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Chapter IX. Physics of some edge plasma phenomena 
 
In this chapter, we will discuss the physics of some macroscopic phenomena, which are 
distinctive for edge plasma. In particular, we will consider i) MARFE (Multifaceted Asymmetric 
Radiation From the Edge [1]) and poloidaly symmetric plasma detachment, ii) self-sustained 
divertor plasma oscillations and iii) divertor plasma detachment. 
 
IX.1. MARFE and poloidaly symmetric plasma detachment.  
Due to high plasma temperature in the core region of magnetic confinement devices, which 
ensures a high heat conductivity along the magnetic field lines, κ||∝T

5/2 , plasma temperature 

can be considered constant on closed magnetic flux surfaces. However, in the edge region, where 
temperature and, therefore, plasma heat conduction are relatively low, strongly localized 
radiation losses can result in an inhomogeneous distribution of both plasma density and 
temperature over closed magnetic flux surfaces, even for the case where they have no direct 
contact with the materials of plasma-facing components. Then, obviously, plasma temperature 
will experience some depression in the region of high radiation losses. It is interesting, however, 
that the localization of enhanced radiation loss can be related to temperature depression itself. 
Indeed, recalling Fig. II.14 we can see that the cooling rate Limp(Te)  for low-Z (e.g. Carbon) 

impurity has non-monotonic dependence on electron temperature,  and in the temperature range 
~8-20 eV,

 
Limp(Te)  for Carbon is increasing with decreasing electron temperature. This feature 

of Limp(Te)  provides positive feedback for the thermal plasma instability, which in the simplest 

case,  can be obtained  from the power balance equation where we neglect plasma dynamics and 
parallel heat conduction: 

 3n dT
dt

= H − nnimpLimp(T) .       (IX.1) 

Here,  for simplicity, we assume equal electron and ion temperatures, n and nimp  are plasma and 

impurity densities, and H is the plasma heating term, which is assumed to be constant. Then, 
assuming that temperature T = T0  corresponds to the steady-state solution of Eq. (IX.1) and 

taking T = T0 + !T , where !T∝exp(γt)  describes a small departure from the equilibrium 
temperature, from Eq. (IX.1) we find the following expression for γ : 

 γ = −
nimp
3

dLimp(T)

dT
T=T0

.       (IX.2) 

Expression (IX.2) predicts that the steady-state condition corresponding to dLimp(T) / dT < 0  is 

unstable and can result in localized temperature drop accompanied by an increase of impurity 
radiation loss.  
 Such arguments were put forward in [1] to explain experimental observations of 
toroidally symmetric, rather compact in both poloidal and radial directions, and highly radiative 
region emerging at the inner side of the torus at high averaged plasma density in Alcator-C 
tokamak. In Fig. IX.1 one can see that the formation of MARFE at 120 ms is accompanied by a 
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strong increase of the radiation loss, as well as the Hα  and CIII line radiation. In addition, in 
Fig. IX.2,  one sees that the bolometer signal is locally increased in the MARFE region. 
 Predominant formation of MARFE at the 
inner side of the torus was explained in [1] by 
ballooning nature of cross-field heat transport 
from the core when the heat largely transported 
at the outer side of the torus (see Chapter VI for 
details) and arrives in the inner side due to 
parallel heat conduction.  
 However, in [2] and [3] it was pointed 
out that the simple model of plasma thermal 
instability described by Eq. (IX.1) that ignores 
plasma dynamics, misses an important feature 
related to the increase of plasma density in the 
region with reduced temperature. This effect is 
caused by plasma flow along the magnetic field 
lines, which is driven by the gradient of plasma 
pressure. Assuming that plasma flow entrains 
impurity and still neglecting parallel electron 
heat conduction, following [2] and [3] we find 
γ∝2−dℓn Limp(T)( ) / dT T=T0

, which describes 

so-called radiative-condensation instability.  
Due to plasma “condensation” in a low-

temperature region, radiative-condensation 
instability can develop even for 
dLimp(T) / dT > 0 . This instability plays an 

important role in many astrophysical and 
laboratory plasma phenomena (e.g. see [4] and 
the references therein). 
 

Although MARFE is observed at 
the inner side of the torus, poloidal 
localization of MARFE can oscillate in 
time (with the frequency ~ 100 Hz) around 
the midplane, whereas the localization of 
stationary MARFE (above or below the 
midplane) depends on the direction of the 
toroidal magnetic field [5]. The latter 
effect is attributed to the impact of drifts 
[6]. 
 MARFE was observed on many 
tokamaks (see [7], [8], [9], [10], [11], [12], 
[5] and the references therein) as well on 
the stellarators LHD [13] and Wendelstein 

 
Fig. IX.1. Time traces from different 

diagnostics in Alcator-C tokamak. MARFE 
forms at 120 ms and is accompanied by 

enhanced: radiation loss at the inner side of 
the torus, Hα  and CIII line radiations.  

Reproduced with permission from [1], © 
IAEA 1984. 

 
Fig. IX.2. Brightness profile as seen by the vertical 

bolometer view before and during MARFE.   
Reproduced with permission from [1], © IAEA 

1984. 
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7-X [14] at plasma density close to density limit [15].  
 Further studies of the MARFE 
phenomenon have shown that the 
physical picture of MARFE formation, 
which we outlined above and which is 
based on radiative-condensation 
instability, associated with impurity 
radiation is, at least, incomplete. 
Experimental data from TEXTOR and 
C-Mod tokamaks demonstrate that 
Hydrogen radiation loss and plasma 
recycling within the MARFE region 
can also play very important roles 
[16], [17]. Moreover, C-Mod data 
show that plasma temperature in the 
MARFE region falls below 1 eV 
whereas plasma density reaches 
~ 2×1015cm−3 , which stimulates very 
strong plasma recombination sink, 
which is close to plasma ionization 
source in the rest of the tokamak main 
chamber volume. As a result, the 
density of neutral Hydrogen in MARFE becomes so high that it traps about 95% of Lyα  and 
more than 50% of Lyβ radiation.  

The spectrum of neutral Hydrogen radiation from 
MARFE in C-Mod tokamak, shown in Fig. IX.3, 
exhibits typical features of recombining plasma. 
Experimental data from Wendelstein 7-X stellarator 
also show the presence of plasma recombination in 
MARFE [14]. Theoretical analysis of an impact of 
plasma recombination on MARFE [18] shows that 
even though impurity radiation can be the initial trigger 
of MARFE formation, plasma recombination can 
facilitate MARFE development and, actually, 
determine deeply non-linear evolution of MARFE.  
 Finally, we note that the formation of MARFE 
is often accompanied by strong fluctuations of MARFE 
parameters and radiation from the MARFE region (e.g. 
see [17], [12], [5]). The latter can be associated with 
the poloidal motion of MARFE or relaxation 
oscillations, as it was found in numerical solutions of 
simplified plasma transport and impurity radiation 
equations describing the nonlinear stage of thermal 
instabilities and having characteristic frequency ~100 

 
Fig. IX.3. Hydrogen radiation spectrum from MARFE 

in the visible (a) and VUV (b) lights.  Reproduced 
with permission from [17], ©  American Physical 

Society 1998. 

 
Fig. IX.4. Transition from MARFE to 

detached plasma in the TFTR 
tokamak.  Reproduced with 

permission from [8], © Elsevier 1987. 
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Hz [2], [19], [20]. We note that some of the fluctuations, caused by the thermal force acting on 
the impurity [19], [20], have the form of self-sustained oscillations. 
 As we already mentioned, MARFE occurs at plasma densities close to the density limit. 
An increase of plasma density above the MARFE threshold often results in the transition of 
MARFE to detached plasma characterized by poloidally and toroidally symmetric highly 
radiative mantle (see Fig. IX.4).  

In this regime, virtually all plasma 
heating power is dissipated by the radiation 
loss from the mantle (see Fig. IX.5) [21]. An 
excess of radiative power over ohmic heating 
in Fig. IX.5 is due to the calibration 
uncertainty.  

Detached plasma was observed on 
many tokamaks in ohmic plasmas and with 
relatively low auxiliary heating (e.g. see [22], 
[8], [23], [24] and the review papers [25], 
[10]). Similar to the MARFE case, the 
formation of the radiative mantle can be 
accompanied by strong fluctuations of plasma 
parameters. For example,  ~100% of the Dα  
signal fluctuations at the frequencies ~ 100 Hz 
were observed in the FT tokamak [22] (see Fig. IX.6), which shows a strong variation of the 
plasma recycling process. However, the physics of these fluctuations of plasma recycling is not 
known.  
 In addition, preliminary spectral 
measurements in detached plasma in C-Mod indicate 
that plasma recombination can be the major plasma 
sink. 
 
IX.2. Self-sustained divertor plasma oscillations.  
As we have described in the previous section, such 
macroscopic phenomena as MARFE and detached 
plasma in limiter discharges are accompanied by the 
fluctuations of plasma parameters which look as 
self-sustained oscillations (e.g. see Fig. IX.6).  

Actually, taking into account complexity and 
non-linearity of edge plasma processes, in particular, 
those where strong energy radiation losses play an 
important role, it is not surprising that edge plasma 
can exhibit regimes with self-sustained oscillations. 
Among other tokamak processes resulting in self-
sustained oscillations, we can mention sawtooth 
oscillations and ELMs. However, these oscillations 
are closely related to MHD phenomena.  

Somewhat similar to oscillations in MARFE and detached plasma self-sustained-like 
oscillations of plasma parameters were also found in the discharges with poloidal divertors (e.g. 

 
Fig. IX.5. Total radiative power compared to 

the ohmic heating power in the TFTR tokamak 
detached plasma.  Reproduced with 

permission from [21], © Elsevier 1987. 

 
Fig. IX.6. From the top to bottom: 

sawtooth oscillations and time variation 
of loop voltage and the Dα  signal from 
the detached plasma of the FT tokamak.  
Reproduced with permission from [22], 

© Elsevier 1982. 
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see [26], [27]). Typical frequencies of these oscillations are about 100 Hz, which is close to the 
oscillation frequencies observed in MARFE and detached plasmas. Oscillations with similar 
frequencies were observed in detached regimes of the LHD stellarator [28]. As an example in 
Fig. IX.7 one can see such self-sustained oscillations found in L-mode discharges on JET 
tokamak [27], which were explained based on the theory developed in [29], [30].  
 The main idea of [29], [30], which we also 
will use for the analysis of a tokamak divertor 
plasma detachment, is based on the properties of 
the high recycling regime of divertor operation. In 
these regimes, the neutral ionization mean-free 
path near the targets becomes very small, smaller 
than the corresponding width of the SOL. 
Therefore, the SOL can be considered as an 
ensemble of weakly interacting magnetic flux 
tubes filled with plasma and neutrals. The 
redistribution of plasma ions and neutrals along the 
magnetic field in the flux tube occurs rather 
quickly (characteristic time scales of ion and 
neutral redistribution are determined by sound 
speed and inverse ionization frequency 
respectively, which we will consider being much 
smaller than particle exchange time between 
different flux tubes. As a result, in a steady-state 
conditions total pressure (including contributions 
from both plasma and neutrals) in the flux tube, 
Pft
tot , can be considered constant (except rather 

narrow region near the target where neutral friction 
with the target cannot be ignored) whereas the 
distributions of plasma and neutral gas parameters along the flux tube are determined by plasma 
and neutral transport processes and such input parameters as the heat flux propagating through 
the flux tube to the target, qft , and averaged density of neutrals and ions, Nft

tot , in the flux tube. 
For simplicity, we ignore, for now, the effects of impurities.  
 We will be looking for the solution for the distributions of plasma and neutral gas 
parameters along the flux tube as well as for the plasma flux to the target. To elucidate the 
physics of the variation of plasma and neutral gas parameters, it would be useful to find 
dimensionless parameters governing the processes in the flux tube. However, first, we should 

determine the relevant dimensional parameters. Obviously, they include qft , Nft
tot  and the 

length of the flux tube Lft . In addition, we need to allow for dimensional parameters describing 
collisional interactions of both the plasma and neutral particles. According to Chapter II, they are 
the electron charge, e, the Planck constant, ! , the electron (or ion) mass m (M), and the speed of 
light, c. However, it is more convenient to use dimensional parameters having clear physical 
meaning. Therefore, without any loss of generality, we substitute e, ! , and c with the Bohr 
radius, RB , hydrogen ionization potential, I, and the lifetime of the first excited state of a 

 
Fig. IX.7. Self-sustained oscillations of 
(from top to bottom) averaged density, 

divertor radiation, neutral density in inner 
divertor and private region, and 

inner/outer Dα  emission observed in the 
JET tokamak.  Reproduced with 

permission from [27], © American 
Physical Society 1999. 
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hydrogen atom, τlt , which is described by the Einstein coefficient from Chapter II. Thus, we 

have seven dimensional parameters ( qft , Nft
tot , Lft , M (or m), RB , I, and τlt ), which 

completely determine all processes in the flux tube. Strictly speaking, the interactions of both the 
charged and neutral particles with material surface should provide some additional dimensional 
parameters (e.g. wall temperature, surface conditions, models describing hydrogen trapping, 
etc.). However, for simplicity, we assume that the interactions of both the charged and neutral 
particles with the material surface are described by some dimensionless energy and particle 
reflection coefficients which depend solely on the parameters of the species impinging on the 
surface. As a result, we still have only seven dimensional parameters defining the transport 
properties of plasma and neutrals within the flux tube and their interactions with the material 
surface. From these seven dimensional parameters, we can form four dimensionless ones.  

We choose the dimensionless parameters that have simple physical interpretation: 

 Πq =
qft

Nft
totI I / M

, Π2 = RB
2 Nft

totLft , Π3 = RB
3 Nft

tot , Πstep = τltNft
totRB

2 I / m . (IX.3) 

These parameters can be interpreted as follows: the parameter Πq  can be considered as the ratio 

of the available power qft  to the power dissipated due to hydrogen recycling; the parameter Π2  
can be interpreted as the efficiency of neutral gas trapping (due to neutral ionization) within the 
domain of interest; Π3  can be viewed as a factor determining the strength of multi-body 

processes (e.g. three-body recombination or charge screening), and Πstep  can be interpreted as a 

factor controlling the effect of multi-step atomic physic processes (recall Chapter II).  
 As a result, the distributions of the plasma-neutral gas parameters (being expressed in the 
corresponding dimensionless form) along the flux tube are functions of the parameters (IX.3). 
For example, the electron temperature distribution Te(x)  (where x is the coordinate along the 

flux tube) can be written as Te(x / Lft ) / I = FTe(x / Lft ,Πq ,Π2,Π3,Πstep) , where 

FTe(x / Lft ,Πq ,Π2,Π3,Πstep)  is some function. We notice that for a given Lft , four 

dimensionless parameters can be collapsed to only two dimensionless parameters (e.g. Πq  and 

Π3 ). Therefore, the plasma flux to the target, jd , the plasma temperature at the target, Td , and 

the pressure Pft
tot  can be written as 

 
jd

Nft
tot I / M

= Fj(Πq ,Π3) , 
Td
I
= FT(Πq ,Π3) , 

Pft
tot

Nft
totI

= FP(Πq ,Π3) ,  (IX.4) 

where Fj(Πq ,Π3) , FT(Πq ,Π3) , and FP(Πq ,Π3)  are some functions that cannot be determined 

from dimensionless analysis.  
  However, by adopting some simplifications we can estimate them. To do this, we start 
with deriving an expression that links the plasma temperature at the divertor target Td  with Pft

tot  

and Nft
tot  (the latter we consider as the control parameter). From the energy balance equation in 
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the recycling region, allowing for both the flux of the plasma thermal energy to the target and 
energy dissipation due to hydrogen recycling, we have 

 qft = jd ≡ nd Td / M γTd +Eion
H( ) ,       (IX.5) 

where Eion
H  is the hydrogen “ionization cost” (recall Chapter II), which is determined solely by 

atomic physics represented by the dimensionless parameters Π2 , Π3 , and Πstep , as well as by 

the local (in the absence of the radiation trapping) dimensionless electron temperature and 
density. We assume that the ion temperature is lower than the electron one, γ ~ 5÷8  is the heat 
transmission coefficient (recall the results from Chapter IV). The first term in the brackets on the 
right-hand side describes the plasma thermal energy flux to the target, whereas the second one 
comes from energy dissipation due to hydrogen recycling, taking into account that in the high 
recycling regime, the plasma flux to the target is virtually equal to the neutral flux from the 
target.  

For relatively high Td , the neutral density at the target is lower than the ion density. This 
follows from the equality of the neutral and ion fluxes from and to the targets and the fact that 
the plasma flows along the magnetic field lines intercepting the target at a shallow angle. 
Therefore, the total momentum flux (pressure) is attributed to the plasma contribution, so we 

have Pft
tot = 2ndTd  (e.g. see [31]). And from Eq. (IX.5) we find [29], [30]: 

 Pft
tot =

2qft
γTd +Eion

H
Td
M

.        (IX.6) 

One can see from Eq. (IX.6) that the function Pft
tot (Td )  is non-monotonic. At large Td , Pft

tot (Td )  

increases with decreasing Td , then reaches a maximum at Td = T∗ ≡ Eion
H / γ : 

 Pft
tot( )max = qft

M
γEion
H ,        (IX.7) 

and then Pft
tot (Td )  decreases with increasing Td .  

 Note that the ratio of the left- to the right-hand sides of Eq. (IX.5) for Td = T∗  and 

Pft
tot = Pft

tot( )
max

 gives us virtually parameter Π1 , which, as we discussed before, sets the limit, 

imposed by the available power, on the rate of plasma recycling.  
To find the relation between Nft

tot  and Td , we take into account the plasma outside the 

narrow, << Lft , recycling region, where there is no ionization source and the plasma flow is 
stagnant. Therefore, outside the recycling region, the only available mechanism to provide the 

energy flux qft  is heat conduction. So we have qft = κe(T)dT / dℓ , where κe(T)∝T
5/2  is the 

electron heat conductivity and ℓ  is the coordinate along the magnetic field line (we take ℓ = 0  at 
the target). Then we find the following expression for the electron temperature: 
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T(ℓ) = Td
7/2 +qftℓ / κ̂( )

2/7
, where κ̂ = (2 / 7)κe(T)T

−5/2 = const.  As a result, assuming 

T(Lft ) >> Td , using the expression for the plasma density n(ℓ) = Pft
tot / T(ℓ)  and taking into 

account Eq. (IX.6), we find the following expression for the upstream plasma density 
nup ≡ n(Lft ) : 

 nup(Td ) = Pft
tot (Td )

κ̂
qftLft

"

#
$$

%

&
''

2/7

.       (IX.8) 

Note that the expression virtually identical to Eq. (IX.7), (IX.8) was used in [32] as the 
justification for the SOL plasma density limit.  

Similarly to the derivation of Eq. (IX.8) we find the dependence Nft
tot (Td ) : 

Nft
tot (Td ) = Lft

−1 n(ℓ)dℓ
0

Lft
∫ ≈

7
5
Pft
tot (Td )

κ̂
qftLft

%

&
''

(

)
**

2/7

,     (IX.9) 

and finally, we have 

Nft
tot (Td ) =

2qft
γTd +Eion

H
Td
M
7
5

κ̂
qftLft

⎛

⎝
⎜

⎞

⎠
⎟
2/7

.      (IX.10) 

Examining the expression (IX.10) one finds that in accordance with our dimensionless analysis it 
can be re-written in terms of dimensionless parameters (IX.3) and the functions (IX.5).  

As we see from Eq. (IX.6), (IX.8), (IX.9), the functions nup(Td ) , Nft
tot (Td ) , and 

Pft
tot (Td )  have a similar dependence on Td , which seems to suggest that like Pft

tot , both nup(Td )  

and Nft
tot (Td )  have some maximum values, nup(Td )∝ Nft

tot( )
max

∝ qft( )5/7 . However, more 

detailed analysis and numerical simulations [29] show that the model we consider here is too 
crude to describe properly the recycling region for small Td . In practice, the dependence 

Td(Nft
tot )  for some cases can be described by an N-shaped curve shown schematically in Fig. 

IX.8. Moreover, as it often happens, some part of the N-shaped curve Td(Nft
tot )  is unstable (see 

Fig. IX.8), and there is a bifurcation of Td(Nft
tot )  dependence around Nft

tot ≈ Nft
tot( )

max
 [29], 

[30], [33]. With increasing Nft
tot , there is an accumulation of neutrals in the vicinity of the target. 

Therefore the neutral pressure at the target, Pd
neut (Nft

tot ) , increases with increasing Nft
tot  but it 

also exhibits the bifurcation at Nft
tot ≈ Nft

tot( )
max

 due to the transition from one stable branch of 

Td(Nft
tot )  to the other one, see Fig. IX.8.  
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Fig. IX.8 (a) Schematic dependences of Td(Nft
tot )  and Pd

neut (Nft
tot ) . The unstable part of 

Td(Nft
tot ) dependence is shown in red. (b) Pd

neut (Nft
tot )  dependence found from one-dimensional 

numerical modeling employing fluid plasma and Monte-Carlo neutral descriptions. The red line 
corresponds to the ambient neutral pressure Pd,amb

neut . 

 However, such a bifurcated solution exists only in the simplified one-dimensional model 
of the plasma within an isolated flux tube. When we allow for the effects of particle exchange 
between different flux tubes, we may see self-sustained oscillations of plasma parameters.  

The physics of these oscillations can be illustrated with a very simple example. Assume 
that some flux tube is surrounded by plasma having the neutral pressure in the vicinity of the 
divertor target, Pd,amb

neut , such that it corresponds to the gap between the stable branches of 

Pd
neut (Nft

tot )  in the flux tube (see the red line in Fig. IX.8b). In this case, due to the neutral flow 
between the flux tube under consideration and the surrounding plasma (which can exceed the 
similar plasma flow caused by anomalous cross-field transport [30]), no steady-state equilibrium 
between the plasma within the flux tube and the ambiance becomes possible. As a result, self-
sustained oscillations, corresponding to the limiting cycle indicated in Fig. IX.8 by arrows, 
develop. 
 In our simplified description of plasma parameters within the isolated magnetic flux tube, 
we ignored, for simplicity, the impact of impurity. However, the impurity radiation loss in the 
SOL plasma is ubiquitous. To incorporate the impurity radiation loss in the framework of plasma 
behavior within an isolated magnetic flux tube, we notice that the main energy losses caused by 
most of the impurities occur at plasma temperature higher than the temperature in the hydrogen 
recycling region (exceptions can be light elements having low ionization potential such as 
lithium).  
 Impurity radiation loss per se does not alter the plasma pressure, but just decreases the 
power available to sustain hydrogen recycling (we assume here that the fraction of impurity in 
overall plasma particle balance is small). As a result, the power flux reaching the hydrogen 
recycling region is qrecycl = qft −qimp , where qft  is the power flux propagating in the flux tube 

farther upstream and qimp  accounts for the reduction of this power due to impurity radiation. 
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Then, we find that the equations (IX.5)- (IX.7) still hold with the substitution of qrecycl  instead 

of qft . If the impurity radiation region is localized at relatively small, << Lft , distance from the 
divertor target, then the expressions (IX.8), (IX.9) also hold. As a result, we find the following 
expression for Nft

tot (Td ) : 

Nft
tot (Td ) =

2 qft −qimp( )
γTd +Eion

H
Td
M
7
5

κ̂
qftLft

$

%
&&

'

(
))

2/7

.      (IX.11) 

Thus, we conclude that Td(Nft
tot )  can have an N-shape indicating bifurcation with impurity 

radiation loss. However, now the value of Nft
tot  corresponding to the bifurcation depends on 

qimp  and not only the neutral hydrogen pressure but also the neutral impurity pressure can 

bifurcate.  
Then, the impurity exchange between the flux tube and ambiance will result in a change of qimp  

and a shift of the N-shaped curve Td(Nft
tot )  along the Nft

tot  axis. A mismatch of the ambient 
neutral impurity pressure and the neutral impurity pressure corresponding to the stable branches 
will also result in self-sustained oscillations of plasma parameters. An example of such impurity-
driven oscillations is shown in Fig. IX.9. 

Note that careful numerical analysis performed in [34] confirmed that self-sustained 
oscillations driven by impurity radiation, which are observed in numerical simulations of ITER 
divertor plasmas, are not related to computational issues. 
 
 
IX.3. Divertor plasma detachment.  
In the first subsection, we already 
discussed detached plasma regimes. 
However, that was toroidally and 
poloidaly symmetric detachment of 
plasma situated on “closed” magnetic 
flux surfaces, where plasma 
interaction with material surfaces (e.g. 
limiters, main chamber wall) is driven 
largely by cross-field transport. Here 
we consider detachment of plasma 
situated in the divertor volume on 
“open” magnetic field lines 
intersecting the divertor targets. In this 
case, plasma interaction with the 
divertor target material is mainly 
driven by plasma transport along the magnetic field lines. 
 There are different ways to define the “depth” of divertor plasma detachment. Here we 
will call the divertor plasma detached when there is a rollover of the ion flux to the divertor 
target, similar to that shown in Fig. I.5a. Note that experimental data show that similar to 

 
Fig. IX.9. Impurity (neon) driven self-sustained 

oscillations of the heat load on the outer divertor target 
found in 2D modeling of ITER. Reproduced with 

permission from [33], © IOP Publishing 2019. 
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poloidaly symmetric plasma detachment, divertor plasma detachment does also occur at plasma 
densities close to the density limit (e.g. see [25]).  
 Although some signatures of divertor plasma detachment were observed a long time ago 
(e.g. see Fig. 8 in [35]), intensive study of such regimes became one of the focal points of the 
magnetic fusion research only since 1990th  (see the corresponding references in [25]). The 
interest to the detached divertor regime was driven by the need to reduce the power loading on 
the divertor targets in future tokamak-reactors, including ITER, to a tolerable level. The only 
way to do this is to re-radiate a significant fraction of the power, generated in the reactor, with 
impurity. However, the concept of strong impurity radiation from the core plasma has two issues. 
First, due to peculiarities of impurity cross-field transport in the core, strongly radiating, high-Z 
impurities (recall Fig. II.14) have a tendency of accumulation in the very core plasma, cooling it 
down and reducing the rate of fusion reactions. The radiation from low-Z impurities that are less 
prone to accumulation in the core plasma is rather weak, so for a sizeable effect, the 
concentration of the low-Z impurity must be high, with the corresponding dilution of the fusion 
D-T plasma and reduction of its performance. Secondly, a strong reduction of the heat flux from 
the core to the edge can prevent the transition to the improved confinement regime (H-mode), 
which may be needed for self-sustained burning of the fusion plasma. Therefore, it is widely 
accepted that it is necessary to increase power dissipation by impurity radiation in the divertor 
region as much as possible. There are two possible ways to do this: i) to increase the 
plasma/impurity density in the divertor region (recall that the density of the impurity radiation 
loss is proportional to the product of the electron and impurity densities) and ii) to increase the 
divertor volume by implementing so-called advanced divertor geometry (see Fig. I.6). It is very 
likely that in practice both ways will be combined. 
 However, an increase of the divertor plasma density will likely result in the increase of 
the plasma flux to the target and to the increase of the so-called “irreducible” power flux to the 
target, associated with the deposition of the internal energy of electron-ion pair – the ionization 
potential. Estimates made for ITER have shown that such “irreducible” power flux can exceed 
the tolerable power loading. As a result, in addition to the dissipation of plasma thermal power 
by impurity, it is also necessary to reduce the plasma particle flux to the target to a tolerable 
level. It seems that the detached divertor regime can meet both of these criteria (see Fig. I.6 and 
Fig. IX.10). 

Shortly after initial experimental 
results on divertor plasma detachment 
became available, two main theoretical 
models, claiming their explanations, were 
put forward. The first one [37], [38] was 
relying on elastic (including charge-
exchange) collisions of the plasma ions 
with the neutral gas in the divertor 
volume, which can switch plasma 
transport along the magnetic field lines 
from the fast, “ballistic” regime to the 
slow, “diffusive” one. As a result, 
“diffusive” plasma transport would cause 
a large plasma pressure drop between the upstream SOL region and the vicinity of the target (the 
so-called plasma “momentum removal”) similar to that shown in [39]. This, according to [38], 

 
Fig. IX.10. Reduction of the power loading on the 

outer divertor target in DIII-D after the transition to 
the detached divertor regime.  Reproduced with 

permission from [36], © IAEA 1999. 
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can explain the reduction of the plasma flux to the target with increasing neutral gas density in 
the divertor and decreasing plasma temperature when the elastic ion-neutral collisions prevail 
over the electron impact ionization of neutrals. This model seems to be supported by 
experimental data from linear divertor simulators [40], [41], [42]. However, we will see later on 
that the data from linear divertor simulators, in this case, cannot be translated directly to the 
situation in a tokamak divertor. 

The second model [43], [44] was based on energy and particle balance, including both the 
impurity radiation and the hydrogen “ionization” cost, as well as on the plasma recombination 
effect. In this model, the ion-neutral collisions per se do not result in the reduction of the plasma 
flux to the target. Nonetheless, they play an important role in the dissipation of the plasma 
momentum (via effective neutral viscosity) and thermal energy (via neutral heat conduction) at 
low temperatures when both the impurity and hydrogen radiation losses become inefficient.  

Note that over the years, different models of the reduction of the plasma heat flux to the 
material surfaces, including both the ion-neutral collisions and plasma recombination were 
considered [45], [46], [47], [48].  
 2D numerical simulations of edge plasma transport performed with both UEDGE and 
SOLPS codes have shown that in agreement with [43], [44], the ion-neutral collisions alone 
cannot cause the reduction of the plasma flux to divertor targets [49], [50], [51], [52].  

 

  
Fig. IX.11. (a) Γw  as the function of N̂3D . Red lines: QSOL = 8MW , Qimp = 0  w/o 

recombination (dashed); QSOL = 8MW , Qimp = 0  with recombination (solid). Green lines: 
QSOL = 8MW , Qimp = 4 MW  w/o recombination (dashed); QSOL = 8MW , Qimp = 4 MW  

with recombination (solid). Blue lines: QSOL = 4 MW , Qimp = 0  w/o recombination (dashed); 

QSOL = 4 MW , Qimp = 0  with recombination (solid). (b) Dependences of Γw , plasma 

ionization source, Γion , and recombination sink, Γrec , on N̂3D  for QSOL = 4 MW , Qimp = 0  
with recombination turned on. Reproduced with permission from [51], © Cambridge University 

Press 2017.  
As an example, in Fig. IX.11a the total plasma flux to the divertor targets and main 

chamber wall, Γw , is shown as the function of the total number of hydrogenic particles 

(including atoms and ions) in the computational domain, N̂3D , for different power input, QSOL , 
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from the core plasma and the impurity radiation loss, Qimp . N̂3D  can be considered a natural 

extension of the parameter Nft
tot  (which we used for the analysis of the SOL plasma parameters 

within a magnetic flux tube) to 2D modeling of edge plasma. The approach of the edge plasma 
simulations with fixed N̂3D  is called the “closed box” model, which, as demonstrated in [53], is 
a very good approximation for the high recycling regime where the plasma flux to the target 
exceeds by orders of magnitude both the puffing and pumping rates. 

Note that at large N̂3D , plasma temperature in the vicinity of the targets falls below 1 eV 
and the neutral density becomes comparable to the plasma one, which, according to [38], is 
supposed to result in a reduction of the plasma flux. However, from Fig. IX.11a we see that Γw  

initially increases with increasing N̂3D  and then saturates unless plasma recombination is turned 

on. In addition, we notice that the saturation level of Γw  at large N̂3D  is proportional to 

QSOL −Qimp . From Fig. IX.11b, it follows that for a given QSOL , at large N̂3D  the plasma 
ionization source, Γion , saturates, whereas the plasma recombination sink, Γrec , becomes 
almost equal to the ionization source, which causes the reduction of Γw .  
 All these observations have a simple physical explanation based on the model developed 
in [43], [44]. Following this model, we consider the energy and particle balance equations in the 
SOL for the high recycling conditions (ignoring hydrogen puffing and pumping): 
 QSOL =Qimp +QH +QCX + γTwΓw ,       (IX.12) 
 Γion = Γw +Γrec ,         (IX.13) 
where QH  is the power loss associated with hydrogen ionization; QCX  describes the power 
delivered to the plasma-facing components by neutrals via the neutral-ion energy exchange (in 
dense divertor plasma this energy loss is related to neutral heat conductivity). The last term on 
the right-hand side of Eq. (IX.12) describes the transfer of the plasma thermal energy to the wall, 
and Tw  is the averaged plasma temperature at the wall. By using the hydrogen ionization cost 

we have QH = Eion
H Γion .  Since at high plasma density, both neutral heat and particle transport 

have diffusive nature, we have the estimate QCX = ζκ/DTionΓion , where Tion  is the temperature 
in the neutral ionization region and ζκ/D ≈ 2.5  [54] is the ratio of the neutral hydrogen heat and 
particle diffusivities. For the detached divertor regime, Tion ≈ 3÷5 eV  and does not vary 
strongly since for lower temperature, the ionization rate constant drops sharply (see Fig. II.5).  
 For small Tw  the last term in Eq. (IX.12) can be ignored and from Eq. (IX.12), (IX.13) 
we find 

Γw =
QSOL −Qimp

Eion
eff

−Γrec ≡ Γion
max −Γrec ,      (IX.14) 

where Eion
eff = Eion

H + ζκ/DTion  is the effective ionization cost of neutral hydrogen accounting also 

for the energy loss associated with neutral heat conduction. We notice that the Γion
max  is limited 

by the power available for neutral ionization and this limit corresponds to the saturation level of 
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Γw  in Fig. IX.11 for the case of no recombination. In agreement with the data shown in this 

figure, from Eq. (IX.14) we have Γion
max ∝QSOL −Qimp . Thus, from Eq. (IX.14) it follows that 

for low Tw , the reduction of Γw  is only possible either by increasing the impurity radiation or 
by the plasma recombination processes (see Chapter II) or by both. 

 
 

Fig. IX.12. Intensities of the Balmer series lines in (a, reproduced with permission from [55], ©  
AIP Publishing 1998) detached recombining divertor plasma of C-Mod and (b, reproduced with 
permission from [56], AIP Publishing 2007) attached (upper curve) and detached recombining 

(lower curve) divertor plasma of NSTX tokamaks.  
Available experimental data fully support the idea that the impurity radiation loss and 

plasma recombination are the main parameters determining the plasma flux to the targets at low 
Tw . Depending on the plasma conditions, either one can play the dominant role.  
 Clear signatures of volumetric plasma recombination were observed with spectroscopic 
diagnostics on many tokamaks [55], [57], [58], [59], [60], [61], [62]. For example, in Fig. IX.12 
one can see the intensities of the Balmer series lines, which are typical for recombining plasmas 
(see also Fig. IX.3), from the C-Mod and NSTX tokamak divertors. Careful analysis of the 
plasma ionization source and the volumetric recombination sink in the C-Mod tokamak, 
performed in [63], has shown that Γrec  can exceed 80% of Γion . We notice that both electron-
ion and molecular activated recombination (MAR), recall Chapter II, can contribute to the 
volumetric plasma particle loss. Recent experimental data from the TCV tokamak show that in 
the detached divertor regime, the contribution of MAR to the overall volumetric plasma 
recombination can reach ~40% [64]. 
 Experimental data from both tokamaks [65], [66], [63], [67], [68] and stellarators [69], 
[70] show that in cold divertor plasma, the impurity radiation, in accordance with Eq. (IX.14), 
can also reduce the plasma flux to the targets.  

An example demonstrating the impact of both plasma recombination and impurity 
radiation on the plasma flux to the divertor targets is shown in Fig. IX.13. As we see in the upper 
panel, just before the ICRF heating is on, plasma recombination is very close to the ionization 
source, which, however, is almost doubled when additional power for neutral ionization becomes 
available due to ICRF heating. On the lower panel, one sees that nitrogen puffing causes a strong 
reduction of plasma ionization source and, correspondingly reduction of the plasma flux to the 
targets, whereas the recombination sink remains small.  
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 However, what to do with 
experimental data from linear divertor 
simulators [40], [41], [42], which seem to 
show that neutrals play an important role in 
the reduction of plasma flux to the target? 
We notice that in these experiments, the 
plasma was produced by the source situated 
in a separate chamber and only some portion 
of the generated plasma was flowing 
through an orifice into the working chamber. 
Therefore, the flux to the end target was 
significantly impacted by the neutral density 
in the working chamber. In addition, cross-
field plasma transport in these experiments 
was relatively large and, for example, in 
[40] and [41] it was concluded that cross-
field plasma transport is the main reason for 
the reduction of the plasma flux to the end 
target. As we see, the conditions of the 
plasma flow to the target in linear divertor 
simulators are very different from the 
tokamak ones, where all generated plasma 
particles are supposed either to flow to the 
plasma-facing components or to recombine 
volumetrically. Therefore, even though the experimental data obtained in linear divertor 
simulators on such issues as atomic physics and material erosion (see Chapter III) appear to be 
relevant for the edge plasma conditions in fusion devices (e.g. see [71], [72], [73] and the 
references therein), the results on plasma detachment cannot be transferred directly to the 
tokamak experiments. 
 Even though the simple physical picture, boiled down to Eq. (IX.14), for the plasma flux 
to the target in cold divertor plasma allows explaining the key experimental observations, it only 
describes the integral plasma flux to the plasma-facing components. However, from Fig. I.5b one 
sees that the divertor plasma detachment process does not happen uniformly over the entire 
divertor target. Instead, it starts from some particular flux tubes. Therefore, we need to find some 
local conditions for the onset of detachment, which we define as the beginning of the rollover of 
the specific plasma flux jd . Following [74] we will use the same concept of the “closed box” for 
some particular magnetic flux tube, which we used for the analysis of the self-sustained tokamak 
divertor plasma oscillations. We notice that such an approach might be not directly suitable for 
the onset of divertor detachment in stellarators having a complex divertor magnetic geometry. 
 In the previous subsection, we found that for high recycling conditions, the plasma in the 
flux tube is sustained largely by the plasma recycling processes in the divertor region. However, 
the total pressure Pft

tot  within the flux tube, which can be supported by recycling, is limited by 
the power needed for hydrogen ionization and is determined by Eq. (IX.7), which can be 
expressed as follows 

 
Fig. IX.13. Impact of the ion-cyclotron (ICRF) 

heating and nitrogen radiation loss on ionization 
source Γion  and plasma recombination sink Γrec  

in C-Mod tokamak.  Reproduced with 
permission from [63], ©  AIP Publishing 1999. 
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 Pft
tot !< Pft

tot( )max = qrecycl
M

γEion
H

,       (IX.15) 

where qrecycl = qft −qimp . In [74] it was shown that any further increase of Pft
tot  would result in 

a sharp reduction of the plasma temperature in the vicinity of the divertor targets, followed by a 
strong increase of plasma recombination and the reduction of the specific plasma flux to the 
target jd . Thus we can consider the condition 

 
Pft
tot

qrecycl
≈

M

γEion
H

≈ 20 N
MW

,        (IX.16) 

as the criterion for the local onset of divertor plasma detachment at some particular flux tube [50] 
(we assume here deuterium plasma). We also notice that plasma recombination does not allow 

virtually any further increase of Pft
tot  beyond Pft

tot( )
max

 [74], [50], [52]. The reason for this is the 

strong increase of the plasma recombination rate, which effectively “dumps” any excessive 
plasma particles into the cold neutral gas cushion in the vicinity of the target and “freezes” Pft

tot  
at the level determined by Eq. (IX.16). Recalling that the upstream plasma temperature is a weak 
function of qft , T(Lft )∝ (qftLft )

2/7 , we find that the restriction for Pft
tot  effectively limits the 

accessible upstream plasma density and results in the so-called edge plasma density limit (e.g. 
see [75]).  
 

  
Fig. IX.14. The dependence of ĵd  close to the strike points in both the outer (a) and inner (b) 

divertors found from SOLPS simulations of a DIII-D-like tokamak as a function of Pft
tot / qrecycl  

for different QSOL . Reproduced with permission from [52], © Elsevier 2017. 
 These results on the onset of local divertor plasma detachment are supported by both 
comprehensive numerical simulations and experimental data. In Fig. IX.14 one can see the 
dependence of ĵd  (projection of jd  onto the target plane) close to the strike points in both the 
outer and inner divertors found from SOLPS simulations of a DIII-D-like tokamak (see [52] for 
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the details) as a function of Pft
tot / qrecycl  for different QSOL  in the closed box approximation. 

We notice that in agreement with Eq. (IX.16), the rollover of ĵd  occurs at the same value of the 

ratio Pft
tot / qrecycl ~ 20 N / MW  for both the inner and outer divertors independently of QSOL . A 

sharper rollover of ĵd  for larger QSOL  is due to the higher divertor plasma density, which is 
more relevant for the consideration of isolated magnetic flux tube.  

In addition, we notice that the impurity radiation loss is roughly proportional to the 
plasma density squared. Therefore the magnitude of qrecycl = qft −qimp  decreases most strongly 

on the magnetic flux surfaces close to the separatrix, where the plasma density and, therefore, 
Pft
tot  are usually higher. As a result, the onset of divertor plasma detachment starts typically in 

the vicinity of the separatrix (recall Fig. I.5b), even though qft  is higher in this region. 

 In Fig. IX.15 one can see the variation of Pft
tot  (in the same magnetic flux tube as in Fig. 

IX.14) as the function of N̂3D , found in the same simulations of a DIII-D-like tokamak. 

Whereas in the case with plasma recombination turned on Pft
tot  saturates with increasing N̂3D , 

with no recombination it increases continuously, which agrees with our theoretical model.   

The “freezing” of Pft
tot  with the onset of 

divertor plasma detachment results in important 
consequences for detachment of the inner and 
outer divertors. Due to the ballooning nature of 
cross-field plasma transport in a tokamak (recall 
Chapter VI), the heat flux into the outer divertor 
is usually larger than that coming into the inner 
one. However, the plasma pressure inside a given 
magnetic flux tube at the inner and outer sides of 
the torus in the vicinity of the separatrix is 
virtually the same. As a result, the ratio 

Pft
tot / qrecycl  appears to be larger at the inner 

divertor and the latter starts to detach first. 
However, inner divertor detachment “freezes” 
Pft
tot  and does not allow the outer divertor to detach, until qrecycl  at the outer divertor 

equilibrates with the inner one [76]. Such equilibration can happen due to E×B plasma flow or 
neutral influx through the private flux region from the inner to the outer divertor, which finally 
creates a backflow of the plasma in the outer SOL, thus reducing qrecycl  [77], [76].  

Recent careful spectroscopic measurements performed in [78] confirm that in the absence 
of the volumetric plasma recombination processes, the plasma flux on the divertor target is 
limited (Γw !< Γion

max ) by the power flux into the recycling region as described by Eq. (IX.14), 
whereas the expression (IX.16) determines the rollover of the specific plasma flux to the target. 

 
Fig. IX.15. Pft

tot  as the function of N̂3D  
obtained from SOLPS simulation of a DIII-

D-like tokamak.  Reproduced with 
permission from [52], © Elsevier 2017. 
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 Even though the expressions (IX.14) and (IX.16) describe both the total plasma flux to 
the target and the local onset of detachment reasonably well, from the experimental and 
engineering points of view they are not very practical. Therefore, in [51], [76] the expression 
(IX.14) was recast in terms of the neutral hydrogen, PH , and impurity, Pimp , pressures in the 

divertor.  
In addition, following [79] we introduce an 
effective “ionization cost” for the impurity, Eion

imp , 
which describes the energy radiated by an impurity 
ion during the time from ionization to complete 
recombination in the volume or neutralization on a 
material surface. So the impurity radiation loss in 
Eq. (IX.14) can be written as Qimp = Eion

impΓimp , 
where Γimp  is the impurity influx into the divertor 
plasma. Then, taking into account that both the 
neutral impurity and hydrogen fluxes into the 
divertor plasma are proportional to their pressures 
and that divertor plasma detachment starts when 
QSOL  is dissipated by the energy loss associated 
with the impurity and hydrogen “ionization costs”, 
we find the following condition for the onset of 
plasma detachment 

 Qcrit ≡Cdet PH + (Eion
imp / Eion

H ) MH / MimpPimp{ } !>QSOL ,    (IX.17) 

where Cdet   is the normalization constant which depends on both the magnetic topology and the 

geometrical configuration of the divertor, MH  and Mimp  are the masses of, correspondingly, 

hydrogen and impurity particles.  

From [79], we find the estimate Eion
imp ~ 3 keV  

for the low-Z impurities (although this value 
can depend on the magnetic topology and the 
geometrical configuration of the divertor). 

Then, taking Eion
H ~ 40 eV  and 

MH / Mimp ~ 0.1 , from Eq. (IX.17) we find 

Qcrit ∝PH + 25×Pimp , which is in the same 

ballpark with the recent experimental data from 
ASDEX Upgrade (see Eq. (1) from [80]). 
Numerical simulations from [76] also support 
the expression (IX.17), see Fig. IX.16. The 

available experimental data demonstrate that both gradual evolution and bifurcation-like 
transition to the detached divertor regime are possible.  

 
Fig. IX.16. Neutral hydrogen pressure in 
divertor corresponding to the rollover of 
Γw  as the function of QSOL , found from 

numerical simulation of DIII-D-like 
plasma.  Reproduced with permission 

from [76], © AIP Publishing 2017. 

 
Fig. IX.17. Bifurcation-like transition to 

detached outer divertor in the DIII-D tokamak 
with increasing separatrix plasma density.  
Reproduced with permission from [81], © 

Elsevier 2015. 
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In Fig. IX.17 one can see a bifurcation-like change of the electron temperature at the 
outer strike point as the separatrix plasma density in DIII-D increases [81]. On the contrary, in 
JET with the ITER-like wall (ILW), the gradual evolution of the plasma flux on both the inner 
and outer divertor targets along with the increase of the core plasma density was observed [82], 
Fig. IX.18.  
 The bifurcation-like transition into the detached 
state can be explained by different mechanisms. For 
example: by the N-shape dependence Td(Nft

tot ) , shown 
schematically in Fig. IX.8, by impurity radiation [83], 
[84], by hydrogen outgassing from the targets [85], by 
and impact of divertor plasma detachment on anomalous 
cross-field plasma transport [51], and by the effects of 
the drifts [86], [87] see Fig. IX.19. However, we notice 
that the simplified models, which are often used for 
analytic and semi-analytic estimates, do not allow for 
many important effects of both plasma and impurity 
dynamics. Therefore their conclusions should be taken 
with caution and need to be verified with more 
comprehensive numerical simulations. In particular, 2D 
numerical simulations of detachment in a DIII-D-like 
plasma show that a gradual increase of the impurity 
(neon) content results in a smooth reduction of the plasma flux to the target and propagation of 
the detachment front towards the X-point [51]. The reason for this is the progressive 
accumulation of the impurity in the cold, virtually non-radiative divertor region that expands 
gradually. This effect plays the role of negative feedback and prevents the development of 
thermal bifurcation. We also notice that even the simulations with advanced 2D edge plasma 
transport codes often show only qualitative agreement with the experimental data 
 For example, although the 
experimental data and the results 
of 2D numerical simulations (see 
Fig. IX.19) of outer divertor 
detachment in the DIII-D 
tokamak, which emphasize the 
role of the E×B drifts, agree 
qualitatively, the numbers still do 
not match each other. 
 Two important knobs that 
can facilitate divertor plasma 
detachment are the magnetic 
configuration and the geometry of 
plasma-facing components (e.g. 
see Fig. I.6). Whereas a magnetic 
configuration with multiple X-points can decrease the power coming to particular strike points 
(e.g. see the snowflake and X-point target divertors in Fig. I.6), the geometry of the plasma-
facing components, which “confine” the neutrals in the vicinity of the divertor targets, can 

 
Fig. IX.18. Evolution of the plasma 

parameters in JET-ILW.  
Reproduced with permission from 

[82], © Elsevier 2013. 

 
Fig. IX.19. Peak electron temperature on the outer divertor 
target, found from (left) divertor Thomson scattering and 

(right) 2D UEDGE simulations.  Reproduced with 
permission from [86], © Elsevier 2017. 
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reduce the plasma ionization source Γion  and enhance the plasma energy sink caused by neutral 
heat conduction in low temperature (~1 eV) plasma, where the radiation processes become 
inefficient.  
 The reduction of Γion  in a carefully 
“baffled” divertor can be seen from the 
following. We recall that for the case where 
all neutrals are ionized in the recycling 
region, Γion  is bounded by the expression 

Γion !<Qrecycl / Eion
H . However, when 

neutral baffling is poor, some of the neutrals 
are bypassing the main recycling region and 
can go beyond the impurity radiation region, 
see Fig. IX.20. As a result, the potential 
ionization source related to these neutrals is 
now limited by QSOL >Qrecycl , which can 

greatly complicate the rollover of Γw . 
Experimental data also demonstrate that the so-called “closed”, well baffled, divertors have a 
low threshold of the upstream plasma density for detachment (e.g. see [88]).   
 
Conclusions for Chapter IX. 
As we have discussed, the edge plasma exhibits different nonlinear phenomena resulting in the 
formation of macroscopic strongly radiative and recombining structures (e.g. MARFE, detached 
divertor), nonlinear oscillations and bifurcations. In many cases, atomic physics effects, 
including impurity and hydrogen radiation, drive some of these phenomena. Others are 
associated with the interplay of atomic physics effects and cross-field plasma transport 
(including drifts and anomalous transport) as well as with plasma interactions with the materials 
of plasma-facing components. Some of these phenomena (e.g. divertor plasma detachment) can 
be affected by magnetic configuration and geometry of plasma-facing components. 
 Whereas some of these phenomena can be very beneficial for the performance of future 
fusion reactors (e.g. divertor plasma detachment can drastically reduce power and particle 
loading on divertor targets), others (e.g. MARFE formation close to separatrix) can result in the 
degradation of core plasma confinement and the reduction of overall reactor performance.   
 Even though large progress was made in the understanding of the physics of these 
nonlinear phenomena (e.g. divertor plasma detachment) still much more work is needed for 
better assessment of edge plasma behavior in future reactors. 
 
 
  

 
Fig. IX.20. Neutrals bypassing impurity radiation 
region can face large power available for neutral 

ionization 
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