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Abstract

A nagnetic filter (AIF) reflecting electrons from both sides can separate a low-temperature
and low-density subplasma from a high-temperature and high-density main plasma. The one-
dimensional numerical simulation by the particle-in-cell code revealed that. depending on the
asymumetry. the plasma divided by the ME behaves dypamically or statically [K. Ohi et al.,
Phvsics of Plasmas 8. 23 (2001)]. The transition between the two bifurcated states is dis-
continuous. In the dvnamic state. the autononious potential oscillation in the subplasma 15
svnchronized with the passage of the shock wave structure generated by the modulated ion
heawm from the main plasma. The stationary phase of the dvnamic state appears after the
amplitude of the potential oscillation in the subplasma grows exponentially from the thermal
noise. Inr the static state. the svstem is stable to the growth of the potential oscillation in the

subplasma.
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Abstract

A magnetic filter (AMF} refledting clectrons fiom botls sides can separate a low-temperatuie and low-density
subplasma from a high-temperature and high-density main plasma. The one-dimensional numerical simulation
by the particle-in-cell code revealed that. depending on the asyvinmetiv, the plasma divided by the AMF behaves
dvuamically or statically [K. Ohi et al. Phvsics of Plasmas 8. 23 (2001)]. The transition between the two
bifurcated states is discontinuous. In the dyvnamic state. the autonomous potential oscillation in the subplasma
i~ ssnchronized with the passage of the shock wave strucrure generated by the modulated ion beam from the
main plasma. The stationarv phase of the dynamic state appeais after the amplitude of the potential oscillation
in the subplasma grows exponentially from the thermal noise. In the static state. the svstem is stable to the
srowth of the potential oscillation in the subplasma.
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1 Introduction Hmit exvdle {periodic attractor) w which the poten-
tial in the subplasma exhibits the autonomous oscilla-
A Magnetic filter {(AF) is a localized magnetic field tion synchronized with the passage of the shock wave
usually generated by the arrav of permanent magnets. structure caused by the modulated ion beam from the
The AIF installed in the vacuum chamber can sepa- main plasma. {3) The tiansition between the states
rate a plasma into two regions with different parame- is the Hopf bifurcation from the stable equilibrium to
ters. The transport of charged particles across the AMF the limit cvele. (4) The transition is discontinuous at
can be controlled by the properly selected strength of the boundary {critical point).
the MFE due to the difference of the mass. the charge. The basic ideas to understand the physical picture
and the energy([l. 2]. In this paper. the strength of underlving the above mentioned complex phenomena
the NF is chosen to reflect only electrons from both are described in the previous paper[5]. Aleasurements
sides of the ATF: it has little influence on ion dynam- of the simulation results supported the validity of the
ics because of large inertia. Due to thermal insula- ideas in some respects. This paper is intended to add
tion of electrons by the MF. a subplasma with low more detailed measurements of the simulation results
density and low temperature can exist adjacent to a to confirm the ideas. Our concern is focused on the
main plasma with high density and high temperature. clues of the following two subjects. One is to explain
It is to be noted that the potential gap created scl- the mechanisin why the system exhibits autonomous
consistently at the MF can also have a cracial effect oscillations in the dvnamic state. The other is to elu-
on particle dyvnamics across the MFE. For the numer- cidate the mechanism which makes the transition dis-
wal study of asvinmerric plasma divided by the M. continuous.
we used a visualized particle-in-cell simulation code This paper is organized as follows. An one-
i one dimension. VSIMIDI[3]. which runs on a PC- dimensional simulation model of the asvmmetric plas-
UNIX operating svstem and displavs the real time ma with the MF located at the center is described
portraval of the phase space plots of charged parti- Sec. 2. Simulation results are presented in Sec. 3.
cles and the potential profile. ete.. on a monitor. The Conclusions and a discussion are given m Sec. 4.

numerical investigation found the following interest-
ing nonlincar phenomenalt. 5]: (1) Depending on the
asvmmetry. there are iwo bifurcated states: one 1s the
static equilibrium state and the other is the dynam-

ic state. (2) The dvnamic state corresponds to the A simulation model emploved in this paper is the

same as the one described in Ref.[5]. The major dif-
*(uest staff of National Institute for Fusion Science. Toki. ferences in simulation parameters are the number of
Gifu 508-5282. Japan {April 1. 1999 - Atarch 31. 2001) particies and the ion temperature. in order 1o reduce
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the thermal nowse owing to the discreteness of parti-
cles, the number of particles used in the simulation
is increased to four times as large as the one used in
Ref.[5]. To observe the temporal evolution of the fine
structure of the shock wave. the ion temperature is re-
duced by a factor of 1/4 lowering the ion sound speed
¢s = /(T + 3T:) /M, to enhance the AMach number.
Here, T, is the electron temperature. T, is the ion
temperature. and 1/, is the ion mass.

Physical quantities are expressed in normalized u-
nits. The length is normalized by the grid size A. The
time is normalized by the inverse of the electron plas-
ma angular frequency w.!. where w,. is defined by
the initial average electron density in the main plas-
ma. The normalized magnetic field strength is de-
fined by wee/wpe. where u, is the electron evelotion
angular frequency. Temperatuies and potentials are
normalized by m.A%w;, and me_\gtdge/e with e and
m,. being electron charge and mass. respectively. Full
dynamics of electrons and ions are followed under the
electrostatic approximation. Left and right bound-
aries of the system. r = 0 and r = L. = 100, are
grounded walls. Particles hitting the walls are ab-
sorbed there. The MF locates at the center of the
system (7 = ryp = 200). The ditection of the mag-
netic field is in the z-axis The spatial profile of the
magnetic field stiength is given by

B(r) = Byexp[ —0.5(x — oy Y /ad,p ],

where By = 0.5 and a;;r = 12. The main plasma
with Ty, =dand Ty, = 0.1 existsin x4, <r<L,.
whereas the subplasma with Ts. = 1 and Tg, = 0.1
exists in 0 € » < rarp. Here. Ty, and T, are elec-
tron temperatures. and Ty, and Ts, are ion temper-
atures in the respective plasmas. Hydrogen plasma
is assumed. Mass ratio is m,/m. = 1836. Time
step size 15 At = 0.2, Four elecirons and four ion-
s are injected every one time step in the source re-
gion of the main plasma (220 < r < 380). while
four electrons and fow ions are inserted evervy N,
(16 < N,, < 96) time steps in the source region of
the subplasma (20 < & < 180). Velocity distributions
of electrons in the respective source regions are re-
set to form new Alaxwellian distributions every 150
time steps. Without this artificial thermalization’
process. the electron velocity distributions would be
cooled down because only low energy electrons are
confined by the sheath potential next o the walis.

3 Simulation Results

There are several control parameters governing the
asvimetry of the plasma divided by the MF. In the
previous paper. By and N,;l are chosen for the control
parameters. In this paper. N,-;l is selected as the con-
trol parameter with a fixed value of By. Depending
on the value of N;;! being proportional to the plas-
ma production rate in the subplasma two bifurcated
states are observed as in Ref.[5]. For N;;! > 0.035 the
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static state manifests. In the static state, the space

potenfial of the subplasma is 0g ~ 37Tg.. while that
of the main plasma is &a; ~ 37T.. lons accelerated
by the potential gap at the MF penetrates into the
subplasma in which the ion beam component excites
no instability. For N, < 0.035 the system behaves
dynamically. The case of N, = 1/64 is shown in
Fig.1-5. Figure 1 expresses the temporal evolutions
of the potentials at the centers of the main plasma
and the subplasma. &1y and ¢g. respectively. The
potentials are time averaged over 7 = 20. In the s
tationary state at ¢ > 42000. o5 oscillates between
~ 3Tg, and ~ 3Ts.. whereas oy 18 almost constant
(dar ~ 3Ty with small ripples synchronized with
the oscillation of @g. The period of the autonomous
oscillation is about 2170.

Figure 2 depicts a Lissajous hgue of Ox {time
derivative of ¢g). versus og for 80060 < £ < 160000
{37 periods are included). In the terminology of non-
linear physics. the observed autonomous oscillation
in the subplasma can be recognized as the limit c¢y-
cle {pericdic attractor) with the radius of 0.5A¢, ~
0.5(3T ;- — 3T%.). where Agg is twice the amplitude
of the oseillating part of ¢g. The upper bound of é5
is limited by ~ 037 ~ 3T .: otherwise the direction
of the ion flux crossing the MF will be changed. The
lower bound of og is determined bv ~ 37T, because
loss of bulk electrons 1o the left wall in the subplasma
will prevent og from geing down further.

Figure 3 displays snap shots of the potential and ion
density profiles together with the phase space plots
of ions for two different times in one period. In the
phase space plots, red points indicate ions generated
in the main plasma. whereas blue points denote ions
born in the subplasma. Hence. the red points in the
subplasma show lons coming from the main plasma.
When the potential gap between two plasmas is large,
the ion beam flux with high energy and high density
gets into the subplasma from the main plasma and
overtakes slower ions (see Fig.3(a)): the shock wave
structure is foimed. There is a sharp densitv peak in
Fig.3(a) which corresponds to the shock front. The
shock front observed in Fig.3(a) splits into two shock
fronts as the shock wave structure propagates in the
subplasma (see Fig.3(b)}. The pcsitions of the shock
fronts are indicated by broken lnes in Fig.3. The s
light peaks of the potential profile are also found at
the same positions of the density peaks in the subplas-
ma. The ion density between the two shock fronts is
higher than that of the ambient plasma. In Fig.3(h)
the space potential of the subplasma is increased up
to the level of the main plasma beczuse of the intru-
sion of high-density ion beams. The faster shock front
{head) reflects ions in front of the shock wave struc-
ture. while the siower shock front (tail) throws back
ions at the rear of the shock wave structure. This
shock wave structure is very similar to the one exper-
imentally observed by Ikezi et al. [6]. They artificially
excited the laminar shock wave in the double plasma
machine by changing the potential gap between plas-
mas.

Figure 4 shows typical five periods of {a) poten-



tal vartations at the center of the main plasima and
the subplasma. oy and oo, (b) the ion Hux T, cross-
g the NF. {¢) 7, hitting the left wall at » — (.
1d) the clection flux I hitting the left wall, and (o)
the positions of the faster and <lower shock fronts
[he potentials in Figd(a) are extiacted from Fig.]
Theon and election duxes shown in Fig. H{b)-{d: me
measired by counting panticles crossing the rospoec-
The quantities depict-
ed m the ordinate in Fig (h)-(d) are the number of
counts pel one normalized time divided by the inital
number of ions (electrons) per one g1id in the main
plasma. The penod of the limit evele is determined
I the transit time of the shock wave structure. The
width between the shock fronts inereases in time. The

e positions over 7 o= 20

velocities of the faster and =lower shock fronts deter-
mined by Fig.d{e) are r;; = 0088 and vy = 0062,
respectively. Henceo the Mach number for the respoec-
tive shock fionts are Ay = (e — vy, /e = 1.19
and My = (v, — vr7)/co = 1.37, where vy, and
Conrp ale the maximum and minimium speed of the
modulated ion beam. (In Reff3]. it was difficult to
distinguish the position of the faster shock fiont be-
cause My ~ 1) T, s crossing the MF and the left wall
increase (decrease) as the potential gap Increases {de-
creases). I hitting the left wall mereases (decieases)
suddenly when the faster (slower) shock front 1each-
e~ the left wall. T', hitting the left wall exists onls
when the regiou between two shock fronts is touching
the left wall. When the potentisi in the subplasma
1s large. the elections in the subplasma cannot arrive
at the left wall because of the large sheath potential
It is clear that the shock wave structure approaching
the left wall trigger the reduction of ¢« by pushing
eleetrons (and ions) in front of the shock wave struc-
ture into the ion sheath without electrons. Hence.
o¢ decreases Just before the faster shock front hirs
the wall. The potential in the subplasma increases
after the slower shock front reaches the wall because
the ion flux behind the shock wave structure is small-
er than the high-densitv lon flux aceelerated by the
large potential gap at the MF. Hence the formation
of the shock wave structure is closelyv related to the
mechanism underiving the limitr cycle.

The mechanism approaching the stationarv stage of
the dynamic state can be explained in the following.
Due to the thermal noice. the potential gap hetween
the main plasma and the subplasma is modulated «-
lightlv. The weak shock wave structure. produced by
the velocity modulated ion beam. propagates in the
subplasina and reaches the left wall. If the 1educ-
tion of the space potential caused by the approaching
shock wave is bigger than that of the former potential
modulation. the stronger shock wave will be tormed.
This process ¢ontinues unt1l the maximum potential

Time ovolution

of the suhplasma goes up to ~ opy.
of twice the amplitude of the oscillating part of oy
in the transition stage. Aoyg. s presented in Fig.5.
We can see that Ao Increases linearly in the tian-
sition stage. The growth rate obtained from Fig 5 is
5 = (.96 x 107!, This growth rate is equivalent 1o the

fact that one shork wave amplifies Ao by a factor of
123 in exvery one transit time.

The N, ! dependence of =~ in the transition stage is
shown in Fig.0 as well as the N1 dependence of Ao,
in the stationay stage The cwve in Fig.6(b) is writ-
ten flom the data of - in the dyvnamie state When the
attonomous oscillation s not ohserved (statie state).
we plotted the data as Ao, = U and ~ = (1 (At the
moment it 1~ serv difficult to determine whether ~ = 0
o1 ~ < (O the static regime.) The positive values of
Ao, and - Fig 6 correspond 1o the dyvnamic state.
1 oreduces, the solu-
tion of this nonlinear svstem changes from the static
state to the dyvnamre state of the limit cvele {Hopf
bifurcation). The dyvnamic state of the limit cvele is
observed for N, ' < 1729, while the static state is
seen for N, ' > 1/28. The aiitical point between the
statie state and the dyvnamic state is at .\’;}1 ~ (0.035.
We can «ee clearly that ~ decreases to the value of
zevo when N7 increases up to the cutical point in
which the transition is discontinuous. In the dynamic
regime. as discussed i the previous paragraph. there
is the positive feedback owing to the transit of the
shock wave structure. In the static regime. we can
expect that there is no positive feedback because bulk
electrons mitigate the effect of the shock wave on the
potential reduction when it appoaches the left wall.
The static state cortesponds to the stable fixed point
(artractor). As the control parameter of f\';)l CTOSs
the cntieal poine from the stable regime. the stable
fixed point changes to the unstable one. So in the
dvnamic regime the solution of the noniinear svstem
moves from the unstable fixed powt to the stable pe-
11odic attractor.

As the control parameter of

4 Conclusions and Discussion

The asvmmetiic plasma divided by the magnetic filter
(AMFY i~ numerically <iinulated. The one-dimensional
particle-in-cell code VSINIDI3} is used. The strength
of the MF is chosen to 1eflect all electrons from both
sides of the AMFE: 1ons move freelv across the MF. Be-
cause of the thermal insulation of electrons by the
AR, the low-temperature and low-density subplasma
can exists adjacent to the high-temperature and high-
density main plasma  The basic phvsics ohserved in
this svatem are reported in Refs 4. 5] This paper has
added detailed measurements to clarify the mechanis-
m underlving the physics. We sclected N1, which is
proportional to the plasima production rate in the sub-
plasma. as the parameter to control the asymmetry
of the sastem. Depending on the asvmmetry. the sis-
tem behaves staticallvy or dynamicallv. We have ol-
served Hopf bifurcation at the critical point between
the static regime and the dynamic regime: the sra-
tionary <olution changes from the stable fixed point
to the stable periodic attractor {limit cycle) as .\,
reduces. The transition between two bifurcated states
is discontimious at the boundary.

In rhe dyvnamic state. the electrostatic potential



in the subplasma &g shows the self-sustained oscil-
lation. The minimum and the maximum of ¢s is
~ 3Ts. and ~ 3Tz (Tse < Tare). respectively.
The potential in the main plasma ¢y is almost con-
stant (~ 373 s.) with small ripples synchronized with
the autonomous oscillation in the subplasma. The
modulated ion beam accelerated by the potential gap
¢nr — o5 around the MF excites the shock wave in
the subplasma. The shock wave structure has faster
and slower shock fronts. The approaching faster shock
front to the grounded wall has the effect to decrease
o5 because the electrons in front of the faster shock
front is pushed into the electron-free ion sheath next
to the wall. When the slower shock front is ahsorbed
by the wall. 5 starts increasing due to the difference
between the smaller ion flux going into the wall and
the larger ion flux coming into the subplasma across
the AF.

The reason why the bifurcation is discontinuous at
the critical point is explained as follows. We can as-
sume that in the dyvnamic regime the initial state is
the unstable fixed point and the solution of the svs-
tem moves to the stable attractor. The picture is
illustrated as follows. Due to the thermal noise. the
potential gap 1s modulated slightly. The weak shock
wave produced by the velocity modulated ion beam
reaches the left wall. If the reduction of ¢g by the
approaching shock wave is bigger than that of the for-
mer potential modulation, the stronger shock wave is
formed. This positive feed back process continues un-
til the maximum potential of the subplasma goes up
to ~ @as. The growth rate of the oscillating part of ¢g
is measured in the dynamic regime. The growth rate
decreases down to zero at the critical point as N
increases. In the static regime, there is no positive
feedback because bulk electrons mitigate the effect of
the approaching shock wave. So the threshold exists
for the posiiive feed back to ocecur. which may be the
ratio of the ion beam Aux from the main plasma to
the plasma density in the subplasma.

In this paper the control parameter is fixed during
the temporal evolution of the simulation svstem. It
is natural to expect that the system treated in this
paper exhibits the hysteresis if the control parameter
is changed very slowly. The hysteresis in the asym-
metric plasma divided by the MF was studied in the
separate paper{7].

Finally, we want to point out an application to
the processing plasma. For the plasma etching of
the semiconductor memory, charging of the dielec-
tric substrate is critical because the potential struc-
ture formed at the substrate surface will deflect the
ion flux accelerated by sheath potential adjacent to
the substrate {anomalous etching}. If the shock wave
structures are autonomously excited in the processing
reactor, the approaching shock waves will have the ei-
fect to neutralize the positively charged surface of the
substrate. Hence, the etching speed may be enhanced
drastically by keeping the directional character of the
plasma etching.
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Figure captions

Fig.1 Time evolutions of potentials at the center of
the main plasma and the subplasma. ¢j3r. and
os. N7P=1/64.

Fig.2 Lissajous figure of the time derivative of ¢g
versus ¢s. N,-;l =1/64.

Fig.3 Snap shots of spatial profiles of the electro-
static potential and the ion density (top}. and
phase space plots of 1ons {bottom) for two differ-
ent times in one period. N;' = 1/64.

Fig.4 Typical five periods of (a) electrostatic poten-
fials at the center of the main plasma and the
subplasma. ¢;7. and @s. (b) the ion flux intrud-
ing the subplasma from the main plasma. {c) the
ion flux entering the left wall. (d) the electron flux
entering the left wall, and [e} the positions of the
faster and slower shock fronts. N' = 1/64.

Fig.5 Time evolution of twice the amplitude of the
oscillating part of ¢g, A¢g, in the transition
stage. N, = 1/64.



Fig 6 (a) Ao« voarsus /N, () ~ versus 1/N,,
Here, Aoq Is twice the amplitude of the oscitar-
ing part of oo i the stationary stage. and = o
the growth 1ate of Ao in the transition stage
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