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ABSTRACT

The role of impurity radiation at the plasma edge
in fusion devices is considered. Conditions critical
for radiative instabilities, provoking the development
of detachment and MARFE, are analyzed. Require-
ments necessary for the creation of a stable radiating
edge, that would allow to protect the wall from inten-
sive heat loads, are formulated.

I. INTRODUCTION

From the very beginning of nuclear fusion re-
search an uncontrollable pollution of the plasma core
with impurities released through the interaction of
hot particles with the wall was a subject of deep con-
cerns. It was early recognized that radiation losses
from such impurities can hinder the plasma heating to
thermonuclear temperatures and the concentrations,
being “lethal” for fusion, have been estimated for dif-
ferent impurity species [1, 2].

Experiments on earlier tokamak devices with wall
elements of heavy metals, e.g., stainless steel, molyb-
denum, tungsten, have demonstrated that instead
of a gradual increase of radiation e.g., with increas-
ing plasma density, the losses can start to grow ex-
plosively when the density exceeds a certain critical
level (see, e.g., [3, 4]). This behavior is caused by a
sudden accumulation of heavy impurity particles of
high charges near the plasma axis. This fact forced
researchers to switch to light elements like carbon,
beryllium, boron in fabricating the wall facing compo-
nents. The ions of these elements radiate most inten-
sively at relatively low temperatures, i.e., in the edge
region close to the plasma boundary [5]. This edge
radiation can play a positive role reducing heat loads
concentrated mostly on particular wall elements, such
as limiters and divertor target plates [6, 7]. Never-
theless, also in this case the plasma behavior does
not obey simple laws. The radiating edge layer at-
tached to the plasma boundary can become unstable
when the plasma density is ramped up above a thresh-
old value [3]. Under some conditions this manifests
itself in a radial contraction of the plasma column
that preserves its poloidal and toroidal homogeneity
[3, 9, 10]. By such a detachment the power launched

into the plasma is completely lost with impurity ra-
diation from a thin toroidal shell at the edge. Of-
ten a detachment terminates the discharge through
disruption [11] but may also lead to the formation
of a quasi-stationary “detached plasma”. In other
cases a toroidal plasma loop of very high density and
low temperature, named the Multi-Faceted Radiation
From the Edge (MARFE), arises at the high field side
of the device and later can disappear or smear out
into a “detached plasma” [12, 13, 14]. In divertor
machines the processes of MARFE formation is initi-
ated often by a plasma detachment from neutralizing
plates and MARFE locates near the X-point [15].

A compromise has been found by deliberate seed-
ing into the plasma of impurities of intermediate
atomic numbers like neon, silicon, argon [6, 7]. On
the one hand, their characteristics allow to increase
the edge radiation to a level of 95% of the power
transported from the plasma core without formation
of MARFE or “detached plasmas” [7]. On the other
hand, their electric charge is still low enough to avoid
accumulation in the plasma core. Such a “radiating
edge” allows to reduce significantly the heat flows to
the wall elements.

Further exploration of the “radiating edge” con-
cept has resulted in one of the most unexpected
findings in controlled fusion research: under definite
condition impurity seeding results in a reduction of
anomalous heat and particle losses from the plasma
[16, 17]. These discovery has shown that impurities
are essentially involved not only in the global plasma
behavior but also in the mechanisms of anomalous
transport induced by micro-instabilities developing at
very small spatial scales. The Radiation Improved
(RI) mode, a regime with the energy confinement in-
creased by the presence of impurities, is now consid-
ered as an attractive scenario for a fusion reactor.
This mode combines the benefits both from the re-
duction of head loads on material surfaces and from
improved energy confinement in the plasma core.

This brief introduction gives an idea about the
broadness of the spectrum of impurity impacts on
hot plasmas in fusion devices. These impacts extend
from the negative phenomenon of radiation instability
leading to MARFE and “detached plasma” to a de-
sirable improvement of confinement in the RI-mode.
Investigations of mechanisms underlying impurity in-
fluence pursue both academic and practical aims: (i)
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deeper insight into radiative phenomena, (ii) better
understanding of impurity involvement in transport
processes and (iii) outgrowth of a coherent under-
standing of the impurity behavior in hot plasmas in
order to optimize this in future reactors.

In the present contribution only the processes im-
portant from the point of view of radiation losses from
impurities and their impact on the thermal stability
at the plasma edge in fusion plasmas are considered.

II. POWER DENSITY OF RADIATION LOSSES

Normally, impurity enters the plasma as neutral
particles, generated in erosion processes of the wall
elements [18, 19] or deliberately seeded [7, 8]. In
the process of ionization by electrons these neutrals
are converted into ions of different electric charges Z.
The power density of radiation losses from all impu-
rity charge states can be calculated as follows:

Qrad =

Zmax∑
Z=0

nnZLZ (1)

Here n is the density of plasma electrons which loss
their energy either by exciting electrons bounded in
impurity ions or due to Bremsstrahlung radiation by
Coulomb scattering; nZ the density of impurity ions
of the charge Z; LZ the so called cooling rate, i.e.,
the power lost from a unit volume if one electron and
one impurity ion are present there. To determine nZ
and LZ , one has to consider the processes responsible
for the transport of impurity particles and radiation
from them.

If the exact spreading of each impurity charge
state is non-relevant, one can express Qrad through
the effective impurity cooling rate LI =

∑
Z ζZLZ

and the total impurity ion density nI =
∑

Z nZ :

Qrad = nnILI (2)

where ζZ = nZ/nI are the relative concentrations of
different impurity charge states.

A. Impurity ion density

The densities of ions of different charges are de-
scribed by the continuity equations:

∂tnZ +∇‖
(
nZV

Z
‖

)
+∇⊥ΓZ

⊥ = SZ − νZnZ (3)

where V Z
‖ is the ion velocity along magnetic field,

ΓZ
⊥ the density of their flux in the perpendicular di-

rection, SZ and νZ are the source density and the
frequency of ion disintegration, respectively. The lat-
ter include diverse processes [20], e.g., ionization by
electrons, capture of free electrons by radiative and
dielectronic recombination, and of electrons bounded
in hydrogen atoms by charge-exchange, etc.
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Figure 1: The temperature dependence of the cooling
rates for different carbon charge states.

The parallel motion of impurity ions is of the
most importance close to the sources where impurity
particles are released into the plasma and obeys the
momentum transfer equation:

∂t

(
nZV

Z
‖

)
+∇⊥

(
ΓZ
⊥V

Z
‖

)
+∇‖

[
nZ

(
V Z
‖

)2
+ nZTZ/mZ

]
= MZ − νZnZV Z

‖ + ZeE‖/mZ

+νZi

(
V‖ − V Z

‖

)
+ ξZ∇‖T/mZ (4)

The first term on the right hand side, MZ , is the
momentum assimilated from the ion source and the
second one is the loss by the ion disintegration; the
third term is the acceleration due to the parallel elec-
tric field; the forth one term is due to friction of impu-
rities with the background ions moving with the mass
parallel velocity V‖, and νZi is the friction coefficient
[21]; the last term is the so called thermal force aris-
ing also due to collisions with the background plasma
particles if their temperature T has a parallel gradi-
ent; this force exists because the collision frequency
decreases with increasing temperature and for the im-
purity ion mass mZ significantly larger than that of
the background ions, mi, ξZ ≈ 3.3Z2 [22]. Normally,
the electric field arises because light electrons escape
from the plasma to the limiter or divertor plate faster
than ions. In such a case both electric and friction
forces drag the impurity ions back to the material sur-
face but the thermal force pulls them in the opposite
direction, towards the region of higher temperature.

The perpendicular flux of impurities, averaged
over the magnetic surfaces, is normally decomposed
into diffusive and convective terms:

ΓZ⊥ = −D⊥∇⊥nZ + V⊥nZ (5)

In the diffusivity D⊥ and convection velocity V⊥
usually neoclassical and anomalous contributions are
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Figure 2: The effect of perpendicular diffusion of im-
purity ions on the effective cooling rate of carbon.

taken into account:

D⊥ (V⊥) = Dneo
⊥ (V neo

⊥ ) +Dan
⊥ (V an

⊥ ) (6)

The former one is due to collisions with the main
ions [23] and the latter one – due to drift micro-
instabilities in the plasma [24]. Normally Dneo

⊥ �
Dan
⊥ and V neo

⊥ . V an
⊥ . The convection velocities are

controlled by the radial gradients of plasma parame-
ters such as density, temperature, safety factor, etc.

The temperature TZ of impurity species in the
parallel pressure gradient on the left hand side of
Eq. (4) is changing through the Coulomb collisions
with the background plasma particles and is governed
by the heat transfer equation:

∂t (1.5nZTZ) +∇⊥
(
1.5ΓZ

⊥TZ
)

+∇‖
(

2.5nZV
Z
‖ TZ

)
= QZ − 1.5νZnZTZ + 3νZinZ (T − TZ) (7)

where QZ is the density of heat assimilated from the
ion source. It is worth to note that different impurity
charge states are heated by the plasma particles to
different temperatures and in the vicinity of local
sources of impurity the effect of impurity heating
on its parallel transport can be comparable or even
higher than that from the electric field arising by
impurity ionization.

B. Impurity cooling rate

There are two the most important radiation pro-
cesses through which plasma electrons lose their en-
ergy in interactions with impurity particles. The
first one is the line radiation arising when impu-
rity is excited by electron impacts [5]. In hot fu-
sion plasmas the excited particles are normally de-
excited spontaneously by radiating photons. Since

Figure 3: The radial profiles of the radiation loss
density for different charge states of carbon impu-
rity entering the plasma through the LCMS located
at the minor radius r = 46 cm, computed with the
code RITM for an Ohmic discharge in the tokamak
TEXTOR [27].

tokamak plasmas are normally transparent to impu-
rity radiation, this leads to plasma cooling. The sec-
ond one is Bremsstrahlung arising due to change of
electron velocity caused by the attraction towards
the impurity nuclei. Normally at the plasma edge
the line radiation is the main contribution to the
radiation from impurities. The cross-section of the
Bremsstrahlung process increases, however, as Z2 and
in the hot central plasma, where impurity particles
are strongly ionized, it dominates radiation losses.
The temperature dependence of the cooling rate for
carbon ions of all charges is shown in Fig. 1. The low
ionized B,Be,Li-like charge states with Z = 1, 2, 3
are easy to excite since their typical excitation en-
ergy Eex is of 5− 10 eV ; the He, H-like ions C4+ and
C5+ with Eex ∼ Eion & 300 eV can be excited only
at high temperatures; the nuclei C6+ contribute to
Bremsstrahlung only.

Often, e.g. in the hot central plasma, the effective
impurity cooling rate LI is assessed in the so called
corona approximation [5]. It has been developed for
the description of Sun corona where the processes of
ionization and recombination dominate the particle
balances for different charge states and their densities
are governed by the relations:

kionZ−1nZ−1 + krecZ+1nZ+1 =
(
kionZ + krecZ

)
nZ (8)

Here kionZ,Z±1 and krecZ,Z±1 are the ionization and re-
combination rate coefficients depending only on the
electron temperature. In this case the relative concen-
trations of different impurity charge states, ζZ , and,
thus, the effective impurity cooling rate LI depend
also on the local electron temperature only. This de-
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pendence is shown for carbon by the solid curve in
Fig. 2. The increase of LI with the temperature at
low T is due to temperature behavior of LZ for impu-
rity ions of low charges with small excitation energies,
see Fig. 1. The sharp drop of LI at high tempera-
tures is due to ionization of impurity particles into
dim high-Z states.

At the plasma edge in fusion devices the anoma-
lous transport can be very intensive. Low-Z impurity
ions, which are generated from neutrals entering the
plasma, have enough time to diffuse into hot plasma
regions before they are ionized into dim high-Z states.
Therefore, transport processes increase effective cool-
ing rate and make it less temperature sensitive com-
pared to the corona approximation without transport
effects; see Fig. 2 where LI is shown by dashed and
dash-dotted curves for different values of the impurity
diffusivity D⊥ [25]. Similarly the charge-exchange of
impurity ions with hydrogen neutrals affects LI [26].
The effects of elementary and transport processes on
the density, radiation losses and ion heat exchange
from impurity are taken firmly into account in trans-
port codes. Figure 3 shows the radial profiles of the
radiation loss density for different charge states of
carbon computed by the code RITM (Radiation of
Impurity and Transport Model) for an Ohmic dis-
charge in the tokamak TEXTOR [27]. One can see
that the Li-like ions C3+ are the main contributors
to the radiation losses. This is explained by the fact
that, on the one hand, the characteristic excitation
energy of these ions is relatively low, of 8 eV , and, on
the other hand due to high enough ionization energy
of 64 eV they live long and penetrate deeply into the
plasma.

In the vicinity of intense localized impurity
sources, e.g. diagnostic beams, injection valves or
suddenly melted parts of the wall, one has to take
into account the essential time-dependence and three-
dimensionality of the impurity spreading process.
During the life time τZion ≡ 1/

(
kionZ n

)
impurity ions

of the charge state Z move along the magnetic field
and diffuse in the direction y perpendicular to the
field at distances lZ ≈ V Z

|| τ
Z
ion and δZ ≈

√
D⊥τZion,

respectively. On the one hand the area AZ = δZ lZ
occupied by ions of low Z ions with very large kionZ

and small τZion is negligible compared with the total
area AS of the magnetic surface. On the other hand,
kionZ decreases with increasing Z and, thus, AZ grows
up also. Therefore, the Z-state serves as an intensive
but localized source for the next charge state. All to-
gether the regions on the magnetic surface occupied
by charge states with AZ < AS form a set of nested
shells evolving in time. By using this “shell” approx-
imation [28] one can complement transport codes,
modeling the radial profiles of impurity ion densi-
ties, e.g., RITM, with a description of non-stationary
spreading of impurity on magnetic surfaces.

III. THERMAL INSTABILITIES DUE TO RADIA-
TION AND COULOMB COLLISIONS WITH IM-
PURITY

Presence of impurity can make a significant ef-
fect on the plasma parameters. In turn, this changes
impurity transfer in such a perturbed plasma. The
plasma can be significantly disturbed by: (i) the pro-
duction of additional electrons by impurity ionization,
(ii) electron heat losses on impurity excitation and
ionization, (iii) heat transfer from the main ions to
impurity ones by Coulomb collisions. The influence
on the temperatures of electron and the main ion, Te
and Ti, respectively, is governed by the heat transport
equations:

1.5n∂tTe − κe‖∆‖Te − κ
e
⊥∆⊥Te = −Qrad (9)

1.5n∂tTi − κi‖∆‖Ti − κ
i
⊥∆⊥Ti = −Qcoll (10)

where κe‖ � κi‖ � κe⊥ > κi⊥ are the compo-
nents of the electron and ion heat conductions par-
allel and perpendicular to the magnetic field and
Qcoll = 3νZinZ (Ti − TZ) is the power density of heat
losses due to Coulomb collisions [21]. Consider the
plasma region inside the last closed magnetic surface
(LCMS) in a limiter tokamak or inside the separa-
trix in a divertor device. Initially the temperatures
Te = Ti = T0 are assumed constant on a magnetic
surface and impurity ions are cold, TZ � T0. Con-
sider a spontaneous fluctuation in the temperature
periodic in the direction l of the magnetic field:

Te,i = T0 + δTe,i × exp (ikl + γt)

where k = 2π/λ with λ being the perturbation wave
length, and γ is the growth rate of the perturbation
which has to be determined. The plasma pressure
P = n (Te + Ti) is equilibrated along field lines very
fast and the temperature change leads to the pertur-
bation in the plasma density:

δn

n0
= −δTe + δTi

T0
(11)

Thus, at the position where the temperature is re-
duced the density is increased. We on purpose omit
here the finiteness of the time required for movement
of the main ions to cooled area as it allows us to ex-
clude acoustic waves inessential for this consideration.
By using the latter relation and linearizing Eqs. (9)
and (10) for small perturbations, we get a system of
equations for the perturbation amplitudes δTe,i:

γ (2δTe + 0.5δTi) +
k2κe‖

n
δTe

= nI

[
LI

2T0
δTi +

(
LI

2T0
− dLI

dT0

)
δTe

]
(12)

γ (2δTi + 0.5δTe) +
k2κi‖

n
δTi

=
Qcoll

T0
(δTi + 0.5δTe) (13)
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which nontrivial solution provides an equation for
perturbation growth rate. Consider two limit cases.
If radiative electron cooling prevails, δTe � δTi, it
reduces to:

γ =
nI
2

(
LI

2T0
− dLI

dT0

)
−
k2κe‖

2n
(14)

In the limit case of dominant Coulomb ion cooling,
δTi � δTe, it provides:

γ =
Qcoll

T0
−
k2κi‖

n
(15)

Small spontaneous reduction of plasma compo-
nent temperatures provokes an increase in plasma
density, n, caused by the pressure equilibration. This
increases the heat losses both from electrons through
the rising radiation and from the main ions due to
heat exchange with impurity ions in Coulomb colli-
sions. As it is seen from Eqs. (14) and (15), in both
cases plasma heat conduction reduces the growth rate
of perturbation and plays a stabilizing role. An in-
stability develops, i.e. γ ≥ 0 and initial spontaneous
perturbations grow exponentially with time, if with
increasing either plasma density or impurity content
the heat losses from the main plasma components ex-
ceed the critical level which can not be compensated
by the heat fluxes coming to impurity cloud with heat
conduction. This level can be described by the pa-
rameter η = nIn/k

2. For electron radiation instabil-
ity this threshold value is equal to:

ηrad =
κe‖

0.5LI/T0 − dLI/dT0
(16)

and for cooling instability induced by heat exchange
with impurity ions by Coulomb collisions:

ηcoll =
κi‖T0

Qcoll
(17)

This provides a hint for understanding why the
MARFE, considered often as the non-linear stage of
the radiation instability, develops in the inner plasma
edge at the high field side (HFS). Due to the Shafra-
nov shift of the plasma axis the distance between
magnetic surfaces is larger at the HFS than at the
low field side (LFS). Therefore, the radial tempera-
ture gradient and heat flux from the plasma core are
weaker at the HFS. Already in the stationary state
before plasma becomes unstable there is an inhomo-
geneity along the magnetic field so that the plasma
temperature is somewhat lower and density is larger
at the HFS than at the LFS. Therefore, the critical
heat losses are reached first at the HFS and the radia-
tion instability, leading to the MARFE formation, de-
velops first there. One has to mention that also other
mechanisms for the energy loss are of importance for
the MARFE formation. In particular the perpendic-
ular convection of charged particle from the MARFE

Figure 4: Critical parameter η for the development of
thermal instabilities due electron cooling with carbon
radiation and cooling of the main ions by Coulomb
collisions with impurities.

region with increased density to the inner wall is con-
sidered now as an important one [25, 30].

For particular plasma conditions and impurity
species ηrad and ηcoll are functions of initial plasma
temperature T0 only. Figure 4 demonstrates this
dependences for typical parameters of deuterium
plasma with carbon impurities [29]. One can see
that for the conditions usual for MARFE develop-
ment, with the edge temperature below 50 eV , ion
collision instability can develop at the product of the
plasma and impurity densities several times smaller,
than that required for development of electron radi-
ation instability. For higher charge states this differ-
ence even stronger since Qcoll ∼ νZi ∼ Z2. Thus, by
studying the MARFE development one has to take
ion-ion collisions into account.

IV. STABLE RADIATING LAYER AT THE
PLASMA EDGE

Up to now we have neglected the fact that in fu-
sion devices the temperature is inhomogeneous in the
radial direction: since the heat is deposited into the
plasma core and is transferred to the plasma edge
with perpendicular plasma heat conduction a strong
radial temperature gradient exists. This is, however,
of very importance for the creation of a stable radiat-
ing layer at the edge. Such a layer would be very ben-
eficial for the protection of wall elements from inten-
sive heat loads and has been successfully realized in
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qloss = qSOL + qrad

qheat
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Figure 5: Dependence of the total losses from the
plasma with the heat conduction to the SOL and edge
radiation from impurity on the plasma temperature
at the LCMS. Two stationary states can exist and
that with the lower temperature is unstable. These
states are merging, T+

s = T−s , when the maximum
radiation level is achieved. No stationary states exist
when qheat is smaller than the minimum qloss.

additionally heated discharges in TEXTOR by puff-
ing of neon. Under these conditions up to 85−90% of
the input power is radiated from the plasma edge in-
side the LCMS without MARFE formation or shrink-
ing of the plasma column. To understand why it is
possible, we proceed from the stationary heat bal-
ance at the edge homogeneous along magnetic field,
i.e., from Eq. (9) with the first and second terms on
the left hand side neglected:

−κ⊥d2T/dx2 = −Qrad (18)

where x is the distance from the LCMS toward the
plasma axis and Te = Ti = T is assumed henceforth.
Moreover, we take into account that with a realis-
tic level of the impurity particle diffusion of 1m2/s
the effective cooling rate LI is nearly constant for
the temperatures lower than a certain level Tmax be-
ing close to the ionization energy of the impurity
Li-like ions, see Fig. 2. For the sake of an analyt-
ical treatment we assume Qrad (T ) = Q0 = const
for T ≤ Tmax and Qrad = 0 for T > Tmax. The
boundary condition at the LCMS, x = 0, is given
by dT/dx = T/δT with the e-folding length δT pre-
scribed by transport processes in the scrape-off layer
(SOL) beyond the LCMS. At the interface of the radi-
ating layer with the plasma core, x = ∆rad, T = Tmax

and κ⊥dT/dx = qheat where the latter is determined
by the heating power in the plasma core. Thus, we
have three boundary conditions for the second order
ordinary differential equation (18). All of them are
needed because ∆rad is unknown a priori.

As a result of the integration of Eq. (18) one gets
the following relation for the plasma temperature at
LCMS, Ts:

T±s =

(
Q0δT ±

√
Q2

0δ
2
T + q2heat−

−2Q0κ⊥Tmax

)
δT
κ⊥

(19)
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Figure 6: The variation of the maximum radiation
level in stable steady states with the parameter char-
acterizing transport, heating and impurity radiation
ability.

The solution T −s is unstable. This can be seen by
determining Ts from the edge power balance

qheat = qloss ≡ qSOL + qrad (20)

where the first term in qloss is the heat flux qSOL =
κ⊥T/δT conducted by the plasma through the LCMS
into the SOL and the second one, qrad = ∆radQ0, is
lost with the impurity radiation. The dependence
qloss on Ts is shown in Fig. 5 for two different mag-
nitudes of Q0. Two stationary solutions exist if Q0

is not too small and not too large. In the station-
ary state with Ts = T−s a spontaneous reduction of
Ts would lead to an increase of the energy losses due
to widening of the radiating edge layer. Therefore
Ts would decrease further, i.e., an instability takes
place. A similar analysis shows that the solution T+

s

is stable. The maximally achievable radiation level
γrad ≡ ∆radQ0/qheat in this state corresponds to the
case where T+

s merges with T−s when Q0 increases up
to the critical level. This provides:

γmax
rad = 1− κ⊥Tmax

qheatδT
+

√(
κ⊥Tmax

qheatδT

)2

− 1 (21)

Figure 6 displays the dependence of γmax
rad on the pa-

rameter combination κ⊥Tmax/ (qheatδT ). One can see
that with passing from Ohmic plasmas with relatively
low transport (small κ⊥) and intrinsic carbon impu-
rity (Tmax ≈ 60 eV ) to additionally heated discharges
with high transport (large κ⊥) and seeding of neon
(Tmax ≈ 200 eV ) the maximally achievable radiation
level γrad without instability increases, as it takes
place in the experiment [7].

When the critical level of Q0 is exceeded, there is
no anymore stationary states in the framework of the
model considered above. This leads to the steadily
cooling of the plasma edge. When Ts decreases be-
low the excitation energy of low-Z impurity ions of
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5− 10 eV , the radiating layer develops in a radiating
toroidal shell which shrinks towards the plasma axis
[31]. This processes can, however, be terminated: the
heat flux density from the core increases because the
plasma current, that is maintained constant, flows in
a narrower channel. Thus, the current density and
ohmic heating in the core increase. As a result a “de-
tached plasma” state develops [27].

V. DIVERTOR DETACHMENT CAUSED BY IM-
PURITY RADIATION

In a divertor configuration the radiation of im-
purities can be localized in the divertor volume, see
Fig. 7, where the plasma state is essentially controlled
by the recycling of charged particles and energy loss
to the target plate [32]. Normally neutrals of the
working gas of hydrogen isotopes are ionized very
close to the plate in the “recycling zone”. In that
zone heat is transported by the convection of plasma
particles towards the plate. By going deeper into
the plasma, at a distance larger than neutrals pen-
etrate, the intensity of the charged particle source
and, thus, the plasma flux drop and in the “conduc-
tion zone” the heat is transported predominantly by
the heat conduction[33].

Consider an impurity particle eroded from the di-
vertor target and entering the SOL plasma as a neu-
tral. Because of the difference in masses the impu-
rity atom is ionized at a shorter distance than hydro-
gen ones, i.e. still in the recycling region where the
plasma flows to the plate with a velocity close to the
sound speed. Huge friction between the plasma flow
and newly born impurity ion will drag the latter in a
short time back to the plate so that it will not have
any opportunity to be excited and radiate. Does it
mean that there is no any chance for impurity parti-
cles to “sneak away” and enter the conduction region
where the thermal force overcomes the friction? This
is not the case for impurity neutrals produced suffi-
ciently close to the lateral side of the SOL. They can
escape from the plasma layer into the gas volume and
return back in the conduction region of the SOL. Let
us estimate the probability of such a process, ωcond.
A neutral which has been produced at the plate at a
distance y from the SOL side and moves towards it
with a velocity v0 will be not ionized in the SOL with
a probability of exp (−y/l0 ), where l0 = v0/ (k0 np)
is the penetration depth with kion0 being the ioniza-
tion rate coefficient for impurity neutrals computed
at the plasma temperature near the plate, Tp, and np
is the plasma density there. By averaging this value
over the SOL width ∆, we obtain:

ωcond =
l0
∆

[
1− exp

(
−∆

l0

)]
For typical plasma parameters in Div-I divertor in
ASDEX-U [32], Tp ≈ 10 eV, np ≈ 1020m−3,∆ ≈

Plate

B
affle

Wall

Conduction
  Zone

SOL

Recycling
    Zone

Impurity
Neutral flows

Separatrix

Impurity
Ion Flows

Figure 7: Geometry of the divertor volume, “recy-
cling” and “conduction” zones in the plasma and
flows of impurity neutrals and ions.

5 cm, one gets ωcond ≈ 0.1 for carbon neutrals with
v0 ≈ 106 cm/s. This value is by several orders of
magnitude larger than the probability of direct neu-
tral penetration into the conduction zone of the SOL.

Another important parameter is the plasma tem-
perature Tc at the interface between “recycling” and
“conduction” zones. This value defines the actual
range of temperatures, Tc < T < Tmax, in which im-
purities radiate in the divertor SOL. To find Tc one
should consider the particle and energy transport in
the recycling region. We do this in a simple one-
dimensional approximation by taking into account
transport processes along magnetic field (l-direction)
only. The density of recycling hydrogen neutrals, na,
and the plasma density are determined from the con-
tinuity equations:

d (−Dadna/dz) /dz = −kionnna (22)

d
(
nV‖

)
/dl = kionnna (23)

where z = −l sinψ is the distance from the plate,
ψ ≈ 0.1 the angle between the plate and magnetic
field; the transport of neutrals is described in a diffu-
sive approximation by taking into account that neu-
tral velocities change chaotically by charge-exchanges
and Da = T/ [nmi (kcx + kion)] is the neutral diffu-
sivity with kcx and kion being the rate coefficients of
charge-exchange and ionization of hydrogen atoms,
respectively. At the plate, l = z = 0, full recycling
takes place, i.e.,

−Da
dna
dx

= −nV‖ sinψ

The plasma parallel velocity V‖ is governed by the
conservation of the parallel momentum:

minV
2
‖ + 2nT = 4npTp (24)

where it is taken into account that at the target
the Bohm criterion, see, e.g., Ref. [20], has to be
satisfied, i.e. V‖ is equal to the ion sound velocity
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cs ≡
√

2Tp/mi. In the recycling zone the radiation
losses can be neglected and the plasma temperature
here is governed by the conservation of the energy
flux:

−κ‖dT/dl + 5nV‖T = γcsTp (25)

with γ ≈ 7.5 being the so called heat transmission
factor [20].

The plasma temperature at the plate, Tp, is taken
as a parameter and the transport equations above
are integrated numerically that gives their values as
at larger |l| and z. At a certain position with the
temperature Tc the balance of the friction and ther-
mal forces applied to impurities from the background
particles is met:

mZνZiV‖ ≈ −ξZdT/dl (26)

Calculations show that Tc ≈ Tp if Tp exceeds 30-40
eV and exceeds Tp by a factor of 3 if this is below
10eV .

Consider now the conduction zone. Here the ther-
mal force accelerates impurity ions away from the
plate up to a velocity at which the friction force with
background particles, being nearly at rest, is in bal-
ance with the thermal force. Thus, also in this case
the balance of forces applied to impurity ions can be
described by Eq. (26) but with −V Z

‖ instead of V‖.
This determines the impurity velocity and density:

V Z
‖ ≈

ξZ
νZimZ

dT

dl
, nI ≈

Γc
I

V Z
‖

(27)

where Γc
I is the influx density of impurity neutrals

into the conduction region averaged over the SOL
width. This value is governed both by the impurity
source due to erosion of the plate and by the conduc-
tance of the recycling region for neutrals. The former
one is determined by the density of the plasma flux to
the plate and the erosion coefficient YI . As a result
we get:

Γc
I ≈ npcs · YI · ωcond (28)

In the conduction part of the SOL the heat bal-
ance equation should take into account the energy
losses with radiation,

d

dl

(
−κ‖

dT

dl

)
= −nnILI (29)

Since the plasma velocity here is much smaller than
the ion sound speed, Eq. (24) results in the pressure
balance nT = 2npTp = Ps with Ps being the plasma
pressure at the separatrix. With the definitions of νZi

and κ‖ [21] and the nI found above, we obtain:

d

dl

(
κ‖
dT

dl

)
≈
√
mi

me
P 2
s LIΓc

I

(
Tκ‖

dT

dl

)−1
(30)

This equation, multiplied by 3κ2‖
dT
dl dT and integrated

over T from Tc to Tmax, provides an equation for the
plasma temperature at the target plate:

Fp + Fr ≈ R (31)
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Figure 8: Functions Fp(Tp) and Fp(Tp) and their sum
vs the plasma temperature at the target plate.

where Fp = γ3T 1.5
p and

Fr = 2.4YIωcond

√
mi

me
miL0

κ‖ (Tmax)− κ‖ (Tc)√
Tp

and their sum are displayed in Fig. 8 as functions of
Tp for deuterium SOL plasma in contact with diver-
tor plates of carbon. The erosion coefficient YI = 0.02
was assumed independent of Tp since at low temper-
atures physical sputtering [18] of carbon is replaced
by chemical erosion with roughly constant YI [19].

The right hand side of Eq. (31),

R ≡
(
q
‖
heat

√
2mi/Ps

)3
with q

‖
heat being the density of the parallel heat flux

into the divertor, is independent of Tp but controlled
by global plasma parameters such as the heating
power Wheat and the mean density 〈n〉. For a Bohm-
like perpendicular transport in the SOL [20]:

R ∼W 2.7
heat/〈n〉4.7

Thus, as in the case of the edge radiating layer in the
confinement region with perpendicular energy trans-
port, see section IV and Fig. 5, stationary states
in divertor exist if R is large enough, i.e. for suffi-
ciently strong heating and not too high plasma den-
sity. If the former is fixed and the density increases
above the critical level there are no steady state, the
plasma near the target plate cools down due to impu-
rity radiation, detachment from the plate and X-point
MARFE should develop. The used system of trans-
port equations fails to describe this evolution because
many processes important at low temperatures are
not taken into consideration. In particular, when Tp
becomes noticeably less than the ionization potential
of hydrogen, neutrals recycling from the plate freely
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escape into the gas surrounding the plasma layer.
These particles return later into the SOL through its
lateral side and contribute significantly to momen-
tum and heat dissipation [33]. Additionally, diverse
channels for recombination of charged particles can
influence all balances and govern the plasma state in
a detached divertor.
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