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The effect of the secondary electron emission (SEE) and the sputter yield on the plasma 
dynamics is investigated for two different systems.  The analytical formulation is given for one- 
dimensional, two-fluid unmagnetized plasma. The numerical simulation utilizes multi-fluid 
description in the presence of external electric and magnetic fields. As the ion sputter yield 
increases, the analytical result suggest that the saturation of the potential occurs at a smaller 
value of secondary electron emission coefficient than is possible otherwise. The sheath wall 
potential and ion energy at the plasma sheath boundary provides the upper limit to the 
secondary electron emission and sputter yield coefficients. The numerical results show that both 
SEE and the ion sputter yield alter the plasma characteristics. The plasma number density and 
temperature decrease in the presence of the SEE while the ion velocity marginally increases. 
Contrarily, in the presence of the sputter yield, plasma number density and temperature increases 
whereas, plasma velocity varies all along the channel with about 15% decrease. The potential 
drop increases in the presence of SEE. However, the neutral number density does not exhibit any 
significant change. 
 

 
INTRODUCTION  

Sheath formation at the plasma-wall interface is 
ubiquitous. In bounded plasmas, the Debye length gives 
the approximate thickness of the sheath, which 
develops over the inverse electron plasma frequency 
time scale, whenever plasma is in contact with the 
material wall. Owing to the large mobility of the 
electrons, in the absence of such a charged boundary 
layer, plasma will lose electrons much more rapidly to 
the wall than the less mobile ions, resulting in a large 
electric field (current) in the plasma. The charged 
boundary layer near the wall is a manifestation of the 
plasma to remain charge neutral. Therefore, in the 
presence of a stationary sheath, most of the electrons 

reaching the sheath boundary will be reflected back 
into the plasma, and number striking the wall will be 
equal to the number of positive ions reaching the wall. 
A stationary sheath exists only if the ion flow velocity 
satisfies the Bohm criteria at the plasma-sheath 
boundary, or if the electric field at the plasma-sheath 
interface exceeds some critical value.1-3   

The problem of sheath dynamics with the plasma-wall 
interactions is of great importance in a number of areas 
viz. plasma ion implantation, high-density computer chip 
development, diamond like film deposition, electric 
propulsion, nuclear fusion etc. In plasma processing, 
where a target object is immersed in plasma and pulsed 
repeatedly to a large negative voltage a sheath is 
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formed that expands into the ambient plasma. If the ion 
impact energy is sufficiently large, the impact ions may 
cause severe sputtering of the target, which is an 
undesirable side effect. The wall may develop the non-
uniformities due to sputtering, re-deposition, cracking, 
etc. Further, sputtered material may contaminate the 
plasma. Also, the secondary electron emission (SEE) is 
an important issue. Since the ions and electrons have 
opposite charge, the emitted secondary electrons are 
accelerated away from target in the same electric field 
that accelerates the ions towards the target. This leads 
to considerable power loss since part of the power 
goes into the electrons.4-5 Understanding sheath 
dynamics is also important in electric propulsion 
devices. Wall effects can significantly alter the 
dielectric wall characteristics of Hall thrusters, while 
impact of high-energy ions may deteriorate the 
performance of electrodes in MPD thrusters. The 
design of the future nuclear device must deal with the 
problem of sputtered wall material. Sputtered wall 
material, for example, may be ionized in the scrape-off 
layer and possibly transported into the core plasma, or 
may be redeposit immediately if the ionization occurs 
inside the sheath. 

Most of the commonly used plasma confining materials 
have SEE coefficients near or above 0.9 at moderate 
plasma temperature. For example, boron (15 eV), 
carbon (12 eV), aluminum (47 eV) etc. have SEE 
which can reach up to 0.9 .6 The effect of the cold 
SEE on the sheath has shown to reduce the sheath 
potential significantly.7 In fact the onset of space-
charge saturation when the electric field is reversed 
near the wall surface, has been found to take place 
within the plasma sheath when SEE coefficient is ∼ 
0.9.8 Earlier experimental studies of the effect of SEE 
on plasma sheath potential showed that the cold 
electron emission affect bulk plasma properties.9-10  

The purpose of this study is to find out the relative role 
SEE and sputter yield (SY) may play in the sheath 
region. It is shown that both SEE and SY affect the 
plasma potential and alters Bohm's criteria. We 
develop an analytical model along the line of Hobbs 
and Wesson 11 and include the effect of SEE and SY. 
The result reduces to Hobbs and Wesson's11 in the 
absence of sputtering yield.  Numerical study is based 
on the 1D finite element model of Roy and Pandey12 
where the effect of sputtering yield and secondary 

emission on the dynamics was investigated in the 
presence of positive wall potential. However, very 
often, the potential at the dielectric wall is negative and 
therefore, the 1D wall interaction model12 needs to be 
generalized. Further, the paper presents the isolated 
effect of the secondary electron emission and the 
sputtering yield on the plasma dynamics. 
 
ANALYTICAL MODEL  
We shall assume a collisionless sheath model and 
employ two-fluid description. Due to the formation of 
the sheath near the plasma boundary, there exists two 
regions in a bounded plasma: (a) The quasi-neutral bulk 
plasma, where electron and ion number densities equal 
each other and (b) the sheath at the boundary, where 
electron number density is much less than the ion 
number density. 
 
Let us consider an infinite plane wall, located at z = 0, 
in contact with the plasma filling the half space z > 0. 
Further, we assume that the sheath-presheath 
boundary is located at z = z0. The typical sheath width 
is a few Debye length (a spatial scale of local electric 
field) that could be very small in practical applications, 
while the quasi-neutrality scale corresponds to the 
typical size of the system. These circumstances lead to 
non-universality of the plasma distribution functions for 
the whole region and allow the near wall sheath layer 
to be modeled separately from the bulk plasma region.2 
Let ne1, ne2 denote the number density of the primary 
and secondary electrons and ni1, ni2 denote the number 
densities of the primary and sputtered ions. We shall 
assume that the sputtered matters are all ionized. At z 
= ∞, far from the wall, plasma is quasi-neutral. 

( ) ( ) ( ) ( )1 2 1 2 0e e i in n n n n∞ + ∞ = ∞ + ∞ =    (1) 

If the electrons are in thermal equilibrium at z = ∞ then 
the primary electron density in the sheath region can be 
given as 

( )1 0 2 expe e

e
n n n

T
ϕ = − ∞      
        (2) 

where ϕ(z) is the sheath voltage and ϕ(∞)=0 and n0 is 
the plasma number density when ϕ(∞)=0, and T  is the 
electron energy in eV with e as the electron charge. 
 
The secondary electrons emit from the wall and then 
fall freely through the sheath. Since secondary 
electrons have negligible energy (compared to the 
primary), their energy is ignored. From the continuity 
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equation, one may write for the secondary electron 
flux, ( ) ( )2 2 2 Constante e eJ n z V z≡ = , where Ve2(z) is the 

velocity of the emitted secondaries. From the 
momentum equation, for velocity 

2
2  ( )  (0)

2
emV

e z eϕ ϕ− = −                     (3) 

Here m is electron mass. If δ denotes the number of 
secondaries emitted per primary from the wall, then 

( ) ( ) ( ) ( )2 2 1 1e e e en z V z n z V zδ=      (4) 

The ions of mass M are assumed cold (Ti=0). The ions 
arrive at the plasma sheath boundary with kinetic 
energy E0 = M V0

2/2,and then fall freely into the wall in 
the presence of the potential field ϕ(z). Thus, for ions, 

( )
2 2
1 0

2 2
i iMV MV

e zϕ + = .       (5) 

Then 

 ( )1 0

2
iV E e

M
ϕ= −          (6) 

The sputtered material from the wall contains both 
neutral as well as positively charged ions.  Neutrals 
may get ionized inside the sheath and move towards 
the wall. As noted above, we shall assume that the 
sputtered material is completely ionized with the same 
mass and charge as of the incoming primary ions. Then 
the density of the sputtered ion is given by conservation 
of flux, ( ) ( )2 2 2 Constanti i iJ n z V z≡ =  and 

( ) ( )
2
2 0

2
iMV

e z eϕ ϕ+ = − .                           (7) 

Here onwards, the wall potential,ϕ(0)=ϕW. If Y 
denotes the number of sputtered ions per primary, then 

( ) ( ) ( ) ( )2 2 1 1i i i in z V z Yn z V z=    (8) 

Now balancing the flux at the plasma-sheath boundary 
yields 

( )1 2 1 2 0 0i i e eJ J J J n V z− = − =    (9) 

Here fluxes Ji1=ni1Vi1 and Je1=ne1Ve1. From Eqs. (4) 
and (9) one gets, 

( ) ( )1 0 0 2 0 0
1

,   
1 1e eJ n V z J n V z

δ
δ δ

= =
− −

  (10) 

and, from Eqs. (8) and (9), 

( ) ( )1 0 0 2 0 0

1
,   

1 1i e

Y
J n V z J n V z

Y Y
= =

− −
  (11) 

  
Making use of Eqs. (3), (7) and (9), one may write ne2 
as 

( )

0.5

0
2 0 1e

W

Em
n n

M e
δ

δ ϕ ϕ

  =    − −  
   (12) 

From Eqs. (1) and (3), 
0.5

0
1 0 1 exp

1e
W

Em e
n n

M e T
δ ϕ

δ ϕ

  −    = −     −      
 (13) 

The Poisson’s Eqn. (PE) becomes 

( )

0.5

0

0.5

0

2
0 0

0.5 0.5

0

0

0.5

0

1 exp
1

1

11
1 1 /

1 ( )

W

W

W

W

Em e
M e T

Em
M e

en
EY

Y e e E

EY
Y e

δ ϕ
δ ϕ

δ
δ ϕ ϕ

ε ϕ

ϕ ϕ

ϕ ϕ

   −     −     −       
      + −   − −     ∇ = 
    −  −      − −      
  − −   − +     














 

Near the sheath edge, assuming eϕ<<T and eϕ<<E0, 
one can expand the term on the right hand side of PE. 
As a result, PE can be written as, 

2

2 2

0.5

0

2 2

0

0 0

0 (14)

1 1
1 2

0.5
2 1

W W
D

W W

d
dz

Em T
M e e

ET Y T T
E Y e E e

ϕ ϕ
κ

δ
δ ϕ ϕ

κ λ

ϕ ϕ

− =

    −  − − −    −     =  
   −  + −     −     

                                                              

 
 

The solution of Eq. (14) with ϕ(∞)=0, is 
exp( / ) = A zϕ κ−  where A is a constant. 

 
Note, in the absence of SEE (δ→0) and SY (Y →0), 
κ→ λD since T<<2E0 and E0<<eϕW. The solution for 
ϕ(z) is strictly valid only near the plasma edge of the 
sheath. If T>>2E0 then in the absence of SEE and SY, 
κ would be imaginary and the electric potential would 
be an oscillating function near the wall. Thus, T<2E0 
must be satisfied for the formation of a stable plasma 
sheath (the Bohm criteria). From the marginal 
condition for the plasma sheath formation (denominator 
of κ2 > 0), one gets the following modified Bohm 
criterion, 
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( )

1.50.5
0

0

1.5

0
0

0

2 1 2

1- 2

W
W

W
W

ET m T
E e

M e

EY T
E e

Y e E

δ
ϕ

δ ϕ

ϕ
ϕ

 −   = + − +    −     

 −  −  
   

              

 (15) 

 
In Y→0 limit, one recovers the result of Hobbs and 
Wesson.11 Balancing the particle current on the wall, 
( ) ( )1 111-  e eth u sn V Y n Cδ = −    (16) 

with 8 ,  eth s

T TV C
m Mπ

= = , one gets 

0.50.5
0

0.5 0.5
0

8
1 exp

1

1
1

1 1

W

W

W

E eT m
m M e T

EY Y m
Y e M

ϕδ
π δ ϕ

δ ϕ

  −     −     −       
  −    = −     − −      

  (17) 

Neglecting m/M term in the numerator, an approximate 
expression for the wall potential for E0≈T/2 can be 
written as, 

0.5

0

1 / 2ln
1

1
1

We  

W

M mT
Y EY

Y e

δ πϕ

ϕ

 
 
 − ≈ −   −   − 

−   −   

  (18) 

In the absence of Y, the wall potential is identical to Eq. 
(4) of Hobbs and Wesson.11 One sees from Eq. (18) 
that the wall potential is a function of δ and Y. The 
presence of Y makes the determination of ϕW 
complicated. Eq. (18) is solved numerically and plotted 
in Fig. 1 and Fig. 2.  

 
Figure 1. Normalized wall potential vs. SEE for a given 

sputter yield Y.  

The normalized wall potential φ  = eϕW /T is plotted in 
Fig.1 against the secondary electron emission δ for 
different values of sputtering yield, Y. One sees that 
the wall potential saturates with the increasing δ. The 
saturation of wall potential in the presence of SEE has 
been noted in many experimental7-10 as well as 
theoretical studies.13-15 From the potential curves for 
different Y one sees that the saturation of the wall 
potential is a sensitive function of both SEE and SY. 
For very small value of SY, Y=0.01, the potential 
curve is smooth and transition from negative to positive 
value is gradual. However, when SY is large, Y=0.4, 
the saturation of the potential is abrupt. This can be 
anticipated on the ground that ions, which are emitted 
from the wall find themselves moving towards the wall 
along with the primary ions that is coming from the 
bulk plasma and, together, increased ion population 
reduces the negative wall potential. Further, coupled 
with the significant emission of cold secondary 
electrons, the wall potential quickly becomes positive. 
Therefore, one would expect the sharp saturation of 
the potential in the presence of both SEE and SY. As a 
result, one would expect that the saturation of the 
potential take place at a much smaller SEE. This is 
confirmed from Fig.1 where saturation for Y=0.4 takes 
place at a smaller δ (< 0.75) than saturation for 
Y=0.2. 

 
Figure 2. Normalized potential vs. Y for δ = 0.8. 

 
In Fig. 2, wall potential is plotted against SY, Y for a 
given value of SEE (δ = 0.8). The sign change of 
potential is very rapid. In a very narrow band of Y, the 
potential changes from negative to the positive value. 
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The shock-like saturation feature displays the 
sensitivity of the wall potential to the SY. Once a 
critical value of Y is reached, the wall potential jumps 
from negative to positive value. 
 
 NUMERICAL MODEL 
Here we assume a partially ionized plasma, (consisting 
of electrons, ions and neutral xenon particles), in the 
presence of external electromagnetic fields. In such a  
plasma, several important elastic and inelastic 
processes can take place simultaneously. However, not 
all processes are equally probable. For example, 
momentum exchange between electron-electron and 
ion-ion will not be important in comparison with the 
electron-ion momentum exchange, as the relative drift 
between similar particles is small in comparison with 
the drift between electrons and ions. The plasma is 
assumed quasi-neutral, i.e. locally the electron number 
density ne is equal to the ion number density ni, as the 
Debye length is considerably smaller than the width of 
the physical system. The assumption of quasi-neutrality 
is valid except near the thin sheath layer. The present 
work includes the sheath effect by choosing the proper 
wall boundary conditions and also, by including the 
plasma-wall interaction terms in the dynamics.  
 
We assume that the ions are unmagnetized. Therefore, 
the effect of magnetic field on the ion transport will be 
ignored. The pressure term in the ion momentum 
equation can be ignored, as the thermal energy of the 
ion is much smaller than its kinetic energy.  Note that 
owing to the small inertia, electron response time is 
much faster than the ion response time. As a result, 
electrons will attain the steady state faster than the 
ions. Keeping this in mind, electron momentum and 
energy equations are solved at steady state, whereas 
for ions and neutrals, a set of time independent 
continuity and momentum equations are simultaneously 
solved. It is assumed that the neutral gas flows in the 
2D channel (r,z) through the anode hole at the inlet 
located at (r,0). The plasma is formed inside the 
channel after impact ionization of the neutral with the 
incoming electrons to the anode from the cathode 
located outside the channel (r,L). The plasma is 
modeled by the 1D, cylindrical (r, q, z) geometry, in the 
presence of imposed, axial, electric field Ez and radial 
magnetic field Br. Following one-dimensional equations 
are solved in the present work.  

 
Electron momentum equation: 

( )
2

w

1
 

     ( ) ( ) ( ) .

ez c
ez e z ez

e ei en B c

ei ez iz en ez nz e z nz ez
e

V e
V p E V

z mn z m

SV V  V V V V V
n

ω
ν ν α ω

ν ν ν

 ∂ ∂
= − − −  ∂ ∂ + + 

 
− − − − − − + 

 

 (19) 

where ne is the electron number density.  Vez , Viz , Vnz  

 are respective electron, ion and neutral axial velocities. 
Vθ = Ez/Br is the azimuthal electron drift velocity, Ez is 
the axial electric field and Br radial magnetic field, pe = 
ne Te is the electron pressure with Te as the electron 
temperature in eV, ωc = eBr/m is the electron-cyclotron 
frequency, and the source term due to the ionization, 
recombination and the charge exchange is S = Srecomb+ 
Sioniz+Scex.  Following relation between azimuthal and 
axial velocities is utilized, 

.c
e ez ez

ei en B c

V V Vθ

ω
ν ν α ω

 
= = Ω + + 

        (20) 

where αB is the Bohm diffusion coefficient and Ω is 
the Hall parameter. We model plasma wall interaction 
by introducing the electron-wall collision frequency νw. 
Further, the effect of anomalous Bohm conductivity 
has been included qualitatively by including the 
equivalent frequency νB = αB ωc, that incorporates the 
effect of magnetic field fluctuations. The Bohm 
parameter αB is related to the anomalous diffusion of 
the electron across the magnetic field. The electron-
wall frequency has been modeled by the last term in 
the equation (19), where νw for a channel of width h is 
given as 

' '

'

2 1
; 0,

1
2

               ; 0.

the

w

the

V
e

h Y
V
h

ϕ δ
ϕ

ν
ϕ

 −  ≤  − = 
 ≥

.            (21) 

Here ϕ’ ≡ ?|e|ϕw  / Te  is the normalized wall potential.  
Based on the experimental observations, we shall use 
an empirical formula used for sputter yield,16 

( )  4i s
s

SY T H
H

= − ,                               (22) 

where S = 1×10-2 is the sputtering yield factor,17 Hs = 
3000 K is the sublimation energy of channel wall, 
which is assumed to be made up of ceramic material, 
boron nitride. The Ti  is the incident ion energy on the 
target. In the present work, we shall assume Ti = 0.1 
Te.  The secondary electron emission coefficient for 
Boron nitride wall is given as,18 
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.
p

e

w

T
E

δ
 

=  
 

                               (23) 

Here Ew = 16.64 eV for p = 0.576 and Ew = 17.0 eV 
for p = 0.5.  
 
The dynamics of the electron is determined by the 
pressure gradient, by the electric and magnetic forces 
and by the collisional exchange of momentum in 
equation (19). The convective term in equation (19) 
retains the effect of the electron inertia. Further, all the 
collision terms are retained in the electron momentum 
equation (19). 
 
Neglecting the effect of radiation, viscous dissipation 
and thermal conduction, electron energy equation can 
be written as 

2 2

'
ei en w

(1 ) 5
2 2

3
3 ( ) 3 ( )

2

ez
e e z e e ez

e i e e n e e I e
n

m Vd d
nV T neV

dz dz

m m
n T T n T T S T E n E

M m

ϕ

ν ν α ν

  +Ω
+ − =  

   
 − + − + + − 
 

 (24) 

Here Te ,  Ti  and Tn (~.3 eV) are electron, ion and 
neutral temperatures in eV, respectively, and EI is the 
ionization energy of the Xenon. Equation (24) includes 
the effect of the Joule heating, contribution due to the 
exchange of random thermal energy and due to the 
ionization and recombination and interaction of the 
plasma with the wall. The convective flux of the kinetic 
energy includes the flux of the azimuthal electron 
kinetic energy V2  = Vez

2  + Veθ
2 = (1+Ω2) Vez

2 . The 
value of α is between19 (2 −3) and  

( )' ' ' '

'
w

'

2 2 2 ; 0,

4
  1 2 ;                            0.

e the se

e

e the se

e

TV Te
h T

E
TV T

h T

ϕ ϕ δ ϕ ϕ

ν

ϕ

   
− − − ≤   

   = 
  − ≥ 
 

    (25) 

Here, Tse is the temperature of secondary electrons 
and assumed to be of the order of 0.1 Te.  
Ion continuity: 

( )
   ,i i i z

w i

n n V
S n

t z
ν

∂ ∂
+ = −

∂ ∂
               (26) 

ion momentum: 

w

  ( ) 

( )

iz iz
iz z ei ez iz

n
in iz nz iz iz

e

V V e mV E V V
t z M M

m S
 V V V V

M n

ν

ν ν

∂ ∂    + = + −   ∂ ∂    
  

− − − +     

 (27) 

and neutral continuity: 

( )
.n nn z

n

n Vn S
t z

∂∂ + = −
∂ ∂

    (28) 

Here, Sn = Srecomb +Sn,ioniz + Scex and 
0 0

,nioniz i e n i e nS k n n k n n+ ++= + . Equations (19)-(28) are 

supplemented with the current and mass conservation 
equations respectively as, 

( )i i e Ten V V J− = ,    (29) 

.n n nz i i iz

m
m n V mnV

A
+ =

&     (30) 

Here JT = Id/A is the total current density; Id is the total 
discharge current, A is the cross section of the channel 
and m&  is the mass flow rate. 
 
The physical variables are normalized Temperature Te 
is normalized to the first ionization potential of Xenon, 
T* = EI = 12.1 eV. Then all dependent variables can be 
normalized by using their reference values, V* = 
√(T*/mi) = 4×103 m/s, n*= Γ/V* =2.5×1019 m-3, and ν* = 
σ* Γ* s-1 where σ* = σ0 √(mi/me), σ0 ≅ 3.6×10-20 m2 for 
Xe. The fundamental length scale can be defined in 
terms of the characteristic velocity and collisional 
frequency as, l0 =V*/ν*. The time scale is t0 = ν*

-1.  
 
BOUNDARY CONDITIONS  
The numerical model description is incomplete without 
a set of well-posed boundary condition. Here the 1D 
radial magnetic field geometry is considered. A shifted 
Gaussian (bell shaped) magnetic field profile is 
assumed, which reaches maximum at the exit plane 

2
0 max( ) ( ) exp( ( ) )r exitB z B z B z z= + − −   (31). 

At the inlet, the neutral number density is assumed 
equal to some reference density n* and the plasma 
density is fixed ni = 0.14n* . The axial ion velocity is 
not fixed at the inle t. Under typical conditions, next to 
anode, a plasma sheath (typical width ~ Debye length) 
forms and ions must flow into the sheath from the 
quasi-neutral region. The axial velocity is near zero 
close to the anode and then begins to rise at the edge 
of the acceleration zone and reaches maximum 
velocity beyond the exit.20  Such flow behavior has also 
been observed in the classical nozzle problem, where 
flow changes smoothly from subsonic (in the narrow 
region) to supersonic in the divergent region. 
Therefore, at the exit the flow velocity should at least 
attain the characteristic speed of the medium, i.e., the 
sonic point. In conformity with the available 
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experimental results and the numerical model,19 we 
impose ion velocity at the exit boundary, whereas 
electron velocity is assumed zero at the inlet. At the 
inlet, a homogeneous Neumann condition for 
electrostatic potential is imposed. At the downstream 
boundary (thruster exit plane), we specify an electron 
temperature Te = 10 eV, that is close to the 
experimental results.20 At the cathode, a vanishing 
potential is assumed. For neutral and ion densities along 
with the electron velocity, a homogeneous Neumann 
condition is assumed at the exit. The velocity of the 
neutral is consistently calculated from the mass flow 
equation. 
 
In the present work, a 1D finite element formulation is 
used to solve equations (19)-(30). The detailed 
description of the numerical algorithm is given 
elsewhere.12,21  The choice of time step is dictated by 
the Courant-Fredrich-Levy condition.22 The code uses 
variable time steps till the transient features die down 
as the iteration converges to a steady state. The 
solution is declared convergent when the maximum 
residual for each of the state variable becomes 
smaller than a chosen convergence criterion: ∈=10-4.  
 
NUMERICAL RESULTS AND DISCUSSION  
Equation set (19)-(30) has been solved over a 
computational domain (z/L:0,1) where L is the channel 
length with the exit plane located at 2 cm. The mesh 
consists of 40 equal length 1-D quadratic finite 
elements (i.e., 81 nodes) for all numerical results 
presented here.  
 
The plasma density profiles are given in Fig. 3 and 4.  
In Fig. 3a, plasma number density is plotted for the 
values of SEE, δ = 0., 0.80, 0.90 and 0.95 in the 
absence of sputter yield, Y = 0. The number density 
(Fig. 3a) increases rapidly from 1.9×1017 m-3 to 6×1018 

m-3 near the exit plane. We see that the plasma 
number density remains almost unaffected in the most 
of the channel except in the acceleration zone. Further, 
for δ = 0., 0.80, 0.9, the effect of SEE is not 
significant. However, the effect of SEE becomes 
pronounced as δ increases, i.e., for δ = 0.95.  The inset 
of Fig. 3a gives an expanded view of the acceleration 
region where the plasma number density decreases by 
nearly 7% due to SEE.  Similar effects of SEE on the 
plasma number density have been reported in the 

literature.13 The decrease in the number density is 
consistent with the increase in δ. This is due to the fact 
that an increase in δ implies an increase in the plasma-
wall interaction and hence, the loss of plasma particles. 
 However, the relation between SEE and plasma 
number density is not a linear one. The increase in the 
SEE causes the decrease in the plasma temperature 
since most of the “intermediate-energy” primary 
electrons will be lost to the wall. This in turn will affect 
the ionization. As a result, plasma number density will 
decrease. Subsequently this will lead in the decrease of 
the secondary electron population itself. 
 
In Fig. 3b, plasma number density is plotted in the 
absence of the SEE (δ = 0) and, for different values of 
Y. The effect of Y on plasma density is very 
pronounced, especially between Y = 0.6 and Y = 0.7. 
The decline in plasma density is dramatic for Y = 0.7. 
Recalling that the plasma wall interaction frequency 
varies as 1/(1 – Y), rapid decline in the number density 
appears as a result of the plasma-wall frequency 
becoming very large as Y crosses some critical value. 
In the present case, such a value is Y = 0.7 
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Figure 3. Normalized plasma density for the different 
values of secondary electron emission (SEE, δ) and 
sputter yield Y.  
 
The rapid increase in the ion number density is 
reflected in the rapid decrease in the neutral number 
density (Fig. 4a, 4b) from 2.0×1019 m-3 to 
approximately 1.55×1019 m-3. This is consistent with 
the fact that as the neutral enters the thruster chamber 
it undergoes the impact ionization. The SEE (Fig. 4a) 
and sputter yield Y (Fig. 4b) have no significant effect 
on the neutral density distribution except near the exit. 
This result is expected, as there is no direct coupling to 
the plasma-wall interaction with the neutral dynamics. 
The change in the neutral density does not exhibit the 
significant increase downstream of the channel as 
reported in other work.13 
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           Figure 4(a) 
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   Figure 4(b) 
Figure 4. Normalized plasma density for various values 
of SEE and sputter yield. Curve (a) correspond to δ = 
0.8 and Y = 0, curve (b) δ = Y = 0.5 and, curve (c) 
when SEE and Y, both are calculated self-consistently 
from the dynamics. 
 
Such a behavior indicates that the sputter yield and 
secondary electron emission are intimately linked and 
they affect each other. The increase in the SEE leads 
to the decrease in the plasma density that in turn leads 
to the decrease in plasma temperature. The decreased 
plasma density will have lesser number of energetic 
ions and hence, a decrease in the sputter yield. The 
decreased plasma density will reduce the SEE. 
Therefore, the process of SEE, sputter yield and the 
process of ionization, recombination will regulate each 
other before the system reaches the steady state. 
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  Figure 5(a) 

x0.7 0.75 0.8 0.85 0.9
27

28

29

30

31

x

T
e

(e
V

)

0 0.25 0.5 0.75 1
5

10

15

20

25

30

35

Y = 0
Y = 0.7
Y = 0.2
Y,δ (Te)

 
      Figure 5(b) 
Fig. 5a describes the electron temperature profile for 
different values of SEE. The increase in the electron 
temperature is not uniform and the maximum increase 
occurs just downstream of the center of the channel. 
The peak in the electron temperature can be attributed 
to the maximum gyration energy in this region. In the 
presence of SEE, the electron temperature is slightly 
lower than in its absence. This result suggests that for 
a given, fixed SEE, average electron temperature 
decreases due to the presence of large number of  
“cold” secondaries. Inset of the figure describes this 
marginal change. 
   
In Fig. 5b, we first plot the electron temperature in the 
absence of secondary electron emission with different 
values of Y. The increase in Y is accompanied with 
the increase in the electron temperature. With the 
increase of “cold” ions, the slow and intermediate 
electrons may be lost due to their recombination with 
the emitted ions. As a result, the increase in the 
electron temperature with the increasing Y is indicative 
of the presence of high thermal electrons. The increase 
in electron temperature is small when both Y and δ are 
calculated in a self-consistent temperature dependent 
manner. The general profile of the temperature 
remains similar to the previous case.  
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Figure 6a. Ion velocity shows insignificant effect of 

secondary electron emission δ for Y=0.  
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Figure 6b. Ion velocity shows the influence of sputter. 

 
Fig. 6a describes the ion velocity profiles for Y = 0 and 
δ = 0.0, 0.8, 0.90, 0.95.  In the upstream region, near 
the inlet, ion moves both towards the anode as well as 
away from it. This is consistent with the known 
numerical19 and experimental20 results. The ion velocity 
remains almost constant in the diffusion region and 
then starts increasing in the acceleration region. There 
is very little affect of SEE on the ion acceleration in the 
thruster. Since the SEE does not directly affect bulk 
ions, it is expected that SEE will affect the ion 
acceleration only near the wall where the 
recombination of ions with SEE may cause the loss of 
the “slow” ions. As a result, ion velocity increases with 
the increase of SEE though the increase is not large. In 
the inset of Fig. 6a, the near exit ion velocity has been 
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enlarged to see this increase clearly for different 
values of SEE. 
 
The isolated effect of sputter yield for δ = 0.0 and Y = 
0.0, 0.7 on calculated ion velocity is shown in Fig. 6b. 
For Y = 0.7, the effect of sputter yield is significant on 
the ion velocity. In the acceleration region, sputtering 
causes nearly 8% increase in the ion velocity 
suggesting the loss of “slow” ions to the wall, whereas 
in the downstream about the exit it is the “fast” ions 
which are lost to the wall resulting in over 15% 
decrease of the bulk ion velocity. It is consistent with 
the ion number density behavior since, sputter yield 
causes slight increase in the plasma number density 
downstream, retaining the flux in the process 
unchanged. 
 
In Figure 7, we plot the total potential 'zE dzφ ϕ= − +∫  

for δ = 0.0, 0.8, 0.90, 0.95 and Y = 0 which is notably 
similar to the observed experimental and numerical 

profiles.23 The potential distribution is affected by the 
varying δ.  This is due to the presence of the wall 
potential ϕ ' (Eqn. 18). As δ increases, the upstream 
potential is about 5% higher than in the absence of 
SEE. However, in the absence of SEE when sputtering 
yield Y is turned on, there is no significant change in 
the potential.  
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Fig. 7 Potential distribution as a function of δ (SEE). 

xN
o

rm
al

iz
ed

w
al

li
n

te
ra

ct
io

n
pa

ra
m

e
te

rs

0 0.25 0.5 0.75 10

0.05

0.1

0.15

0.2

0.25

δ(Te)

Y(Te)

 
Fig. 8 Distribution of wall interaction parameters along 

the channel as a function of temperature. 
 
In Figure 8, we plot SEE and sputter yield. We see that 
since δ (Te) and Y(Te) are direct functions of the 
electron temperature, the curves have peak in the 
region where electron temperature is maximum. 
Further, the sputter yield is much smaller than the SEE. 
Therefore, the effect of SEE is more pronounced on 
the dynamics than sputter yield.  However, for a few 
thousand hours thruster operation, sputtering will cause 
the significant erosion of the wall material and the yield 
Y will increase. 
 
CONCLUSIONS 
The analytical model has documented that the plasma-
sheath boundary in a plasma without the magnetic field is 
very sensitive to the secondary electron emission from the 
wall and the ion sputter yield parameter. In different devices, 
the plasma sheath has displayed saturation if the coefficient 
of SEE reaches a threshold value.6-8 In the presence of ion 
sputter yield, the sheath potential saturates at lower value of 
SEE than when SY is absent. The saturation of the wall 
potential occurs in the presence of ion sputtering. This is 
due to the fact that in the presence of positive sputtered 
ions, which condense back on the wall along with the 
primary ions, the wall potential changes sign sooner than is 
possible otherwise. The sensitive dependence of wall 
potential on both SEE and SY is manifested in the 
energy flux to the wall. In the presence of a constant 
negative sheath potential, electrons with smaller 
thermal energies (smaller in comparison with the 
plasma-sheath potential) will be unable to reach the 
wall. However, when the wall potential saturates, the 
wall becomes accessible to all electrons. Therefore, 
the thermal flux to the wall is enhanced in the presence 
of both SEE and SY. We note that the upper limit of 
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SEE and SY is set by the wall potential and the ion 
energy at the plasma-sheath boundary. 
 
The numerical simulation with the imposed magnetic 
field has been carried out using the multi-component 
fluid equation. Owing to the disparate temporal scales 
of the ions and electrons, ions have been described by 
the set of time-dependent equations whereas electrons 
have been described by the steady state equations. The 
ion velocity profile suggests that due to plasma-wall 
interaction, most of the “intermediate” energy ions are 
lost to the wall displaying an “apparent” increase in exit 
ion velocity for a fixed SEE.  The increase in ion 
velocity is indicative of the loss of the ions to the wall 
in the presence of SEE. In the absence of SEE and for 
large sputter yield (Y = 0.7), the ion velocity increases 
in the acceleration zone and decreases significantly 
(~15%) near the exit in conformity with the flux 
conservation. The electron temperature profiles show 
minor reduction in the presence of SEE, while it slightly 
increases due to sputter yield. The latter could be due 
to the loss of slow electrons as they will recombine 
with the sputtered ions. Further, downstream of the 
channel half length, the temperature is maximum due to 
the maximum azimuthal energy near the exit. A small 
gain (~5%) in potential profile takes place in the 
presence of SEE. However, sputtering yield does not 
affect the plasma potential.  
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