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Abstract 

This work is concerned with the effect of non-Maxwellian electrons and obliqueness of magnetic field on 

magnetized plasma sheath characteristics, in which plasma interacts with tungsten (W) and molybdenum 

(Mo) surfaces via non-neutral plasma sheath using two fluids model. It is assumed that the singly charged 

positive ions are treated as warm fluid whereas the electrons obey q-nonextensive distribution. It is found 

that the q-nonextensive distributed electrons and the temperature of ions affect the entrance velocity of 

positive ions, which is a key parameter in the plasma sheath formation. Also, the nonextensive parameter q 

affects the distribution of ions and electrons in the sheath region and their distributions explicitly related 

with the electrostatic potential variation. The parallel and perpendicular components of ions velocity are 

affected by the obliqueness of magnetic field. As the nonextensivity of electrons increases, the gradient in 

electric potential increases towards the wall and hence the impact energy also increases. The obliqueness of 

magnetic field and impact energy of ions is a key factor that determines the physical sputtering rate, particle 

reflection and absorption from the target surface. Furthermore, the probability of particle reflection 

coefficient from the W-surface is higher than that of Mo-surface.  

 

Keywords: Particle absorption, Particle reflection, Plasma facing materials, Plasma sheath, Sputtering. 

 

1. INTRODUCTION 

The study of plasma-wall transition mechanism which 

exists between quasineutral plasma and boundary 

surface is one of the interesting research fields in 

plasma physics [1, 2]. During the past several years, 

there are many literatures on plasma sheath and 

presheath characteristics due to its wide range of 

growing applications or even growing interest in 

diverse fields [3-5]. The investigation of plasma 

sheath is a difficult task as it exhibits complex 

structure in the presence or absence of magnetic field. 

When the plasma comes in contact with material 

surface, plasma interacts with the surface via non-

neutral plasma sheath formed at the vicinity of 

material wall. The plasma sheath characteristics has 

crucial role in the flow particles and energy towards 

the wall. The incident particle fluxes and energy 

transmits through the sheath towards the wall 

determine the life time of plasma facing materials 

(PFMs) [6]. For example, the first material wall in the 

fusion devices is exposed with high energetic particle 

flux (
2410 m

-2
s

-1
) at energies ranging from eV to keV 

which results to affect the life span of PFMs [7, 8]. 

Therefore, the proper design of divertor wall and 

material selection is very important. The 

understanding of plasma sheath properties in the 

presence as well as in the absence of magnetic field is 

fundamental for various plasma applications such as 

in divertor wall of fusion devices, surface 

modifications of materials, sputtering, etching and 

many more [9-11].  

Tungsten (W) is the leading high-Z candidate surface 

material for future fusion devices and the first wall as 

a plasma facing components (PFCs) [12]; however, 

the high-Z material molybdenum (Mo) is also 

considered as an alternate to tungsten [13]. The reason 

behind considering high-Z materials as plasma facing 

components (PFCs) are high melting point, good 

thermo-mechanical properties and low physical 

sputtering rate of such materials [14].  

In the past few decades, the nonextensive statistical 

mechanics has received a considerable interest in 

the plasma and its applications. It has been 

successfully applied to describe the interesting 
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problems associated to astrophysics and space 

physics [15, 16]. Tsallis proposed a concept of q-

nonextensive entropy as a generalized form of the 

Boltzmann-Gibbs free entropy [17, 18]. 

Mathematically, Tsallis entropy can be written as; 

 

1

1
1








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q

p

kS

w

k

q

k

Bq
 ............................................ (1) 

in which Bk  is Boltzmann constant, kp  is the 

probability of k
th
 microstate, w is the total number 

of microstates and q is the degree of nonextensivity 

of the thermodynamic system. As the nonextensive 

parameter tends to unity i.e., 1q , equation (1) 

reduces to the usual Boltzmann-Gibbs entropy as;  


k

kkBq ppkS ln    ........................................  (2) 

Pioneering work [19] gave an empirical formula for 

the particle reflection and energy reflection 

coefficients. The work was primarily focused on 

particle reflection and absorption coefficients from 

the target surface due to lighter ions (such as 

hydrogen, deuterium and helium) with the energy 

range from 10 eV to 100 keV. This energy range 

encompassed the situations of fusion devices. It 

was found that the reflection and absorption of 

particles from the target surface not only depend on 

the kinetic energy of projectiles, but also on the 

mass ratio of target to projectiles. 

In this work, we are interested to understand the 

plasma-wall interaction mechanism when the warm 

deuterium ion plasma interacts with the tungsten and 

molybdenum surfaces in the presence of q-

nonextensive distributed electrons. The nonextensive 

distributed electron has considerable effect on 

particles and energy flow towards the wall. The 

impact energy with which the positive ions strike the 

target surface determines the physical sputtering 

process, particle reflection and absorption coefficients 

which are systematically presented in this work. The 

obtained results have useful applications such as in 

modeling of divertor wall in fusion device. 

  

2. DESCRIPTION OF MODEL AND BASIC 

EQUATIONS  

The electropositive magnetized plasma consists of 

singly charged positive deuterium ions and electrons. 

In the present work, we consider a model with one-

dimension in spatial coordinate and three dimension 

in velocity coordinates ixv , iyv  and izv . Also, the 

collision mean free path between ion and neutral is 

longer than the dimension of considered model. Thus, 

it is considered that there are no collisions in the 

plasma sheath region i.e., plasma sheath is 

collisionless. The magnetized plasma is bounded by 

two planar surfaces at x = 0 (left hand boundary i.e., 

particle injecting side or sheath entrance) and x = xw 

(right hand boundary or material wall) as shown in 

Fig. 1. A uniform magnetic field B


acts in the xz-

plane, makes an angle ψ with the normal to the wall 

which is also the direction of electric field. The 

plasma is non-isothermal i.e., ie TT  , where Te and Ti 

are electron and ion temperatures, respectively. In the 

presence of oblique magnetic field, the velocity has 

two components:  

 sincos|| izix vvv   ...................................... (3) 

is the velocity parallel to the magnetic field which 

provides the forward movement to the ions and  

   5.022 sincos  ixiziy vvvv   ...................... (4) 

is the velocity perpendicular to the magnetic field 
which provides the rotational motion to the 
particles around the magnetic field [20]. 

As the electrons follow the Tsallis statistical 

mechanics, the velocity distribution function is 

deviated from the Maxwellian distribution. The q-

nonextensive velocity distribution function for 

electrons is [21] 
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in which qA is the normalization constant and kE is 

the kinetic energy of electrons. 

The electron density distribution is obtained as; 

      vdvxfn ee

3,


  .................................... (6) 

which yields, 
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in which ne0, e and   are electron density at the 

particle injection side (x = 0), electronic charge and 

electrostatic electric potential, respectively.  
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Fig. 1: Schematic geometry of magnetized plasma 

exposed   with material wall. 

 

In the absence of source, the steady state one-

dimensional continuity equation is written as; 

0)( ixivn
dx

d
 ....................................................(8) 

and the momentum transport equation for ion fluid 

is  

iiiiiiii pBvenenvvnm  )()(


  ........ (9)           

where im , in and iv


 
are the mass, density and 

velocity of the positive ions, respectively. 

The one-dimensional Poisson’s equation 

connecting electrostatic potential and charge 

density can be written as; 

)(
2

2

0 ei nne
dx

d



  ......................................(10) 

where 0 is the electric permittivity of free space. 

The plasma is quasineutral at the sheath entrance 

and charge neutrality condition can be written as; 

000  enen ei  .................................................(11) 

To solve the compiled set of fluid equations 

numerically, we introduce the transformations as; 

Dex  / , 
eB Tke /  , sii Cvu /


 , 

0/ eii nnN   

0/ eee nnN  , 
ei TT / , where 2

00 / enTk eeBDe  
 
is 

the electron Debye length and 
ieBs mTkC /

 
is 

the ion acoustic velocity. 

Therefore, equations (7) – (10) becomes 

  22

13

)1(1 



 q

q

e qN   ................................... (12) 

 0 ixixi uuN   ............................................. (13) 

              





siniy

ix

ix

ix u
d

d

d

ud

u
u 







 
  ....... (14) 

             
)sincos( 


ixiz

iy

ix uu
d

du
u   ......... (15) 

             


cosiy
iz

ix u
d

du
u   ...................... (16)

 

               22

13

2

2

)1(1
)0(








 q

q

ix

ix q
u

u

d

d







  .... 

(17) 

where sixix Cxvu /)0()0( 
 

is the ion’s 

velocity at the sheath entrance or at particle 

injection plane, iic mBe /  is the ion cyclotron 

frequency and sDeic C/   is the normalized 

frequency parameter.  

The Bohm sheath criterion requires that ions must 

enter the sheath region with a velocity greater than 

the ion acoustic velocity. The Bohm sheath 

condition can be written as 

0
0












 d

nd

d

nd ei   ........................................ (18) 

which yields, 
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This equation (19) is the modified Bohm sheath 

condition for magnetized plasma in the presence of 

thermal ions and q-nonextensive distributed 

electrons.  
 

3. WALL SPUTTERING YIELD, PARTICLE 

REFLECTION AND ABSORPTION COEFFICIENTS 

In the sheath region, the electric field is so strong 

that the motion of charged particles is governed 

by the electric field rather than magnetic field. 

The positive ions are accelerated by the electric 

field and most of the ions incident normally at 

the wall [20].     
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The nuclear stopping power based on the Kr-C 

interaction potential is written as [22] 

 
 

1504.05.0 008.01728.0

2288.11ln5.0
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with the reduced energy is defined as  
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a
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  ................................... (21) 

in which tm and tZ are the mass and charge state of 

the target particles, respectively, im and iZ are the 

mass and charge state of the incident particles, 

respectively. 

The impact energy of the incident particle (eV) at 

the wall is calculated as;  
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The parameter La is the Lindhard screening length 

given by 
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where 0a is the Bohr’s atomic radius. 

The empirical relation for the calculation of 

physical sputtering yield for the normal incidence 

of projectile on the wall is [22]; 
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in which thE  is the threshold energy and Q is the 

fitting parameters. Below the threshold energy 

value, the equation (24) gives the unpredicted 

yields and this empirical relation of sputtering yield 

is modified as [22]; 
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where  and  are fitting parameters.  

For normal incidence of lighter particle, the 

empirical formula for the particle reflection 

coefficient is [19] 
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where 1a  to 6a  are the constants that depends on 

the mass ratio of target to incident particles.  

The fraction of particles absorbed ( AR ) at the 

material surface is given by 

1 AN RR  ........................................................ (27) 

To obtained the more stable numerical fluid 

solutions, the initial conditions considered at the 

particle injection side are;   00  , 

  01.0/0   dd  
and  0,, 00 iyixi uuu  . It is 

assumed that the electrostatic potential is zero at the 

sheath entrance; however, it has taken a small 

residual electric field at the sheath entrance in order 

to prevent the divergence of numerical results. In 

addition, the presence of small electric field at the 

sheath entrance ensures the validity of plasma 

approximation. This non-zero electric field at the 

sheath entrance that acts along the x-direction and 

the oblique magnetic field B


 on the xz-plane 

results in a drift in the y-direction as  

 





sin

/0
0

dd
uiy


 ................................ (28) 

In this work, the physical parameters considered 

are; 19

0 10en  m
-3

, B = 5 T,  ψ = (1-30) Deg.,  Te = 

50 eV, and Ti = 20 eV.  
 

4. RESULTS AND DISCUSSION  

To study the plasma-wall interaction mechanism, 

first of all we have solved the set of normalized 

fluid equations (12)-(17) along with equation (19) 

and calculate the velocity of ions reaching the wall 

( wiv ). Further, we have solved the equations (20)-

(27) to study the sputtering yield, particle reflection 

and absorption coefficients. 

The velocity variation of positive ions at the sheath 

entrance is a key parameter in the plasma sheath 

formation close to the wall. The effect of thermal 

motion of ions and nonextensive distributed 

electrons on entrance velocity of positive ions is 

shown on Fig. 2. It is found that the velocity of ions 

at the sheath entrance increases with the increase in  
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Fig. 2: Variation of ion velocity at the sheath entrance as 

the function of ion temperature and nonextensive 
parameter. 

 

ion temperature and decreases with the increase in 

nonextensive parameter q. The marginal Bohm 

sheath condition 1)0( xuix  is obtained when the 

nonextensive distributed electrons becomes 

Boltzmann distribution and ion temperature Ti = 

0.4Te. The presence of q-nonextensive distributed 

electrons affect the variation of ion and electron 

density profiles in the plasma sheath region which 

are displayed on Fig.3 and Fig.4, respectively.  

 

Fig. 3: Ion density profile for different values of 
nonextensive parameter. 

 

From the figures, it is seen that both ion and 

electron densities decrease towards the wall for all 

the four cases of nonextensive parameter q. As the 

nonextensive parameter q increases, the decreasing 

rate of positive ions and electrons are much faster 

and attains their minimum at the wall. Moreover, 

the population of positive ions at the wall decreases 

with the increase in nonextensive parameter q and 

the minimum electron density point shifts towards 

the sheath entrance. 

 

Fig. 4: Electron density profile for different values of 
nonextensive parameter. 

 

 

 

Fig. 5: Variation of parallel component of ion velocity in 
the sheath region for different values of nonextensive 

parameter. 

 

The parallel component of ions velocity profile in 

the plasma-wall transition region for four different 

values of nonextensive parameter q is shown in Fig. 

5. It is seen that the parallel component velocity is 

almost constant (not significantly increases) up to 

about 9 electron Debye lengths from the sheath 

entrance and after that the velocity abruptly 

increases towards the wall. However, the increment 

rate of ion’s velocity at the wall is higher when the 

q-nonextensive electron distribution becomes 
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Boltzmann. As the parameter q increases, the 

entrance velocity of ions decreases according to 

equation (19) and hence the velocity decreases at 

the entrance which is clearly seen in blow up part in 

Fig. 5. The magnitude of velocity at the wall 

increases from about 10.32Cs to 12.65Cs with the 

increase in nonextensive parameter from 0.70 to 

0.99. 

The obliqueness of magnetic field acting on the xz- 

plane determines the strength of magnetic force, 

which has influence on both the parallel and 

perpendicular components of ion velocity. The 

variation of parallel and perpendicular components 

of ion velocity in the plasma-wall transition region 

at constant nonextensive parameter q = 0.70 is 

shown in Fig. 6. It is found that both the parallel 

and perpendicular components of ion velocity 

increase towards the sheath region, although the 

increment rate of parallel component velocity is 

higher for small obliqueness of magnetic field. In 

such cases, the parallel component has dominant 

contribution on the resultant velocity of positive 

ions. With the increase in obliqueness of magnetic 

field, the perpendicular component sharply 

increases due to increment of drift velocity along 

the y-direction. 

 

Fig. 6: Parallel and perpendicular components of ion 
velocity in the sheath region. 

 

The variation of normalized electric potential in the 

sheath region for four different values of 

nonextensive parameter q at constant obliqueness 

of magnetic field 30 Deg. is depicted in Fig. 7. It is 

seen from Fig. 7 that the magnitude of potential 

monotonically increases towards the wall for all the 

cases. Although the potential is not significantly 

changed near to sheath entrance with nonextensive 

parameter q, the sharpness of potential gets 

increased towards the wall which indicates that the 

slope of potential curve increases for the increasing 

value of nonextensive parameter q. As the q 

increases, the initial flux of ions at the sheath 

entrance decreases and the flux of ions reaching at 

the wall also decreases following the conservation 

of flux and hence the magnitude of wall potential 

gets increased.  

 

Fig. 7: Electrostatic potential profile for different values 
of nonextensive parameter. 

 

 

 

Fig. 8: Ions impact energy profile for different values of 
nonextensive parameter. 

 

Because of negative potential of the wall, the 

positive ions are accelerated and hence its impact 

energy also increases which is illustrated in Fig. 8. 

This impact energy of ions striking the wall 

determines the sputtering yield, particle reflection 

and absorption coefficients. The energy flow 

towards the wall by ions increases with the increase 

in nonextensive parameter q. To study the effect 

energy flow towards the wall, we present the 
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physical sputtering for the tungsten and 

molybdenum surfaces in Fig. 9. The probability of 

physical sputtering process is very low below the 

threshold energy about 220 eV for the W-surface 

(Fig. 9(a)) and 98 eV for the Mo-surface (Fig. 9(b)) 

then after it monotonically increases with the 

increase in impact energy of projectiles. It is found 

that the physical sputtering yield is low for the W-

surface than that of Mo-surface. Further increment 

of impact energy of ions, the sputtering rate does 

not significantly increase after the energy of 

deuterium ions goes beyond about 1700 eV for W-

surface and 750 eV for Mo-surface. This is because 

the collision cascades between projectiles and 

target atoms penetrate deep into the target surface 

and therefore less energy is transferred to the 

surface atoms.    

 

Fig. 9: Sputtering yield as the function ions impact 
energy for (a) tungsten surface and  

(b) molybdenum surface. 

 

 

Fig. 10: Reflected ion density form the W-surface. 

 

Fig. 11: Reflected ion density form the Mo-surface. 

 

The particle reflection from the target surface is 

affected by the energy of projectiles and strength of 

magnetic Lorentz force as well. In order to estimate 

the reflected density of positive ions (projectiles) 

from the tungsten and molybdenum surfaces, we 

present the reflected ion density as the function of 

impact energy for the different values of 

obliqueness of magnetic field which are depicted in 

Figs. 10 and 11, respectively. With the increase in 

obliqueness of magnetic field from (1-30) Deg., the 

energy of positive ions striking the wall increases 

from about 2300 eV to 3400 eV. This results in the 

decrease of reflected ion density from about 

0.365 0en to 0.335 0en  (Fig. 10) and 0.304 0en  to 

0.264 0en  (Fig. 11) for tungsten and molybdenum 

surfaces, respectively.   

However, the positive ions in the magnetic field 

dominant region have higher probability of particle 

reflection from the PFMs. It is found that the 

reflected ion density decreases for both the surfaces 

(tungsten and molybdenum), although the reflection 

of deuterium ions is higher for tungsten surface 

than that of molybdenum surface. When the energy 

of ions reaching the wall increases, the energy 

transfer due to elastic collision between projectiles 

and wall is maximum and exceeds threshold energy 

of target atoms which creates vacant lattice space 

on the surface of the target. These vacant lattice 

positions are occupied by the incident ions and 

hence the reflected ion density falls down. The 

threshold energy for the tungsten atoms is so higher 

than that for molybdenum atoms in the target 

surface. Therefore, the reflected ion density for the 

W-surface is higher than the Mo-surface.  
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The variation of absorbed ion density as the 

function of impact energy and obliqueness of 

magnetic field for the tungsten and molybdenum 

surfaces are shown in Figs. 12 and 13, respectively. 

It is found that the ion absorption rate increases 

with the increase in ion’s impact energy for both 

the surfaces, though the absorption is lower for the 

W-surface than that of Mo-surface. The threshold 

energy of W-surface is higher than that of Mo-

surface thereby more energy is required in order to 

make the interstitial displacement of tungsten atoms 

from its lattice sites and hence ion absorption 

coefficient is lower for the W-surface. For instance, 

when the striking energy of ions at the wall is 2300 

eV, 0.635 0en  incident ions are absorbed by the W-

surface (Fig. 12) whereas the value for Mo-surface 

is 0.696 0en  (Fig. 13). 

 

Fig. 12: Absorbed ion density form the W-surface. 

 

 

 

Fig. 13: Absorbed ion density form the Mo- surface. 

5. CONCLUSIONS 

The interaction of magnetized plasma, consisting of 

warm deuterium ions and q-nonextensive 

distributed electrons, with tungsten and 

molybdenum surfaces was studied by using fluid 

theory. The electric fields near the wall are strong 

enough so it was assumed that the projectiles 

incident normally. The Bohm’s velocity of ions at 

the sheath entrance was affected by the presence of 

nonextensive distributed electrons and temperature 

of positive ions. The particle densities decreased 

towards the wall and the decreasing rate of electron 

density is much faster than that of positive ions. 

The parallel component of velocity abruptly 

increases after about 9 electron Debye lengths from 

the sheath entrance. The orientation of magnetic 

field affected the particles flow along its parallel 

and perpendicular directions. Although the nature 

of potential distribution was monotonic function for 

all choice of nonextensive parameters, the slope of 

potential function increased towards the wall with 

the increase in degree of nonextensivity. Due to 

negative potential developed at the wall, positive 

ions accelerated and hence its impact energy 

increased.  

The obliqueness of magnetic field and flow of 

energy determined the physical sputtering, particle 

reflection and absorption from the target surface. 

The reflected ion density decreased for both the 

tungsten and molybdenum surfaces with the 

increase in impact energy of incident projectiles; 

however, more particles are reflected back from the 

W-surface as it has high interstitial displacement 

energy than Mo-surface. Therefore, the Mo-surface 

has high absorption coefficient compared to that of 

W-surface. Furthermore, the present work 

concluded that reflection coefficient of W-surface 

is higher than Mo-surface by about (7-19) % for the 

incident energy range 40 eV to 3.5 keV. This has 

useful applications in the modelling of plasma 

facing material wall in future fusion devices, for 

example, in ITER.    
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