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The effect of ionization on the presheath is analyzed kinetically in flowing magnetized plasma 
with iinite ion temperature. Ion distributions along the presheath are obtained self- 
consistently with Boltzmann electrons. Sheath potential, ion sheath current density, and ratio 
(R) of upstream to downstream current density are obtained as a function of plasma 
drift velocity ( Vd) and ionization rate (ai). Calibration factor (K) in the form of 
R = exp[KMl decreases with oi, where M is the drift velocity in units of 
[(ZT, -i- T,, Vmil”.5. 

I. INTRODUCTION 

Although the effects of the plasma boundary have a 
substantial influence on the characteristics of the entire 
plasma in tokamaks, the physics of tokamak edge plasma is 
not well understood. ’ In plasma processing such as plasma 
etching, the mechanism between plasma and target is not 
well quantified in terms of plasma parameters.2 The inter- 
action between the space shuttle and the surrounding 
plasma in the low-earth orbit (LEO) is still a debated 
problem.3 The common features of them with typical pa- 
rameters (T, = T,- 10 eV,. n, = ni- lOI m- 3, B- 1 T, a 
- 10 - 3 m hydrogen plasma for the edge of tokamak; 
T,- 10, T,- 1, ne=ni- lo’“, a- lo-“argonforplasma 
processing; T, = TI 2 2, n, = ni - 10’1, a - 40 oxygen for 
the LEO) are: (i) magnetized plasma [ion gyroradius 
<typical object size (a)], (ii) high neutral background 
(possible ionization), and (iii) collisionless except for the 
tokamak edge plasma. For the tokamak edge, ions are self- 
collisional (ion-ion mean free path <typical perturbation 
length) for given conditions. However, the actual situation 
obtained in the scrape-off layer (SOL) of the tokamak edge 
is neither fully collisional nor fully collisionless. Further- 
more, there is often little difference between collisional and 
collisionless models of plasma flow along the SOL.’ Hence 
it might be appropriate to consider the above cases as the 
collisionless magnetized plasma with high neutral back- 
ground. 

When the magnetic field is strong enough that the ion 
gyroradius is substantially smaller than a probe, ion col- 
lection across the field is diffusive even if the parallel flow 
is dominated by inertial effects.4 So, the quasi-neutral 
presheath region becomes highly elongated along the field, 
until the cross-field diffusion is able to balance the parallel 
collection flow, making the presheath as effectively one- 
dimensional. We can then seek solutions satisfying Pois- 
son’s equation and the Boltzmann equation in the parallel 
direction, treating the perpendicular diffusion as a source 
term in the parallel equations.5 Even though it is still de- 
bated whether the strongly magnetized presheath is 
convective6’7 or diffusive,8’9 we assume the magnetized 
presheath is diffusive.5.8-1’ Not only the diffusive ion source 
in the magnetized presheath with Boltzmann electrons (for 
the negatively biased probe), but also other types of 
sources such as charge exchange12*13 and ionization1”‘6 

might be important, especially for the hydrogenic plasma 
in the complex SOL.17 Among these ion sources, we will 
concentrate on the ionization contribution to the strongly 
magnetized presheath characteristics. 

Kinetic analyses of the one-dimensional plasma 
presheath with an ionization source have a long history: 
Harrison and Thompson14 set up a collisionless model of 
Tonks and Langmuir’* by adopting a spatially dependent 
ionization source and found an analytic solution for the 
plasma region. They demonstrate that the sheath edge po- 
tential and current density are independent of the spatial 
variation of the source term when ions are born with zero 
energy. Emmert et al. I5 extended their analysis to the case 
of finite ion temperature. They chose an energy-dependent 
source distribution function which would give rise to a 
Maxwellian ion distribution function if there were no elec- 
tric field in the plasma. Bissel and Johnsoni have solved 
the same problem with a different ion source distribution, 
corresponding to ionization of a Maxwellian distribution of 
neutrals. These two treatments give rise to noticeably dif- 
ferent results, indicating the importance of the assumed 
source distribution. Besides, neither treatment gives results 
for the important situation of a plasma with parallel drift, 
where distributions with an. appropriate flow velocity 
should be used. 

It .is the purpose of this paper to analyze the effects of 
an ionization source within the presheath on the ion col- 
lection in flowing magnetized plasma. Previously, we in- 
troduced a source that models diffusive exchange of parti- 
cles between the presheath and the outer plasma.5 Here we 
add ionization to the diffusive source of the Boltzmann 
equation in the magnetized presheath by fixing the contri- 
bution of the diffusive source, then the net effect of ioniza- 
tion on the drift velocity diagnosis of the magnetized 
plasma is explored. Figure 1 shows schematically the phys- 
ical situation under consideration. 

In Sec. II, we set up a kinetic model which contains an 
“ionization” term with a diffusive source. Section III deals 
with the analyses used to solve the plasma sheath or 
plasma equation. In Sec. IV, we present and discuss our 
results which include ion distributions along the presheath, 
sheath potential, sheath ion current density, and ratio of 
upstream to downstream current at the sheath. Section V 
summarizes the results and discusses them. 
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FIG. 1. Schematic drawing of the ion collection-ions accelerate toward 
the probe within the presheath, while both ionization and exchange of 
ions between the presheath and the outer plasma acts as a source in the 
one-dimensional presheath. 

Il. MODEL 

We approximate the presheath as one-dimensional 
with the ion distribution governed by the Boltzmann equa- 
tion. Assuming steady state, and ignoring the Coulomb 
collisions along the presheath, the Boltzmann equation is 
given by 

a q 4 a 
“az - ; z z f(w) =s,, (1) 

where f(z,v)- is the one-dimensional ion distribution func- 
tion, z is the position along the magnetic field, v is the ion 
velocity parallel to the B field, and m, q, and 4 are ion 
mass, ion charge, and electric potential, while Sf is taken as 
the volume source of ions. 

The source term is composed of an ionization contri- 
bution, which is newly added here, and a cross-field diffu- 
sion term, which is inherent in the magnetized presheath. 
The introduction of ionization seems to violate the assump- 
tion of collisionlessness. Here, however, we assume that the 
mean free path of ions born by ionization is larger than the 
characteristic size of the presheath, so they reach the probe 
surface without any collisions with other particles along 
the presheath. The same philosophy can be applied to ions 
of cross-field diffusion. Besides, collisionality along the 
presheath does not affect the sheath value such as sheath 
potential and current density.1*5’9’14r’9 The ionization can 
be taken as 

where ( m) ion is the ionization rate, n, is the electron den- 
sity, and f, is the distribution of neutral particles. Assum- 
ing f,, to be Maxwellian, and if n,(z) (oY)ion a ] v , we re- 
cover the same source term as Emmert et al.,’ 5 and if 
(ar)i,, = const, we can recover that of Bissel and 
Johnson.16 The cross-field transport is given as the previous 

5 * case, i.e., 

St(w)=. 
DL(z,v) 

a2 [f,(v) --f(w)19 

where f(z,v) is the ion distribution function along the 
presheath and f co (v) is ion distribution outside the 
presheath, which includes the drift velocity ( Vd). 
DL(z,v)is the anomalous cross-field diffusion coefficient, 
and a is the characteristic size of the probe. Then the total 
source term may be written as 

Sf(SV) = bdi,,~,(df,Lw) + 
DL(SV> 

a2 

x [f,(v) -fW)l. (2) 

The energy equation, governing the phase space orbits, 
is 

imu + q# (z) = E, (3) 

where E is the constant total energy. 
The electrons are assumed to be isothermal, described 

by the Boltzmann relation: 

n,(z) =n,expte$(z)/T,l, (4) 

where II,, T, are electron density and temperature, and 
the subscript CO refers to values outside the presheath. 

The electron and ion densities are related by Poisson’s 
equation, i.e., 

f(z,v)dv - en,(z) (5) 

III. ANALYSES 

If we assume that DL(z,v)is independent of ti, the equa- 
tions can be nondimensionalized by using the following 
transformations. We define a characteristic length as 

L12Cs 
-- 

LII=Dl(z)y 

where C, = [ (ZT, + Ti, )/mi]“.5 is the ion acoustic speed. 
This is the characteristic length of the presheath, but in 
general varies with parallel position if DL does. Then the 
nondimensional forms of the parameters are: 

Dl(z) ni(Z> XE Edz, n(x)=? ZE%, ~sg, 
s m e 

@ E 
rl(x)= - (1 +Q-)T,’ =ZT,-/- Ti,’ 

u+, Ms~, y(x,u)E 
bdionneW~2 

s s R(z) ’ 
A 

ax> = (1 + dL,,p:). g(x,u) =?f (z,v), 
m 

where ilo, is the electron Debye length. 
In terms of these parameters the orbit and Poisson 

equations become 

22 
E=2 - % 
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A2(x)$=Z 
I 

g(x,u)du - exp[ - (1 + r)rl(x>]. (7) 

And the kinetic equation is given by 

a dva 
yg + x -gj &w) 

==Ycwkn(~) + 18, (u) -g(w) I, (8) 
where g, is the normalized ion distribution function out- 
side the presheath and g, is the distribution of neutral 
particles, which may not have the same temperature as g, . 
If the external ion distribution is Maxwellian with temper- 
ature T,,, shifted by a drift velocity V,, then 

g,(u)=(z)Olexp( -~‘“~M’2)s 

Similarly, the neutral gas distribution is given by 

where the subscript n represents the neutral gas. 
The boundary conditions on the distribution function 

are: 

g(x=O,u>O)=O, g(x= co,u)=g,(u), 
which means that the probe has a perfectly absorbing sur- 
face and the ion distribution has the same form as the 
external plasma at large parallel distance. Those on the 
potential are 

?j(x=O) =qu ?j(x= co) =o, 

where the first equation indicates that the probe is biased 
by the applied voltage b,, which should be bigger than the 
sheath potential in magnitude. Far from the probe surface 
the potential is set to be zero, since there is no perturbation 
due to a probe. Here we substract the potentials along the 
perturbation by the plasma (space) potential. By taking 
the moments of the ion distribution, we can get the ion 
density, current, fluid velocity, temperature, and power 
flux. 

To solve the preceding equations, we follow similar 
procedures as those used in our previous work for the dif- 
fusive source,5 since the governing equations have similar 
forms: We guess an initial potential variation along the 
presheath (q) . Then along each energy orbit (E), velocity 
sets are obtained (u). We calculate the ion distribution 
function along the orbits by solving the kinetic equation 
@s. (S)] with a semi-implicit method. After this, ion den- 
sity is obtained by integrating the ion distribution functions 
over velocity space at each position with using a modified 
Simpson rule for uneven meshing in velocity space. To 
solve the Poisson equation [Eq. (7) 1, we use the successive 
over-relaxation method for plasma-sheath equation 
(AfO), or the simple relaxation method for the plasma 
equation (A = 0) with uneven meshing in position space. 
The final self-consistent solutions for the potential and the 
ion distribution are obtained by iterating these procedures 
until they reach a convergence criterion such as 

max]r]r+’ - $1 <S, 
where ~1 is an iteration index, i is the position index, S is a 
small positive number. 

IV. RESULTS AND DISCUSSIONS 

Results are given for the following cases: 2 = 1 (singly 
charged ions), - 1 GM< 1 (subsonic drift), A = 0 
(quasineutral case), qw = 3 (negatively bias potential), 
S = 10 - 4 (convergence criterion), r = 1 (ion temperature 
outside the presheath is equal to electron temperature), 
and r,, = r (neutral temperature = ion temperature), in 
specific cases. 

For the ionization term we choose Bissel and 
Johnson’s model, corresponding to ionization of neutrals 
with Maxwellian distribution, since it is considered more 
physical for the ionization source than that of Emmert et 
al. However, it produces numerically a non-Maxwellian 
ion distribution at the end of the presheath, which is con- 
sidered nonphysical. The combination of diffusion with 
Bissel and Johnson’s ionization as a source term does not 
produce a Maxwellian distribution at the end of the 
presheath. To produce a Maxwellian distribution outside 
(and at the end of) the presheath, we modify the Bissel 
type by introducing a source intensity profile whose shape 
is a monotonic function of position instead of choosing it as 
a constant along the presheath as Bissel and Johnson did. 
The source intensity profile hi is given by 

hize 
-% - emxN 

l-e--XN ’ 

and it is used in reshaping the ratio of ionization contribu- 
tion to the diffusion as 

where i is the index of position, j that of velocity, and N is 
the number of position meshes. We can show the effect of 
ionization source on the magnetized presheath parameters 
by changing its contribution (ai). 

Figure 2 treats the ion distribution functions along the 
presheath for different ionization contributions (ai = 0.0, 
0.1, and 0.5) with V, = 0 and T,, = T, where the distri- 
bution functions are normalized by n,[mJ(ZTe 
+ Ti, )I’.‘. Here we impose a Maxwellian distribution to 

the particles which move toward the probe along the en- 
ergy orbits, while Bissel and Johnson impose a symmetric 
boundary condition far from the probe. The general ten- 
dency along the presheath is the same as the purely diffu- 
sive case without ionization, i.e., ion distribution tends to 
narrow as nearer the probe surface, and we recover a Max- 
wellian distribution far from the probe. This figure also 
shows that the bigger the contribution of ionization ( ai), 
the larger the peak of ion distribution. If we focus on the 
sheath distributions, the fluid velocity at the sheath 
[v,~sug(x,,u)du/sg(x,u)du] seems to be less than the 
ion acoustic speed {C,= [ ( T, + T,, )]“.5), which seems to 
violate the condition for the sheath formation. [For the 
quasineutral case (A = O), the sheath edge is at the mesh 
point adjacent to the boundary, which happens to 
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FIG. 2. Ion distribution functions-ion distributions along the preaheath 
for different ionization contributions with a, = 0.0 (. . *) (see Ref. 5), 0.1 
(-), and 0.5 (-. -). These are shown when 7 = ~w(curve l), qI, 
(curve2),$~~(curve3),andO(curve4)for~=O0,M=0,T,, = T,and 

qW=3. 

be xz 10 - 4 in this case.] However the ion temperature at 
the sheath edge [(Tis~l(u - V,)‘g(x,u)du/sg(x,u)du] 
is not equal to the ion temperature outside the presheath 
( Tj, ). So the ion acoustic velocity at the sheath should be 
chosen as [(T, f Tfs)/mj]‘.’ not as [( T, + Ti,)/mi]0.5. 
Then the fluid velocities at the sheath are not less than 
[(T, + Tis)/mj]“.5, and this satisfies the definition of sheath 
edge for the plasma-sheath equation (A#) in our previ- 
ous model.’ 

The variation of sheath potential with drift velocity are 
shown in Fig. 3 for the different ionization contribution. 
Since the sheath ion distribution is increased with ioniza- 

FIG. 3. Sheath potentials for different ionization contributions [CT,= 0.0 
(curve 1) (see Ref. S), 0.1 (curve 2), 0.5 (curve 3)] with - l<M<l 
and Ti, = T,. Comparisons are also made with other results: B) for the 
case of Emmert, ef al. (see Ref. 15), A for Bissel and Johnson (see Ref. 
16), 0 for Harrison and Thompson (for this case, T,, =O) (see Ref. 
14), 0 for Bohm (for this case, Tj, = 0.5T,) (see Ref. 20), and 0 for 
Scheuer and Emmert (see Ref. 19). 

0.8 

FIG. 4. Sheath current densities are shown for ai = 0.0 (line l), 0.1 (line 
2), and 0.5 (line 3) with Ti, = 0. Comparisons are also made with other 
results: @ for the case of Emmert et al. (see Ref. 15), A for Bissel and 
Johnson (see Ref. 16), 0 for Harrison and Thompson (for this case, 
Ti, = 0) (see Ref. 14), 0 for Bohm (for this case, Tim = 0.5T,) (see 
Ref. 20), and 0 for Scheuer and Emmert (see Ref. 19). 

tion, the potential (density) decreases. For M > 0, plasma 
drifts away from the probe surface, and it needs more en- 
ergy to grab those particles which are moving away CM 
> 0) than those moving toward (M < 0). So, when A4 > 0 
(drift away), the sheath potential gets bigger than that of 
M<O. 

Figure 4 shows the effect of ionization on the variation 
of sheath current densities (J,) with drift velocity. We vary 
aj from 0.0 to 0.5. With increasing Ui, J, increases for the 
same drift velocity, Here we have used a modified Bissel 
and Johnson’s type for an ionization source. We, however, 
would expect larger sheath (current) density, power fiux, 
and smaller potential if we use the source function of Em- 
mert et al. instead of using that of Bissel and Johnson. 

We compare our results with other kinetic and fluid 
models, which have no drift motion. Bissel and Johnson’6 
chose a Maxwellian velocity distribution as an ionization 
source, Emmert et al.” used a double humped velocity 
distribution with no particles at u = 0, Scheuer and 
Emmert” derived a collisionless (ion-ion collision mean 
free path > presheath size) fluid model with the ionization 
source of Bissel and Johnson, Harrison and Thompson’4 
introduced a cold (Tim = 0) ionization source, and 
Bohm2’ adopted a diffusive source without ionization for 
cold plasmas ( Ti, = 0.0.0 1,OS T,) . Here we normalize all 
the values by the same factor, i.e., [(Z + 1) TJmi]0’5 for 
Tj, = T,, even for the cases of Bohm and Harrison and 
Thompson. From Figs. 3 and 4, we notice that the varia- 
tions of the sheath potentials and the current densities are 
more severe for M > 0 (i.e., drifting away from the probe) 
than for M <O (i.e., moving toward the probe). Although 
the physical mechanism for this is not so clear, we might 
think that the presheath for M > 0 (region of wake) be 
more unstable than that for M < 0 (region of ram). So for 
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5 

R 

2 

FIG. 5. Sheath current density ratios are shown for oi = 0.0 (line l), 0.1 
(line 2), and 0.5 (line 3) with Ti, = r, 

the same amount of change in the source (i.e., change of 
ui), the physical quantities such as potential and current 
densities can be perturbed more severely. 

The ratios (R) of upstream to downstream current 
densities (J,) are given in Fig. 5 as a function of plasma 
drift velocity (M), and ionization rate ( oj). This ratio can 
be expressed as an exponential form and K in R 
= exp[KMJ is given by 2.32, 2.21, and 1.85 for ai=O.O, 

0.1, and 0.5, respectively. The larger the contribution of 
ionization ( ai), the bigger the ion sheath current density 
(J,) and the smaller the current density ratio (R). The 
overall trend is the same as the diffusive case, but the slope 
of the ratio (K) decreases with ionization. So higher drift 
velocity is expected for the same current ratio measure- 
ment if we choose a model to which ionization is added. 
Increasing the ionization (ai) along the presheath has a 
similar effect to increasing the convection. Hence the big- 
ger ai, the larger the sheath current densities (J,) and the 
larger the calibration factor (K). 

Above results can be applied to the data analyses from 
the probe measurements and to the modeling of plasma- 
surface interaction. For example, from the Langmuir probe 
diagnostics in the edge of fusion device, flow velocity can 
be deduced from the measurement of sheath currents 
(Jsup andJ sdown) by using the following relation: 

rd=sln * , t 1 .dOWfl 

where C,= [ (ZT, + Ti, ) /mi]".5 and K is the calibration 
factor which is model dependent. So from the same mea- 
sured data of R =- JmdJd,,, we can deduce different flow 
velocity according to the model which we apply. For in- 
stance, if we measure the ratio R = 8, then from the model 
of pure diffusion (for Vi = 0, K = 2.32), we obtain the flow 
velocity as 0.90 C, and from the model of diffusion and 
ionization (for ai= 0.5, K= 1.85), it becomes 1.12 C, 
Hence the relative error becomes about 25%. If the con- 
tribution of ionization is bigger, the error will increase. As 

for plasma processing, from the same measured Langmuir 
probe data, different flow velocity can be deduced. So the 
power flux to (and the temperature of) the target might be 
over- (or under-) estimated according to the analyzing 
model. And we can also expect the different transport 
mechanisms in the wake region of the space shuttle de- 
pending upon the different ambient flow and potential mea- 
surements. 

V. CONCLUSIONS 

We have shown the effects of ionization contribution in 
the source term of the Boltzmann equation to the param- 
eters of the presheath, such as ion distributions, potentials, 
and current densities. As the contribution of ionization 
becomes larger, ion distributions near the probe surface get 
bigger, the potentials get smaller, and sheath current den- 
sities become larger. 

Ion sheath current densities and ratios (R) of up- 
stream to downstream current are obtained as a function of 
normalized plasma drift velocity (M), and ionization rate 
(of). Calibration factor (K) in the form of R = exp[KMJ is 
obtained as 2.32, 2.21, and 1.85 for oi = 0.0, 0.1, and 0.5, 
respectively. K increases as the contribution of ionization 
(ai) increases. Comparisons with other kinetic and fluid 
models are presented. 
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