’ Ap’
u n ely
T=w,t, U=—, N=—, Y%= 1
(Dpl 5 Cs7 n07 0 kn_’07 ( )

where s, x, L, d, t, u, n and Uy refer to the sheath thickness, spa-
tial position, electrode spacing, IPEG spacing, time, macro-
scopic ion velocity, number density of particles and externally
applied voltage before normalization, respectively, and the
basic physical parameters used for normalization include Ap
(Debye length), @p; (ion plasma frequency), ¢ (ion-acoustic
speed), e (elementary charge), k (Boltzmann constant), Tz
(initial electron temperature) and ng (initial ion number den-
sity).
responding dimensionless form of the preceding parameters.

The left side of each formula in Eq. (1) is the cor-

Correspondingly, the ion flux can be normalized by (rnycs) and
denoted using the symbol I".

3.1. Theoretical analyses of the whole ion extraction pro-
cess considering the effect of the IPEG

Although the whole ion extraction process can still be
generally divided into three successive stages as reported in
Ref. [25], the effects of the IPEG on the electron oscillation,
matrix sheath formation, Langmuir sheath expansion and IRW
propagation cannot be ignored during the decaying of plas-
mas. In this subsection, an analytical model for the whole ion
extraction process considering the effect of IPEG is derived
theoretically.

3.1.1. Effect of IPEG on the electron oscillation and
matrix sheath formation in the first stage

Firstly, due to the existence of IPEGs, the matrix sheath
thickness on the cathode side (denoted as Sp ca) can be ex-
pressed as!!8]

%/D7 D 2 Dm
RealRoot[ — D3 +3D*Sp ca )
+3DS3, o+ S ca = 6% Smea], D <D,

Sm,ca =

where D, = (¥)'/? is the critical distance indicating whether
the electrons can overlap the IPEG in the oscillation process or
not. Using a similar method to that presented in Ref. [18], the
matrix sheath thickness on the anode side (denoted as Sm an)
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can be written as (a detailed derivation can be found in Ap-
pendix B)

2%

P 3
2D+ Smca )

Sm,an = Sm,ca -

After the ions cover the IPEGs near the electrodes, both the
ion density and ion flux to the cathode suddenly increase, and
the temporal evolution of the ion density near the cathode is

consistent with the case of the IPEG-free model,>?! i.e.,
2
Nea = m (4)

As shown in Fig. 3, the time evolutions of the ion number
density near the cathode with different IPEGs using Eq. (4)
are well validated by the PIC simulation results where the ion
density probes are all located at x = 0.01 cm, which is close
enough to the cathode surface. Based on the preceding re-
sults, the expressions for the ion fluxes to the cathode (I ca)
and anode (I an), as well as for the end time of the first stage
(Tm.end)> can be obtained using the similar methods as those
used for the case with no consideration of the IPEGs, ?*! which
can be expressed as

Inea(T) = — (Smea +D)

1 1

« Lhyporr (127 1
dTr 2°4°4° 4

Fm.an(T) = _Sm,an
4
1 T2 (T*+4 3
X iHyPZFI o ia z7 - ( * ) vaan 9 (6)
dr 2'4°4 4 D+Sm,ca

3 4/3
Tm,end = 24/4 [4 (D+Sm7ca):| +1- 23 (7)

2 (12 +4)> , s)

where Hyp2F1 is a Gaussian hypergeometric function.

1.0F 2D/A Method
[ —0 Eq. (4)
0.8 - 0.05 PIC
- —0.10 PIC
—0.15 PIC
. 0.6F 0.20 PIC
Z r
0.4F
0.2F M
o1 1 P i :
0 1.0 20 30 40 50 6.0 7.0
T

Fig. 3. Temporal evolutions of the ion number density near the cathode under
different IPEG spacings predicted by PIC simulations and comparison with
the calculated result using Eq. (4) for the case with no IPEGs.

Secondly, with the existence of IPEGs, additional time for
ions to cover the initial plasma—electrode gap spacing is nec-
essary before the ion extraction flux occurs, as shown in Fig. 3.
The times for the ions to occupy the IPEG near the cathode and
the anode are denoted as Ty ca and Ty an, respectively, which
can be derived as follows: In the vicinity of the cathode, the

advance of the ion front can be approximated by the model of
uniformly accelerated motion of a singly-charged ion, i.e.,

¥
De, =D— ETZ — Tarr,ca = %Da (8)

where D, is the dimensionless distance between the ion front
and the cathode surface. The calculated values of D¢, using
Eq. (8) are well validated by the PIC simulations with a max-
imum relative discrepancy of 4.2%, as shown in Fig. 4. In
our opinion, one of the major sources of the discrepancy be-
tween the PIC modelling results and the theoretically predicted
values using Eq. (8) for Ty ¢y may be due to the preceding
assumption of the uniform acceleration of ions with a con-
stant electric field of (¥ /D), while the PIC modelling shows
that the electric field at the ion front is a little bit smaller than
(/D) during the actual electron oscillation process; conse-
quently, the value of Ty ¢, predicted by Eq. (8) is somewhat
lower than that of the PIC simulations.

30
25

20

:3
Q15
10

5

0|||||||||||||| T |

0 0.5 1.0 1.5 2.0
T

Fig. 4. Comparison of the estimated values of D, using Eq. (8) with
those of the PIC simulation results.

Since after an external electrostatic field is imposed on
the plasmas, the electric field near the cathode is much higher
than that near the anode, a longer time is needed for the ions
to occupy the IPEG on the anode side than that on the cathode
side. If we assume that the ion density inside the ion sheet
remains uniform, and thus, an averaged ion density obtained
by conservation of particles is used to approximate the actual
ion density profile, the electric field near the anode can be ob-
tained based on the Poisson equation and the corresponding
boundary conditions using a similar method to that presented
in Ref. [18]. Thus, when T' < T ca, we have

_ Sm,ca (Dan - Dca - 2A)

Ean = A
¥ (—D+Dyn —2A + Smca)
A 2D+ Smca)
2%
e eial R (9a)
A 2D+ Smca)
and when T’ > Ty ca, We have
Ean _ Sm,ca (Dan - ZA)
2A
% (=D +Dan —2A +Smca) 297
A (2D + S ca) A (2D +Smca)’
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D S
+ 2t oma [Tp (1) 4T (9b)

Tan ca

where D,, is the dimensionless distance between the ion front
and the anode surface, while I;, is the ion flux to the cathode.
Therefore, the governing equation for D,;, can be written as

d*D,,
dr?

= *Ean (TvDan)- (10)

Introducing Eq. (9) into Eq. (10), the variation of Dy, with time
can be obtained; and the time for the ions to occupy the IPEG
near the anode, Ty an, is just the time when D,, approaches
zero. For the typical case listed in Table 1, the calculated value
of Ty an using Egs. (9) and (10) is 83.0 ns, while the PIC sim-
ulation result is 107.3 ns. Here, we hope to emphasize the
following. Firstly, in our opinion, one of the major sources
of such discrepancy between the theoretically predicted and
PIC-simulated values of Ty an results from the assumption of a
uniform ion density distribution inside the ion sheet in the pre-
ceding theoretical analysis. Thus, the theoretically predicted
electric field near the anode and the ion advancement rate to-
ward the anode are both over-estimated, leading to a lower
theoretically predicted value of Ty 4n than that calculated by
the PIC simulations. In order to obtain a more accurate esti-
mation for Ty an, a spatiotemporal evolution model for the ion
density that agrees better with the actual ion distribution in-
side the ion sheet is preferred, which will be further studied in
our future work. Secondly, although the relative discrepancy
between the theoretically predicted value and the PIC model-
ing result is high (about 22.7%), the value of Ty an Obtained
from Eqgs. (9) and (10) is still on the same magnitude as that of
the PIC simulations, and the results presented in Fig. 5 in Sub-
section 3.2 will show that such discrepancy has no significant
impact on the whole ion extraction characteristics.

3.1.2. Effect of IPEG on Langmuir sheath expansion
and IRW propagation in the second and third
stages

In the second and third stages of the extraction process,
although the physical images of the Langmuir sheath expan-
sion and the IRW propagation are qualitatively the same as
those in the IPEG-free case (Egs. (19), (21)-(27) in Ref. [25]),
the existence of IPEGs will have effects on some key time
points related with the Langmuir sheath expansion and the
IRW propagation including the starting time points of the sec-
ond stage (Tmend) and the third stage (Tgs), the end time of
the supersonic sheath expansion state (Tsup end,ca), the starting
point of IRW-C and IRW-A, as well as the time point when
the IRW-A arrives at the anode surface (Tm end), which influ-
ences the ion extraction fluxes in these two stages. In detail,
considering the IPEGs, the evolution of the Langmuir sheath
thickness in the supersonic expansion state starting from the

initial conditions of S = D+ Spca and T =
pressed as

T end can be ex-

4\f w2 173

S(T) = (Sm@a—i—D) (T — Tmena) . (D

Therefore, the time point at the end of the supersonic sheath
expansion, Tgup end,ca> and the corresponding sheath thickness,
Ssup,end,ca» With dS/dT = 1 can be written as

3
Tsup,end,ca = Tm.end + 73/2 [Sgup,end,ca - (Sm.ca +D)3]7

42,

3/2
=/ %. (12)

Then, subsonic sheath expansion occurs starting from the con-

Ssup,end,ca

ditions of So = Ssup.end,ca and To = Tsup end,ca When the IRW
near the cathode (IRW-C) exceeds the sheath edge and ad-
vances toward the bulk plasma, while the IRW near the an-
ode (IRW-A) excited at the position (A—D—-Sp, 4n) at time point
Tinend 1s also propagating toward both the anode and the bulk
plasma until it encounters the Langmuir sheath edge, after
which comes the third stage. Considering the IPEGs, the time
point at which IRW-A arrives at the anode (Tpm end), as well as
the relationship between the moment of IRW-A reaching the
sheath edge (Tyis) and the corresponding sheath thickness at
this time point (Sgis), can be written as

Tpm,end = Tm,end +D+ Sm,ana (13)
Sgis =A—D— Sm,an — Tyis + Tm,end' (14)

Based on the foregoing discussions, the ion extraction
fluxes during the whole ion extraction process considering the
effects of the IPEGs are summarized in Table 2. It can be
seen clearly that the formulae listed in Table 2 can be reduced
to their counterparts in the IPEG-free model!>! with D = 0,
which, to some extent, validates the theoretical model devel-
oped in this study.

3.2. Validation of the analytical model

To further validate the theoretical model developed in this
study considering the effect of the IPEGs, the ion fluxes to
the cathode and anode during the whole ion extraction process
predicted by the analytical model (Table 2) are compared with
the PIC simulation results for the typical case listed in Table 1.
As shown in Fig. 5, the theoretically predicted ion extraction
fluxes agree well with the PIC simulation results. When 90%
of ions are extracted theoretically, 88.2% of ions are extracted
according to the PIC simulations with a relative discrepancy
of 1.8%.
model obtained in this study (Table 2), the following tests are

To further validate the reliability of the analytical

conducted:
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(i) If we define the ion extraction time (fey) as the time
point with 90% of ions extracted from the bulk plasma, vari-
ations of the calculated ion extraction ratios by the PIC sim-
ulations (Rex¢) at the time point corresponding to the analyti-
cally predicted ion extraction time (fext,analytical) are shown in
Fig. 6(a) under different ratios of the total IPEG spacings to the
system characteristic length (2D/A) ranging from 0 to 20%,
which covers most cases reported in experiments, ['%1936-381 1¢
is seen that the modeling results are close to the theoretically
preset value of 90% with a maximum discrepancy of 2.3%.

(i1) With the following experimental scaling relation for

the ion extraction time:[3”]

—0.81 1.40 0.56
Textscale < Uy ) ( Lpl ) ( no ) (15)
- b
Text,ref UO,ref Lpl,ref no ref

where fexgscates Un, Lpl, 1o represent the scaled ion extrac-

tion time, externally applied voltage, plasma width, and initial
plasma density before normalization, respectively, while the
variables with the subscript “ref” represent the values corre-
sponding to the reference case as listed in Table 1. As shown
in Fig. 6(b), the ion extraction times predicted by the analyt-
ical model and those calculated by Eq. (15) both decrease as
the IPEG spacing increases with a maximum relative discrep-
ancy of 14.0%. Since the scaling relation in Ref. [37] has a
relative error of 15% with experimental data, such a level of
discrepancy is acceptable.

(iii) With a fixed value of 2D/A = 10%, the analyti-
cally predicted ion extraction times (fextanalytical) also agree
well with the corresponding scaled values from Eq. (15), i.e.,
fextscale> With a maximum relative discrepancy of 13.6% by
changing the initial operating values of Uy, Ly, ng, as shown
in Fig. 6(c).
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Fig. 5. Comparisons of the ion extraction fluxes to (a) the cathode and (b) anode between the theoretically predicted and the PIC simulated
results for the typical case listed in Table 1.
Table 2. Analytical model describing the whole ion extraction process considering the effects of the IPEGs.
Cathode Anode
2D,
T = \/ZD Toran = RealRoot [Dyn (T) = 0], L8 = —E,, (7, Dun)
s %
Stage I Fos  dpypori(L 2 1 ) (Csman )3
. s ieaien m.an = —Sman g7 HYP 31 7 DiSme
Lo =~ (Smea +D) grHYP2F1 (3, 3. 5.~ 577 (77 +4))
4/3
7;n.end = \/2 4 [% (D+Sm,ca)] / +1
¥3/2
Supersonic state: I, = %‘ﬁ 2—2 = % Before IRW-A arriving at the anode:
3212 - _ _
4/2¥ / Tomend—T ) Tm.an (T)+(T—Ty eng ) exp(—1)
Stage IT Tsup.endca = Tmend + 47\/5;3/2 (.S'fup_endCa — (Smca+ D)z) s Ssup,end.ca = ( 90 ) L = ( e ) Tpm,end*T(m.,endm < ) s Tomend = Tmend + D+ Sman
3 w2 S—Squp.end.c:
Subsonic state: L=%2 - =exp(§-1) (E+1-¢).&= % After IRW-A arriving at the anode: I, = exp(—1)
Taois =A—D—S, S, T 42 "03 2 _ D(9S 4 _ Sdis~Ssup.end.ca
dis = A — D — San — Sais + mend‘TK—exp(éf (g + *5)»5—m
L — 42 '1"(;’/2 _N(g *U) U= S—Ssup,end.ca _ A-S
Stage 111 @— 9 g2 T \dr *7 T T-Tgpendea  Idis—Tm,end r ( Trg 1) -2 1
age an = (s — exp(—
8 N = A’(T’TsupAend‘ca+Ssup.endAca) 1 o Tdis =Tm.end P
=exp Tais~Tm end -
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Fig. 6. (a) Variations of the calculated ion extraction ratios by the PIC simulations (Rex) at the time points corresponding to the theoretically
predicted ion extraction time (fextanalytical)» (b) comparison of the theoretically predicted (fext,analytical) and experimentally scaled (fext,scale) ion
extraction times under different values of (2D/A), and (c) comparisons between fex; analytical ad Zext scale With a fixed value of (2D/A) = 10%
under the operating parameter ranges of ng = 8 x 101°-3 x 10'® m=3 (red rhombus), Ly = 1.5-5.0 cm (cyan square) and U = 300-800 V
(green circle), where the dashed line represents the cases with equal values of fex analytical and fext,scale -

4. Discussions concerning the effect of IPEG
spacing on the ion extraction characteristics

In this section, the influences of the IPEG spacing on the
ion extraction characteristics are discussed based on the ana-
lytical model obtained in Section 3. The case listed in Table 1
is still selected as the reference case, and thus, the correspond-
ing parameters characterizing the ion extraction process, €.g.,
the end time of the first stage (T, end) and the second stage
(T4is), the sheath thickness at the end time of the second stage
(S4is), are used as the reference values. While, for other cases,
the operating parameters except for the value of IPEG spacing
are also the same as those listed in Table 1.

4.1. Effect of IPEG spacing on the end times of the first
and second stages

Variation of the relative value of the end time of the first
stage (T end) under different IPEG spacings is shown in Fig. 7.
Since the value of (D + Sy ca) decreases at first and then in-
creases with the increase of the total IPEG spacing and reaches
its local minimum value at D = (¥)'/2 (a detailed derivation
can be found in Appendix C), the value of T, ¢ng shows a non-
monotonic variation trend according to Eq. (7).

110
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Fig. 7. Variations of T}, end, Tais and Sgis with the IPEG spacing. The
relative values are based on the corresponding values of the case listed
in Table 1.

As shown in Fig. 7, a similar variation trend also exists
for the end time of the second stage (73is) with an increase of

the total IPEG spacing, which results from a comprehensive
influence of the IPEG spacing (D), the initial matrix sheath
thickness on the anode side (S an), the end time of the first
stage (Tm,end) and the sheath thickness at the end of the sec-
ond stage (Sgis) according to Eq. (14). Among the foregoing
factors, the value of (D + Sy an) shows a nonmonotonic vari-
ation trend with the increase of the total IPEG spacing and
a local minimum peak appears near D = (¥)'/? (seen also
in Appendix C), while the change of Ty, ¢nq i less significant
compared with (D + Sy an) by comparing Figs. 7 and C2, and
the variation of Sg;s is negligible (Fig. 7). Consequently, the
term of (D + Sm an) plays a major role in determining the non-
monotonic variation trend of the end time of the second stage
(Tyis) under different IPEGs.

4.2. Effect of IPEG spacing on the ion extraction ratios at
the end of the first and second stages
In this section, the variables of | and r; are denoted as the
ion extraction ratios at the end of the first and second stages,
respectively. Since the number of remaining ions in the Lang-
muir sheath at the end of the first stage is much smaller than
that in the initial matrix sheath,/*! r| can be approximated as
Sm,ca + Sm,an
A—-2D ’

when ignoring the remaining ions in the Langmuir sheath. The

(16)

r'1,approx =

comparison of r| obtained from the original analytical model
(Table 2) and the approximate expression [Eq. (16)] is shown
in Fig. 8. It is seen that both of the calculated values of r| de-
crease with an increase in the IPEG spacing with a maximum
relative discrepancy of 25.0%. The variation trend of r| can
be explained based on Eq. (16) as follows: With the increase
of D, the decreasing effect of (Sm ca + Sm,an) is much more sig-
nificant than the increasing effect of (A —2D)~! (e.g., for the
typical case in Table 1, with an increase of AD =0.1, (Sp.ca +
Sm.an) decreases by 0.43%, while (A —2D)~! only increases
by 0.04%), thus, the comprehensive effect of (S ca + Sm,an)
and (A —2D) leads to a decrease of r; with the increase of
IPEG spacing.
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Fig. 8. Variations of ion extraction ratios at the end of the first and
second stages obtained from the original analytical model and the cor-
responding approximated expressions.

Similarly, assuming a uniform density profile in the bulk
plasma and ignoring the remaining ions in the Langmuir

sheath at the end of the second stage,!”! r, can be approxi-
mated as

A — Sgis Sdis — Ssup end,ca
c=1— —=—1. (17
2sppre A-=2D P Tais — sup,end,ca an

The variations of r, obtained from the original analytical
model (Table 2) and the approximate formula [Eq. (17)] are
also shown in Fig. 8 with the same decreasing trend and a
maximum relative discrepancy of 11.5%. Since the decreasing
effect of [—(A —2D)~!] is more obvious than the increasing
effects of the exponential term and of (A — Sgis) (e.g., for the
typical case in Table 1, with an increase of AD =0.1, the value
of [~(A —2D)~!] decreases by 0.04%, while the exponential
term only increases by 0.003% and the change of (A — Sgis) is
less than 3 x 107%), the value of r, is mainly determined by
the factor of (A —2D), and also decreases with the increase of
the IPEG spacing.

4.3. Effect of IPEG spacing on the ion extraction time and
specific ion extraction time

The analytical model presented in Table 2 shows that the
ion extraction time is comprehensively determined by the end
time of the second stage, the number of remaining ions to be
extracted and the ion extraction flux in the third stage. Gener-
ally, an earlier end time of the second stage, a smaller number
of ions remaining at the end of the second stage, and/or larger
ion extraction flux in the third stage will lead to a shorter ion
extraction time. Considering the variation trend of Ty with
the IPEG spacing as shown in Fig. 7: (i) On the left part of the
local maximum point, with the increase of the IPEG spacing,
both the decrease in the number of remaining ions to be ex-
tracted at the end time of the second stage and the increase in
(Tais — T end) Which leads to an increase in the ion extraction
flux during the third stage play dominant roles in determining
the ion extraction time; consequently, less time is required for
extracting the remaining ions, and thus, resulting in a decrease

of the total ion extraction time. (ii) While, on the right part of
the local maximum point, the earlier end of the second stage
primarily contributes to the decrease in the total ion extraction
time as the IPEG spacing increases. Therefore, the ion ex-
traction time (7¢x;) generally decreases with increasing IPEG
spacing, as shown in Fig. 9.
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Fig. 9. Variations of the ion extraction time (7.x) and the specific ion
extraction time (7Texr) With the IPEG spacing. The relative values are
based on the corresponding value of the case listed in Table 1.
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When the electrode gap spacing is fixed, an increase in the
IPEG spacing indicates a reduction of the initial bulk plasma
volume, i.e., a decrease of the initial total number of ions.
Therefore, it is not sufficient to evaluate the efficiency accu-
rately and comprehensively by merely using the parameter of
ion extraction time. Thus, the concept of “specific ion extrac-
tion time”, which is defined as the ion extraction time per unit
mass, is introduced in this section and expressed as

Text
A—2D’

Text =

(18)

Based on Eq. (18), with the increase of the IPEG spacing
(D), although the ion extraction time (7¢x) decreases, while
simultaneously the initial number of ions also decreases sig-
nificantly, i.e., the value of (A —2D)~! increases significantly,
and plays an important role in determining the value of Tex:.
For example, for the typical case listed in Table 1, when the
value of (2D/A) increases from 10% to 20%, the value of Tux
decreases by 1.4%, while the initial number of ions decreases
by 11.1%. Therefore, the specific ion extraction time increases
with the increase of the IPEG spacing, as shown in Fig. 9. In
our opinion, in terms of actual applications, on the one hand,
the specific ion extraction time is more appropriate to evaluate
the efficiency of the ion extraction process when considering
the existence of the IPEGs. A shorter specific ion extraction
time means that less time is required to extract ions per unit
mass, which indicates a higher ion extraction efficiency. On
the other hand, it is essential to comprehensively consider the
requirements for the higher ion extraction efficiency and the
lower deposition of neutral particles on the electrodes with an
optimized IPEG spacing.
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In summary, the effect of the IPEG spacing on the key pa-
rameters discussed in this section can be summarized as listed
in Table 3, where the symbols D¢ ca, D¢ an, Nrem,1 and Ity de-
note the critical points of (D + Sy ¢a) and (D + Sy an), as shown
in Fig. B1, the number of remaining ions to be extracted at the
end of the second stage, and the averaged ion extraction flux
in the third stage, respectively.

Table 3. Effect of the IPEG spacing on the key parameters discussed in
Section 4.

Parameter Dominant factor Variation trend with
increasing IPEG spacing

Tonend D+ Smea Decrea?ing (i).if D < D¢,
Increasing (1) if D > D¢ ca
Ty —(D+Sman) Increasil‘lg (@) if D < Dcan
Decreasing (}) if D > D¢ an

r Sm,ca + Sm,an Decreasing ()

r —(A—2D)7! Decreasing ()
Tou Neem11> Iin Decreasing ({) if D < D¢ an
Tais Decreasing (1) if D > D¢ an

Toxt (A—2D)7! Increasing (1)

5. Concluding remarks and future research

In this paper, a 1-D theoretical analysis of the charged-
particle transport in a wall-confined laser-induced decaying
plasma with the consideration of an initial plasma—electrode

Symbols T

1Y

Sheath IRW-C IRW-A || [~

@ Ion

o Electron

“"=z2>Matrix sheath fluxi::::" Bohm flux

gap (IPEG) under an externally applied electrostatic field is
conducted. The major conclusions are as follows.

(1) A 1-D analytical model for the whole ion extraction
process is established in a laser-induced decaying plasma con-
fined between two parallel metallic electrodes under an elec-
trostatic field with a special focusing on the IPEG effect. This
newly developed analytical model is validated by PIC mod-
eling and the experimental scaling relation, and can be re-
duced to its counterpart with no consideration of the IPEGs re-
ported in our previous study when the IPEG spacing becomes
zero. Based on this analytical model, the spatiotemporal evo-
lution of the 1-D wall-confined decaying plasma, as well as
the sheath expansion and IRW propagation during the whole
ion extraction process with the consideration of the IPEG, is
illustrated in Fig. 10.

(2) With the increase of the IPEG spacing, the ion ex-
traction ratios at the end of the first stage (r;) and the second
stage () both decrease, while the end time of the first stage
(T end) and the second stage (7Tgis) show nonmonotonic vari-
ation trends mainly due to the nonmonotonic variation trends
of the sum of IPEG spacing and matrix sheath thickness on the
cathode side (D + Sy, ca) and that on the anode side (D + Sy an),
respectively.

Category of ion extraction flux

Langmuir sheath flux

I -
00 [ONNOENCI O

O (Cathode)

>
A (Anode) X

Fig. 10. Schematic of the spatiotemporal evolution of the sheath expansion, IRW propagation and ion extraction fluxes in a 1-D wall-confined
decaying plasma under an electrostatic field with considering the IPEG effect, where the purple region stands for the bulk plasma and the yellow

region stands for the region filled with ions.
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(3) With the increase of the IPEG spacing, the ion ex-
traction time (7¢x) generally decreases, while the specific ion
extraction time (Tex) increases, mainly resulting from the de-
crease of the initial number of ions to be extracted. In contrast
to Text, Text May be more appropriate to evaluate the efficiency
of the ion extraction process when considering the existence
of the IPEGs in practice.

Although the 1-D analytical model developed in this
study provides a deeper understanding to the underlying phys-
ical mechanisms concerning the IPEG effect on the ion extrac-
tion characteristics, which may provide a theoretical guidance
for an optimal design of the operating parameters in actual ap-
plications, further development of the analytical models tak-
ing into account actual operating parameters and geometrical
configurations of the ion extraction system is still indispens-
able in future research. For example, even in a parallel-plate
electrostatic extraction system, the initial plasma density dis-
tribution may be spatially non-uniform and decreases towards
the edge due to the non-uniform energy distribution of the laser
beams, #>*3] which may lead to two-dimensional (2-D) effects
with non-negligible influences on the ion extraction character-
istics; the ions escaping from the upper and lower boundaries
of the extraction region may not be neglected provided that the
size of the plasmaregion in the vertical direction is comparable
to the length of the electrode, as provided by the PIC simula-
tion results in Refs. [34,41]. On the other hand, in some com-
plex geometries such as M-type or Il-type electrode config-
urations, the spatiotemporal evolutions of plasma parameters
may be quite different from those in a 1-D system. For exam-
ple, under a I1-type electrode configuration, the electric poten-
tial difference between the center region of the plasma and the
cathode is less than the externally applied voltage, which sug-
gests that the I1-type electrode configuration can not be simply
approximated as a half-plasma-width 1-D parallel-plate elec-
trode configuration as discussed in Ref. [14]. Therefore, an
improved analytical model considering the 2-D ion extraction
effects needs to be developed in future research based on the
present work. Further comparisons with experimental data for
different plasmas with different ion masses are also indispens-
able, especially based on systematic experimental studyies on
the ion extraction simulation experimental platform (IEX) es-
tablished in our lab with a wider operating window of the key
plasma parameters such as the initial plasma density and elec-

tron temperature. 4]

Appendix A: Brief discussions on the PIC simu-
lation method and parameter selections

The EDIPIC code employs a direct implicit algorithm
for advancing the particles, which is a momentum con-
servation scheme but does not accurately ensure energy
conservation. 401 Ag reported in Ref. [46], the numerical

heating or cooling effects of the direct implicit algorithm will
decrease with decreasing in vy, (A7 /Ax, where vy, ¢, Af and Ax
stand for the electron thermal velocity, time step and grid size,
respectively. Numerical modelling under different simulation
parameters in Ref. [46] shows that when the grid size (Ax)
is less than 3 times the Debye length (Ap) and v, (Ar/Ax is
less than 0.3, the ion current and ion density distribution ob-
tained by the direct implicit algorithm are both in good agree-
ment with those obtained by the explicit energy conservation
algorithm. In Ref. [45], it is found that when Ax < Ap and
At < 0.2ape (Where @y represents the electron plasma fre-
quency), the direct implicit algorithm, explicit energy conser-
vation algorithm, and the traditional explicit momentum con-
servation algorithm all converged to the consistent results.

According to Ref. [25], the values of Ax and At in this
paper are selected as Ax < Ap and Ar < Ax/v., where v,
is set at 20 times the electron thermal velocity; and thus,
ViheAt /Ax = 0.05 and Ax/ve < 0.2@y; that is to say, the pre-
ceding selection for Ax and Ar satisfies the criteria specified
in Refs. [45—47], which will effectively suppress the numer-
ical heating/cooling effects, and to some extent, ensure the
accuracy and stability of the numerical simulations using the
EDIPIC code in this study.

In addition, grid independence is also necessary for ob-
taining accurate modeling results. The calculated values of the
ion extraction time (fex) for the typical case listed in Table 1
under different grid sizes varying from Ax = Ap to Ap/12 are
shown in Fig. Al. It is seen that the value of 7. is negligi-
bly affected when the grid size is smaller than Ap /10, e.g., the
relative discrepancy of z.x; between the cases of Ax = Ap/10
and Ax = Ap/12 is lower than 0.1%. Therefore, the selection
of Ax = 0.1Ap is reasonable for obtaining grid-independent
modeling results.

22.0

21.0

text (Bs)

20.5

Loy by by by Iy oy |
20. 11
0.0 2 4 6 8 10 12

)\D/Aw

o

Fig. Al. Variation of the ion extraction time with different grid sizes
using the code EDIPIC for the typical case listed in Table 1.

Appendix B: Derivation of matrix sheath thick-
ness on the anode side during the first stage

In this study, it is assumed that: (i) All the electrons in
the electron sheet near the anode during the first oscillation
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period are absorbed by the anode. This is always valid be-
cause the electric field in this region decreases approaching
the anode surface, and thus, the electrons are subjected to a
stronger attraction force from the anode surface than that from
the bulk plasma. Consequently, they will be gradually sepa-
rated from the electrons in the bulk plasma region and be ab-
sorbed by the anode, as described in Ref. [18]. (ii) The sum
of lengths of ion sheet near the cathode and anode remains at
a constant value of Sy, ca. (iii) During the first several oscilla-
tion periods, the ion density in the ion sheets and the length
of the plasma—electrode gap spacing both remain unchanged.
These assumptions are valid under the following two condi-
tions: Firstly, the electrons are not completely exhausted at
the anode surface during the first half oscillation period, which
corresponds to a critical initial plasma density (7.) derived in
Ref. [18]. Only if the initial plasma density () is larger than
ne, the subsequent electron oscillation process can occur. For
the typical case listed in Table 1, n. = 3.2 x 10'* m~3, which
is much smaller than ng; thus, the electron oscillation and the
matrix sheath extraction stage exist as described in Subsec-
tion 3.1.1. Secondly, the electron oscillation frequency (®ysc)
is required to be much larger than the ion plasma frequency
(@p;) in order that the advance of the ions toward the elec-
trodes during the first several oscillation periods is negligible
compared to the motion of electrons. According to Ref. [18],
Wosc/ Bpi = /(2D + Sm.ca) /A - y/mi/me; and for the typical
case listed in Table 1, Wysc/@pi = 82.9 > 1.

¥ 1 Smea—l 0
. - Q
- - - NEE
g Q.0 S C.) . 0 o &
Q 0 00 0 0 o o
o T

Fig. B1. Schematic of the species spatial distributions in the first several
oscillation periods of the electron oscillation process.

As shown in Fig. B, if we denote the thickness of ion
sheet near the cathode as /, the electric field in the bulk plasma
region based on the Poisson equation and the corresponding
boundary conditions and continuity conditions can be solved
and be expressed as

2%+ (2D + Smea) (2 — Smca)
Epui (1) = A -

Considering an ion located between the bulk plasma and

(B1)

the ion sheet near the anode, the maximum distance that this
ion can travel toward the cathode is the maximum thickness of
the ion sheet near the anode or the matrix sheath thickness on
the anode side (Sm.an), Which can be obtained according to the
kinetic energy theorem as follows:

Sm,ca _Sm,an
/ Evak(1)dl = 0. (B2)

Combining Egs. (B1) and (B2), Sy an can be expressed as

2%

—_—. B3
2D+ Sm.ca ®3)

Sm,an = Sm,ca -

Appendix C: Analyses of the variation trends of
(D + Sm,ca) and (D + Sy an) With D based on the
analytical model in this paper

If we define the functions f(D) = D+ Spca and g(D) =
D + S an, we have the following relationship:

¥ " ¥
(D) =D+ = /(D) =1~ =4 >1-1=0, (CI)
¥ 2%
D)=D+-2_ =0
(D) =D+ 2D+%/D
2%, (2D*— ¥ ¥
—>g’(D)=°(7§) - >0+1-1=0, (C2)
(2D% + %) b

according to Eq. (2) when D > D. = (¥)'/%. Thus, f and g
will both increase with increasing in D since their first deriva-
tives with respect to D are both always positive. While when
D < D, = (¥)'/2, although the value of Sy, ¢, can be obtained
exactly by solving a cubic equation, this exact solution is com-
plicated and difficult for analyzing the variation trend of f or
g with D. Therefore, a reasonable simplification for the case
of D < D, is necessary. If we define

D*Spca—D?
N=xm> Yo — (C3)
2D Sm@a + 3DSm,ca + Sm,ca
then, based on Eq. (2), we have
6% /D?
n=\|-1+ Lﬂ , (C4a)
1= (Smca/D)
Sm,ca 5 2%/D2
— =h(%/D ——1 C4b
D ( 0/ ) + h(%/Dz) ) ( )

(C4c)

It is seen from Eqs. (C3) and (C4) that 1 is a function of
€4 /D2). With the aid of numerical calculation, 1 is always
no more than 0.05 as shown in Fig. C1. Therefore, an ap-
proximation of (—D?> + Dsz&a) ~ 0 can be used for the case
of D < D.; and consequently, Eq. (2) can be simplified as a
quadratic equation in terms of Sy, ¢a as follows:

St .ca+3DSmca +2D* — 6% =0

3D \/D? +24%,

2 2 €5

_>Sm,ca = -
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Fig. C1. Variation of 1 with %/D? when D < D, = (%)'/2.
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Fig. C2. Comparisons of (a) S ca, (D +Sm ca) and (b) S an, (D +Sm,an)
between the values obtained by the original analytical model [Eqgs. (2)
and (3)] and the corresponding approximate formulae [Egs. (C5) and
(C6)). The grey dashed line is located at 2(%)'/2/A.

By introducing Eq. (C5) into Eq. (3), the approximated
value of Sy an can be written as

3D /D2 + 24, 4%,

Stman = — . (©6)
2 2 /D2 +24% + D
Based on Egs. (C5) and (C6), we have
D D? 4+ 24%,
f (D)= T T
1 D
— f == ———-1] <0, (1))
() 2\ /D2 424
g(D)*fB D> +24% 4%
2 2 /D2 +24% + D
8%
— ¢ (D) = ° <0, (C8)

" D\/D?+24%, + D2 +24%,

for the case of D < D, = (¥)'/2. Thus, it can be seen that
f and g will both decrease with the increase of D since their
first derivatives with respect to D are both always negative as
shown in Figs. C2(a) and C2(b), respectively. The approxi-
mated values of Sy, ca and Sy an Obtained by Egs. (C5) and (C6)
agree well with those obtained by Eqs. (2) and (3) with max-
imum relative discrepancies of 3.7% and 9.7%, respectively.
Correspondingly, the variations of (D + Sm ca) and (D + Sm an)
show nonmonotonic variation trends with increasing in D. It
should be noted that the local minimum point of (D + Sy, an) in
Fig. C2(b) is not exactly at D = (¥)'/? with a relative discrep-
ancy of 10.3%. This is because the predicted value of Sy, an by
Eq. (C6) deviates slightly from that predicted by the original
analytical model [Eq. (3)].

Acknowledgement

Project supported by the National Key Laboratory of Par-
ticle Transport and Separation Technology (Grant No. WZKF-
2024-2).

References

[1] Lieberman M A 1989 J. Appl. Phys. 66 2926
[2] Riemann K U and Daube T 1999 J. Appl. Phys. 86 1202
[3] Daube T, Meyer P, Riemann K U and Schmitz H 2002 J. Appl. Phys.
91 1787
[4] Widner M, Alexeff I, Jones W D and Lonngren K E 1970 Phys. Fluids
132532
[51 Chen F F 1982 Phys. Fluids 25 2385
[6] LiHP, Wang P, Wang X, You W, ChaiJJand Li ZY 2015 High Voltage
Eng. 41 2825 (in Chinese)
[71 Li HP, Wang X, Wang P, Chai J J and Li Z X 2016 High Voltage Eng.
42 706 (in Chinese)
[8] Ogura K, Arisawa T and Shibata T 1992 Jpn. J. Appl. Phys. 31 1485
[9] Nishio R, Yamada K, Suzuki K and Wakabayashi M 1995 J. Nucl. Sci.
Technol. 32 180
[10] Kurosawa H, Hasegawa S and Suzuki A 2002 J. Appl. Phys. 91 4818
[11] Singh P, Sridhar G and Maiti N 2023 IEEE Trans. Plasma Sci. 51 35
[12] Yamada K, Tetsuka T and Deguchi Y 1991 J. Appl. Phys. 69 8064
[13] Lu X Y, Yuan C, Zhang X Z and Zhang Z Z 2020 Chin. Phys. B 29
045201
[14] Wang Y T, Chen J, Li H P, Jiang D J and Zhou M S 2021 Jpn. J. Appl.
Phys. 60 SAABOS5
[15] Matsui T, Tsuchida K, Tsuda S, Suzuki K and Shoji T 1996 Phys. Plas-
mas 3 4367
[16] Matsui T, Tsuchida K, Tsuda S, Suzuki K and Shoji T 1997 J. Nucl.
Sci. Technol. 34 923
[17] Ohzu A, Suzuki Y, Maruyama Y and Arisawa T 2000 Phys. Plasmas 7
770
[18] Wang Y T, Luo L Y, Li H P, Jiang D J and Zhou M S 2022 Acta Phys.
Sin. 71 232801 (in Chinese)
[19] Yamada K and Tetsuka T 1994 J. Nucl. Sci. Technol. 31 301
[20] Murakami M, Ueshima Y and Nishihara K 1993 Jpn. J. Appl. Phys. 32
L1471
[21] Zhidkov A G 1998 Phys. Plasmas 5 541
[22] Zhu H L and Wang D W 2003 Arom. Energy Sci. Technol. 37 467 (in
Chinese)
[23] Okano K 1992 J. Nucl. Sci. Technol. 29 601
[24] Murakami M and Nishihara K 1993 Phys. Fluids B § 3441
[25] Wang Y T, Sun X L, Luo L Y, Zhang Z M, Li H P, Jiang D J and Zhou
M S 2023 Chin. Phys. B 32 095201
[26] Vitello P, Cerjan C and Braun D 1992 Phys. Fluids B 4 1447

115201-12


http://dx.doi.org/10.1063/1.344172
http://dx.doi.org/10.1063/1.370871
http://dx.doi.org/10.1063/1.1430895
http://dx.doi.org/10.1063/1.1430895
http://dx.doi.org/10.1063/1.1692823
http://dx.doi.org/10.1063/1.1692823
http://dx.doi.org/10.1063/1.863724
https://doi.org/10.13336/j.1003-6520.hve.2015.09.001
https://doi.org/10.13336/j.1003-6520.hve.2015.09.001
https://doi.org/10.13336/j.1003-6520.hve.20160308021
https://doi.org/10.13336/j.1003-6520.hve.20160308021
http://dx.doi.org/10.1143/JJAP.31.1485
http://dx.doi.org/10.1080/18811248.1995.9731694
http://dx.doi.org/10.1080/18811248.1995.9731694
http://dx.doi.org/10.1063/1.1454191
http://dx.doi.org/10.1109/TPS.2022.3224771
http://dx.doi.org/10.1063/1.347454
http://dx.doi.org/10.1088/1674-1056/ab75d8
http://dx.doi.org/10.1088/1674-1056/ab75d8
https://doi.org/10.35848/1347-4065/abb75c
https://doi.org/10.35848/1347-4065/abb75c
http://dx.doi.org/10.1063/1.872053
http://dx.doi.org/10.1063/1.872053
http://dx.doi.org/10.1080/18811248.1997.9733765
http://dx.doi.org/10.1080/18811248.1997.9733765
http://dx.doi.org/10.1063/1.873871
http://dx.doi.org/10.1063/1.873871
http://dx.doi.org/10.7498/aps.71.20221431
http://dx.doi.org/10.7498/aps.71.20221431
https://doi.org/10.3327/jnst.31.301
https://doi.org/10.1143/JJAP.32.L1471
https://doi.org/10.1143/JJAP.32.L1471
http://dx.doi.org/10.1063/1.872737
https://doi.org/10.3969/j.issn.1000-6931.2003.05.019
https://doi.org/10.3969/j.issn.1000-6931.2003.05.019
http://dx.doi.org/10.1080/18811248.1992.9731573
http://dx.doi.org/10.1063/1.860637
http://dx.doi.org/10.1088/1674-1056/ace033
http://dx.doi.org/10.1063/1.860055

Chin. Phys. B 34, 115201 (2025)

[27]
[28]
[29]

[30]
[31]

[32]
[33]

[34]
[35]

[36]
[37]

Chen J, Xiang J Q, Guo H, Li H P, Chen X, Wang P, Chai J J, Jiang D
J and Zhou M S 2017 High Voltage Eng. 43 1830 (in Chinese)

Chen J, Fu T Z, Guo H, Li H P, Jiang D J and Zhou M S 2019 Plasma
Sci. Technol. 21 045402

Chen J, Khrabrov A V, Wang Y T, Li J, Li H P, Jiang D J and Zhou M
S 2020 Plasma Sources Sci. Technol. 29 025010

Allen J E and Andrews J G 1970 J. Plasma Phys. 4 187

Khrabrov A V, Kaganovich I D, Chen J and Guo H 2020 Phys. Plasmas
27 123512

Litvinov I T 1997 J. Russ. Laser Res. 18 87

Chen J, Li J, Li H P, Jiang D J and Zhou M S 2020 High Voltage Eng.
46 729 (in Chinese)

Wang Y T 2024 Studies on the Transport Mechanisms of the Charged
Particles in Low-pressure Bounded Plasmas (Ph.D. Dissertation) (Bei-
jing: Tsinghua University) (in Chinese)

Mahdieh M H and Gavili A 2003 Plasma Sources Sci. Technol. 12 513
Yamada K, Tetsuka T and Deguchi Y 1990 J. Appl. Phys. 67 6734
Yamada K, Tetsuka T and Deguchi Y 1991 J. Appl. Phys. 69 6962

[38]
[39]
[40]
[41]

[42]

[43]
[44]

[45]
[46]

[47]

115201-13

Yamada K, Okada H, Tetsuka T and Yoshioka K 1993 J. Nucl. Sci.
Technol. 30 143

Sydorenko D 2006 Particle-in-cell simulations of electron dynamics
in low pressure discharges with magnetic fields (Ph.D. Dissertation)
(Saskatchewan: The University of Saskatchewan)

Xiong J G and Wang D W 2000 Acta Phys. Sin. 49 2420 (in Chinese)
Singh P, Sridhar G and Maiti N 2023 Curr. Appl. Phys. 47 30

Yan M, Wang D W, Ying C T and Zhu X H 1994 Nucl. Sci. Eng. 14
271 (in Chinese)

Chen X, Lu X Y and Cai L 2024 AIP Adv. 14 085212

Chen J, Liu Z Q, Guo H, Li H P, Jiang D J and Zhou M S 2018 Acta
Phys. Sin. 67 182801 (in Chinese)

Wang HY, Jiang W, Sun P and Kong L B 2014 Chin. Phys. B 23 035204
Sun H, Banerjee S, Sharma S, Powis A T, Khrabrov A V, Sydorenko D,
Chen J and Kaganovich I D 2023 Phys. Plasmas 30 103509

Donké Z, Derzsi A, Vass M, Horvath B, Wilczek S, Hartmann B and
Hartmann P 2021 Plasma Sources Sci. Technol. 30 095017


https://doi.org/10.13336/j.1003-6520.hve.20170527011
http://dx.doi.org/10.1088/2058-6272/aaf884
http://dx.doi.org/10.1088/2058-6272/aaf884
http://dx.doi.org/10.1088/1361-6595/ab5b5c
http://dx.doi.org/10.1017/S0022377800004906
http://dx.doi.org/10.1063/5.0021833
http://dx.doi.org/10.1063/5.0021833
http://dx.doi.org/10.1007/BF02558670
https://doi.org/10.13336/j.1003-6520.hve.20200131042
https://doi.org/10.13336/j.1003-6520.hve.20200131042
https://newetds.lib.tsinghua.edu.cn/qh/paper/summary?dbCode=ETDQH&sysId=295525
https://newetds.lib.tsinghua.edu.cn/qh/paper/summary?dbCode=ETDQH&sysId=295525
https://newetds.lib.tsinghua.edu.cn/qh/paper/summary?dbCode=ETDQH&sysId=295525
http://dx.doi.org/10.1088/0963-0252/12/4/303
http://dx.doi.org/10.1063/1.345111
http://dx.doi.org/10.1063/1.347633
http://dx.doi.org/10.1080/18811248.1993.9734462
http://dx.doi.org/10.1080/18811248.1993.9734462
https://harvest.usask.ca/bitstream/10388/etd-06142006-111353/1/DmytroSydorenko_PhD_Thesis.pdf
https://harvest.usask.ca/bitstream/10388/etd-06142006-111353/1/DmytroSydorenko_PhD_Thesis.pdf
https://harvest.usask.ca/bitstream/10388/etd-06142006-111353/1/DmytroSydorenko_PhD_Thesis.pdf
https://doi.org/10.7498/aps.49.2420
http://dx.doi.org/10.1016/j.cap.2022.12.007
https://kns.cnki.net/kcms2/article/abstract?v=Y4WXQ1XfpS74-PtI81cWo8QKgGrBi_ad4Sr2eNVLWckFaOXQQi0o_EorHnQ_gvDs8ucQBPk7k71zZ6aMkqUg_ynz4NyZxDZWjL3E4icNgnA-0CRBduq4gMi9ote8dEX98K1y1GSjzRGn-ah8iZPg5U355zXj3opz&uniplatform=NZKPT
https://kns.cnki.net/kcms2/article/abstract?v=Y4WXQ1XfpS74-PtI81cWo8QKgGrBi_ad4Sr2eNVLWckFaOXQQi0o_EorHnQ_gvDs8ucQBPk7k71zZ6aMkqUg_ynz4NyZxDZWjL3E4icNgnA-0CRBduq4gMi9ote8dEX98K1y1GSjzRGn-ah8iZPg5U355zXj3opz&uniplatform=NZKPT
http://dx.doi.org/10.1063/5.0206433
https://doi.org/10.7498/aps.67.20180919
https://doi.org/10.7498/aps.67.20180919
http://dx.doi.org/10.1088/1674-1056/23/3/035204
http://dx.doi.org/10.1063/5.0160853
http://dx.doi.org/10.1088/1361-6595/ac0b55

	1. Introduction
	2. Physical model and PIC simulation code
	3. Derivation and validation of the analytical model 
	3.1. Theoretical analyses of the whole ion extraction process considering the effect of the IPEG
	3.1.1. Effect of IPEG on the electron oscillation and matrix sheath formation in the first stage
	3.1.2. Effect of IPEG on Langmuir sheath expansion and IRW propagation in the second and third stages

	3.2. Validation of the analytical model

	4. Discussions concerning the effect of IPEG spacing on the ion extraction characteristics
	4.1. Effect of IPEG spacing on the end times of the first and second stages 
	4.2. Effect of IPEG spacing on the ion extraction ratios at the end of the first and second stages
	4.3. Effect of IPEG spacing on the ion extraction time and specific ion extraction time 

	5. Concluding remarks and future research
	References

