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a b s t r a c t 

The 2D simulations of edge plasma transport show that unlike some earlier publications, the impurity 

radiation loss per se does not cause the bifurcation-like transition to detached divertor regime. However, 

for the case where anomalous plasma transport is increasing with advancement to detachment, like it 

was recently observed experimentally, the transition to detachment exhibit the bifurcation-like charac- 

ter. Some other plausible reasons for similar bifurcation-like evolution to detachment are discussed. It is 

demonstrated that the current convective instability can be triggered in detached inner divertor plasma 

for the condition when outer divertor is still attached. This can explain the fluctuations of radiation loss 

observed recently experimentally for similar conditions. The self-sustained oscillations observed recently 

in numerical simulations and related to the interplay of the thermal force effects in impurity transport 

and impurity radiation loss are further investigated. It is shown that for some conditions these oscilla- 

tions are ubiquitous, since no stable solutions possible. 

© 2017 The Authors. Published by Elsevier Ltd. 
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. Introduction 

Large heat and particle fluxes on divertor targets, envisioned

n future magnetic fusion reactors, make the detached regime of

ivertor operation in future reactors virtually mandatory. Detached

ivertor regimes are characterized by large radiation loss and a

rollover” of plasma flux to the targets [1,2] . Experimental data

how that the transition to detachment can have bifurcation-like

haracter while the operation in the detached regime can exhibit

trong fluctuations of divertor plasma parameters (e.g. see Refs.

–5 ). Both simplified analytical and semi-analytical models and

umerical simulations also demonstrate the possibilities of such

henomena (e.g. see Refs. 6–8 ). However, often such simplified

nalytical and semi-analytical models are missing important ingre-

ients and their results are not supported by more sophisticated

umerical simulations. On the other hand the lack of the first

rincipal models for the description of some complex phenomena

e.g. anomalous cross-field plasma transport, hydrogen retention

n plasma facing components (PFCs), etc.) forces to make some

d hoc assumptions in the simulation set up, which can result in

isagreement with experimental observations or lead to wrong
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onclusions. For example, in numerical simulations it is often

ssumed that anomalous plasma transport coefficients are fixed.

owever, experiment shows that anomalous cross-field transport

n the scrape off layer (SOL) changes significantly in the process of

ransition to detached regime in both L- and H- modes [9] , which,

s we will see below, can be crucial for the processes of transition

o detached divertor regime. Thus, it is fair to say that the applica-

ility of theoretical and computational results predicting the SOL

lasma parameter bifurcations and fluctuations and, therefore, the

hysics of experimentally observed bifurcations and fluctuations

re still not clear. It is also plausible that some new phenomena,

hich are not accounted for in existing theoretical/computational

odels, are responsible for these experimental observations. 

In this paper we present the results of our studies on the tran-

ition to divertor detachment and possible origin of the fluctua-

ions of plasma parameters in detached state. The remaining of

he paper is organized as follows: In Section 2 , based on 2D sim-

lations of edge plasma transport, we show that unlike some ear-

ier theoretical publications (e.g. see Refs. [6,7] ), the impurity ra-

iation loss per se does not cause the bifurcation-like transition

o detached divertor regime (at least for a DIII-D-size tokamak).

owever, for the case where anomalous plasma transport is in-

reasing with advancement to detachment, like it was observed

xperimentally in Ref. [9] , the transition to detachment exhibit the
nder the CC BY-NC-ND license. ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Fig. 1. The dependencies of: a) maximum electron temperature at in outer divertor, 

T max 
e , and the Neon radiation loss, Q rad 

imp 
, and b) upstream electron, n e up , and Neon, 

n Ne 
up , densities on the ratio N Ne /N D found from 2D numerical simulation of the DIII- 

D-like edge plasma with SOLPS. 
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bifurcation-like character. We also discuss other plausible reasons

for similar bifurcation-like evolution to detachment (e.g. plasma re-

cycling). In Section 3 we show that the current convective instabil-

ity can be triggered in detached inner divertor plasma for the con-

dition when outer divertor is still attached. This can explain the

fluctuations of radiation loss observed in Ref. [5] for similar condi-

tions. In Section 4 we further investigate self-sustained oscillations

observed in numerical simulations [8] and related to the interplay

of the thermal force effects in impurity transport and impurity ra-

diation loss. We show that for some conditions these oscillations

are ubiquitous, since no stable solutions (both homogeneous and

inhomogeneous) possible. Finally, in Section 5 we summarize our

main findings. 

2. Transition to detached divertor regime 

It is a well-established fact [2,10] that the rollover of plasma

flux to the target due to plasma volumetric recombination starts

when the ratio q rec /P up , falls below some critical value (here q rec is

the specific energy flux into hydrogen recycling region and P up is

the upstream plasma pressure). Therefore, all processes, which can

decrease q rec (e.g. increase of anomalous cross field plasma trans-

port and impurity radiation loss) and increase P up (e.g. increase

of plasma density in SOL due to gas puff, outgassing of the PFCs,

and plasma flux from the core), can facilitate detachment process.

Moreover, the synergistic effects of varying plasma parameters in

the course of detachment and the processes leading to the de-

crease of q rec and increase of P up can result in abrupt, bifurcation-

like, transition to detachment. 

On the other hand, the results of some previous theoretical

studies (e.g. see Refs. [6,7] ) suggest that the bifurcation-like phe-

nomena can be solely related to thermal instability caused by

some particular geometrical features and temperature dependence

of impurity radiation loss. However, these results are based on

simplified models, which do not account for many effects, which,

in practice, can significantly alter the conclusions following from

these models. 

In order to sort out an impact of impurity only on the transition

to detachment but go beyond some simplified semi-analytic mod-

els like those used in Refs. [6,7] , we use 2D edge plasma trans-

port code SOLPS4.3 [11] . Similar to Ref. [2] , we adopt DIII-D like

magnetic configuration and geometry of the PFCs. Our simulation

domain occupies some part of the core plasma, SOL, and diver-

tor regions, the energy flux in our domain, Q edge , was 8 MW, the

cross-field particle and heat diffusivities were set constant in a

whole computational domain, D ⊥ = 0 . 3 m 

2 / s , χ(e,i ) 
⊥ = 1 m 

2 / s . (see

Ref. [12] for details of the set up and the results of the simula-

tions). We use a “closed box” model for both deuterium plasma

and impurity assuming given number of deuterium, N D , and neon

impurity, N Ne , (both neutrals and ions) within the domain and in-

stantaneous 100% recycling on the PFCs. Such model is often used

(e.g. see Ref. [2] ) for the modeling of high-recycling regimes where

puffing and pumping effects are negligible in comparison with nat-

ural plasma recycling on the PFCs. It allows obtaining natural dis-

tribution of edge plasma parameters and their response on input

parameters (e.g. Q edge ) including bifurcations and hysteresis effects,

which are difficult to follow for other settings (e.g. by using plasma

density at the core-edge interface as an input parameter). We no-

tice that unlike simplified models used in Refs. [6,7] , where im-

purity transport was actually ignored, our 2D simulations account

for the dynamics of both neutral and charged states of impurity.

We fix N D = 3 . 5 × 10 20 and vary N Ne in order to observe any signs

of the thermal instability (e.g. bifurcation-like dependence of di-

vertor plasma parameters onN Ne ). However, no such effects were

found. For example, on Fig. 1 a one can see smooth dependence of

maximum electron temperature at in outer divertor, T max 
e , and the
eon radiation loss, Q 

rad 
imp 

, on the ratio N Ne /N D (more results can

e found in Ref. [12] ). The reason for the absence of any traces

f thermal instability caused by impurity radiation loss is the fol-

owing. Even though the amount of impurity in the computational

omain increases, when detachment proceeds a low temperature

egion starts to develop in the divertor volume, leaving upstream

lasma parameters (e.g. upstream electron, n 

e 
up , and impurity, n 

Ne 
up ,

ensities) virtually at some saturated level (e.g. see Fig. 1 b). This

old plasma practically does not radiate, and with increasing impu-

ity inventory in the computational domain an increasingly larger

ercentage of available deuterium and impurity is residing there,

hich saturates overall impurity radiation loss. Thus, cold region

orks as a stabilizing reservoir: an increase of the radiation loss

ncreases the volume of cold region, which stores an excess of im-

urity and prevents further plasma cooling. 

However, these findings do not mean that some meso-scale

hermal instability, driven by impurity radiation but not directly

ffected by the presence of cold divertor plasma reservoir, can-

ot develop (e.g. see Ref. [8] ). It is plausible that some “positive

eedback” caused by plasma transport and plasma-PFCs interac-

ions can result in the bifurcation phenomena and/or fluctuation of

lasma parameters. As an example, we consider how the variation

f cross-field plasma transport coefficients can alter the dynamics
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Fig. 2. Dependence of plasma temperature at the outer strike-point on core plasma 

density for a constant transport coefficients (blue) and transport coefficients with 

a “positive feedback” of detachment (labeled as “D(det)”, red). (For interpretation 

of the references to colour in this figure legend, the reader is referred to the web 

version of this article.) 
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f the transition to detachment. Following experimental results of

ef. [9] , let assume that anomalous cross-field plasma transport co-

fficients are increasing in a whole domain when detachment con-

itions approaching. As a result, q rec will go down while plasma

ensity in the SOL will be spreading in radial direction and n up 

ecreases. However, the reduction of n up increases plasma density

radient between the core and SOL plasmas, which, along with in-

reasing anomalous transport coefficients, will increase plasma flux

rom the core into the SOL and, correspondingly push both n up and

 up up. (We should notice here that the number of deuterium in

he core is much larger than that in the SOL and divertor volumes,

o that even small depletion of core plasma particles and chan-

eling them through separatrix into SOL, will have a large impact

n divertor plasma parameters) Simultaneously the ratio q rec /P up ,

hich controls detachment process, will decrease promoting both

eeper detachment and further increase of edge plasma transport

oefficients, creating a “positive feedback”, which can result in the

ifurcation-like transition to detachment. 

Qualitatively an impact of such “positive feedback” can be

emonstrated, assuming plasma pressure balance between up-

tream and divertor regions (this approximation can only be jus-

ified for attached case [2] ), with simple model based on the equa-

ions describing cross-field, parallel, and target energy balances: 

⊥ ( T d ) 
n up T up A 

�
= Q edge , χ|| ( T up ) T up = 

q Q edge 

2�
, 

n up T up 

( T d M) 
1 / 2 

( E ion + γ T d ) = 

Q edge 

πR �sin( �) 
, (1) 

here T up and T d are the upstream and divertor plasma temper-

tures, A and R are the separatrix surface area and tokamak ma-

or radius, � is the SOL width, χ|| ( T up ) ∝ T 5 / 2 up is the parallel elec-

ron heat conduction, M is the ion mass, � is the pitch angle of

he magnetic field, γ is the heat transmission coefficient, q is the

afety factor, and E ion is the hydrogen ionization cost (for simplic-

ty we neglect impurity radiation loss). After some algebra, from

q. (1) we find the following equation determining the dependence

 d (n up ): 

( T d ) ≡ T 

1 / 2 

d 
{ χ⊥ ( T d ) } −5 / 9 

( E ion + γ T d ) 
−1 = Cn 

14 / 9 
up , (2)

here C is a constant determining, in particular, by Q edge and geo-

etrical parameters. From Eq. (2) we see that even for relatively

arge T d ( T d ̃  > E ion /γ ) the left hand side of Eq. (2) can saturate

ith decreasing T d , providing that the expression χ⊥ ( T d )T 9 / 10 
d 

at

ome T d ̃  < T crit 
d 

starts to increase with decreasing T d . As a result, for

 up ̃  > n 

crit 
up ≡ (F(T crit 

d 
) / C) 9 / 14 no attached solution is possible and di- 

ertor abruptly goes into detached regime. 

This qualitative physical picture of the bifurcation-like tran-

ition to detachment was confirmed by 2D edge plasma trans-

ort simulation with SOLPS. To mimic an increase of cross-

eld plasma transport coefficients, TC, in the SOL and diver-

or region, while detachment approaches, we assume that TC =
 C 0 { 1 + (K − 1)H( T TC − T osp )( T TC − T osp ) / ( T TC − 1) } , where TC 0 is

he transport coefficient for the conditions far from detachment,

(x) is the Heaviside function, T osp is the electron temperature, in

V, at the outer strike point, T TC is some critical temperature, in

V, below which an increase of TC starts, K is the cumulative in-

rease of TC for completely detached divertor which we assume

appens at T osp = 1 . Just to demonstrate the proof of principals

e choose T TC = 10 and K = 4. The results of our 2D simulation

or DIII-D-like geometry and Q edge = 2 MW demonstrated that for

he case with no feedback of divertor conditions on TC, divertor

lasma temperature was gradually decreasing function of plasma

ensity at edge-core interface. However, with a “positive feedback”

f TC on T osp , an abrupt reduction of divertor temperature occurs

hen T osp drops below T TC and outer divertor becomes virtually
etached (see Fig. 2 ). We note that an increase of N D for the fixed

C does not result in the bifurcation phenomena [12] . 

Similar effect can be related to the plasma recycling process on

he PFCs. Even though in the simulations plasma recycling on the

FCs is often described by some albedo, which provide an instanta-

eous flux of neutrals back to the volume, in practice, recycling is a

ery complex and still poorly understood number of the processes

hich include reflection, absorption on the surface, penetration of

ydrogen into lattice, transport of hydrogenic species in the wall

aterial, desorption from the surface, etc. All of these processes

re sensitive to both energy of the particles impinging on the sur-

ace as well as the temperature and constituency of the near sur-

ace material layer. Therefore: i) there is some delay between the

ime particle impinging on the surface and the time it comes back

o the volume, and ii) the variation of both surface condition of

he PFCs and plasma parameters can break the delicate balance of

he particle flux to and from the PFCs, which taking into account

xtremely large amount of hydrogen usually stored in the PFCs in

omparison with total inventory of hydrogen in the discharge (in

articular in Carbon PFCs) [13] , can have a devastating effect on

dge plasma performance. This is what indeed happen in a long

ulse discharges described in Ref. [3] , where increasing tempera-

ure of divertor tiles were promoting thermal desorption of hydro-

en, which, finally, caused abrupt transition to deep detachment

nd MARFE formation. 

. Current convective instability of detached plasma 

In this Section we present a plausible explanation of origin of

adiation fluctuations in the AUG tokamak reported in Ref. [5] .

hese fluctuations, with the frequencies ∼10 kHz, were observed

or the case where only inner divertor was detached and both de-

achment and radiation fronts were located close to the X-point.

owever, fluctuations disappear when the outer divertor also

etaches. 

We show that the origin of the radiation oscillations can be

ttribute to current convective instability [14] developing in cold

lasma in inner divertor. It is widely accepted that current con-

ective instability, which in tokamak related literature is called the
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Fig. 3. Schematic view of inner divertor plasma in a slab approximation. 
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“rippling mode” (e.g. see Ref. [15–17] ), does not play significant

role in anomalous plasma transport in hot core region due to high

plasma heat conduction along the magnetic field and magnetic

shear effect [18] , although it might be important in relatively cold

edge plasma [16,17] . However, on the closed flux surfaces the par-

allel electric field driving the parallel current causing the rippling

instability is small, ∼ 10 −3 V / cm , meanwhile in the scrape off layer

(SOL) plasma (see Fig. 3 ) it can be much larger, ∼ 1 V/cm. The rea-

son for this is that in the SOL the parallel current is largely driven

by the difference of electron temperatures T (out) 
d 

and T (in) 
d 

in the

vicinity of outer and inner divertor targets respectively [19] . This

is because the drop of electrostatic potential through the sheath is

∼ 4T d for the case where no current flows through the sheath. For

the case where T (out) 
d 

� = T (in) 
d 

and inner and outer divertor targets

are electrically connected (which is the case in current tokamaks)

the current will flow through the SOL plasma. The magnitude of

the current will be determined by the difference T (out) 
d 

− T (in) 
d 

and

the SOL plasma resistivity [19] . When inner (outer) divertor is de-

tached (attached) we have T (out) 
d 

>> T (in) 
d 

and the SOL resistivity

is largely determined by the resistivity of cold, ∼ 1 eV, plasma

in inner divertor. As a result, virtually the whole potential drop,

U ∼ 4T (out) 
d 

, driving the SOL current will be localized within de-

tached plasma, creating large parallel electric field. This high elec-

tric field in the SOL, in conjunction with a very low plasma tem-

perature in detached divertor region, which strongly decreases sta-

bilizing role of electron heat conduction, can cause robust current

convective instability in detached plasma. 

Fluctuation of plasma parameters, including pressure, in de-

tached inner divertor will cause the bursts of plasma outflow from

the radiation region (located beyond the detachment front) and

subsequent fluctuation of the radiation loss. Once the outer di-

vertor also detaches, a strong asymmetry between T (out) 
d 

and T (in) 
d 

,

causing large potential drop through inner divertor, disappears. As

a result, when both divertors are detached, the drive for the cur-

rent convective instability in inner divertor and subsequent fluctu-

ations of the radiation loss does not exist anymore. 

To make some quantitative estimates we consider a slab ap-

proximation for detached inner divertor plasma assuming periodic

boundary conditions along the “toroidal” z-coordinate (see Fig. 3 ).

In poloidal direction cold (T cold ∼ few eV, we assume that electron

and ion temperatures are equal) plasma region extends at the dis-

tance L ⊥ ∼ 10 cm up to detachment front where it contacts with

warm ( ∼ few tens of eV) SOL plasma. The characteristic scale-

length of temperature and, therefore, conductivity variation along

“radial” coordinate x we assume to be a ∼ 2 cm. The potential

drop, U, between detachment front and the target we assume to be

eU ≡ U e ∼ 4T (out) 
d 

∼ 30 eV >> T cold ∼ 3 eV , where e is the electron

charge. In our estimates we will assume that plasma density in
etached region, n det ∼ 3 · 10 14 c m 

−3 , the magnitude of magnetic

elds B z ∼ 3 T and B y ∼ 0.1 × B z , and the effective magnetic shear

ength L s ∼ 1 m (we assume that detachment front is not too close

o the X-point where magnetic shear is much stronger). 

First we notice that the potential drop through detached plasma

auses E × B drift in radial direction. As a result, detached

lasma parameters are determined by two competing processes:

adial E × B drift, which is characterized by the frequency ν(x) 
E ×B 

≈
( U e / M) / ( �i a L ⊥ ) (where M and �i are the ion mass and gyro-

requency) and parallel plasma flow having characteristic time-

cale τ|| ≈ L ⊥ / ( b y 
√ 

T cold / M ) , where � b = 

�
 B / B ( b 2 z >> b 2 y ) and L || =

 ⊥ / | b y | . For the parameters of the interest we have τ|| ν(x) 
E ×B 

≈
 . 3 ̃  < 1 , so that in a ballpark we can assume rather well defined

ernel of detached plasma with electron temperature and, there-

ore, electric conductivity significantly different from surrounding

lasma, which is shown in light blue color in Fig. 3 . 

Then, neglecting the effects of parallel electron heat conduc-

ion and magnetic shear (corresponding estimates will be given

elow) and assuming that the divergence of electric current is zero

e find the following linearized equation for electrostatic potential

∝ ϕ( � r ) e −i ωt describing the current-convective instability (e.g. see

ef. [14] ): 

ω 

ω A 

∇ 

2 
⊥ ϕ + i ∇ || 

{ 

ω σ

ω 

( � e x × �
 b ) · ∇ + ∇ || 

} 

ϕ = 0 , (3)

here ω A = 4 πσ0 ( V A / c) 
2 , ω σ = −i(c E || / B)[d � n( σ0 ) / dx ] , E || is the

arallel component of electric field, σ 0 (x) is the electric conductiv-

ty, c and V A = B / 
√ 

4 πM n det are the light and the Alfven speeds.

e notice that for the parameters of interest ω A ∼ 10 11 s −1 >>

 ω σ | ∼ 10 3 s −1 (we assume here that |d � n( σ 0 )/dx | ≈ 2/a). 

Generally speaking frequency ω should be found as an eigen-

alue of the solution of Eq. (3) by using periodic boundary condi-

ions along “toroidal coordinate z and a proper boundary condition

long “poloidal” coordinate y. However, due to the lack of space a

omplete analysis will be considered in details elsewhere. Here we

resent just our main findings. 

First we consider the solution of Eq. (3) in the eikonal approx-

mation assuming ϕ( � r ) ∝ exp(i k ⊥ � ⊥ + i k || � || + i k x x) , where the co-

rdinates � ⊥ and � || are shown in Fig. 3 while k ⊥ , k || , and k x are

he corresponding wave numbers. Then, from Eq. (3) we find the

ollowing dispersion equation 

i 
ω 

ω A 

k 2 ⊥ + k 2 x 

k 2 || 
+ 

ω σ

ω 

k ⊥ 
k || 

+ 1 = 0 . (4)

First we consider the case k x = 0 . Then from Eq. (4) we

nd that for |k ⊥ /k || | < ( ω A /| ω σ |) 1/3 the first term in Eq. (3) is

mall so the growth rate of the instability, γ , increases with

ncreasing |k ⊥ /k || | as ω = i γ = i | ω σ k ⊥ / k || | , reaching maximum

≈ | Re (ω) | ≈ ω 

(A) 
max ≡ ( ω A | ω σ | 2 ) 1 / 3 at | k ⊥ / k || | ≈ | k ⊥ / k || | (A) 

max ≡
( ω A / | ω σ | ) 1 / 3 , when all terms in Eq. (4) are the of same order, and

hen decreases as γ ≈ | Re (ω) | ∝ (| k ⊥ / k || | ) −1 / 3 with further in-

reasing | k ⊥ / k || | > | k ⊥ / k || | (A) 
max where only first and second terms

n Eq. (4) matter. 

However, in practice, it appears that the stabilizing effects of

arallel electron heat conduction and magnetic shear bound the

ange of possible growth rates. Moreover, finite k x may also al-

er the growth rate. The effect of parallel electron heat conduction

an be neglected for γ > αe k 
2 || , where αe is the electron heat dif-

usivity. Taking as an estimate |k || | ≈ 2 π /L || we find that αe k 
2 || ∼

 · 10 4 s −1 << ω 

(A) 
max and potentially the instability can develop. As

 matter of fact, the threshold for the instability is determined by

he inequality ( k ⊥ ) thr ̃  > αe k 
3 || / | ω σ | , which for |k || | ≈ 2 π /L || corre-

ponds to ( λ⊥ ) thr = 2 π( k ⊥ ) −1 
thr ̃

 < 5 cm . Let us now discuss an impact

f k x . Based on preceding analysis, we find that within the eikonal
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pproximation any sizable effect of k x on the growth rate is pos-

ible for k 2 x ̃  > ( k 2 ⊥ ) 
(A) 
max . Estimating k 2 x ≈ ( 2 π/ a ) 2 and noticing that

(A) 
max ∼ 0 . 2 cm << a ∼ 2 cm , we conclude that within an eikonal

pproximation k x does not alter the results of our analysis of the

nstability growth rate. 

Now we consider an impact of the shear of the magnetic field.

s we have mentioned above, both spatial localization and the

rowth rate of the “rippling mode” crucially depend on magnetic

hear [15–18] . However, while for the “rippling mode” develop-

ng on some closed rational magnetic flux surface the effective

ength of the magnetic field line and, therefore the stabilizing ef-

ect of parallel heat conduction is determined solely by the mag-

etic shear, in our case the length of the magnetic field line be-

ween the target and detachment front does not varies much. In-

eed, assuming that b y (x) = b y (0) { 1 + x / L s } we find that the vari-

tion of L || (x) ≈ L ⊥ /| b y (x) | within unstable region is about δL || ≈
a/2)(L || /L s ) < < L || (we assume here that L || ≈ L s ≈ 1 m). However,

he solution of the eigenvalue problem shows that the maximum

rowth rate is reached by maximizing the ratio of effective perpen-

icular and parallel wave numbers, where ( k ⊥ ) eff ≈ k n / b y = n / b y R

n is the integer number) and (k 2 || ) eff = | b y η(±) + i b z k n | 2 (where

( ± ) plays the role of poloidal wave number � b = 

�
 B / B , b 2 z >> b 2 y ,

 n = n / R and n is the toroidal mode number). As a result, maxi-

um growth rate is reached for η(±) ≈ −i( b z / b y ) k n + i δm 

k m 

( k m 

=
 πm / L ⊥ , m is the integer number, and δm 

∼ 1) which almost can-

els large term ib z k n in the expression for (k 2 || ) eff . However, tak-

ng into account the effect of magnetic shear on the variation of

( ± ) with x, we find (k 2 || ) eff ≈ | { x / [ b y (0) L s ] } k n + δm 

k m 

| 2 so that a

trong increase of effective parallel wave number, caused by mag-

etic shear and resulting in the reduction of the growth rate, starts

t | k n / ( b y k m 

) | ˜ > | k ⊥ / k || | sh ≡ 2 L s / a . We notice that for the pa-

ameters of interest | k ⊥ / k || | sh < | k ⊥ / k || | (A) 
max and the maximum

rowth rate, γ max , is, actually, determined by the magnetic shear

ffect, which gives γmax ≈ (2 L s / a) | ω σ | ∼ 10 5 s −1 . Assuming | k || | sh 

2 π /L || , we find the low bound of the current convective instabil-

ty wavelength | λ⊥ | sh ≈ (a/2)(L || /L s ) ∼ 1 cm. Thus, we find that the

evelopment of the aperiodic current convective instability is lim-

ted within the range of the growth rates γ ∼ 10 4 ÷ 10 5 s −1 . In a

onlinear regime one can expect the transformation of the aperi-

dic current convective instability in a turbulent oscillations with

he frequency ω ∼ γ , which is in a reasonable agreement with ex-

erimental data showing ∼ 10 kHz oscillation frequency of the ra-

iation loss. However, numerical simulations are needed to explore

 nonlinear regime of current convective instability and give some

uidance on the magnitude and spectrum of the fluctuations. 

. Self-sustained oscillations driven by impurity radiation 

It is usually assumed that the radiative condensation instabil-

ty results in establishing a new steady-state equilibrium with in-

omogeneous plasma parameters, which magnetic fusion research

s usually associated with MARFE (e.g. see Ref. [20] and the refer-

nces therein). However, more detail studies demonstrate that an

mpact of thermal force, pushing radiative impurities toward high

lasma temperature region, causes slowly traveling modes in linear

heory [21] , and regular self-sustained oscillations (SSO) of plasma

arameters in a non-linear phase [8] . However, so far the main fea-

ures of these SSO were not clear. Here we present our results of

nalytic and numerical studies elucidating the main physics of the

SO. 

We address the SSO driven by impurity radiation by using sim-

le model describing the dynamics of main plasma and impurity

s well as the energy balance along the closed magnetic field line

f length L 0 . For simplicity, following Ref. [21] , we assume: i) the

mpurity density is small and does not alter the dynamics of main
lasma, ii) all species have the same temperature, and iii) ignore

ource/sink of main plasma and impurity particles. Then in nor-

alized units our governing equations are: 

 τ η + ∂ ξ ( ηw ) = 0 , η( ∂ τ w + w ∂ ξ w) = −∂ ξ (ηϑ) 

+ � −1 
I ∂ ξ (ηϑ 

5 / 2 ∂ ξ w) , (5) 

 τ ηI + ∂ ξ ( ηI w I ) = 0 , 
2 

μ
ηI ( ∂ τ w I + w I ∂ ξ w I ) = αT ηI ∂ ξϑ − ϑ ∂ ξ ηI 

+ 

Z 

2 
I (ϑ) 

ϑ 

3 / 2 
� I ηI η(w − w I ) , (6) 

 η( ∂ τϑ + w ∂ ξϑ ) = −2 ηϑ ∂ ξ w + μ−1 / 2 
e � −1 

e ∂ ξ ( ϑ 

5 / 2 ∂ ξϑ ) 

+ Q 0 − ηηI R(ϑ) , (7) 

here η ( ηI ) is the plasma (impurity) density normalized on it’s

nitially homogeneous density n̄ ( ̄n I ), ξ is the parallel coordinate

ormalized on L 0 , w (w I ) is plasma (impurity) velocity normalized

n (2T 0 /M) 1/2 and M (M I ) is the mass of main (impurity) ions,

hile T 0 is some normalization temperature, ϑ = T / T 0 , τ is the

ime normalized on L 0 /(2T 0 /M) 1/2 , μ = M / M I and μe = m / M , m is

he electron mass, Z I ( ϑ) and αT (ϑ) ≈ 2 . 2Z 2 I (ϑ) ≡ α0 Z 
2 
I (ϑ) are im-

urity charge and thermal force coefficient (we assume that Z I ( ϑ)
 1 so that αT > > 1), � I ( � e ) is the ratio of L 0 to effective mean

ree path of main ions (electrons) till collisions with impurity ions

main ions) assuming that they are singly charged and density is

qual to n̄ (we notice that the applicability of fluid equations re-

uires � I > > 1 and � e > > 1), R( ϑ) is the impurity cooling function,

nd Q 0 is the normalized heating term. 

Linearizing Eqs. (5 –7 ) over homogeneous stationary solution we

rrive to the dispersion equation found in Ref. [20 ]. Next we ex-

mine the availability of stationary, but inhomogeneous solutions.

fter some algebra we arrive to the following equations 

( ϑ 

5 / 2 ∂ ξϑ ) 
2 

2 μ1 / 2 
e � e 

= G(ϑ) − G( ϑ min ) , 

G(ϑ) = G 0 

ϑ ∫ 
0 

d ϑ 

′ R( ϑ 

′ ) ϑ 

′ 3 / 2 e 
ϑ ′ ∫ 
0 

d ϑ ′′ αT (ϑ 
′′ ) /ϑ ′′ 

− 2 

7 

Q 0 ϑ 

7 / 2 , (8) 

here ϑmin is the minimal value of normalized temperature, and 

 0 = 

{∫ 1 

0 

d ξexp 

(∫ ϑ(ξ ) 

0 

d ϑ 

′ αT (ϑ 

′ ) /ϑ 

′ 
)}−1 {∫ 1 

0 

d ξ/ϑ(ξ ) 

}−1 

. 

(9) 

Since we have the periodic boundary conditions at ξ ∈ [0, 1] we

hould have at least one maximum of ϑ( ξ ), ϑmax , where, as it fol-

ows from (8) , we should have G( ϑ max ) = G( ϑ min ) . However, due

o thermal force effect (recall that αT > > 1) an extremely large

xponential factor in the expression for G( ϑ) results in a very fast

rowth of the first term virtually for all reasonable functions R( ϑ).
herefore, the condition G( ϑ max ) = G( ϑ min ) can only be satisfied

or relatively small ϑ where the second term dominates. But for

his case G(ϑ) − G( ϑ min ) < 0 and the differential equation for ϑ( ξ )

n (8) is meaningless. Thus, for this case there is no stationary in-

omogeneous solution of Eqs. (5 –7 ) possible and plasma parame-

ers will continually vary in time. 

To study time dependent solution we solve Eqs. (5 –7 ) numeri-

ally taking R(ϑ) = R 0 ϑ 

3 / (1 + ϑ 

3 ) 2 for ϑ ≤ 1 and R(ϑ) = R 0 / 4 for

> 1. We choose � I = � e = 10 , μ = 0 . 05 , μe = 5 . 5 × 10 −4 , Z I (ϑ) =
 0 ϑ , Z 0 = 3 , R 0 = 360 . 9 , and Q 0 = 90 . Stationary plasma tempera-

ure for our case is close to 1. Linear analysis shows that for these

arameters only first mode is unstable. We seed small temperature

erturbation and observe that after some initial stage, a nonlinear
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Fig. 4. Time evolution of plasma temperature profile in developed self-sustained 

oscillations. 
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SSO develop with a period ∼1 and the amplitude of temperature

variation ∼0.5. The time variation of ϑ( ξ ) profile over a half of a

period is shown in Fig. 4 . More detail discussion of the results of

numerical simulations will be presented elsewhere. 

5. Conclusions 

Thus we find that: i) Unlike some simplified models, deal-

ing with an impact of impurity radiation on the transition to

detachment, 2D simulation of dynamics of plasma and impu-

rity shows no bifurcation-like transition into detached regime.

However, bifurcation-like transition becomes possible for the case

where cross-field plasma transport increases while detachment is

approaching (e.g. with decreasing plasma temperature in divertor).

Absorption/desorption processes on the PFCs can cause similar ef-

fect on the transition to detachment. We note that the increase

of cross-field plasma transport in detached plasmas was recently

observed in experiments [9] . ii) The fluctuations of impurity radia-

tion, observed experimentally [5] for the case where inner divertor

is detached while the outer one is not, and the absence of these

fluctuations, for the case where both divertor are detached, can be

explained by the development/stabilization of current-convective

instability in inner divertor plasma. iii) Radiative-condensation in-

stability not necessarily results in establishing of inhomogeneous

along the magnetic field but stationary plasma parameter distri-

bution. Due to an impact of the thermal force, acting on impurity

ions, the nonlinear phase of this instability can end up in the de-

velopment of self-sustained oscillations of plasma parameters. 
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