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MASH 
ABSTRACT 

A review of the most important reactions of atomic and molecular hydrogen 

with the fusion edge plasma electrons and ions is presented. An appropriate 

characterization of the considered collision processes, useful in plasma edge 

studies (evaluated cross sections, reaction rates, energy gain/loss per 

collision, etc.) has been performed. While a complete survey of atomic 

physics of fusion edge plasmas will be given elsewhere shortly, we demonstrate 

here the relevance of the atomic collision processes for describing the 

physical state of edge plasmas and understanding the energy balance in cool 

divertor plasmas. It is found that the excited neutral species- play an 

important role in the low-temperature, high-density plasmas. 
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I. INTRODUCTION 

Atomic processes play a very important role in determining the behavior 

of edge plasmas. McNeil' and Terry2 have jr-ointed out \ he importance of 

molecular effects in edge plasmas. Ionization, charge exchange, excitation 

and radiative decay, and dissociation all' influence the particle and energy 

balance at the edge. The temperatures that characterize the edge plasma (1-50 

eV) are lower than the. temperatures associated with the central plasma. While 

there exist many reasonable data bases "for collisional processes at high 

temperatures, ' 4 until recently, little attention has been paid to collisions 

at low temperatures. We have begun a systematic study of all the passible 

reactions to assess their relative importance in plasmas with 1 ev < T e < 

50 eV and TO 1 2 < n e < 10 cm . There are thirty or more different 

collisional processes that are of potential importance for H and H 2 In cool 

plasmas, and another twenty or so for He in a H plasma. A full account of 

edge plasma atomic processes along with a relatively complete characterization 

(cross section, reaction rate coefficients, energy loss/gain per collision, 

etc.) will appear in a later paper. Ttie data are obviously too voluminous for 

a short paper. Therefore, we shall list here only a few of these reactions 

(with their maximum cross sections), give two examples of applications, and 

point out where the new data might be expected to have an impact on our 

picture of the behavior of edge plasmas. 

One of the main purposes of our survey has been to upgrade the atomic 

physics in our divertor codes,0 which already include about 20 reactions. The 

first application is a characterization of the role of excited states of 

hydrogen through multiple collisions. A second application is a discussion of 

the possible role of molecular dissociation in the energy balance of edge 

plasmas. 
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II. COLLISIONS 

A. Atomic hydrogen 

Atomic hydrogen can either be excited or ionized by electron impact 

collisions. Table 1 lists a few of the typical reactions, with the 

corresponding maximum values of the cross sections, ( o M ] c ) , the energies at 

which these maxima appear and the electron energy loss AE for each reaction. 

We have put together scalings for all of the relevant transitions including 

excitation from the groundstate to different excited states, excitation and 

deexcitation between levels, radiative decay and ionization. Those rates are 

necessary for the computation of hydrogen radiation losses and ionization and 

recombination rates. 

TABLE I. Atomic Hydrogen 

" W c r a 2 ) E ( amax' e V A E< e V> 

e~ + Ht ls) + e~ + H(2s) 2 x 1 0 - 1 7 10 10.2 

e " + H t l s ) + e " •• H(2p> 8 « 1 0 ~ 1 7 50 1 0 . 2 

7 M 0 " 1 7 20 13.6 

e~ + H<2s) + 2e~ + H + 8*10~16 20 3.4 

B. Molecular hydrogen excitation 

Molecular hydrogen is formed at the walls from recycling plasma and is 

introduced as gas. The excitation of molecular hydrogen can be a source of 

radiation. The relevant excitations are listed in Table II, and the energy 

levels and states are shown in Fig. 1 (taken from Sharpe ). lable II lists 
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the maximum cross section, the electron energy at the maximum, and the average 

electron energy loss during the collisions. The excitations to the B and C 

states are the dominant reactions. Due to the variety of vibrational levels 

available, the radiation appears as bands. 

TABLE II. Malecular Hydrogen Excitations 

°™ a vCc°» 2! ^ J m a J noss 

e" + H2(v=0) + e" + H2{v=1) SxlO - 1 7 2.3 eV 0.5 eV 

e" + H2(v=D) + e" + H2fv=2) 9x10~ 1 7 5 eV 1.0 eV 

e" + H2(X) + e" + H2(B) 4*10~ 1 7 70 eV 12.1 eV 

(Lyman Band) 

e~ + H2(X) + e" + H2(C) 4*10~ 1 7 50 eV 12.4 eV 

(Werner Band) 
n-18 e + H2(X) + e + H2(E,F) 5 X 1 0 _ , ° - 70 eV 12.7 eV 

C. Molecular hydrogen dissociation 

There are four principal reactions. These are listed in Table III, (see 

also Fig. 1) with their maximum cross sections, electron impact energy at 

maximum, average electron energy loss in the collision, and the average 

kinetic energy of the dissociate!1! atoms. The cross sections for dissociating 

vibrationally excited H 2 are expected to be significantly larger than the 

groundstate cross sections, particularly for the first reaction in Table III, 

since the threshold would be reduced significantly, and the "size" of the 

molecule becomes larger as the vibrational quantum number v increases. 
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D. Molecular ionization 

The rate coefficient is given in Freeman and Jones, and the electron 

energy loss is 15.4 eV. 

E. Dissociative ionization of tu 

The reaction e~ + H 2 + e + H + + H(1s) procseds through various excited 

states of HJ (see Fig. 1) and has a threshold of 16-1B eV. The maximum cross 

section for e" + H2(x) (the groundstate) is 6xlo" 1 8 and it peaTts at 120 eV. 

The electron energy loss can vary from 18 eV to 38 eV depending on the 

incident energy which affects the dissociative channel that can be attained. 

The energy of each of the products varies between 0 and 7.8 eV. 

TABLE H I . Molecular Dissociation 

W ° ^ ' E < < W > Eloss E <Ho> 

e" + H2(X) * e" + H(1s) + H(1s) 9*10""17 20 eV 10.5 eV 3 eV 

e" + H2(X) •* e" + H(1s) + H*(2s) 1.7xl0~17 50 eV 15.3 eV 0.3 eV 

e" + H2(X) + e" + H*(2p) + H*(2s) 0.3x10~17 60 eV 34.6 4.85 eV 

e" + H2(X) + e" + HMs) + H*(n=3) 0.2x10~17 50 eV 21.5 2.5 eV 

F. Dissociation of H 2 and negative ion formation 

Ht is primarily produced from ionization of H 2 by electron impact. 

Examination of the potential energy diagram shows that the Franck-Oondon 

transitions from H2(v=0) to Hj leave the H 2 vihrationally excited. A few 

sample H 2 reactions are listed in Table IV. The major item to note is that 
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the cross section for vibrationally excited H2(v) + e + H + + H° + 2e~ is very 

large, much larger than the fits in Jones, as has been pointed out by 

Harrison. 

TABLE IV. Molecular Ion Collisions and Negative Ions 

E(H+ or H) 

e~ + Hj(u) * Ze" + 2H+ 1 .7x10~ 1 7 cm 2 100 eV 15.5 eV 0.4 eV 

v=0-7 

e" + H^(y) + 2e~ + H* + H(1s) 10~ 1 5cm 2 4 eV 10.5 eV 4.3 eV 

e" + nt(v) * 2e~ t- H + + H(n=2) (4 * 10" 1 7cm 2) 35 eV 12.5 eV 2.5 eV 

e" + Ht(v) + H°(1y) + H(n) (4x10~ 1 S cm 2 a t 10 eV) E Q - ;E - ~~" Z <i 2 e 2 ' n 
( 6 x 1 0 " 1 6 c m 2 a t 1 eV) <0.7S eV - E 

~ 2 e 

At very lew energies H~ can be formed due to the large cross sections for 

electron attachment to vibrationally excited H2- Since H f + H~ + 2H Q is 

extremely rapid, the volume recombination rate could be extremely large for 

such a cold plasma <T„ £ 2 eV> provided that appreciable amounts of 

vibrationally excited H. are present. 

G. A few relevant heavy particle collisions 

Table V lists several relevant heavy particle collisions. The first 

reaction has a large cross section and indicates that appreciable amounts of 

vibrationally excited Hj could be produced by proton collisions. The second 

reaction has the same effect. Since almost all of the HJ produced is 
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vibrationally eKCited, the large charge-exchange cross section implies that a 

large amount of vibrationally excited H 2 could also be present. 

TABLE V. Heavy Particle Collisions 

"max B < « W 

p + H2(v=0) + p + H2(v>0) 10"15crn2 15 ev 
H2 + H 2 ( v , > * H 2 t v ) * H 2 < v ' ' 10~ 1 6CTO 2 1-1D4 eV 

ril. CHARACTERIZATION OF MCJLTISTEP PROCESSES INVOLVING ATOMIC HYDROGEN 

Recycling at the plasma edge is partially determined by the ionization 

rate of neutral hydrogen atoms and molecules. Thus accurate data on the 

ionization and recombination rates of hydrogen atoms and ions are quite 

useful. In addition, hydrogen line radiation can be an important energy loss 

mechanism. The measurements of hydrogen light are a key diagnostic tool for 

interpreting particle recycling. These processes occur in the 2-100 eV 

temperature and 10 -10 cm" density range. At such densities and 

temperatures, the usual coronal approximation may not be valid in that the 

electron collision time may be shorter than the radiative decay time for 

highly excited atoms. Thus one often needs to consider a "collisional-

radiative" treatment of the problem including excited states, collisional 

excitation and deexcitation, radiative decay and collisional ionization. 

We have done such a calculation using a prescription following Weisheit. 

The basic result is that at high densities, the ionization and recombination 

rates are increased due to multistep collisions. The atom can first be 
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excited from n=1 to a higher state n. then it can be more easily ionized from 

the excited level n since the electron binding energy is smaller. The 

ionization rates and charge-exchange rates both increase roughly as n . the 

excitation rate from the groundstate to a state with a principle quantum 

number n decreases roughly as 1/n , but the lifetime increases roughly as n , 

so there can be an appreciable fraction of the atoms in Rydberg states. As 

the density increases, three-body recombination, followed by collisional 

deexcitation cart also become important. In practice, the upper n is limited 

by Ijorentz ionization. For hydrogen, the upper n is given roughly by n = 
1/4 

39/ (B(T) sin 9 /E(eV) /A J where n c is the principal quantum number of the 

highest bound level, B is the field in Ttesla, 9 is the angle between the 

particle trajectcry and the field, A is the atomic number of the atom, and F. 

is the kinetic energy of the atom in eV. For typical conditions, (B(T> ~ 2T, 

sin 9 - 0.5, E *• 10 eV, A = 1), n Q = 26. We have taken about this number of 

levels into account in our calculations. 

Figure 2 shews the electron ionization rate for a family of densities 

from 10 cm . Also shown is the commonly used fit from Freeman and Jones. 

As expected, the ionization rate increases with density for a fixed energy. 

In extreme cases the rate may be increased up to an order of magnitude or more 

by multistep processes. 

Figure 3 shows the recombination rate as a function of T e, again for a 

family of densities. For comparison a commonly used calculation by Gordeev et 
j 

al. 1 1 is shown. Hie rate at law T e (~ 1-10 eV) can be significantly higher 

than the groundatate value. However, this result is probably not useful since 

the rate is still too small to affect edge plasmas significantly. 

Eecombination takes place primarily when the pijsma hits the wall. Part of 

the increase in the recombination rate is due to three-body recombination 
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effects, which are not reflected in the radiative recombination calculation of 

Gordeev et al. 

Energy losses due to radiation from radiative decay can be significant. 

Figure 4 shows the energy per ionization radiated: 

[V atn+m) AE + } <a v> 13.6 ev]/] <a v>, 
n>m n n 

where the sum over all the levels n,ct(n+m) is the radiative decay rate from n 

to m, AE is the energy difference between levels n and m, and 0n+w is the 

ionization cross section of level n; flie typical value used by plasma 

modelers is - 40 eV which is a pretty good estimate for T >̂  50 ev and 

n < 10 cm"3. ftt higher densities the raultistep processes interfere with the 

radiative losses, by ionizing the excited states before they can radiatively 

decay. 

For electrons with energies touch greater than 13.6 eV (T >̂  15 eV) , there 

is little difference (at most, a factor of 2) between the electron excitation 

and ionization rates. Thus muitistep processes involving excited states are 

relatively unimportant. Electrons with energies between 10.2 eV (the 

excitation energy of n=2 level) and 13.6 eV (the groundstate ionization 

potential) can excite or ionize only the states with n > 2. Vie ratio f 

(10.2 < E < 13.6 eV)/fe(E > 13.6 eV) can become very large at low 

temperatures, and one can have many excitations per ionization. Once an 

electron gets excited to the n=2 level, then the transition to n=3 takes 1.89 

eV and to n=» takes 3.4 eV. For T e ••• 1-5 eV there are plenty of electrons 

with those energies. Ihus, we expect the biggest effects to occur when 

T e £ 5-6 eV, which is where the increases in the ionization and radiation 

rates become large (see Fig. 4). 
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We use these rates in our neutral gas transport calculations. The code 

also computes the H a i etc. radiation which is usoful for comparing with the 

commonly used H diagnostics. 

One might speculate that a similar calculation would be necessary to 

determine the molecular radiation, and ionization and recombination. However, 

the lifetimes of the excited states of H, are all very short; thus the 

assumption that all H2 molecules are in the ground electronic state in 

acceptable. 

IV. POSSIBLE ROLE OF MOLECULES IN THE ENERGY BALANCE OF COOL PLUSMAS 

Recent bolometer measurements on PAX diverted discharges and thermocouple 

measurements of the power loading on the divertor neutralizer plates show that 

less than 20-30% of the heating power in ohmic and beam heated discharges hit 

the neutralize! plates in the divertor or is measured by the bolometers as 

East neutrals or radiation. In ohmic discharges, the heating power is of the 

order of 300-500 kH, while in beam heated discharges the power may be as high 

as 5-6 MW. We discuss the possibility th-at the dissociation of hydrogen 

molecules can account for the missing power. 

The relevant reactions are 

H + e~ + H° + H° + e~, 

and 
- -I- -

It t- e * H + 2e , f o l l o w e d by 

+ - +• o -
H_ + r; • H + H + e . 
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The first reaction has a <ov> of about 10~Bcra3/sec for v=0. and for higher v, 

the rate is greater. The electron loses ~ 10 eV in the collision and the H Q 

atoms carry off about 3 eV each. As we have seen in Sec. II, vibrationally 

excited H, could be present in reasonable quantities clue to p + Bj collisions 

and H, + H-. charge exchange. The second chain of reactions has rates of ~ 

10~Bcm /sec at T ~ 10 eV. The electron loses about 15 eV in the 

ionization. The rate for the second reaction (dissociation of H£) is 

10"7cmVsec f°r groundstate H* 4nd larger for vibrationally excited H*. The 

electron f-nergy loss in this case is about 10 eV, and the reaction products 

-ave energies of ~ 4 eV. The picture is summarized in Table VI. 

The H, thus formed will have a good chance to equilibrate thermally due 

to Coulomb collisions in the scrape-off plasma, thus cooling the scrapeoff. 

In addition, the proton from the Hj + e~ + H + H + + e~ will further cool the 

plasma. 

TABLE VI. Molecular Dissociation 

AE 2E(H 

>10"Bcm3/sec 10 eV 6 eV 

Hj * H° + H + >10"8cm3/sec 25 eV 4 eV M° + 4 eV H + 

We now analyze whether rates of 10 " cm /sec or greater, and energ> 

losses of 10-25 eV can account for much of the heating pcwer in the PDX 

divertor given the measured pressures, temperatures, and densities. ft further 

consideration is that fast H°'s are not observed to reach the bolometer, so 
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they must scatter before reaching the bolometer. 

Using the measurements of elastic scattering at 1 eV and extrapolating to 

higher energies, a for H + H 2 is ~ 10~ 1 Scm 2. 1 2 The PDX diverted plasma is 

roughly 35 cm high. The measured line densities vary from 1013/cm to 6 x 

10 1 3/cm 2. 1 3 The neutral density varies from 8-4 x 10 1 2cm~ 3 to 4.2 x 10 1 3cm~ 3 

as measured by ionization gauges about 100 cm from the neutrdlizer plate. The 

actual molecular density near the neutralizer plate may be significantly 

higher. The power loss rate is then 

p = f n n [Z <OV> AE) dv, 
e 2 

where E <uv> AE ~ q 10~ 8 (10 eV + 25 eV) . Due to the effects of vibrational 

excitation, q is probably larger than 1. letting the line density be n x 10 1 3 

1 ? ^ 

and the neutral density be m x 8.4 x 10 /cm , we obtain for a major radius of 

100 cm and two neutralizer plates, P = nmq x 10 W. Since n is observed over 

the range 1 to 6, and m varies from 2 to 10, and q c&n be larger than 1 (maybe 

as large as 5), molecular dissociation can account for powers from 200 kw up 

to 5 HW or more. 

The picture of energy loss in the divertor then is that the molecules 

form at the divertor chamber walls, dissociate in the diverted plasma carrying 

away at least 12 eV of energy (kinetic plus binding) and maybe as much as 25 

»!V if the proton from at dissociation recorabines into an excited state at the 

surface. The atoms then elastically scatter with the molecules in the 

chamber, producing a hot gas which is relatively isotropic. The gas cools in 

the bolometer tube, so the energy does not reach the bolometer. For an H, 

deiisity of 2 * 10 1 3cm~ 3, Ji = 1/na ~ 50 cm, and the fast neutrals would be 

scattered, since the distance to the bolometer is ~ 100 cm. 
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m addition, much of the dissociation could take place in the divertor 

throat, where the bolometer cannot detect the emission. The fast atoms thus 

formed could be sprayed around the main chamber, liners, and divertor domes. 

V. SUMMARY 

In past models, a large number (~ 20) of atomic reactions were taken 

into account. However, at temperatures of 10 eV or less, densities in the 

10 /cm range, and in the presence of high H 2 pressures, even more 

complicated atomic and molecular effects than previougly considered can become 

quite important. We have begun a systematic survey of the 'possible important 

reactions, and have discussed a few in this paper. We applied some of these 

data to several relevant problems. While the colllsional radiative problem 

for hydrogen has been studied before by several groups, we have repeated the 

calculation and systemized the results for plasma applications. 

We have also examined, albeit somewhat qualitatively, the possibility 

that molecular dissociation could be the dominant plasma edge cooling 

mechanism in a high recycling divertor. 

Among the new features of our presentation of data is the role of 

vibrationally excited H 2 and H 2. In particular, vibrationally excited H, and 

H 2 are easier to dissociate than groundstate configurations, and vibrationally 

excited H 2 may be present in larger amounts than we previously thought. 

Vibrationally excited H 2 also opens the possibility of an efficient 

volume recombination mechanism if T < 2-4 eV, through the reaction chain 

H2(v=0) + H^v'} + H2(v=0) + H^(v'), HjfV) + e" + H~ + H°, and H~ + H + * 

ZH°. This would be the first identification of a recombination mechanism that 

would make possible the widely proposed "gaseous neutralizer" divertors. 
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FIGORE CAPTIONS 

FIG. 1. Potential energy curves for H, for the levels appropriate for 

molecular excitation. 

FIG. 2. The electron ionization rate as a function of the electron 

temperature for a family of densities. The value of Freeman and 

Jones is also given. 

FIG. 3. Radiative recombination rate <H + + e + H°) as a function of electron 

temperature for a family of electron densities. The value of Gordeev 
11 is also given. 

FIG. 4. The ratio of the radiation loss rate plus the product of the 

ionization rate and the ionization potential to the ionization rate 

as a function of T & for a family of densities. 
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