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Abstract 

We investigate the influence of hydrogen molecules on plasma recombination using a collisional-radiative model for 
multispecies hydrogen plasmas and tokamak detached divertor parameters. The rate constant found for molecular activated 
recombination of a plasma can be as high as 2 x 10- n~ cm3/s ,  confirming our pervious estimates. We investigate the effects 
of hydrogen molecules and plasma recombination on self-consistent plasma-neutral gas interactions in the recycling region 
of a tokamak divertor. We treat the plasma flow in a fluid approximation retaining the effects of plasma recombination and 
employing a Knudsen neutral transport model for a 'gas box' divertor geometry. For the model of plasma-neutral 
interactions we employ we find: (a) molecular activated recombination is a dominant channel of divertor plasma 
recombination; and (b) plasma recombination is a key element leading to a decrease in the plasma flux onto the target and 
substantial plasma pressure drop which are the main features of detached divertor regimes. 
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1. Introduction 

Recent experiments on most diverted tokamaks have 
demonstrated the so-called detached divertor regimes [ 1-4]. 
These regimes are characterized by a low plasma tempera- 
ture near the divertor plates (of the order of 1 eV), and a 
strong decrease of the plasma particle flux onto the plates. 
Plasma recombination [5-7] in the divertor region seems 
the most probable explanation of the decrease of the 
plasma particle flux in detached divertor regimes. Ref. [8] 
found that apart from conventional three-body plasma 
recombination, the molecular activated recombination 
(MAR) involving vibrationally excited molecular hydro- 
gen, H2(v), (through the ion conversion reaction H2(L') + 
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H + ~ H ~- + H followed by dissociative recombination H ~- 
+ e ~ 2H) can be a very important mechanism of extin- 
guishing plasma in a tokamak divertor. Moreover, the 
estimates of the MAR rate constant, KMA R ~ 3 × 10 ~0 
cm3/s ,  obtained in Ref. [8], led to the conclusion that for 
C-Mod conditions the local plasma particle sink due to the 

MAR process, ne[H2]KMA R (n e and [H 2] are the electron 
and molecular hydrogen densities), can even exceed plasma 
particle sink from conventional radiative and three-body 
recombinations. 

In this paper we will present: (a) the dependencies of 
KMA R o n  the plasma and neutral gas parameters by apply- 
ing a collisional-radiative (CR) model for detached diver- 
tor plasma conditions, and (b) the results of a self-con- 
sistent modeling of the plasma flow in the recycling region 
for a 'gas box' neutral transport model [9] taking into 
account both three-body and molecular activated recombi- 
nations. 
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2. Collisional-radiative model for multispecies hydro- 
gen divertor plasmas 

The CR theory originally developed by Bates [10], has 
been applied to various atomic and molecular electronic 
structures [10-13]. The kinetics of vibrational level excita- 
tion and chemical reactions for molecules can also be 
studied within a framework of the CR model [14]. Our CR 
model involves the ground, vibrationally and electronically 
excited states of hydrogen molecules H 2 and molecular 
ions H +, the ground H o and excited H* states of hydro- 
gen atoms, and positive H + and negative H -  hydrogen 
ions. The model incorporates an extensive atomic-molecu- 
lar data set including the chemical reactions which have 
been found to be important for the tokamak divertor 
plasmas [8,15], and various laboratory and astrophysical 
plasmas [16-23]. 

We consider plasma conditions typical for detached 
divertor plasma: electron temperature ranges of 1 < T~ < 5 
eV; a hot plasma ion component as well as atomic-molec- 
ular mixture of the neutral gas with the temperatures about 
T~; plasma densities n~ varying from ~ 1013 cm -3 to 
~ 1015 cm-3;  and gas densities [H2], [H] < n e. Since the 
lifetime of H2, H- ,  and H * with respect to CR decay is 
very short ( <  10-7 S), the relative concentration of these 
particles is small compared to the electron and neutral gas 
densities. Therefore we neglect: (a) all collision processes 
in which both collision partners are in the excited states; 
(b) the contribution of reactions which take place in colli- 
sions between H +, H- ,  and H*;  (c) electron impact 
excitation of electronic states of H 2 with respect to the 
molecule dissociation via excitation of the lowest repulsive 
triplet state b3_Y +. We exclude from the description: (a) 
formation of very heavy particles such as H +, m > 2; (b) 
processes of electron attachment to atoms; and (c) various 
associative reactions proceed via triple collisions of heavy 
particles. Then, our kinetic scheme for divertor plasma 
recombination is based on the following set of reactions: 

H2(v )  + e  ~ H 2 ( v ' )  + e  

H ( n )  + H + ~  2H++ e 

" 2 ( , ' )  + H +-~ "~_( ,")  + H + 

H(n)--, H(,,')+ h~, n> . '  

H2(v)  + H  ~ H 2 ( v ' )  + H 

H + ( t ' )  + H ~ H~_(1 + ) + H  

H2(t, ) + Hz(v '  ) ~ Hz(w ) + H2(w' ) 

H ~ ( v )  + H + - -  H + ( t / )  + H+ 

H2(t , )  + e--+ H + H 

H ~ 2 ( t ' ) + e ~ H + H ( n ) ,  n> l 

H2(t , )  + e--+ 2H + e 

H+( t : )  + e ~ H + +  H ( n )  + e 

H 2 ( c ) + H +  ~ H + ( t , ' ) + H  

H + H + ~  H + H ( n )  

H2(t, ) + e ~ H ~ ( c ' )  + 2e 

H + e ---> 2e + H ( n )  

H2(v ) + e ~ H + H + +  2e 

H + H--+ 2H + e 

H(n )  + e ~ H ( n ' )  + e 

H + +  2e ~ H ( n )  + e 

H ( n )  + H+--+ H ( n ' )  + H + 

H + +  e ~ H(n )  + hv  

H ( n )  + e ~ H + +  2e (1) 

where v and n are the vibrational and principal quantum 
numbers, respectively. 

In reaction set (1) there are three reaction chains which 
lead to recombination in a tokamak divertor plasma: (a) 
conventional ion-electron recombination ( e / i )  which in- 
clude radiative and three-body recombination processes, 
and MAR which includes (b) atomic to molecular ion 
conversion with a consequent dissociative recombination 
of the molecular ion [8], and (c) dissociative attachment of 
an electron to molecular hydrogen with a consequent 
reaction of mutual neutralization of the negative ion and 
proton [15]. Thus, the plasma continuity equation can be 
written in the form 

K 2 c?nJOt+ V f=KionneN-  ¢~/i)n~--KMARnc[H2], (2) 

where N and Kio . are the densit~ and effective ionization 
rate constant of the neutral gas; j is the plasma flux: K(~/,) 
and KMA R are the radiative and three-body, and molecular 
activated recombination rate constants, respectively. 

We solve the set of kinetic equations for Eq. (1) in a 
quasi-stationary and quasi-homogeneous approximation by 
using the CRAMD code [24]. We assume that the tempera- 
tures of the electrons, ions, and atomic hydrogen are equal, 
T, while the temperature of molecular hydrogen is 0.5T. 
We choose the following relation between the neutral and 
plasma densities [H2] = [H] =0.1n~ (notice that the de- 
pendence of KMA R on the ratio n J N  is rather weak) and 
assume that the plasma is transparent to radiation. The 
dependencies of molecular hydrogen ionization rate con- 

H~ stant, Kio~, K(e/i ) and KMA R on the temperature T, found 
by solving kinetic Eq. (1), are shown in Fig. 1 for two 
plasma densities (1014 and 10 ~5 cm 3). One sees that the 
maximum of KMA R reaches 2 x 10 ~o cm3/s ,  in good 
agreement with our earlier estimates [8]. The decrease of 
KMA R with increasing plasma density is caused by the 
increasing ionization of excited atoms H '  which form 
during the dissociative recombination of molecular ions. 
From Fig. 1 we can find that the plasma sink due to the 
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u~ and on the Fig. 1. The dependencies of Ki,,~, K(¢/i ~, KMA R 
temperature T, found from the solutions of kinetic Eq. ( 1 ), for two 
plasma densities 1014 cm 3 (solid) and 1015 (dashed) cm 3 

MAR exceeds the ionization source for temperatures T < 3 
eV. 

3.  P l a s m a  f l o w  in  t h e  r e c y c l i n g  r e g i o n  a n d  r e c o m b i n a -  

t i o n  e f f e c t s  

3.1. Geometry., 

We consider the Knudsen regime of neutral gas flow in 
a divertor (neutral mean free path A N larger than the 
plasma width Zip). We assume (see Fig. 2) that at a 
poloidal distance L N from the plate there is the widening 
of the divertor slot (which we will call a 'gas box ' )  to the 
width, Zigb' which is much bigger than the slot width A far 
from the target. For the case when the ratio 3gb/LN is not 
too small and Z I / L  N << 1 we can assume a uniform distri- 
bution of neutral gas within the 'gas box' and neglect 
plasma-neutral  interaction outside the 'gas box'  [9]. More- 
over, since A N > zip and recombination of hydrogen atoms 
of the sidewalls is rather strong, we assume that the neutral 
component consist of the molecular species. 

3.2. Equations 

We prescribe the plasma pressure, Po, and incoming 
energy flux, qrc, at the entrance into the 'gas box' .  Using 
3' as the 'poloidal '  coordinate directed from the target, 

side wall 

L neutrals ~ p 
~ LN 

~ ] C 

A Ap qrc ~ plasma Agb A 

neutrals E 

side wall 

Fig. 2. Geometry of the problem. 

plasma parallel momentum (in subsonic approximation) as 

well as plasma energy (describing both ion-neutral  elastic 
and electron-neutral inelastic collisions) balance equations 
and continuity equation can be written in the form 

j = - ( b 2 / M N K i N ) ( d e / d y ) ,  (3)  

d q / d  y = - ~n e N K i N  - Eio n n e NKi,H,~ 

-- Tne( f ( e / i ) g ( e / i ) n  e -]- f M A R K M A R N ) ,  (4)  

d j / d y  = H, 2 K i o n n e N -  Kie / i )n  e - KMARneN,  (5)  

where P = 2neT  is the plasma pressure; N is the neutral 
gas density; M is the ion mass; b = sin qJ with ~0 the 
angle between the target and magnetic field line; j = bnV  

is the poloidal plasma flux with V the parallel plasma 
velocity; Eio . is the ionization 'cost '  describing plasma 
energy losses due to electron-neutral inelastic collisions 
per ionization event; KiN = 2.10"iN(T/M) 1/2 with O'iN the 
ion-neutral  collision cross section, which is assumed to be 
constant; e ( T ) =  ( T - T o ) ~  is the characteristic energy 
loss due to elastic ion-neutral  collisions with ~ = 1.5 and 

T 0 the neutral gas temperature; f~e/i) and fMAR describe 
plasma kinetic energy loss due to ( e / i )  and molecular 
activated recombinations; q = 5Tj + q~; and qe = 
- G ( T ) b 2 d T / d y  are the total and conductive poloidal 
plasma energy fluxes with Ke(T) the parallel electron heat 
conduction coefficient. 

3.3. Boundary conditions 

The boundary conditions for Eqs. (3) - (5)  are 

q ( y = L N ) =  --qrc, j ( y = L N ) = O ,  

P ( y = L N ) = P  u, q ( y = O ) = r j ( y = O ) T  d, 

j (  y = O) = - - (  c ebPdCJ2Td) ,  (6)  

where ( . . . ) o  denotes value of ( . . . )  near the target (y  = 0), 
C d = ( T J M )  ~/2, a -~ 0.5, and 8 is the plasma heat trans- 
mission coefficient. Recall that Pu and qrc are the pre- 
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Fig. 3. Normalized plasma flux onto the target, Jd/Pu ( 103 cm/s  
eV) and plasma pressure drop, Pd = Pd/Pu,  as the functions of 
plasma temperature at the target T d, with recombination for L N = 5 
cm, and Pu = Po--- 1016 c m - 3  eV (squares) and 0.25P o (di- 
amonds). 
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Fig. 4. The same as in Fig, 3, but without recombination. 
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Fig. 6. The neutral gas density as a function of plasma tempera- 

ture at the target Td, for L N = 5 cm with and without (open 
squares) recombination. 

scribed upstream plasma pressure and heat flux coming 
into the 'gas box'  region from upstream. Notice that there 
are 5 boundary conditions for two second order differential 
Eqs. (4) and (5) for plasma pressure and temperature. 
Therefore, they can only be satisfied for some specific 
neutral density N, which has to be found by solving Eqs. 
(3)- (5)  with the boundary conditions (Eq. (6)). 

3.4. Results of  numerical solutions 

Eqs. (3) - (6)  are solved numerically. We use the rate 
H~ 

c o n s t a n t s  Kio 6, and KMA R found from our CR model and 
take the following input parameters a = 0.5, t~ = 5, b = 

0.05, .f(e/i)= 1.5, fMAR = 3, and T 0 = 1 eV. We use the 
shooting method to numerically solve Eqs. (3) - (6)  by 
fixing the plasma temperature near the target T d and 
adjusting the plasma pressure near the target and the 
neutral gas density N to the boundary conditions at the 
target and at the entrance into the 'gas box'.  We solve Eqs. 
(3) - (6)  for the upstream plasma pressure Pu = P0--- 1016 
cm -3 eV and Pu = 0.25Po and for the length L N = 5 and 
100 cm. 

In Fig. 3 the normalized plasma flux onto the target, 

jd/P~, and the plasma pressure drop, Pd = Pa/Pu, are 
shown as functions of plasma temperature at the target T d 
for L N = 5 cm and P, = Po, and Pu = 0.25Po. The same 

dependencies are shown in Fig. 4, but with both MAR and 
electron-ion recombination turned off. We see that with- 
out recombination and in agreement with the results of 
Ref. [9] there is practically no decrease in ja/Pu and the 
pressure drop Po is rather modest (unless T d approaches 
very close to T o [9]), while with recombination turned on 
there is a strong decrease of both jd/Pu and po at temper- 
atures below 2 eV. There are two reasons for this behavior. 
First, at low plasma temperatures the plasma recombina- 

tion sinks due to MAR, SMA R = fj YKMARn[H2] (which is 
dominant at low To), and radiative and three-body recom- 
binations, Sc~ / i) = fd Y Kte / i)n2, become comparable to the 
plasma ionization source, Sio . = f j y  KH~lnN, resulting in 
the decrease in jd/Pu (see Fig. 5). Second, the neutral gas 
density N increases with recombination turned on (see Fig. 
6) to balance the steeper plasma density profile (caused by 
recombination!) in the expression for the plasma flux (Eq. 
(3)); simultaneously increasing N results in a decrease in 
the plasma flux onto the target which is roughly propor- 
tional to Pu/NLN. 

In Ref. [9] was shown that without plasma recombina- 
tion the magnitude of L N has a rather little effect on the 
dependencies of jd/Pu and Pd on T d. In Fig. 7 the 
dependencies of jd/Pu and Pd on T d with recombination 
turned on and for L N = 100 cm are shown. Comparing 
Fig. 3 and Fig. 7 one finds that although a strong variation 
of L N alter the numbers, the overall picture remains 
qualitatively the same. 

0.1 ~ SMAR/Si°n 

""--2 
0.01 

2 3 4 Td, eV  

Fig. 5. Ratios of plasma recombination sinks due to MAR, SMAR, 
and radiative and three body recombination, S(¢/i ), to the plasma 
ionization source, S~o ., as the functions of plasma temperature at 
the target T d, for L N = 5  cm, and Pu=Po--- 1016 cm-3 eV 
(squares) and 0.25P 0 (diamonds). 
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0.1 Z ~  ; ~  d 
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Fig. 7. The same as in Fig. 3 but for  L N = 100 cm. 
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4. Conclusions 

(i) We have calculated the influence of hydrogen 
molecules on plasma recombination using a collisional- 
radiative model for multispecies hydrogen plasmas. We 
find that the rate constant of molecular activated plasma 
recombination (which mainly goes through the ion conver- 
sion reaction H2(L,)+ H + ~  H ~ +  H followed by an al- 
most instantaneous dissociative recombination H~-+ e 
2H) can be as high as 2 × 10 -n)  cm~/s ,  confirming our 
previous estimates [8]. 

(ii) For the model of plasma-neutral  interaction we 
employ the MAR is a dominant channel of divertor plasma 
recombination at low plasma temperature T a >_ T o. 

(iii) Plasma recombination is a key element leading to 
divertor plasma detachment (decrease of the plasma flux 
onto the target and a plasma pressure drop) in our model 
of plasma-neutral  interactions in the recycling region. 
Notice that the same conclusion was arrived at in Refs. 
[6,7] where more sophisticated neutral transport models 
(but without MAR) were adopted. 

(iv) To make more quantitative conclusions about the 
impact of molecular effects on divertor plasma recombina- 
tion in current experiments and ITER a more sophisticated 
modeling of plasma and multispecies gas transport in the 
divertor is required. 
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