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Background

O Langmuir probe method is widely used to determine
plasma parameters. Its results is based upon the modeling

of sheath potential structure.

Onew type probes ( Combined force-Mach-Langmuir probe, Thermal
probe ) have been also proposed.

D Unconsistency often exists in the modeling of sheath.
O Sometimes it has been ignored especially in fluid model.

OAnN instability was observed in PIC simulation of hydrogen
negative sheath.

Ols this real or only numerical phenomena?




Schematic view of fluid model

lons are accelerated by potential.
OAt sheath boundary, they reach at sound velocity.

UFree-fall model is usually assumed.( Zero Ti )
Electrons are reflected by potential

OA few high energy electrons reach at wall boundary.
UBoltzmann relation is usually assumed.




Paradox of fluid model

Artificial matching technique at sheath boundary must be
iIntroduced. ( But it iIs uncompleted. )

UFrom the point of presheath modeling

Olength of sheath is infinitely small
Ospatial derivative of ion fluid velocity is infinite.

UFrom the point of sheath modeling

Olength of presheath is infinitely large
Ospatial derivative of ion fluid velocity Is zero.

Moreover, some assumptions ( on Ti ) are not always
available.

ODivertor plasma( Ti > Te )
ONegative ion plasma( T+~ T-)




Schematic view of kinetic/PIC model

Inflection point

(ni=ne)

Plasma side J
\\\\\iii%ave(ni<ne) convex (nisne)

U1D in space, stationary.
Uno collision, particle source(sink)

Opotential is zero at plasma boundary and negatively
biased externally at wall boundary.( not difficult to

calculate floating case.)
O —---- R.D.Smirnov; Dr.Thesis,




Solution of Boltzmann equation

1D steady collisionless Boltzmann equation
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Do energy distribution functions of particle 7 is the same as those at plasma source
boundary.




Boundary condition

Plasma particles( electrons, positive ions, negative ions ) are
supplied from boundary. In order to simulate the sheath,

Uchoose particle current intensity( or density ) at source
boundary so that Debye length is much smaller than

geometry size.

Uchoose current( or density) ratio of positive and negative
narticles so that potential profile has at least one inflection

noint( that is perfect neutral point n+ = n-) in the geometry
Olnitial velocity distribution is Maxwellian.

UAt wall boundaries, ions and electrons are perfectly
absorbed.(No reflection/No secondary electrons)




Velocity distribution function
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Number density

lon
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Inflection point of potential

From normalized Poisson equation

d*o

_@ p— 10<8> = (TL@' — Ne — nni)/n())

potential profile is convex in the sheath(p(s) > 0).

Though, p(s) may be equal to be 0 in presheath of real plasma, we set p(s)
to be slightly positive ( potential is concave ) at plasma source boundary so as
that inflection point of potential ( and flat region around it ) exists middle of the
simulation geometry.

For example, if ,,/Te = 10 and R; = 1.0, XOOPIC gives us that —¢ =
—®/T, ~ 1.7 at the inflection point( In real presheath, —¢ = 0.5. ), which can
confirm by solving collisionless model for ¢ = e® /T,

It Nis = Nes, ¢ ~ —1.T.




Semi-implicit Runge-Kutta method

Kaps-Rentrop-Shapine formula

OT.Watabe et al., "Numerical software by fortran 77",(Maruzen, Tokyo, 1990)[in Japanese].

source code(main)

< e
parameter ( meq = =2 D> subroutine rfunc (x, y, ydot)
external xrfunc, dQdexrf, dJdfunc < sheath potential egs.
external fdeni, fdene e
REAL*S ABSERR, ESTERR, RELERR implicit double precision(a—h.,o—=D
DIMENSION Y JNEQD .YNNEQD , ESTERRNEQ)D parameter ( meq = 2 D
DIMENSION WORKI1NEQRD ,WORK2(NEQ)D ,WORK3 (NEQ)D ,WORK4 (NEQ , 12D dimension yd(neq). ydot(neq)
DIMENSION WORKJNEQ,NEQRD , IWORK (NEQD extermnal fdeni, fdene

< common /compar/phiw, denie
common /compar/phiw, denie <

< rkfds option phi=y (1>
ABSERR =— 1.0D—86 ex=y (2D
RELERR = O.OD+O c

P=3 PrPhi__w., (ni/ne)_source ydot (1) = ex
Phiw=10.0do =
denie=1.04do call fdeni (phi.,deni)

< imitial value call fdene (phi,dene)
xst = O.O0d4do <
vy (1> = O.odo vdot(2) = denie*deni — dene
y (2> = o.7d4ao <

< return
xim = O.Odo end
do 40 iout = 1,1000 <

xout=xin+O.O0=2dO0 C————————

c subroutine dfunc (x, y, dfx,dfy)D

CALIL KRSNATNEQ.RFUNC,DFUNC,XIN,XOUT.,Y,INIT,RELERR, ABSERR. < Jacobian for sheath potential eqs-.
& YN, ESTERR , TERR , WORKO , WORK1 , WORKZ2 , WORKS3 , WORK4 , c——
& WORK , IWORKD implicit double precision(a—h.,o—=)
< parameter ( meq = 2 D
IF C(CIERR .EQ. 10000> .OR. (IERR .EQ. 20000)> .OR. dimension y(neq). dfx(neqg). dfy(neqg.neqg)
& CIERR .EQ. 30000D> -OR - CIERR .EQ. 40000D D> THEN external dfdeni, dfdene
WRITEC(*,90> IERR common /compar/phiw, denie
stop <
end 4i=f phi=y (1D
< ex=y (2D
if CynndC1D> .1t . CO.O0daod> then <
write &6, *)D PHH#F sStop at dout = 2 ,iout Csmip)
stop =
end 4i=f dfx (1> = O.odo
if (ynmdld .gt. (phiw*0.98d0>)> then dfx (2> = O.0do
writedd&, *)D PH# sStop at dout = 2 ,iout =
stop call dfdeni (phi,ddeni)
end 4i=f call dAfdene (phi,ddene)
< <
Y 1> dfy C1,1D> O .odo
Y 2> Afy d1,2> = 1.o0do
XIN=XO0OUT dAfy (2, 1D denie*ddeni — ddene
< dfy (2,2> = 1.0do
4ao comtinue <
920 formatdlx ,’# Error in RKFDS/KRSNAT IERR="’ ,i7)D return
< end

stop <




Input parameters of source boundary

phiw=10.0d0 & ==

denie=1.0d0 < (;)s
xst = 0.0d0 < (z/Ap)s
y(1) = 0.0d0 < =2

Te

y(2) = 0.7d0 < ( CAD d—q))s

T, dzx

The effect of y(2) is mainly studied.




Sheath potential from kinetic model

Normalized potential profile from Kinetic mode|
O - | - . -
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Distance Is normalized with Debye length.

The legends are the normalized electric field(y(2))at source
boundary.




Condition for sheath establishment

System length/Debye length

0
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System length from Kinetic model

MNo sheath

1
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E-field/(T2/Debvye length) at boundary
Absolute value of electric field at source boundary must

exceed the critical value. The long flat potential is obtain for
lower electric field.




density and flow velocity

Line: Nn/Rs, circle wvini
=2 ; l ' ' ' =

Flow velocity

x/Debvye length

So called bohm condition is not so clear in the kinetic model,
since definition of Mach number 1s not clear for finite Ti.




Berkeley code(XOOPIC)

02-Dimensional PIC code developed and distributed by
PTSG group( Prof. C. K. Birdsall )

©J.P.Verboncoueur et al.;Comp.Phys.Comm.,87(1995)199-211.
Ohttp://ptsg.eecs.Berkeley.edu/
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Simulation condition

geometry size : L, 6.0 x 1073[m)] r
. L, 4.0 x 1073[m]
Probe radius : 7, 6.0 x 1072[m)] “‘ﬁl"ﬂim M0
mesh size r 120 | calcula
2 40 region
. tlme.stepAt 2.0 x 10 1;[3] rg;‘:;ﬁ:‘f{l]“ﬁ
particle weight : ¢ 2.0x10
Source current : [ 10[A]
Ton H* and H™
Neutral Ar |
Boundary condition w «
. left & right | Perfect absorbing dielectric o Cy| iﬁd';iﬂ 1l E-.| éﬂtrﬂﬂté{iﬂ Prnlje
: top | Plasma source( and Exit )
with & = 0[V]
: bottom Probe surface

with & = —100[V]




Comparison of kinetic model and PIC

Line: Kinetic model, dot: XOOPIC

Electron

Normalized sheath pot. depth

Density dependence on potential is well interpreted with the

kinetic model.




Comparison of kinetic model and PIC

Line: Kinetic maodel, dot: xXOOPIC
O - | . [ .

PotentialfT,

o | 70 | 50 | 30
x/Debvye length
There Is an infraction point around x= 10--15.
PIC model shows somehow high potential at X > 20.




Sheath potential from XOOPIC

KOOPIC result for differnet system length
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If system size becomes too large, the simulation becomes
unstable due to plasma oscillation.




Average energy from XOOPIC

T T T T T T T T
ave__ke.txt? ———— ave_ ke.txt’ ——

10 - 10
5 b A AN Pt M, ] SMMMW

1 1 1 1 1 1 1 o 1 1 1 1 1 1 1
5e-08 le-07 1.5e-07 2e-07 2.5e-07 3e-07 3.5e-07 4e-07 O 5e-08 le-07 1.5e-07 2e-07 2.5e-07 3e-07 3.5e-0

In case of right figure, though potential profile oscillates with
large amplitude, no effect on ion energy Is observed.




Hydrogen negative sheath

Hydrogen ne ative Io (SH -) IS |m ortant in recent NBI source
plasma and etached divertor p asma with Molecular

Activated Recombination( MAR).

In conventional sheath model, many assumptions, which
may break in some kind of plasma are used without

checking.

So the analytical results such as famous formula evf =05 ((2%%)(Hﬂ))

I
can 1ot be applied to electronegative plasma only by setting me — m;.

In XOOPIC simulation, by changing electrons with hydrogen
negative ions, the simulation becomes unstable and

numbers of hydrogen positive/ negative ion in the calculatior
geometry oscillates with time much slower than plasma
oscillation period.




Pulse function of XOOPIC

Source current intensity in XOOPIC can be controlled with

six parameters ( a0, al, tdelay, trise, tpulse, tfall ).
electron | H
pulse function in XOOPIC 20 0 (
- al 1 _
/ \ tdelay 0 le
o trise 0 le
tpulse le-7 le
et erieet e e tfall le-7 le




Time dependent boundary

Time Tnime

Ie:IX 1—Rm' et,]z':[X XRiit,Im:IX XRm' m't,
(1= R} fe() s X Rifi(t) T R (1)
electron(green), H7 (red), H™ (blue),

KOOPIC saurce pasticle injaection
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simulation time[s]

After t=0.2e-6[s], electron injection decreases gradually and
negative ion starts to be injected to keep charge neutrality.




Potential profile (n-/n+ => 1.00)

Particle numbers in the whole geomtry

[1x105]8

time[s] [1x107°]
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rCm]

Red: t=0.31e-6[s], Blue: 1.2e-6]|<

Orange: 1.9e-6][

After t=0.2e-6[s], electron injection decreases gradually and
negative ion starts to be injected to keep charge neutrality.

IC)(:(:urrenc:e of instability is observed after most electrons are
Ost.




Velocity distribution(n-/n+=0.80)
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80 percent electrons are exchanged with Hydrogen negative
lons. Sheath structure is still stable. (t=1.2e-6(s])




Snap (n-/n+=>0.50 and 0.90)
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Potential profile (n-/n+ => 0.50)

Particle numbers in the whole geomtry

[2x1051%
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In the case where 50 percent electrons are retained, no
Instability was observed.




Average kinetic energy(n-/n+=1.00, 0.50)
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_ ng as there exit electrons, average kinetic energy of
lons Is kept constant. Collision with electrons ( and also

neutral gas ) must have some dumping effect on instability
growth.




Velocity distribution(n-/n+=0.50)
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Red: H+, Green:

Positive and negative ion shows two peak distribution, but

electron covers these peaks.




Two stream instability

H+ H+ H-

electron

e

\

H+ peak is separated
H+ peak is inside of from H- peak.
electron distribution.

Stable Unstable

If we can approximate velocity distribution as zero temperature beam, insta-
bility onset condition for pure negative ion plasma is

%<2\/§.

Wp—

where k ~ % is wave number, Vj is peak separation of ion distribution functions,

wp— is H™ plasma frequency.




Characteristic parameters in XOOPIC

density at sheath edge 1.5e+16[1/m”"3]

electron plasma freq. 6.9e+9[1/s]

Its period 0.91e-9]s]
lon plasma freq. 1.6e+8[1/s]
Its period 3.9e-8[s]
electron thermal velo. 1.3e+6[m/s]
transition time 4.6e-9]s]
lon thermal velo. 3.1le+4|{m/s]
transition time 1.9e-7][s]
Debye length 1.9e-4[m]

Time step of PIC 2e-11]s]
Instability period(?) (1-2)e-7[s] --- H+ - H-
5e-9[s] ---ele. - pos.




Conclusions

DA kinetic sheath model was developed with Boltzmann -
PoissonEquations and confirmed XOOPIC results with it.

Uln order to model sheath, the choice of source boundary
parametersuch as electric field and charge neutrality

(ni/ne) Is Important.

OThe length of potential plateau ( presheath ) in simulation
Is determined by boundary conditions.

OPIC simulation is applied to Hydrogen negative plasma
sheath. When negative ions increase, PIC simulation

shows unstable behavior. This was unexpected from
analytical sheath model.




Conclusions(cont.)

OWe must consider kinetic interaction between positive/
negative ions. (Two stream instability ?)

OThere exist beam components in distribution function of electronegative
plasma.

U1f there are some dumping channel with interaction with
electrons or heavy gas molecules, fluctuation of positive

lons does not develop. But pure H- plasma must be lack o
such a channel.

This work Is performed with the support and under the
auspices of the NIFS Collaborative Research

Program(NIFSO6KDATO010).




