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Abstract. The effects of enhanced electron and ion pressure perturbations mediated

in filamentary structures (blobs) on the densities of neutral atoms and molecules are

investigated through a self-consistent dynamical fluid model for plasma and neutral

fields. The electron and ion densities and pressures, and the generalized vorticity, are

simulated by a 2D drift-fluid model in an edge and scrape-off layer slab domain of

a toroidally magnetically confined plasma. The plasma dynamics are coupled with

a diffusion model for densities of neutral atoms and molecules. The combined model

allows for determining the response of the density of neutrals with various temperatures

to blobs. It is found that blobs locally deplete densities of molecules and atoms that do

not originate from dissociation of molecules, whereas the density of atoms created by

dissociation may increase during blob events. The neutral species, their temperature,

and origin should thus be taken into consideration when estimating the effect of blobs

on neutral density perturbations when calculating emission rates, e.g., for gas puff

imaging.

1. Introduction

The conditions in the edge and scrape-off layer (SOL) regions of magnetically confined

plasmas contribute significantly to determining the overall confinement properties, as

they function as boundary conditions for the confined plasma [1]. The edge and SOL

regions are separated by the last-closed-flux-surface (LCFS), across which the outwards

transport of particles and energy is known to be highly intermittent. In the SOL the

plasma is mainly transported in field-aligned structures of enhanced electron and ion
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pressures, known as blobs, which are formed near the LCFS and propagate radially

outwards [2, 3].

The spatial structure of blobs can be observed using the gas puff imaging (GPI)

technique [4, 5, 6]. Neutral gas, for example hydrogen isotopes or helium, is puffed

into the SOL, and the electrons from the blob excite the atoms, which radiate in the

visible spectrum. Fast cameras monitor the location and magnitude of radiation, and the

data allows for deriving information about the magnitude and location of the electron

density and temperature fields. In the GPI calculations it is common to assume a static

background of neutral particles. However, in recent papers [7, 8, 9] this assumption

has been questioned, and simulations reveal an anti-correlation between the electron

pressure and neutral atom density, caused by the ionization of atoms.

In this paper it is investigated how the density of neutral particles respond to a blob

through a self-consistent 2D model, with dynamical plasma and neutral fields. The

neutrals consist of both deuterium molecules, which are puffed into the system, and

deuterium atoms originating from dissociation of the molecules. This model is explained

in detail in [10]. In addition to this, a passive species of helium atoms is simulated to

highlight the difference between neutral atoms that are created from volume dissociation

of molecules, and those which enter the system as atoms.

It is found that densities of thermal molecules and atoms which do not originate from

dissociative processes behave as reported in [7, 8], i.e., the neutral density decreases

locally due to interactions with the electrons in the filament. The density of atoms from

dissociated molecules, however, displays an opposite behaviour if the reaction rate for

dissociation of molecules is bigger than that for ionization of atoms, which is the case in

the SOL region for the results presented here. The implications for GPI calculations are

that the temperature of the neutral gas, as well as the origin of the neutral atoms, dictate

the amplitude, extend, and sign of the neutral density perturbation during interactions

with blobs.

2. Correlated perturbations in the scrape-off layer

The reaction rate R for electron impact reactions with neutrals have the general form

R = nennr(ne, Te) , (1)

where ne is the electron density, nn is the density of the neutral particles, and r(ne, Te) is

the reaction rate coefficient which can be parametrized as a function of electron density

and temperature (see e.g. [11]). It is common practice to decompose the field into a
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mean field term and a fluctuating term, i.e.,

f = 〈f〉+ ∆f , (2)

for f = ne, Te, nn. The implications of approximating the electron density and

temperature fields in the SOL region with their average value when calculating (1)

are discussed in [12, 13]. Ignoring the fluctuations result in a significant difference

when calculating reaction rates for blobs due to the correlation between ∆ne and ∆Te.

Recently, the error resulting from assuming a static neutral density when calculating

emission rates have been studied as well [7, 8]. Both papers draw attention to the fact

that the neutral density perturbation anti-correlates with that of the electron density,

as the two are coupled trough the ionization process

A + e→ A+ + 2e , (3)

where A is an atomic species such as helium He (as for [7]) or deuterium D (as for [8]).

The ionization process implies that for dynamical structures with enhanced electron

pressure, such as blobs, the amount of neutrals is expected to decrease, and the amount

of electrons and ions to increase, effectively anti-correlating ∆nn with ∆ne, ∆Te.

The importance of including molecules in addition to the atomic species for which the

emission is experimentally measured is supported by the dominant interactions

D2 + e→ 2D + e ,

D2 + e→ D+
2 + 2e→ D + D+ + 2e ,

D + e→ D+ + 2e ,

D + D+ → D+ + D ,
(4)

which are expressed in the deuterium atom density source term

SnD = nenD2 [2rdis(Te) + rm.iz(Te)]− nenDriz(Te) , (5)

where nD2 is the density of deuterium molecules, nD is the density of deuterium

atoms, rdis is the molecule dissociation reaction rate, rm.iz is that for molecular assisted

ionization, and riz is the ionization rate coefficient for deuterium atoms. All reaction

rates are parametrized in terms of Te according to [11]. For the interactions in (4)

involvining D2 and D+
2 , there is a finite probability that some of the resulting atoms are

born in an excited state, and thus emit a D-alpha photon without a prior electron impact

collision. This dissociation path is well known, see e.g. [14], and result in overestimating

the deuterium atom density in GPI calculations if not accounted for. Excited atomic

states are, however, not included in the model. The first term of (5) results from the

molecule sink term

SnD2
= −nenD2 [rdis(Te) + rm.iz(Te)] , (6)

and the second term in (5) is the electron impact ionization of atoms. For a model

without molecules only the last term of (5) persists, and the neutral density source
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Figure 1. The ratio of the reaction rate coefficients for creation of neutral atoms by

dissociation and molecular assisted ionization, to that for removal of neutral atoms

by ionization, as a function of electron temperature. It is observed that for all

temperatures, the ratio larger than one.

is always negative, resulting in the anti-correlation between the atom density and the

electron density as observed in [7, 8]. For the source of deuterium atoms in (5), however,

the sign is determined by the ratio of the absolute value of the two terms

η =
nenD2 [2rdis(Te) + rm.iz(Te)]

nenDriz(Te)
=
nD2

nD

2rdis(Te) + rm.iz(Te)

riz(Te)
, (7)

which dictates that the atom source term is negative for 0 < η < 1 and positive for

η > 1. The last fraction in (7), i.e., the ratio of the reaction rates, is plotted in Fig. 1. It

is observed that for all relevant energy scales this factor is larger than one, and increases

rapidly for smaller electron energies below 10 eV. Thus, for regions where the neutral

molecule density is sufficiently high, perturbations to the electron pressure result in a

positive perturbation to the neutral atom density.
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3. Numerical model

The effect of blobs on the neutral density is investigated numerically through a combined

plasma and neutral fluid model. The plasma module solves the HESEL [15, 16] four-

field drift-fluid model for the electron/ion density, electron and ion pressures, and the

generalized vorticity. The neutral module solves a three-field diffusion model, which has

a thermal D2 molecule species, and two more energetic atomic D species to include

both the Franck-Condon atoms produced from dissociation and those energized by

atomic charge exchange collisions with ions. The plasma and neutral modules are

coupled through the source terms, and the plasma and neutrals interact self-consistently

through molecular dissociation, molecular assisted ionization, atomic ionization, and

atomic charge exchange collisions with ions, i.e., the interactions in (4). The combined

neutral-plasma model is denoted nHESEL and is described in detail in [10].

In addition to the neutral deuterium species described in the model in [10], a passive

fluid model for neutral helium gas has been added to the code. The transport equations

for the helium density is identical to that of D2, as the mass and temperature of the

particles are assumed to be the same, i.e.,

∂tnHe −∇ · (DHe∇nHe) = SnHe , (8)

with DHe = DD2 , and the source term

SnHe = −nenHeriz,He(Te) , (9)

and where riz,He is the ionization reaction rate coefficient for helium in the ground

state, for which the parametrization in terms of Te is found in [11]. The source term

(9) is calculated according to the dynamical helium density, and electron density and

temperature fields, but information from interactions with helium does not feed back

into the drift-fluid equations for the plasma fields as is the case for the other neutrals.

The full model is implemented in the BOUT++ framework [17], and the equations are

solved in a 2D slab perpendicular to the magnetic field lines at the out-board mid-plane.

The domain overlaps both parts of the edge and SOL regions, and has dimensions of

225×75 ρ2
s . In the poloidal y-direction the boundaries are periodic, and at the inner edge

boundary, the conditions are for the generalized vorticity ω = 0, density n = 1.5n0, and

electron and ion pressures pe = 2pi = 10n0Te0. At the outer boundary, the conditions

are ∂xn = ∂xpe,i = ω = 0, where x is the radial direction. The normalization values are

Ωci = 9.57 · 107 s−1 ,

n0 = 1.5 · 1019 m−3 ,

ρs = 3.23 · 10−4 m ,

Te0 = 20 eV ,
(10)

which correspond to typical parameters for a medium-sized tokamak [16]. The neutral

density fields for the atomic deuterium atoms (n = warm, hot), the deuterium molecules
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Figure 2. Normalized electron density, deuterium molecule density, deuterium atom

density, and helium atom density during a blob. The blob is clearly observable from the

electron density, whereas perturbations to the neutral densities are relatively smaller.

The dotted straight line is the last closed flux surface, and the circle is inserted as a

reference for the blob position in this and the following figures.

(n = D2), and helium atoms (n = He) satisfy

−Dn∂xnn =

√
−DnS ′n

nn

nn , (11)

at the inner boundary, and

−Dn∂xnn = −γ
√
−DnS ′n

nn

nn + Γn,puffδn,(D2,He) , (12)

at the outer boundary, where S ′n are the source terms that are proportional to nn. The

choice of neutral boundary conditions is discussed in [10]. The parameters used for the

neutral fields are

Dhot = 101Dwarm = 103DD2 = 102ρ2
sΩci ,

γ = 0.2 ,

ΓD2,puff = 1 · 1021 m−2s−1 ,

ΓHe,puff = 1 · 1020 m−2s−1 ,
(13)

and the atomic deuterium density reported here is related to that of the deuterium

warm and hot sub-species introduced in [10] by nD = nwarm + nhot.

A snapshot of the densities during a blob is shown in Fig. 2. Here the atom density is

the sum of the two distinct (warm and hot) deuterium atom fluid densities at different

temperatures, whereas the density of helium atoms is shown separately.
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4. Neutral response to blob

The impact of the blob on the neutral densities is slightly visible from Fig. 2. The

relative deviation from the temporal mean

δσ =
nσ − 〈nσ〉t
〈nσ〉t

, (14)

for σ = e,D,D2,He is shown in Fig. 3. Here 〈nσ〉t =
∫

dt nσ∫
dt

is the temporal average of

the density of σ. The blob is visible in the plot for the electron density deviation δe and

induce a negative perturbation to the thermal neutral deuterium molecule and helium

densities, and a positive perturbation to the deuterium atom density. The perturbation

to the deuterium atom density is of similar amplitude to that of molecules, but the

effect is visible in the whole domain. The perturbation to the molecule density is much

more localized, and the trail remains visible after the blob has moved further outwards.

Thermal transport time-scales are much larger for the thermal species than those for

deuterium atoms. This is the reason why the the blob leaves a trail of neutral density

depletion in deuterium molecule and helium atom densities, but not in the deuterium

atom density. For helium atoms, the perturbation is also of smaller amplitude, as

the ionization energy for helium is several times larger than the dissociation energy

for deuterium molecules, and thus less helium atoms are ionized than molecules are

dissociated under the same conditions.

The influence of plasma pressure perturbations, e.g. in blobs, on the neutral atom

density thus depends on several factors. It is observed, that it makes a difference

whether the atoms are injected directly into the system (as for He), or if they originate

from volume dissociation of molecules (as for D). For the latter case, the source of

atoms due to dissociation of molecules may be larger than the sink due to ionization,

resulting in a positive correlation with the electron density perturbations. Whether this

is the case depend on the ratio of molecules to atoms, and on the electron temperature.

However, if the ratio of molecules to atoms, nD2/nD is above 0.58, this will always be the

case. Secondly, the temperature of the neutrals determines how local the response to

the electron pressure perturbation is. If the neutrals are thermal, the equalization of a

depletion or enhancement of the density is slow and the effect of the blob is more local.

If the neutrals are warmer, such as those created by dissociation or charge exchange

collisions, the perturbation quickly spread out to a larger volume.

The value of η defined in (7) is shown for the whole domain in Fig. 4. It is observed that

η is larger than one in most of the SOL, and that the blob brings this value closer to

unity as expected from Fig. 1, and because increased plasma density remove molecules

and create atoms. Note that the value of the source ratio η only determines the sign,

and not the amplitude, of the perturbation. Thus, blobs pushing η closer to unity still
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Figure 3. Deviation of the electron and neutral densities from their temporal mean

values. The blob result in a negative perturbation in the thermal deuterium molecule

and helium atom densities, and a positive perturbation in the deuterium atom density.

The data for the thermal neutrals in the shaded areas are excluded, as the neutral

density here is so low that the relative fluctuations outshine those resulting from the

blob interactions.

result in an enhanced perturbation, since the magnitude of the sources increase with the

blob pressure. Although only the effects of a single blob created from one set of plasma

and neutral input parameters are studied, the results are expected to reproduce well in

the range of realistic SOL pressures. At lower temperatures, less molecules are removed,

and the ratio of the reaction rate coefficients shown in Fig. 1, increases drastically, which

increases η and enhance the positive response of the neutral density to blobs reported

here. Higher pressures may result in a lower η. At higher temperatures, the ratio of the

reaction rate coefficients in Fig. 1 retains a value of approximately 1.7, but a decrease

in the density of D2 as a result of enhanced electron pressure, causes the value of η to

decrease as well. This is the case in the edge region in Fig. 4. For higher edge pressures

blobs drag the sub-one region of η further into the SOL, as a result of the increased

depletion of D2.

Opposed to the temperature dependent part of η, which is shown in Fig. 1, it is difficult

to make a generic estimate of the ratio of the density of D2 to that of D. In experiments

the densities depend on both neutral and plasma variables, as well as the geometry

of the machine and on the first wall and divertor materials. A simple 0D model may,

however, elucidate the temporal characteristics of the ratio and provide a characteristic

time-scale for the change of the density ratio compared to the time-scale set by blob

propagation. Consider a neutral model for the densities of D2 and D similar to that

presented previously, but with the temporal evolution entirely determined by the source
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Figure 4. The logarithm of the ratio of creation of neutral atoms to that of ionization

of neutral atoms η, defined in Eqn. (7). The ratio is larger than one in most of the

SOL region.

terms, i.e.,

∂tnn = Snn , (15)

where n = D2,D, and SnD2
and SnD are those in (5) and (6). Assuming a constant

electron density and temperature, and initial values of the densities of nD2 = nD = n0,

an analytical solution is readily obtained and reads

nD2 = n0e−ne(rdis+rm.iz)t , (16)

nD = n0

e−nerizt
(
(2rdis + rm.iz) ene(riz−rdis−rm.iz)t + riz − 3rdis − 2rm.iz

)
riz − rdis − rm.iz

. (17)

The solutions are an exponentially decaying molecule density, whereas the atom density

has terms of both growth and decay, consistent with the more elaborate 2D model.

For typical SOL parameters the solutions are shown in Fig. 5, and an initial growth of

the neutral atom density followed by an exponential decay when the neutral molecule

density depletes. The analytical solution provides a characteristic time-scale for the

decay of the density ratio nD2/nD, which can be compared to the time-scale set by blob

dynamics. The ratio drops from its initial value of 1 to 1
2

after approximately 50µs. The

time it takes for a blob to move a distance corresponding to its width of approximately

1 cm at a typical speed of 1 km/s is 10µs. Thus, a blob can only change the ratio

locally by a fraction before it has passed. This observation suggests that a general

estimate of the neutral density ratio, and thus of η and the sign of the perturbation to

the deuterium density, is accessible from the average effect of blobs or from an assumed

static background plasma, and can thus be obtained from more experiment-specific
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Figure 5. The solution for the simplified 0D neutral model, with n0 = ne = 1018 m−3

and Te = 10 eV, is shown in the plot to the left. It is observed that the deuterium

atom density initially increases due to the dissociation of molecules, and falls off

exponentially when the molecular density is depleted. The corresponding ratio of

D2 to D is shown in the plot to the right and provides a characteristic time-scale for

the change of the density ratio.

neutral codes, that do not necessarily involve a dynamical treatment of plasma and

neutral fields.

In addition to the study of the specific case presented here, the value of η is calculated for

several simulations with different levels of gas-puffing, and thus a wide span of neutral

densities. The results are shown in Fig. 6, and allow for a more generic calculation of η

than can be obtained from studying a single blob event. For the simulations considered

it is observed that η display the same strong radial dependence as in Fig. 4. This is due

to the difference in the length scales of transport of molecules and atoms caused by the

large difference in their temperature. It is also observed that the value of η is generally

above 1 outside the LCFS, and a positive perturbation to the atom density caused by

blobs can thus be expected in the whole SOL region.

Both the simple 0D model for the density ratio and the comparison of the radial

dependence of η for multiple simulation support the conclusion. Blobs locally affect

the value of η, but it only changes around the value determined by a background or

statistically steady state plasma. This allows for applying numerical steady state neutral

models that take many variables into account to estimate in which regions η is generally

above or below the threshold value of 1, and thus the expected sign of the atomic

perturbation during blobs. The amplitude of the perturbation, however, cannot be

calculated from the average profiles, and requires support from a dynamical code such
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Figure 6. The solid lines show the poloidally and temporally averaged value of η for

three simulations with low, medium, and high gas puffing respectively, similar to those

presented in [10]. The shaded regions surrounding the solid lines cover the values of

η for all poloidal and temporal instances at a given radial position, and thus indicate

the spread in η caused by the intermittency of the plasma and neutral fields. In the

lower right plot the average values for η are overplotted. It is observed that the value

of η generally increases with the puffing rate, most likely due the resulting enhanced

cooling of the electrons. The vertical dashed line indicate the radial position of the

LCFS, and the horizontal solid line shows η = 1. It is observed that the value of η

generally is above 1 in the SOL region, and increases exponentially for larger radial

positions.

as nHESEL.

The simulated thermal helium density shows a behaviour similar to that observed for

neutral atoms in [7, 8], and thus the conclusion on the effect of assuming a constant

neutral background in calculations based on GPI measurements is the same. That is,

the neutral atoms anti-correlate with the electron pressure perturbations, and when

calculating reaction rates of the form in (1) the product is therefore overestimated if a

static neutral density is assumed. The results for the density of non-thermal neutral

atoms that originate from dissociation of molecules, however, may have a much lower,

or even the opposite, effect for GPI if this is based on radiation of such atoms, which

for example is the case for atomic D-alpha measurements.
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5. Conclusions

The effect of electron pressure perturbations mediated in blobs on the densities of neutral

atoms and molecules in the SOL is investigated by a numerical model. The densities

of the neutrals and of the electrons are strongly coupled through in-elastic sources, and

perturbations in the electron pressure result in an immediate perturbation to the neutral

density.

The neutral density response to blobs is investigated by a coupled neutral-plasma model,

that self-consistently describe the interplay between neutral densities, and the turbulent

density and pressure fields of electrons and ions. The neutral part of the model describes

the evolution of deuterium atom and molecule densities, as well as that of a passive

helium species.

For molecules, the blob induced perturbation anti-correlates with that for electron

density, which result in increased magnitude of the molecule density sink terms. The

same is the case for atoms, that do not originate from dissociation of molecules (e.g.

helium atoms). However, for atoms that are created from dissociative processes the

density perturbation can correlate with that of the electron pressure, as more atoms are

created from dissociation of molecules than removed by ionization.

The response of the atom densities to blobs is important when interpreting atomic

emission, e.g., GPI measurements, since assuming a constant neutral background

will either lead to over- or under-estimating the amplitude of the electron pressure

perturbation, depending on the SOL conditions and on the origin of neutrals. Thus,

when correcting for the neutral density mean-field approximation, one should also take

those parameters into account. Neglecting the atom particle source from dissociation

of molecules only affects the interpreted amplitude of the measured signal, and not

properties derived from GPI measurements such as the blob propagation velocity. There

is, however, no generic recipe for how to estimate the error made by neglecting the

dissociation source. The blob event presented here introduces an error of approximately

50 % at the centre of the perturbation, when the blob is in the middle of the SOL

region, but the value depends on several parameters. There is in particular a strong

dependence on the nD2/nD ratio, which as discussed in Sec. 4 is difficult to determine in

general. Thus, for practical applications it is advised to estimate the value of η, e.g., from

simulations with kinetic models such as EIRENE [18], which will reveal whether, and

in which regions, η diverges significantly from unity. For more quantitative assessments

a dynamical model such as nHESEL can subsequently be applied to quantify neutral

density perturbations.
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