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Abstract:

Molecule density in Scrape-off Layer (SOL) of tokamak plasma is normally high. These
molecules take part in many important reactions with the plasma and can modify plasma
turbulence. A two-dimensional model has been derived for this purpose to study the plasma
turbulence in the presence of the neutral gas. The growth rate obtained from these equations
has been presented using linear theory. It is observed that the growth rate decreases with the
increase of the molecular density and increases with the neutral gas ionization coefficient.
The nonlinear equations have been solved numerically using two different simulations that
are simulations using uniform and nonuniform electron temperature. The simulation results
have been analyzed to identify role of neutral gas and electron temperature of the plasma.
It is found that the neutral gas modifies plasma profiles, electric fields and also reduces the
plasma fluctuation levels.

1 Introduction

Influence of neutral gas in Scrape-off layer (SOL) region is very complex and has become
an intensive research area. Neutral gas in tokamak plasma originates either because of
recycling from the walls or by an external gas puffing during gas puff related experiments.
The neutral gas can be either molecular or atomic in form, but most measurements
indicate that the molecular density is much higher than the atomic density [1]. These
reactions are described in Appendix. It is well known that plasma in the SOL region is
highly turbulent in nature mainly because of the presence of interchange modes [2, 3, 4,
5, 6]. The magnitude of these modes depends on the density/pressure gradient that can
be modified by the presence of the neutral gas as the electron impact ionization of the gas
can generate extra electron and ion that can modify the gradient. It is also known that
the radial gradient of the electron temperature can contribute to the generation of radial
electric fields that can control the plasma turbulence self-consistently. In the presence of
the neutral gas the temperature and its gradient will be modified as the electrons lose
energy by ionizing and various nonionizing collisions with the neutral gas. Therefore,
studies of the plasma turbulence in the presence of neutral gas and electron temperature
are important.
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A number of authors have investigated interaction of the neutral gas with the SOL
plasma. Reduction of two-dimensional (2D) interchange turbulence using mono-energetic
neutral beams has been studied in Ref.[7]. Extensive studies on the divertor/SOL stability
have been done in Refs.[8, 9]. Recently, reduction of plasma fluctuations and shift of
plasma turbulence spectrum towards the low frequency side of the 2D interchange waves
has been reported [10]. The fluid description for the atomic neutrals had been used in
Ref.[10] as some small tokamak like Aditya showed substantial low energy electrons [11].
Most recently the SOL turbulence has been studied in the presence of the neutral gas
molecules using nonuniform electron temperature [12]. Only few important aspects of the
neutral gas on the plasma turbulence have been studied such as modification of various
plasma gradients, and reduction of fluctuating levels. In this work, we have studied the
plasma turbulence in more details. We have added another model of uniform electron
temperature in the presence of the neutral gas to identify the role of the radial electric
fields and molecular gases on the plasma turbulence. Here, the molecules have been
considered at room temperature so that the mean free path (mfp) will be much less than
the SOL thickness which allows to use the fluid theory for the molecules. It is to be noted
that there are slow as well as fast atoms, but these are not considered here as the density
of these atoms is much lower than the density of the molecules.

2 Model equations and Numerical parameters

Most relevant reactions in the SOL region of the plasma have been described in Appendix.
Model equations (multispecies) have been derived based on these reactions that consist of
electron continuity, H+

2 continuity, current balance, electron energy, neutral momentum,
and neutral continuity equations. These are shown in the following,

∂n

∂t
+ ~∇ · (n~v) = 〈σionve〉nN + Sn, (1)

∂n2

∂t
+ ~∇ · (n2~u2) = 〈σionve〉nN − [〈σidisve〉+ 〈σidisrve〉]nn2, (2)

~∇ · ~J = 0, (3)
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2
n

(

∂

∂t
+ ~v · ~∇

)

Te + pe~∇ · ~v = −~∇ · qe + nSTe, (4)

2NM
∂~V

∂t
= −~∇pN − 2MNn

[

〈σionve〉~V + 〈σcxve〉(n2/n)(~V − ~u) + 〈σmdisve〉~V
]

, (5)

∂N

∂t
+ ~∇ ·

(

N~V
)

= −nN [〈σionve〉+ (n2/n)〈σcxve〉+ 〈σmdisve〉] + SN . (6)
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These equations also require n = n1+n2. n, n1, n2, and N represent density of electrons,
H+ ions, H+

2 ions, and neutral gas molecules, respectively. The symbols ~v, ~u1, and ~u2

are velocity of electrons, H+
2 , and H+ ions. These can be written as ~v⊥ + ~v‖, ~u1 =

~u1⊥ + ~u1‖ + ~u1in , and ~u2 = ~u2⊥ + ~u2‖ + ~u2in where the lower symbols ⊥ and ‖ indicate
perpendicular, and parallel velocity components. The ⊥ component includes various drift
velocities like ~E× ~B ( ~E = −~∇φ is electric field, φ is electrostatic potential), diamagnetic,

and polarization drifts. The terms ~u1in and ~u2in indicate velocity in ~E direction due to
collision with neutral gas; ~uin = (νin/Ωs)( ~E/B) where νin indicates collision frequency
of ions with the neutral gas. Velocity of the neutral gas molecules is represented by
~V . The terms 〈σionve〉, 〈σmdisve〉, 〈σidisve〉, and〈σidisrve〉, indicate molecular ionization,
molecular dissociation, H+

2 ionic dissociation, and H+
2 ionic dissociative recombination

rate coefficients, respectively. These are function of the temperature Te. The term 〈σcxve〉
indicates charge exchange rate coefficient between H+

2 and H. Electron pressure and
neutral pressure are represented by pe and pN , respectively. The mass of H+

2 is two times

of the mass ofH+, which is represented by 2M . The total current density ~J can be written
as ~J = e(n1~u1 + n2~u2 − n~v), where e represents electronic charge. The parameters Sn ,
nSTe , and SN represent plasma, electron energy, and neutral gas sources, respectively.
Equations.(1)-(5) can be written as in the following 2D form;

dn

dt
−D∇2

⊥n+ g

(

Te
∂n

∂y
+ n

∂Te

∂y
− n

∂φ

∂y

)

= ξion(Te)nN − σn
√

Tee
Λ−φ/Te + Sn, (7)
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)
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effnn2, (8)
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2
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e

n

∂n

∂y
− Te
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3
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loss
eff NTe

− 2

3
σT 3/2

e

(

1.71eΛ−φ/Te − 0.71
)

+ STe, (10)

∂N

∂t
− ~∇⊥ ·

[

Dn(n)~∇⊥N
]

= −ξNionnN + SN . (11)

where, df/dt = ∂f/∂t + [φ, f ]. Few steps of the above calculations are given in Ref.[10].
Equations-(7)-(11) are in normalized form. Detailed normalization and descriptions of
other parameters have been described in Ref.[12]. The temperature dependence of the
cross-section has been indicated for the molecular ionization coefficient ξion(Te).
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3 Numerical parameters

Typical ADITYA tokamak related parameters have been used to calculate input param-
eters needed for solving the model equations. These are, electron temperature Te0 ∼ 14.2
eV, the plasma density n0 ∼ 5× 1018 m−3, major radius R ∼ 0.75 m, and magnetic field
B ∼ 0.8 Tesla. These estimate g = 6.3×10−4 and σ = 2×10−4. Te dependence of the ion-
ization cross-section can be approximated using the expression ξion(Te) = ξion

√
Tee

−1/Te ,
where Te is normalized by Te0 and ξion = 2.2× 10−4. Other cross-section related param-
eters are ξn2eff = 6.5 × 10−3, ξlosseff = 6.5 × 10−4, floss = 2, and ξNeff = 6.5 × 10−4. The
diffusion/conduction loss related parameters are D = Dn2 = ν = ke = 0.01 and Dn = 0.6.

4 Linear Growth Rates

We have linearized Eqs.(7)-(11) using expansion of f(x, y, t) = f̄(x, t) + f(x, y, t), where
f can be any variable like n, n2, etc., and f̄ indicates equilibrium values of the variables.
We can take n̄(x, t) = T̄e(x, t) = 1. The equilibrium potential can be represented by
φ̄(x, y, t) = ΛT̄e(x, t). The magnitude of N̄ can be estimated by balancing parallel loss
terms in Eq.(7); N̄ = σ/ξion(Te). The equilibrium value of molecular ion density n̄2 can be
estimated from balancing source and sing terms of Eq.(8), which is n̄2 = ξion(Te)/ξ

n2
eff . All

the fluctuating terms f̃ can be expressed by f̃ ∼ e−iωt+ikyy. Linearized forms of Eqs.(7)
-(11) can give rise to dispersion relation. The relation has been solved to get the most
unstable root with respect to ky. Figure-1(a) indicates that the growth rate (γ) decreases
with the increase of N̄ . This is an important result as it indicates that stabilization of
interchange modes by the presence of the neutral gas. Therefore, one can anticipate the
similar stabilization nonlinearly from the numerical simulations. It is expected that if
ξion is increased then it can generate more plasma therefore the plasma loss through the
sheath will not be enough to maintain the same level of the plasma stability. Therefore,
the plasma can be destabilized by the presence of high ξion. Figure.1(b) indicates that γ
increases with ξion.

5 Numerical Simulation and results

The 2D Eqs.(7)-(11) have been solved numerically. The numerical code uses finite differ-
ence along x direction and Fourier transformation along y direction. Neumann boundary
condition along x and periodic along y have been used. The simulation has been done
in Lx × Ly region where Lx = 196 and Ly = 196, both Lx and Ly are normalized by ρs.
Detailed description of the code can be found in Ref.[12]. Here, two different numerical
simulations are done, these are WNG UTE (With neutral Gas using Uniform Te), and
WNG (With Neutral Gas).

The neutral gas profiles obtained from the WNG UTE and WNG have been shown in
Fig.2(a). The gas density is maximum at Lx = 196 as the sources of the neutral gas are
present at this location. It is to be noted that the gas density (t and y averages) obtained
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FIG. 1: (a) Growth rate decreases with neutral gas equilibrium density. (b) growth rate
increases with ξion.

from the WNG UTE simulation is lower than from the WNG simulation even both the
simulations have used the same gas source SN . This has happened as the WNG UTE
uses uniform Te0 = 14.2eV which is almost upper limit of the SOL temperature in the
WNG. Therefore, the gas ionization is high in WNG UTE. As ξion(Te) increases with Te,
therefore, more gas ionization can be expected at lower values x where the energy source
of STe is present. Also, plasma density is high at this location due to the presence of the
particle sources that can increase the total numbers of molecular ionization for both the
simulations. Therefore, strong absorption of N takes place at lower x.

Figure-2(b) shows plasma density obtained from both the simulation data. The density
obtained from the WNG is higher than the WNG UTE even less N ionizations takes place.
This happens as plasma forms locally and the radial electric field (Ex) plays an important
role for confinement of the plasma at this location. The field Ex generates from the radial
gradient of Te in WNG by Ex ∼ −Λ∂Te/∂x. Ex prevents the plasma to diffuse radially
outward direction. In WNG UTE simulation, the gas ionization takes place uniformly in
the SOL and the radial electric field strength is negligibly small. Figure.2(b) indicates that
the radial gradient of the density is higher in the WNG than the WNG UTE, therefore,
interchange turbulence can be stronger in WNG.

The molecular ion density (n2) obtained from the WNG and WNG UTE has been
shown in Fig.3(a). It is interesting to observe that n2 is maximum at x = 0 in the WNG
simulation, but in WNG UTE it is maximum at x = Lx. This can be explained from the
right hand side (RHS) of Eq.(8). In WNG simulation, ξion(Te)nN > ξn2effnn2 near x = 0,
but in WNG UTE the opposite is true near x = Lx. But the maximum value of 〈n2〉t,y
for the WNG and WNG UTE can be estimated from 〈n2〉t,y = 〈N〉t,yξion(Te)/ξ

n2
eff . If we

assume Te ∼ 15eV, then the ratio can be written as ξion(Te)/ξ
n2
eff ∼ 0.1. For WNG UTE,

〈N〉t,y ∼ 0.12 the molecular ion density can be 〈n2〉t,y ∼ 0.012 that is shown in Fig.3(a)
at x = 0. In WNG, the same estimation differs slightly mainly due to Te dependence of
the cross-section.
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FIG. 2: (a)Neutral Gas profiles obtained from WNG and WNG UTE simulations. 〈N〉t,y
indicates time and poloidal averages. (b)Electron density profiles from the WNG and
WNG UTE simulations.

Fluctuation levels of n obtained from the two simulations have been compared where
the fluctuation level of a physical parameter f is defined by δ̃f =

√

〈(f − f̄)2〉/〈f〉; 〈f〉
indicates y and t averages of f . The fluctuation level of n is shown in Fig.3(b) where the
level in the WNG is lower than the WNG UTE. δ̃f for the other variables show the similar
behavior. These indicate that N and Te effectively reduce the fluctuation levels. Using
spectrum analysis it is found that the high frequency part of the interchange turbulence
has been most effected (reduced) by the neutral gas.

6 Summary and conclusions

The SOL plasma turbulence has been studied in the presence of the neutral gas molecules.
The molecules are considered at room temperature so that the mfp is lower than the SOL
thickness. Therefore, we have used fluid theory for the neutral gas. There is also atomic
form of the neutral gas present in the SOL, but we do not include this as the density
of these atoms is much lower than the molecules. In order to understand the influence
of neutral gas linear and nonlinear studies have been done. The linear study indicates
decrease of growth rate of the interchange modes in the presence of N . The growth rate
increases with the increase of the ξion. For the nonlinear studies, two different simulations
have been done these are WNG and WNG UTE. Electrons cool down in the presence of
gas ionizations and other nonionizing collisions and hence Te and N are coupled. The
effect of Te has been identified from comparing WNG and WNG UTE results. Higher
gradient of Te has stabilizing influence. Plasma profiles, including profiles of n2 have
been calculated from the numerical data. Fluctuation levels of n and other variables are
analyzed. It is found that the levels decrease considerably in the presence of N .



7 TH/5-2

0 50 100 150 200
x

0.000

0.005

0.010

0.015

0.020

0.025

〈 n
2

〉 t,
y

(a)

WNG
WNG_UTE

0 50 100 150 200
x

0.00

0.05

0.10

0.15

0.20

0.25

0.30

δ̃ n

(b)

WNG
WNG_UTE

FIG. 3: (a)Radial profiles of H+
2 . (b)Reduction of δ̃n from two different simulations.

Without N the level is higher than WNG and WNG UTE [10].

Serial No. Most relevant reactions in SOL

1 H2 + e → 2H(n = 1) + e
2 H2 + e → H+

2 + 2e
3 H+

2 + e → H(n = 1) +H+ + e
4 H+

2 + e → H(1s) +H ∗ (n > 1)
5 H + e → H+ + 2e

TABLE I: Most relevant atomic and molecular reactions

Appendix: Important reactions

In SOL, many important atomic and molecular reactions are taking place in the presence
of the ionizing electrons. The rate coefficients for these reactions (Table-I) are available
in Refs. [1, 13, 14]. The dissociation of the molecular hydrogen into ground state atoms
in the presence of ∼10-15eV electrons is given in reaction#1 that releases atoms with
mean energy ∼3eV. At higher electron temperature, the hydrogen molecules preferentially
ionized into hydrogen molecular ions (reaction#2) and further dissociated mainly through
reaction#3 to produce atomic ions (H+) and neutral atoms (H). The reaction#3 has
a high rate coefficient. There is also dissociative recombination reaction (reaction#4)
that a has high reaction rate coefficient specifically at 1 < Te < 15eV. Below 5eV the
charge exchange of hydrogen molecules with protons dominates. There are other reaction
channels (not shown in Table-I) also that can produce higher excited states of the atoms
[1]. Some reactions can also produce slow neutral atoms with sub-eV and fast neutrals
with energy greater than 3eV.
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