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Abstract

Collision processes among the constituents of low-tenperdaydrogen plas-
mas ¢, H, H, H~, Hy, Hy, H) play a key role in technical plasma applications
as well as in the boundary regions of magnetically confins@bfuplasmas. In this
work a review of the current knowledge on their cross sestismpresented.

Collision processes of electronically and vibrationatkgited species are also
included in the present review. The energy range in whichkelpeocesses are con-
sidered extends from thermal energies to several hundlectsanvolts (and to the
keV region for some heavy-particle collision processes)e dvailable experimen-
tal and theoretical cross section information is critigalsessed and presented in
form of analytic fit functions, convenient for use in plasnppléications.
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1 Introduction

Low-temperature hydrogen plasmas exist in various asyipal and laboratory
environments, and their study is relevant for many tectgiodd plasma appli-
cations. Despite of their relatively simple chemical cosipon (e, H, H, H ™,
Hay, Hy, ng), their kinetics is extremely complex. This is, basicatlye to the
facts that the number of quantum states of atomic and malespkcies involved
in collision kinetics is very large (electronic and ro-vational excited states),
and that the atomic and molecular collision kinetics arepteai by many inter-
conversion processes. On the other hand, the relativelglsimternal (electronic
and ro-vibrational) structure of hydrogen plasma constits provides a facilitat-
ing circumstance for theoretical and experimental studifetheir collision pro-
cesses. The quantitative information on the differential mtegral characteristics
of these processes (e.g., reaction cross sections or reffiic@mts, energy, angu-
lar and quantum-state distribution of reaction products) provides the key for
understanding and interpretation of observed properfiegdrogen plasmas.

In the present work we shall review and present the crosgsadaformation
on the collision processes taking place in hydrogen plasmaise temperature
range from 0.01 eV to several hundreds eV. This temperatmger covers the
typical temperature conditions of many astrophysical atbiatory plasmas, in-
cluding the edge plasmas of thermonuclear fusion devices.

The collision processes that will be considered in the mtes®rk include:
electron- and proton-impact excitation (electronic arurational) and ionization
of neutral plasma particles, electron-ion (atomic and wulhy) recombination,
excitation and ionization, processes of formation andrdebn of H~ and H;"
ions, and electron and heavy-particle exchange in ionrakeparticle collisions.
Particular attention will be given to processes involvirlgctonically and/or vi-
brationally excited states. Elastic processes betweerobgd plasma constituents
are excluded from the scope of present review.

The purpose of the present work is to provide an exhaustidectically as-
sessed information on the cross sections of above mentimdastic collision
processes, and to identify those processes for which stietmiation is still not
available in the literature. The physics of the considersatgsses will not be
discussed in detail; the interested reader is directedeovéinious existing text-
books and specialized monographs [1-10]. The cross sedfiormation on the
majority of processes considered in the present review &as bubject to critical
assessment in several previous publications [11-15]. Tdsept review will make
an appropriate use of these assessments, but will be moaeigkle in its scope,
and will reflect the recent progress in cross section geperétee, e.g., the col-
lections [16, 17]). Much of the previously assessed cros8oseinformation for
considered processes can be accessed via Internet [18A2Q].rule, the cross
sections for considered collision processes and reactiihise presented in form
of analytic fit functions, representing the original or ically assessed data with
a high ¢ 1 — 2%) accuracy. The analytic fit expressions have physicallyexbr
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2 Callision Processes of Hydrogen Atoms

asymptotic behaviour at both low (or threshold) and highrgies. Only in a lim-
ited number of cases the fits have a polynomial form, in whiabecthe energy
range of fit validity is always specified.

The organization of the present review is as follows. In ®est2 and 3, we
discuss the collision processesi@fatoms andH ~ ions, respectively. Sections 4
and 5 are devoted to collision processes of hydrogen masauith electrons and
protons, respectively, and in Section 6 the collision psses ofH, H, and H~
with H, are considered. Sections 7 and 8 are devoted to collisiarepses ofi,"
and H; , respectively, with other plasma constituents. FinallySection 9 some
concluding remarks are given.

2 Coallision Processes of Hydrogen Atoms

2.1 Electron impact processes

The inelastic electron impact processes of a hydrogen &foim a quantum state
characterized by principal and angular momentum quantumbetsn andl, in-
clude

e+ H(nl) — e+ H®!U), n#n>1 1)
e+H(nl) — e+H +e, n>1 2
e+Hnl) — H +hy, n>1 (3)

For most plasma applications, inclusion of the magnetimtiura number ) in
the characterization of the quantum state of a hydrogen &towt required. More-
over, because of the energy degeneracy of angular momemdies f hydrogen
atoms,/-resolved cross sections for the above reactions are szhomly for the
lowestn-levels (e.g.n < 3), while for the higher levels{ > 4) a statistical distri-
bution of I-populations is usually assumed. Thmixing processesl — nl’ are
usually very strong and quickly establish a statisticaritistion of /-sub-states.

The processes (1) - (3) have been extensively studied iretbte put mostly for
the ground 4! = 1s) initial state. For the:s > 2 states, mainly theoretical studies
of processes (1) and (2) exist. (Reaction (3yfar 2 has not been studied so far.)

The most recent critical assessment of the cross sectiotisg@rocesses (1)
and (2) has been performed in Ref. [13], and it supersedgsd¢hidus assessments
[11], [21]. The cross section information in the presentti®eds based upon that
of Ref. [13].

2.1.1 Excitation

A Transtionsfrom the ground state: nl = 1s

The cross sections for transitions — nl with n = 2,3 will be given for each
sub-statel, while for n > 4 only the total {-unresolved) cross section will be
presented. The cross section will be given in analytic foasdal upon fits of best

8 R.K.Janev, D.Reiter, U.Samm



2.1 Electron impact processes

experimental (forls — 2I; 31 only) and theoretical data (see [13]). The analytic
expression foils — 2[ cross section has the form [13], [22]

o(ls —20) = [a+b(E—AE)](x107%cm?),102 < E < 11.56 (4a)
= ¢(x107%em?),11.56 < E < 12.23 (4b)

5
_ 90 Aj —16
= po |Aon(@)+ ; —57 | (x1071%), B > 12.23 (4c)

whereoy = 5.984, AE = 10.2 eV (the threshold energy)y = %, and the
collision energyE is expressed in eV units. See Figure 3 on page 163. The fitting
parameters, b, ¢, and A; are given in Table 1.

For transitionsls — 3/ and1s — n(= 4,5), the analytic expression for the
cross section fitted to experimental (for — 3[) and best theoretical data has the

form

1\ 1A

o(ls — 3l;n =4,5) = AUEOx <1 - E) Ap In(z) + jzl szl (x1076cm?)
)

whereoy = 5.984, AFE is threshold energy; = A—%, andE andAFE are expressed

in eV units. See, again, Figure 3 on page 163. The values ioffitarameters:

and A;, as well as ofA E, for considered transitions are given in Table 2.

For thels — n(> 6) transitions, a good description of the cross section is

provided by the semi-empirical formula of Johnson [21], efhagrees to withih—

10% with the results of Born and Born-Rudge approximationd.[28ie Johnson

formula (a semi-empirical modification of the Born-Bethenfimla) has the form

1.76
o(ls>n>6) = ~2[1 - exp(~rignn)] x
YnTn

[An(ln(:nn) + %) + By — Ay, In(=)) (1 - i)ﬂ

Tn Yn Tn,
(x101%em?) ©)
E 1
Ty — AEn7 Yn = 1-— E7 An = 2.](.177’/yn7 ry = 045 (7a)
4 4 0.603
Brn=—g5(1+t35 -~ 7b
" ndy2 ( + 3Yn y2 ) (7b)

whereAE,, = 13.6(1 — 1/n?) (eV) is the threshold energy;,, is the oscillator
strength forls — n transition, and collision energl is expressed in eV units.
The analytic expression faf,, can be found elsewhere [4, 13, 21], and is given by
Egs. (11-13) below.

The accuracy of the presented cross sections is:
for 1s — n(< 4): 10 — 20% for E < 80 eV and 10% forEl > 80 eV,
for 1s — n(>5): 15 — 30% for E < 80 eV and15 — 20% for £ > 80 eV.

R.K.Janev, D.Reiter, U.Samm 9



2 Callision Processes of Hydrogen Atoms

B Transitions between excited states: n — m

The electron-impact induced transitions between excitaigs of H have been
less studied than those from the ground state. The tramdigdweer2s and2p
states has been treated by the perturbation theory [24] landrbss section is
obtained in analytic form (see also [11])

8.617

o(2s — 2p) = In (1.14 x 10'E) (x10~"em?), (8)
where the electron impact energyis expressed in eV.

Extensive close-coupling cross section calculations,gvewy do exist for the
21 — 3l transitions [25-27], complemented with unitarized Boricgktions
[28]. The total cross section far = 2 — n = 3 transitions resulting from these
calculations can be represented by an analytic expresdémtical to Eq. (5) with
the fitting parameters [13]

o = 1.3196, Ag = 38.906, A; = 5.2373, Ay = 119.25,
As = —595.39, Ay = 816.71.

For othern — m transitions ¢ > 2,m > 4), the semi-empirical formula of
Johnson [21] can be used to estimate the cross section. Jiésref this formula
are consistent with the results of normalized Born appraxiom.

The Johnson formula for — m transitions has the form [21]

1.76n>
O'(TL - m) = [1 - exp(_rnynmxnm)] X
YnmTnm

2
2Znm Ynm Tnm

(x107 6 ¢em?)

B 11 n2 1.94
T = R gy S rm = 130 (n_ - m—> e O R

m
(10a)
o2n? 4n* 4 b
Ay = 2oy A <1+ n 2”>, (10b)
Ynm M Ynm 3Ynm nm
1 18.63 36.24  28.09
bn:—<4.0— + 2= -2 ) (10c)
n n n n

where f,,.,, is the oscillator strength fat — m transition, andE is expressed in
eV units.
The oscillator strengtlf,,.,, has the form [21]

32 n 1
=— ———¢(n, 11
Jam 337 3y%mg( Ynim) (11)

10 R.K.Janev, D.Reiter, U.Samm



2.1 Electron impact processes

1 1
9(1, Ym) = go(n) + g1(n)— + gz(n)yz— (12)
where the coefficientg;(n) have the values
go(1) = 1.1330, g1 (1) = —0.4059, g2(1) = 0.0714 (13a)
g0(2) = 1.0785, g1(2) = —0.2319, g3(2) = 0.0295 (13b)
and forn > 3 they are given by
0.2328  0.1296
go(n) = 0.9935 + - (13c)
n n
1 0.5598  0.5299
g1(n) =—— (0.6282 — + 5 ) (13d)
n n n
1 1.181 1.4
g2(n) = — <O 3887 — 1181 + 270> (13e)
n n n

We note that semi-empirical expressions forthe> m(n > 1, m > n) excitation
cross section are available also in Ref. [29], but their samuis somewhat lower
than that of Johnson’s formula [8]. The accuracy of the almogss sections is:
forn=2—n=23:10 — 30% for £ < 80 eV and 10% forZ > 80 eV;

forn — m (n > 3): 20—50% for £ < 80AE,,,,, and10—20% for E > 80AE,,,.
See Figure 4 on page 163 for some selected transition crossree

2.1.2 lonization

A lonization of the ground- and n = 2, 3 excited states

Accurate ionization cross section measurement exist amyhfe ground 1s)
[30] and metastable2§) [31, 32] excited state. Theoretical cross section calcula
tions for ionization fromls, 2/ and3! states have been performed in the first Born
approximation [33—-35]. The recommended cross sectionefn[R3] for ioniza-
tion of 1s, 2 and 3 states have been based upon the above sets of data and fitted
to the analytic expression (see Figure 5 on page 164)

10713 5 J 9
Cion = TG AgIn(E/I,) Z (1 - —> (em?) (14)

wherel,, is the ionization potential (in eV units) of leve| I,, = 13.6/n?, andE is
the collision energy (in eV). The fitting parametefsare given in Table 3. The fits
represent the recommended data with an r.mls-ef2%, or better. The estimated
accuracy of the data represented by the fits is: 10% for lsistdte entire energy
region, forn = 2 states it isl0 — 30% for £ < 40 eV and 10% forE > 40 eV, and
forn = 3itis 15 — 30% for £ < 30 eV and 10% forE' > 30 eV. Forn = 2, 3, the
uncertainty may be somewhat higher 40%) in the near-threshold region.

R.K.Janev, D.Reiter, U.Samm 11



2 Callision Processes of Hydrogen Atoms

B lonization of n > 4 states

lonization cross sections for > 4 states are available from the first Born
[34] and orthogonalized Born-Oppenheimer approximatR6].[ The Born-Bethe-
based semi-empirical formula of Johnson [21] gives resuliich agree within
5 — 10% with the results of first Born approximation [34] for enegF 2> 151,
(I, = 13.6/n? eV), while for5I,, < E < 151, they are consistent with the
results of Born-Oppenheimer approximation [36] witHi6h — 30%. Only for
E < 51, (S 5 eVforn > 4) the uncertainty of Johnson’s formula becomes larger.
The Johnson formula for ionization of a level with princigalantum numben
has the form [21]

’I’l2
Gion(n) =~ [1 — exp(—rpzy)] (15)

Tn

2
x |AL" In(z,) + (B" — A" In(2n?)) (1 - i) ] (x107 0 ¢em?)

Tn

2
~ 32n g;i(n)
Afon — I, =194/, = E/I,, I, = 13.6/n> (16a
" 337 jgoj +3 " / " [T In / ( )

2 1 18.63 36.24  28.09
(a0- B2 2022 20,

Bion — Zp? by), by = — 16b
o 3 (54 bp), - (16b)

n n? n3
and the coefficientg;(n) are given by Egs. (13).

We note that for the high- states, the classical impulse (“binary encounter”) ap-
proximation should also give good ionization cross sectistimates. The ioniza-
tion cross section in this approximation has very simplenf§29]

5.886n* 3 2
BEA ~16,., 2
o; = 1 1 17
ion (1) Tp +3.25 < Ty, 5x%> (107 Fem’) (17)

wherez,, = E(eV)/I,(eV).

2.1.3 Radiative electron attachment

The radiative attachment of electrons &f{n), Eq. (3), has been studied only
when the hydrogen atom is in its ground state=¢ 1). The H~ ion formation
by this process takes place at very low collision energitecii®on affinity of H

is 0.754 eV) and its cross section is rather small [37, 38]tnfadion of H~ by
other processes (e.g., by dissociative electron attachameH:(v > 4); see sub-
section 4.1.4) is much more effective than by the radiatitachment process. The
cross section for radiative electron attachment&iis) can be represented by the
following analytic expression [38]

1/2
z (x10™®Bem?) (18)

or(H™) =1.971 R

12 R.K.Janev, D.Reiter, U.Samm



2.1 Electron impact processes

where E, = 0.754 eV and the collision energ¥ is expressed in eV (see Figure
6 on page 164). The radiative attachment rate coefficientx@é#ian electron
energy distributionp”%¢ = (o7%4v) can be calculated in closed analytic form [38],

M (HT) =1.17 |27Y/28%2eP 41 - 28 1 Iy <1, %; ﬁ)} (x1070¢em?/s)

(19)
where = E}/T andy Fi(a,b, ; z) is the confluent hypergeometric function. For
B> 1andj < 1, the expression in square brackets in Eq. (19) tendg (@5)
and (1 — 273), respectively, i.e., whef — oo thena¢¢(H ™) tends to a finite
value of1.17 x 10~ %¢m3 /s.

214 H(n > 1) formation in electron-proton collisions

In order to complete the collisional scheme of electron iohpaocesses involving
H(n) atoms, the formation of these atoms by radiative and thoely-lelectron-
proton recombination needs to be considered.

A Radiative recombination
The radiative recombination process

e+ H" — H(n)+ hv (20)

is inverse to the exhaustively studied photo-ionizatiaocpss (see, e.g., [39]). The
Maxwellian rate coefficient for radiative electron capttwen! = 1s,2s and2p
states is given by [11, 39]

I >1/2 3/2

- L (x107Mem3 /s 21

ol (nl) = Ay (

wherel,, = 13.6/n? eV is the ionization potential?y = 13.60 eV is the Rydberg
constant,5, = I,/T, T is the temperature (expressed in eV) and the values of
constants4,,; andy,,; are

Ay =3.92, Agg = 247, Ay, = 6.22
X1s = 0.35, x25 = 0.12, g, = 0.61

For capture ton > 3 levels, o %(n) can well be represented by the Kramers
approximation

o’ (n > 3) = 5.201 52 E1(B3,) exp(By) (x10™4em?/s) (22)

where E () is the exponential integral. For some selectédstates these rate
coefficients are shown in Figure 7 on page 165. Accurate ekpas forexp(/3),

R.K.Janev, D.Reiter, U.Samm 13



2 Callision Processes of Hydrogen Atoms

E; () can be found in [40]. When the statesand2p are not treated separately,
an alternative expression faf??(n) is given by Johnson [21]

2

ol (n, > 1) = 5.197 exp(3,) Z gi(N)Ej41(By) (x107Mem?/s)  (23)
=0

where, as beforey, = I1,,/T, E;(z) is the Schlomilch exponential integral, and
gj(n) are the Gaunt factor coefficients, given by Egs. (13).
As seen from Egs. (21) and (22);%¢(n) decreases with increasingandT.

rec

Only for T < 2 eV, o%%(1s) becomes larger thard—'3 cm?/s.

rec

B Three-body recombination
The three-body recombination process

e+H +e— H(n)+e (24)

is inverse to electron-impact ionization #f(n) and its rate coefficients for Max-
wellian electron and proton energy distributions can bevddrfrom the corre-
sponding ionization rate coefficient,, (n!) by applying the detailed balance prin-
ciple [4].

3/2
() = e} (TF ) exp(5) aun(n) (25)

whereay(= 0.529- 10~8cm) is the Bohr radiug] is expressed in eV and, as before,
B, = I,/T. We note that>’, = ((o3%.v1v7)) is a double Maxwellian average of
o3, (v1, vy are the velocities of two continuum electrons). We furthaterthat the
units of 53¢, are cnt- s, and consequently those@t’, are cnf/s. It follows from
Eg. (25) that in three-body recombination the electron é&lpminantly captured
into high+ states, where it becomes subject to a diffusion processin-dpace
described by the Fokker-Planck equation [41]. The appraténsolution leads to
aT—9? dependence of the total’s.. The three-body recombination process is
effective only at high plasma densities. It should be mewtibthat protons (or
any other neutral or charged heavy partitf§ may also “catalyze” the three-body
recombination+ H "+ M — H(n)+ M), but the corresponding rate coefficients
are two or more orders of magnitude smaller then that giveBdy(25).

2.2 Proton impact processes

The most important collision processeskf with H(n) are

HY +H(nl) - HY+ H®'), n' >n (26)
HY"+HMnl) - H"+H"+e, n>1 (27)
HY"+H(nl) - Hn')+ HY, n'=n (28)

In the context of low temperature plasmas, the excitatiahianization processes
(26) and (27) are important only whenis relatively high. The charge exchange

14 R.K.Janev, D.Reiter, U.Samm



2.2 Proton impact processes

process (28), however, is an important process fonallhe [-mixing processes
nl — nl’ in (26) are usually very strong, and we shall assume that dlodgkly
establish a statistical distribution of theub-states. In the context of an energetic
neutral hydrogen beam interaction with plasmas (for hgatindiagnostic pur-
poses), the proton-impact excitation and ionization psses become important
also for alln-states.

2.2.1 Excitation

A Transitions from the ground state: nl = 1s

The cross section for the proton-impast— 2s transition has been measured in
the energy range— 26 keVV/amu (amu = atomic mass unit) [42,43], and it has been
theoretically calculated by a variety of highly accuratetmes at low [44-50],
intermediate [48-50] and high [14, 15, 51] energies. In therlapping energy
regions the experimental and theoretical results agr@e- 20%) with each other.
For the cross section of thies — 2p transition, experimental data are available
from 0.6 keVV/amu to 700 keV/amu [42,54-56] that are, again, in feir{ 20%)
agreement with each other and with theoretical calculati@®—-53]. The total
1s — (n = 2) relative excitation cross section has also been measu@drn5
the energy rangé6 — 200 keV/amu, and, when normalized to highly accurate
theoretical data of Ref. [58] & = 200 keV/amu, it agrees with other theoretical
data [48-50, 59] to within0 — 15%. It also extends smoothly to the first Born
approximation results [53].

A critical assessment of available cross section datadoer 2s andls — 2p

transitions has been performed in Ref. [13] and the recordettoross section has
been presented by the analytic expressions

azefagE a5efa6/E efag/E

~16,, 2
o + [ fabw + z (x10™"°ecm?)(29a)

o(ls —2s) =ay

a2€*a3E n a5e’“6/E n Giag/E ln(l + alOE)
a4 1+ arEs E

(x1071%em?) (29b)

o(ls — 2p) =ay

where I/ is the laboratory energy of the proton and it is expresseceMWa&mu.
The fitting parameters; are given in Table 4. See Figure 8 on page 165. The
total 1s — (n = 2) excitation cross section can also be represented by Eq);(29b
the values of corresponding parameteysare also given in Table 4. While the
uncertainty of cross sections represented by Eqgs. (29)fergees below~ 0.5
keV/amu can be of the order of a factor two, for energies aboveeV it is in the
rangel0 — 20%, with the 10% figure typical for the energies above 100 ke\Wam
Total relative cross section measurementsifor— n = 3,4 transitions are
available in the energy randé — 200 keV/amu [57], while absolute cross section
measurements have been reportedlfor— np, (n = 3,4,5,6) transitions in
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2 Callision Processes of Hydrogen Atoms

the range~ 20 — 700 keV/amu [56]. For the totals — n = 3,4 excitation
cross sections accurate calculations have been perforyrtbéd bdvanced adiabatic
method [46], the two-center atomic-orbital close-couplimethod [59] and by the
first Born approximation [53]. For thes — n = 3 transition accurate theoretical
cross section data are also available from [48, 58, 60]. k@it — n = 4 —

6 transitions, apart from the experimental — 5p, 6p cross sections [18] also
theoretical cross sections are available from the first Bpproximation [53]. The
critical assessment of the published— n = 3-6 excitation cross section data in
Ref. [13] has resulted in a set of recommended cross sedtiotisese transitions
that can be represented by the analytic expression

boe b3F <+e*ﬂEhﬂ1+byD
U Bbs 1 by Ebo E

Oezc(ls =5 n=3-6)=b (x107 6 ¢em?)

(30)
where E is expressed in keV/amu and the values of the fitting paramétare
given in Table 5. See, again, Figure 8 on page 165. The acgcofathe cross
sectionso.,.(1s — n = 3-6) represented by Eq. (30) is similar to that of
Oezc(ls — n = 2).

For the transitiongr.,.(1s — n > 7), the excitation cross sections can be
obtained fromo,.(1s — n = 6) by using the scaling relation

3
Gene(ls — 0 > T) = (g) Gene(1s — 1 = 6) (31)

B Transitions between excited states: n — m

There are no experimental cross section measurements fer m, (n >
2,m > n) proton-impact excitation transitions. Cross section wWakions for
n = 2 — m = 3,4,5 transitions have been performed by the advanced adiabatic
method (AAM) [46] (E < 30 keV/amu), by the atomic-orbital close-coupling
(AO-CC) method using a large expansion basis [29]-¢ 200 keV/amu), and by
the symmetrized eikonal (SE) method [59]KeV/amu—10 MeV/amu). For the
n = 3 — m = 4 transition cross section calculations have been perfotmyate
AAM [46] and AO-CC method [59], while fon = 3 — m = 3,4, 5 transitions
such calculations have also been carried out by the SE mdiedd The critical
analysis of these cross sections performed in Ref. [13kthmg with the general
Lodge formula forn — m transitions [61] (see below), has led to the following
analytic fit expressions fat = 2 — m cross sections:

coe=3E  ems/En(1 + ¢ E)

Ue:vc(2 — 3,4, 5) =

Eca E
(x1071%em?) | (32)
Oeze(2 = n) = AP 0,00 (2 = 5), n=6,7,8,9,10 , (33)
1 3
Oezc(2 —n>11) = (;()) Oexc(2 — 10) (34)
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2.2 Proton impact processes

where the fitting parameters in Eq. (32) are given in Table 6, the coefficients
AP in Eqg. (33) have the values

A®) = 04610, AP = 0.2475, AP = 0.1465, AT = 0.0920, A2 = 0.0605

and the proton energl in Eq. (32) is expressed in keV/amu (i.e.: amu=1 here).
Cross sections for the — 3, 4 transitions are shown in Figure 9 on page 166.

A similar analysis of the cross sections foe= 3 — m transitions has resulted
in the following analytic expressions:

Oeze(3 — 4,5,6) = F(¢;,E), i=1—6 (35)
Oeze(3 = n) = B®ope(3 = 6), n=17,8,9,10, (36)
1 3
Uemc(3 —n > 11) = <_0> Ue:vc(?) — 10) s (37)
n

whereF(¢;, F) in Eq. (35) has the same form as the function on the right-hand
side of Eq. (32), with the fitting parameters given in Tablan the proton energy
E expressed in keV/amu, and the coeﬁicieﬁ‘@) in Eq. (36) have the values

BY =0.4670, B{Y = 0.2545, B{® = 0.1540, B = 0.1000
The cross section for th& — 4 transition is included in Figure 9 on page 166.
For the transitions. — m, with n > 4, the Lodge-Percival-Richards (LPR) cross
section formula [61] can be used. This formula has been mdxdiaby combining

the result of various low-and high-energy theoretical agpnations. The LPR-
(or, for brevity, the Lodge-) formula has the forfm > n):

0.88n*

[ADL 4+ FGH] (x10~%cm?) (38)

Oeze(n — m) =

€= E(k#;amu), s=m—n, D = exp[—1/(nme?)] (39a)
8 /my\3 0.04 0.25) 12 L[ n% \°
(39b)

2 —
I—n [1 + 0.53e*n(m — 2/m)

1+ 0.4e } , F=[1-03sD/(nm)]'""*  (39¢)

22In(1 + 22/3)

H = [Oa(z-) = Ca(z )], Cal) = =5~y

(39d)

zy =2 {en2 [(2 — 712/7)12)1/2 + 1} }_1 . y=[1—DIn(18s)/(4s)]"* (39¢)

Note that the proton energy in Eq. (39a) is expressed in units of keV/amu (here:
amu=1). The accuracy of the cross section (38)fer m — n < 6 is 20 — 25%
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2 Callision Processes of Hydrogen Atoms

for energies above the cross section maximum,2ind 40% below the energy at
which the cross section maximum occurs. For 7, the uncertainty progressively
increases. Generally, the validity of the cross section) (88estricted toe 2>
(2/n)2. As is well known, the heavy-particle inelastic cross sewiin the low-
energy regiond < 1) decrease exponentially with decreasing collision energy
which is reflected in Eq. (38) by the factor D.

2.2.2 lonization

Experimental cross section measurementsHor + H (n) are available only for
n = 1 in the collision energy range 10keV — 1.5MeV [62]. Accurate theoretical
cross section calculations for proton-impact ionizatidn/H{1s) are available at
low [46,63], intermediate to high [45,48,58] and high [64Fegies. In the energy
region of validity of the applied theoretical methods thsutes of the calculations
agree well with experimental data. Theoretical cross seatalculations also exist
for H(n = 2) and H(n = 3) [46, 64, 65], covering the energy range from 0.2
keV/amu to~ 1 MeV/amu. The classical trajectory Monte Carlo (CTMC) calcu
lations, performed in Ref. [65] also for higheyr demonstrate the—scaling of the
ionization cross section for > 3.

The recommended ionization cross section&/ih + H (n) collisions derived
in Ref. [13] on the basis of a critical assessment of avaslalaita can all be repre-
sented by the analytic expression

1 | E” exp(=b3E) | b exp(=br/E) In(1 + bsE) (x1071%cm?)

Tion(n) = bin

1+ b4Eb5 E
) (40)
whereFE is the reduced energy
E = n?E (keV/amy (41)

The values of fit parametets are given in Table 8. See Figure 10 on page 166.
As observed from Eq. (40), the ionization cross sectionsfor 3 allow a scaling:
Gion = Tion(n)/n* = f(E). While for n < 3 the proton-impact ionization cross
sections are small in the energy region belowl00 eV, already fon > 5 they
attain values> 10~ '°cm? at E ~ 100 eV. The accuracy of cross sections given by
Eq. (40) in the regior < 0.1 is difficult to estimate. FoF > 1 it is on the level
of 20 — 30%, and better fon = 1, 2.

For the states with high, cross section estimates can also be obtained from the
analytic expression fos;,,(n) provided by the classical impulse approximation
(BEA) [11, 29].

Tlont(n) = 0, ¢ <0207 (42a)
= 05867 [e — L1p1 4 SISO (107 10em?), 0.207 < ¢ < 1.207

(42b)

= Ldspe (1 - E%E”l) (x10716¢m?), e>1207, (42c)
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2.2 Proton impact processes

where
e = n?E(keV/amu) /25 (43)

2.2.3 Chargetransfer

The charge transfer reaction fd™ + H(n) collisions is characterized by large
cross sectionso(,, ~ n*10~%cm?) in the low-keV and eV regions, and is one of
the most important heavy-particle collision processesuntemperature plasmas.
This reaction has been extensively studied both experatigr{for n = 1) [66—
71] and theoretically (for various > 1) (see [13] for references). Far < 3,
dominant contribution to total charge transfer cross eacdit low energies gives
the electron capture to final n’ levels witli = n (resonant electron capture). For
n 2 3, however, electron capture at low collision energies is @ffficient to a
group ofn’ levels aroundr’ = n. The critical analysis of available theoretical
and experimental (fon. = 1) cross section information foH* + H(n) charge
collisions, performed in Ref. [13], has led to the followiagalytic fit expression
to the best cross section data

A17”L4 IH(AQ/E + Ag)

- —16 2
T T AL A 4 A 0T (44)

Ocx(n)

where E = n?E (keV/amu), see Figure 11 on page 167. The validity of this
analytic fit of the cross sections extends over the energgerdrom sub-eV to
several MeV. The values of fitting parametetsin Eq. (44) forn = 1,2,3 are
given in Table 9. We note that the cross sectionsifor 4 can be scaleds., =
Ocx(n > 4)/n* = f(E). We also note that the coefficients and Ag forn = 2,3
andn > 4 have the same values. The cross section (44pfer2 andn > 3 was
based upon the quantal calculations [72, 73] at low ener@@d/C calculations
[65] in the intermediate energy range, and the symmetridlazhal method [74]
at high energies. The high-energy behaviourgf(1s) was determined from the
second-order quantal calculations [75,76]. The estimatedracy ob ., (n) cross
sections fom > 2 is about20 — 50% for £ < 1, and10 — 20% for E > 1. The
fit for o.,(n = 1) was based upon accurate experimental and theoretical nidta a
its accuracy id0 — 20% in the entire energy region (from 0.1 eV up to2 MeV)
considered.

ForE < 10 keV/amu,o..(n > 2) can also be estimated from the cross section
expression resulting from the over-barrier transition sid®@BM) for the process
[5,11,77]

1.584n*
oOBM (1 > 2) b8dn (x1071

2
= _ - cm 45
“r - 1+ 0.42E092 + (0.52E05 ) (45)

with E = n2E (keV/amu).
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2 Callision Processes of Hydrogen Atoms

2.2.4 Three-body diatomic association

In low-temperature, high-neutral-density hydrogen plasnthe diatomic associa-
tion in three body collisions

H" + H(1s) + H(1s) — H' + Hy(v) (46a)
— H(1s) + Hy (v) (46b)

may also be important processes. The higher vibrationtdsstg) of H,(v) and
H (v) are preferentially populated in these reactions. Reagt{dfa) and (46b)
have recently been theoretically studied within the closepling approach of the
"infinite order sudden approximation” (I0OSA) with inclusiof all discrete vibra-
tional states and a large number of discretized continuatest78]. The total
rate coefficients (summed over finaistates) of reactions (46a) and (46b) in the
temperature region up te 3 x 10* K can be represented by analytic fits

1.145

Kap(Hz) = T1.12 (x107*%em®/s) (47a)
1.238

K3p(Hy) = W(XIO_Qgcmﬁ /s) (47b)

where T is expressed in Kelvin. The three-body associataiations of the type
(46), with one of the neutral atoms in an excited state, hat®deen studied so far,
but their rate coefficients can be expected to be much higizer those given by
Egs. (47).

2.3 Atom-atom collision processes

The collision processes between hydrogen atoms in the ifmrgg region have
cross sections comparable to those involving electronsparstins only when (at
least) one of the neutral atoms is in an excited state. Ambegget processes the
most important are:

H(m)+ H(n)— H(n)+H(m), n#m;n,m>1 (48)
H(m)+H(n) — H "+ H(n')+e,m,n>2n" <n,AE,, > I, (49)

H(1s)+ H(n) — H(1s)+ H(n'), n' #n> 1, (50a)
— HT"+ H(ls)+e,n>>1 (50b)

H(1s)+ H(n) - Hf(v)+e, n>2 (51a)

— H(1s)+ H" +e,n>2 (51b)
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2.3 Atom-atom collision processes

whereAFE,,, is the(n — n’) energy level difference, anf}, is the ionization po-
tential of leveln. The ionization processes (49), (50b) and (51b) are goderne
by different dynamic mechanisms and have different crossaecharacteristics.
When the neutral particle density in a low-temperature bgen plasma is high,
the three-body diatomic association

H+ H+ H — H+ Hy(v) (52)

may also be an important process.

2.3.1 Excitation transfer, Penning ionization and spin exchange

Resonant excitation transfer reaction (48) can proceetiwoamechanisms: by a
dipole allowedm — n (and, simultaneous — m) transition (or virtual emission
and absorption of an optical photon), and by two-electrocharge interaction
(simultaneous exchange of- andn-state electrons from one to the other atom).
These processes have been theoretically extensivelyedtumlipast [5, 6]. Gen-
erally, the cross section of dipole assisted resonantagiait transfer process is
significantly larger than that due to a two-electron transtés cross section for
m = 1s andn = np states has the form [79, 80]
Oex tr = ?)E.,llé|d8p|2(><1oil4cm2) (53a)

1 28n7(n _ 1)21175
3 (n + 1)2n+5

wheredy, is thels — np dipole matrix element, and the relative collision energy
E'is expressed in eV units (see Figure 12 on page 167). The seotien for two-
electron resonant excitation-process can be calculatetthdoynethods described
in [5].
The Penning ionization process (49) takes place whéna metastable state (e.g.,
m = 2s) and the transition energi F,,,, is larger than the ionization potential
I,. This is, generally, an important process in low-tempesaplasmas, and the
specific reaction (49) has been subject to several studies(sg., [5], [81]). In the
case of hydrogen atom, however, the strémgixing within a givern level, makes
this process rather ineffective.

With the excitation transfer process, the process of spimaxge may be as-
sociated. The two processes are related to each other, @obs section for spin
exchange is [5, 80]

|dsp|* = (53b)

1
Osp,ex — §Uear,t7" . (54)

2.3.2 Excitation (de-excitation) and ionization of Rydberg atoms

An internal energy conversion model for excitation (detaton) and ionization
processes (50) in atom-Rydberg atom slow collisions has Heeeloped in [82].
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The model relates the transitions of Rydberg electron with électron capture
dynamics of inner electron in thé (1s) + H™ system, the motion of two electrons
being coupled by a (long-distant) dipole interaction. Thedel also allows to
describe the associative ionization process (51a), when1.

A semi-quantal model for excitation and ionization in at®ydberg atom
collisions has also been developed in [83]. The applicatibthese models to
H + H(n > 1) collisions has been, however, rather limited.

2.3.3 Associative and non-associative ionization

The associative ionization process (51a) has been expaattyeand theoretically
studied forn = 2s,3s,4s [84—86]. The cross section for = 2s is peaked at
E,, ~ 3.25 eV, with a peak value of 2.5 x 10~7¢m?, and rapidly decreases with
varying E on both sides of.,,,. However, the cross sections fer= 3s and4s are
large (> 10~1%cm?) for E < 1 eV, and decrease rapidly fér > 2 — 3 eV (due to
the competing non-associative, Penning ionization). Thelanism of associative
ionization in H(1s) + H(ns) slow collisions is the formation of doubly excited
(2po.,)? intermediary state during the course of collision and it®-aonization at
small internuclear distances. Due to multiplicity of réactpaths for formation
of this intermediary state, the associative ionizationssreections in the region
~ 0.1 — 1.5 eV show pronounced oscillations. A manifestation of tBgos,,)?
formation and decay mechanism for the associative iomagtrocess is thé& !
dependence of its cross section (for> 3) for E < 0.1 eV. By averaging the
oscillations in the region- 0.1 — 1.0 eV, the associative ionization cross sections
for n = 3s, 4s of Refs. [85, 86] can be represented in scaled form

oar(ns) = %(Xw_lgcm%, E <0.1eV (55a)
=2.96n*(x10"¥em?), 0.1 < E(eV) < 1.0 (55b)
= 29607 (%10~ 8em?), E > 1.0eV (55c)

where the baricentric (center of mass) enefjig expressed in eV units. The accu-
racy of the above fit i20 — 40%, where 40% reflects the deviationsof; values

in the region0.1 — 1.0 eV from their average value. It is unclear whether above
expressions can be extrapolated to the> 5 states, (see, however, sub-section
4.1.3D).

For the non-associative ionization channel (51b), crosisedata are not avail-
able at present.

2.3.4 Three-body diatomic association

The three-body diatomic association reaction (52) withugtbstate atoms have
been studied both experimentally [87] and theoretical®] [& very low temper-
atures(T" < 5,000K). The theoretical and experimental data are given in tem-
perature regions which do not overlap, and the two data setsot be smoothly

22 R.K.Janev, D.Reiter, U.Samm



connected with each other. The rate coefficients for theethmy diatomic asso-
ciation inH+ + H + H system discussed in sub-section 2.2.4. are consistent with
the theoretical data of Ref. [88], given the fact that theapgehtion interaction in
H* 4+ H + H system and the additional charge-transfer assisted chamnsaire
larger association rate coefficient in this system thaH i H + H. Normalizing

the experimental data to the theoretical ones (after theénsion to higher tem-
perature by keeping the gradient unchanged), one arrivibe &llowing analytic
expression for rate coefficient of reaction (52)

K(Hy) = ?( 1073%mb/s) (56)

where T is expressed in Kelvin.

The validity of this expression extends upZo~ (2 — 3) x 10*K, and its uncer-
tainty is within 50%. From the similarity of three-body as&dion mechanisms in
H*+H+H andH + H + H systems, one can conclude tii&t molecules formed
in the latter system are also predominantly in highly extitdorational states (the
population weight increasing with the increase of vibnadidlevel).

3 Collision Processesof H~ lons

3.1 Electron impact processes
3.1.1 Electron detachment

The binding energy of loosely bound electron Afi ion is only 0.754 eV and
its detachment in collisions with other particles is faigfficient. The process of
electron detachment df — by electron impact

e+ H —e+H+e (57)

has been subject of numerous experimental and theoretichés in the past (see,
e.g., [12], [37] for references). The cross section of thaction can be represented
by the analytic fit

_ 2.06 _ 13.75
Udet(H ) = ? ]n(e + 2335 X 10 4E) exXp <—W> X
754
x [1— (%) ] (x10™ B em?) (58)

wheree = 2.7182818... and F is expressed in eV units, see Figure 14 on page
168. A polynomial fit to this cross section is also given in][11

3.1.2 Other processes

Other less important electron impact processeH ofare

e+H —e+Hn>2)+e (59)
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3 Collision Processes of H~ lons

and
e+ H —e+H + 2 (60)

The cross sections for these processes, involving tworelettansitions, are one
to two orders of magnitude smaller thag.:(H ~) [89,90]. These processes can,
therefore, be excluded in low-temperature plasma kinstizdies. The experimen-
tal cross section for the double electron detachment wac¢@0) from Ref. [90],
measured in the energy range from threshald (.8 eV) to 800 eV, can be repre-
sented by the analytic expression

22.98 16.8 1572] *** 53.233 _—
- (—) exp [ } (x10™ B em?)

02-det(H™) = S E ~ F0.943

(61)
where E is expressed in eV (see Figure 15 on page 169).q..(H ~) attains its
maximum (of~ 5.0 x 10~17¢em?) at E ~ 65 eV, to be compared with,,(H ) ~
2.3 x 10~ %¢m? at the same energy.

3.2 Proton impact processes
3.21 Mutual neutralization of H+ and H—

By far the most important process in slad + H~ collisions is their mutual
neutralization by the electron capture reaction

HY+H — H(n)+ H(ls), n=2.3. (62)

The potential energy curve of initial ionic (quasi-moleistate exhibits avoided
crossings with the finab = 2 andn = 3 covalent states at favorable internuclear
distances R, (n = 2) ~ 10.3ap and R, (n ~ 3) ~ 35.8ay, ag being the Bohr ra-
dius of ground state electron fi-atom) at which strong non-adiabatic transitions
populate the: = 2 andn = 3 electron capture channels. The= 1 andn > 4 fi-
nal states in reaction (62) are not populated, since thesponding non-adiabatic
couplings are either too weak, e.g., for= 1 andn = 4, or do not exist at all (for
n > 5).

There have been many experimental [91, 92] and theore®3I9¥4] studies
of reaction (62). The total experimental cross section éarction (62) [91, 92],
partitioned between the = 2 andn = 3 channels on the basis of theoretical
calculations, gives the cross sections(n = 2,3) which can be represented by
the following polynomial fits [11]

8
Inoe,(n) = Z a;(InE)Y, n=23 (63)
j=0
whereo,, is expressed imm? and the relative collision energ¥ is in eV units
(see Figure 16 on page 169). The energy range in which thdityabf above
polynomial representation of.,.(n) is valid is 0.1 eV - 20 keV. The values of
coefficientsa; of polynomial fits (63) are given in Table 10.
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3.3 Coallisonsof H~ with H

3.2.2 Associative (AD) and non-associative (Det) detachment

Other less significant collision processegbf with H— include the non-associative
reactions

H"+H — H"+H+e (64a)
H"+H — H+H'"+e (64Db)

and the associative detachment reaction
HY+H — Hy(v)+e (65)

The direct proton impact electron detachment process (t@apeen studied both
theoretically [95] and experimentally [96] and its crogs{ton becomes large-
10~1%em?) only in the keV energy region. Its cross section is given iraalytic

fit form in Ref. [11].

The electron detachment reaction (64b) is a two-electracgss: simultaneous
capture of loosely bound electron frofi— and ionization of its tightly bound
electron ("transfer ionization”). This process has alserbstudied experimentally
in a wide energy range [97], but its cross section is smalhe&tdow (eV) colli-
sion energies. At low collision energies, reaction (64lmcpeds via formation of
an intermediary auto-ionizing dissociative staf¢* that decays in the vibrational
continuum of ;" ion [97].

The associative detachment reaction (65, AD) proceed$giadme auto-ionizing
dissociative statd?;*, but it results from the decay of this state in the discrete
vibrational spectrum off;". This reaction has also been studied both experimen-
tally [98] and theoretically [99]. Theoretical studies icate that the lower vibra-
tional states off/;" ion are predominantly populated in reaction (65). The total
cross section of associative detachment reaction can besesygied (at least down
to 1073 eV) by the analytic fit

1.38 (
o =
AP = E085(1 4 0.065E210)

where the relative collision energy is expressed in eV (see Figure 17 on page
170). The cross section drops rapidly fBr > 2 eV due to the competing de-
tachment channels (64a) and (64b). The neary energy dependence of; is
indicative for the processes proceeding via formation aexhy of auto-ionizing
dissociative states.

x1071%em?) (66)

3.3 Collisonsof H~ with H

The most important collision processesif with ground statéd atoms are

H™ + H(ls) — H(1s) + H~ (67)
H™ +H(ls) — Hy (B*S}) — H(1s) + H(1s) + ¢ (68)
H™ + H(1s) — Hy (X*S]; B*S)) —» Hy(X'SFv) +e (69)
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3 Collision Processes of H~ lons

3.3.1 Resonant charge exchange

Charge exchange reaction (67) has resonant character@sekgs with high prob-

ability at low collision energies. It has been subject to rpupns experimen-

tal [100, 101] and theoretical [102, 103] studies, and itssrsection is well es-

tablished. The critically assessed experimental crogsdgd 2], extended at low

and high collision by accurate theoretical calculatiores) be represented by the
analytic fit

AiIn(Ax/E + A3)

H  H)=
ch( ’ ) 1+ A4E + A5E3'5 + A6E5'4

(x107Pem?) (70)

where theH ~-laboratory energy is expressed in keV/amu, and the fitting pa-
rametersA; have the values

A; = 1.326, Ay = 23.588, A5 = 2.3713
Ay = 0.4678, A5 = 1.986 x 1072, Ag = 3.9747 x 1075 .

The accuracy of the fit is well within the experimental (aneldiretical) uncertainty
of the cross section (being 10 — 15% for E < 25 keV/amu, andl5 — 30% for
E > 25 keV/amu). The fitted cross section is shown in Figure 18 oredat.

3.3.2 Associative (AD) and non-associative (Det) detachment

The electron detachment processes (68) and (69) have asoshalied both ex-
perimentally [100, 101, 104, 105] and theoretically [LGB]L At low collision en-
ergies, the processes (68) and (69) result from the decayasi-gtationary (auto-
detachment) stateB*Y " and X*% of H; in the continuum and discrete vibra-
tional spectrum ofs, respectively. The ground stat€, (X*%,)(1so;, 2poy) is

a shape resonance fr < 3.0aq, while the excited statél, (B%X,)(1s0,,2po2)

is a Feshbach resonance for< 4.9a¢, whereR is the internuclear distance aag
is the Bohr radius. The main contribution to the associai@@chment reactions
(69, AD) comes from the decay of2%;" resonance.

The cross sections of these two reactions in the energy rangé eV —20 keV
can be represented by the analytic fit [11]

8

Ino = Zaj(ln E)’ (71)

J=0

whereo and E (= Ecy) are expressed in units @fn? and eV, respectively,
and the fitting coefficienta; are given in Table 11. The fitted cross sections are
depicted in Figure 19 on page 171. Cross sections for papnlaf specific vibra-
tional states in reaction (69) are given in [107].

At higher collision energiesH 2> 25 keV/amu), a contribution to the cross section
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of electron detachment reaction (68, Det) gives also thectldtetachment mecha-
nism.

Collision processes aff — with excited hydrogen atom& (n > 2) have not been

studied so far. It is expected, however, that electron tiet@nt channels of type
(68) and (69) should dominate i~ + H(n > 2) slow collisions and, thus, sup-
press the charge exchange channel.

4 Collision Processesof Electronswith Hydrogen M olecules

Collision processes of molecular hydrogen with other psnstituents may in-
volve changes in both the electronic and the nuclear (vdwal, rational) motion

of the molecule. In the present review, we shall considey prbcesses which in-
volve changes of electronic and vibrational states of thieeoute and exclude the
processes involving rotational transitions. Such a pmsitian be partly justified
by the small amount of energy exchange .01 eV) in such transitions and their
long collision times (“frozen rotation”).

The state of vibrational excitation of i, molecule in a given electronic state
N25+1LAT significantly affects the cross section of the collisionqasses (hera’
denotes the united atom principal quantum numBéds the total electronic spin,
A is the total angular momentum quantum numbeis the label of itsg/u- sym-
metry andr is the parity of the state) . For inelastic electron-impacicpsses, the
vibrational excitation ofH/5 determines the reaction threshold, the transition en-
ergy and the overlap of initial and final state nuclear wawecfions (and, thereby,
the magnitude of the cross section). In this context, thistah processes lead-
ing to formation or destruction of vibrational statesff, in its ground or excited
electronic states, are of particular importance for theabeollision kinetics of
the plasma.

In the most part of the present section we shall discuss tllisiop processes
of H, in its ground electronic state. The cross section inforomafor the pro-
cesses involving electronically excited initial stategfis extremely limited, but
the available information will be included in the discussio The electronically
excited states off, are, generally, strongly radiatively coupled to the lowtatess
(including the ground state). They may also have additiomades of decay: pre-
dissociation and auto-ionization. The information on ¢hesn-radiative decay
processes of excited electronic stategfefis also quite limited.

4.1 Vibrational excitation of Ha(X'X7)

The homonucleaH, molecule does not possess a permanent dipole moment and,
consequently, the excited vibrational statego not exhibit spontaneous radiative
decay. There are two basic electron-impact processes ¢iatan of vibrational
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4 Collision Processes of Electronswith Hydrogen Molecules

states ofH, molecules in their ground electronic stai’féE;:

e+ Hy(v) — Hy (X?%},B*Sf) — e+ Ho(v'), o' >w (72)
e+ Ho(v) — e+ Hi(N'Ay;0") — e+ Hy(v)) + hv, N > 2,0 > v (73)

wherev andv’(> v) are the quantum numbers of initial and final vibrationalestat
and N'A, is an excited electronic singlet state radiatively cougtethe ground
state. The direct — v’ energy transfer excitation mechanism by electron impact
is much less efficient than processes (72) and (73). (see[H)§)).

4.1.1 Vibrational excitation via Hy (X?%}, B3 Y) resonant states

Experimental cross section measurements fowthe v’ excitation in low- energy

e — Ha(v = 0) collisions have been performed in early sixties [109] areirth
large values{ 10~7em? for 0-1 excitation) could be interpreted only in terms of
the two-step reaction (72). Later cross section measursniel0] and theoretical
calculations [111, 112] for @ excitation have confirmed this interpretation. It
should be noted, however, that the descriptiofi ef v’ excitations, when' is not
large, can be alternatively achieved also by other methtid3, L 14], not explicitly
involving the resonance concept [114]. The best resultsasfd methods, however,
agree with those of resonance theory.

The cross sections far — /(v > 1) excitation have been also calculated
within the resonance theory [111, 112]. They show that tles<section for the
v — v+ Av(Av = 1,2,3...) excitation increases with increasing but rapidly
decrease with increasinjv The experimental cross sections for- 1 and0 — 2
excitations [109, 110] can be appropriately fitted by thdditaexpression

~ 5.78¢, 1 1 6.11/(AE)Y/? -
O-’I(),e)l‘c = ﬁ; (1 — E) (><10 160m2) (74)

wherex = F/AFE, AE is the energy difference aof = 0 andv’ levels, and bott
andAF are expressed in eV units. Thgfactor in Eq. (74) has values 1 and 0.628
for 0 — 1 and0 — 2 transitions, respectively and the correspondixg§ values
are 0.516 and 1.003. These fits are shown in Figure 20 on pdgeN& note that
the theoretical cross sections for— 1 and0 — 2 transitions in Ref. [111] are by
a factor~ 1.5 - 1.8 smaller than the experimental ones.

For the0 — v’ excitations, cross sections have also been derived fronita-Bo
mann analysis of electron swarm data [115] that are in faie@gent (within a
factor of two, or so) with the calculated data [111]. We ndi&t ffor initial v > 1,
the process (72) can lead to both excitatioh ¥ v) and de-excitationy{ < v).
The transitions witlAv = |v' — v| = 1 are always the dominant ones (and almost
equal in magnitude).

The rate coefficient%(,;gw(o — ') for the0 — o' excitations ofH, via the
process (72), obtained by Maxwellian averaging of thecaktiross sections [111],
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4.1 Vibrational excitation of Hz(X'X 1)

can be represented by the analytic fits [112]

ay ag as
/

(=) " =
In | K 0—=2)] = az +T/a4 +T/a6

v,exc

(75)

whereT’ = T/10% , T is the temperature (same for all reactants)expressed in K

anqu();gw is expressed iam? /s units. See Figure 21 on page 172 for transitions
tov = 0,...,10 states. The fitting coefficients are given in Table 12 for’ =

0 — 10. In view of the above mentioned underestimatiorarfg;ﬁvc by the resonance

theory, the values o&(,;?m obtained from Eq. (75) have to be increased by a factor
1.5-1.8. The “elastich — 0 transition is also covered by Eq. (75) and Table 12
and its rate coefficient (as well as the corresponding crestsos) is about two or
more (at7” < 10K) orders of magnitude larger than that for the- 1 transition.
The validity of the fit (75) extends from thermal to~T100 eV temperatures.

We note that the3*Y] resonanceH, state has repulsive character and lies
energetically close to the dissociatit&>; state of H (and for certain internu-
clear distances smaller than sorRg ~ 1lag, above it). The3229+ state can
non-radiatively decay (by electron detachment) alst’i” state, which leads to
dissociation off,. The B*X} state, lying energetically well above tfig (X' X))
state, can non-radiatively decay into the vibrational tontm of Ha (X 12;, €),
as well. The cross section of these dissociative procesdidsevdiscussed later on
in sub-section 4.5.

4.1.2 Vibrational excitation via H3 (IN'A,,) excited states

In contrast to the two-step process (72), in which the ineetiate H, resonant
state decays non-radiatively to some vibrational stat& %E; ground electronic
state of Hy, the decay of intermediate excited stdfe(N'A,)(N > 2) in the
process (73) takes place radiatively. The- v’ excitation of H, mediated by
the process (72) has, therefore, a larger cross sectionnggaced to the channel
mediated by the process (73). The cross section for-a v’ excitation via the
process (73) is, obviously,

v,EXC ExXC

o) (v —1') = del (XlE;r;v — N'A; 0" AN A" — Xlzz{; V')
,v//

(76)
wheres¢. _ is the electron-impact cross section for ﬂﬁéE;; v — N1Ay; 0" exci-
tation transition, andi(N'A, 0" — X 12;; v') is the probability for spontaneous
radiative decay. Among all singlet excited electronicestatf H> with u-symmetry,
the two lowest excited statés' ;" andC'II, have the largest electron-impact ex-
citation cross sections [11], and their radiative traosifrobabilities to the ground
X 12; state are also the largest. Therefore these two stateseanedtst important
ones for thev — v’ excitation process (73). The involvement of transitionbpro
abilities A;¢(v"”, ") in Eq. (76) causes that only for the < 4 initial states the
transitions withjv’ — v| = 1 have the largest cross sections (in contrast to the pro-
cess (72)).
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4 Collision Processes of Electronswith Hydrogen Molecules

The first quantum mechanical cross section calculationthfoprocess (73) have
been performed for = 0 andN'A,, = B'X}, C'1, in Ref. [116]. Later on, they
have been extended also#o> 1 [117]. The totalafjfgm(v — v') cross sections,
summed over the contributions from bt X" andC'11,, states, can be found in
Ref. [15] (only for selected v-values, but for all = 0 — 14). The cross sections

o—fjfgmc(v — o) for all v, v" combinations can be also accessed via Internet [20].

The rate coeﬁicienti(éfe)xc for 0 — o' excitations ofH, via the B!} andC!II,,
excited electronic states have been calculated by Maxamediveraging of the cross
sections of Ref. [117] and represented as analytic funaifdhe form (75) [112].
The corresponding fitting parametersare given in Table 13, including those for
the0 — 0’ transition. The validity of the fit (75) foKéfe)xc extends from thermal

to temperatures of 200 — 300 eV.

Vibrational excitation ofH, via higher excited singlet states is negligible since the
electronic excitation cross sections of these states amat aime or more orders of
magnitude smaller than those Bt Y, andC'I1,, states. We note that the radiative
decay ofB'Y, andC'11, states may take place not only to the discrete vibrational
spectrum ong(Xlzg; v), but also to the vibrational continuunXGEg*, €), pro-
ducing dissociation off;. The corresponding cross sections for these dissociation
processes will be discussed in sub-section 4.5.

4.2 Electronic excitation processes

The lowest singlet and triplet excited electronic sta¥es’A,, of H, are given in
Table 14, together with their configurations¢y; N1),), symmetry (subscript),
and the quantum state of the excited electron in the disoeiimit, H(1s) +
H(nl). The potential energy diagrams of these states are giveigén [ (singlet)
on page 31 and 2 (triplet) on page 32.

Optically allowed electron transitions in molecules arbjsot to the selection
rules: g < u, AS = 0 andAA = 0,+1. However, due to electron exchange ef-
fects in electron-impact excitation collisions at low agies, these selection rules
are not strictly preserved. The cross sections for sirtglglet (or vice versa) tran-
sitions(AS = 1) may have magnitudes comparable to the cross sections fior “sp
allowed” (AS = 0) transitions in the region of their maximum. Only at colli-
sion energies above the energy of the cross section maximentgross section
energy dependence of spin-allowed and spin-forbiddertreletransitions is dif-
ferent (and, consequently, their magnitude as well): theéos have anE—'In F
behaviour, whereas the latter decrease much faster withyerasE 3. The mag-
nitude of the maximum of excitation cross section is, gdhemetermined by the
value of transition energy\E (o4 ~ ﬁ) When the excited electronic state
of Hy has a repulsive, anti-bonding character (suct®a5!, for instance), the
electron-impact excitation of that state leads to dissimsia

e+ Hy(X'SFv) — e+ Hy (NP Agie) — e + H(1s) + H(nl). (77)
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4.2 Electronic excitation processes
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Figure 1. Potential energy diagrams for the singlet system of moéaduydrogen
(figure kindly provided by D. Wiinderlich, University Augsiy, Germany, 2003)
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Figure 2. Potential energy diagrams for the triplet system of molkechi/drogen
(figure kindly provided by D. Wiinderlich, University Augsiy, Germany, 2003)
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4.2 Electronic excitation processes

wheree is the continuum energy.
When the excited electronic state is bound, its vibrati@pmdctrum has both a
discrete part (bound vibrational states) and a continuauis(gibrational, or dis-
sociative continuum). Therefore, the excitation of sucttatescan lead to two
processes:

e+ Hy(X'SHv) — e+ Hy (NP Aq30"), (78)

e+ Ho(X'Sy;0) — e+ Hi(NYAgs€) — e+ H(ls) + H(nl).  (79)

The dissociative excitation process (79) can take placen® “vertical” Franck-
Condon transition from the initial-state reaches that part of the potential energy
curve of the excited state that lies above the dissociaitioihdf N3 A, state. Ob-
viously, this possibility appears most often for the highmtial vibrational states
of Hy(X1E]).

Some of the bound excited electronic statdfofhave a potential barrier the top of
which is above the dissociation limit (e.g., thell,,*II, andh’%} states). The
vibrational states of such excited electronic states,dhatgetically lie above the
dissociation limit have quasi-stationary character aredusistable against dissoci-
ation (by quantum-mechanical tunnelling). FinallyNfis sufficiently high (v 2
4), most of its higher vibrational states lie energeticalboee the ground state
(X?%f; v = 0) of H ion. The excitation of such states will leadity (X*%}; v)
production via auto-ionization (see next sub-section). sWeuld also note that
for high collision energies, doubly excited dissociatitatass ofH, [such as, e.g.,
(2po, nIA|QY)IL,)] can be also excited, which leads to production of two extit
hydrogen atoms.

In the sub-sections below we will discuss the excitatiorssreections for the pro-
cesse$ XS Fv) — (N'A,), (XTAS;0) — (N3A,) and(N13A,) — (N'B3A)
separately.

4.2.1 Excitation of singlet states from X3 F

A Excitation from X' f (v = 0)

Most of experimental and theoretical studies for eleciropact (X 12;; v) —
(N1A,; ' /€) excitation processes il have been performed for the= 0 ini-
tial vibrational state. Experimental cross section meam@nts have been per-
formed forX'S} — B'Sf [118,119), forX'S} — C'II, [118-120], and for
X's¥ — B',B"'S¥, D, D', [119] transitions, generally in the energy range
below~ 350 eV. In the region around the cross section maximumi( — 50 eV)
the cross sections of Ref. [119] are abdtit- 30% larger than those of Ref. [118]
for both X — B andX — C transitions. On the other hand, the cross section
of Ref. [118] for X — C transition (available foZ < 80 eV) agrees well with
that of Ref. [120] that extends up # = 1000 eV, which, on its turn, agrees well
with the Born-Ochkur (B-O) calculations [121]. Systemd#i© cross section cal-
culations forX's (v = 0) — B,B',B"'S},C,D, D', EF, HH % and

R.K.Janev, D.Reiter, U.Samm 33



4 Collision Processes of Electronswith Hydrogen Molecules

I'T1, , summed over the final-states, have been performed in [121]. Extensive
excitation cross section calculations for dipole-allowléélzg(v =0—-14) —
B,B',B"'v} C, D, D11, transitions were performed by the impact parameter
version of first Born approximation (IPM) [122] and summadan [15]. Distorted
wave calculations have also been performedXéE;(v =0) — Cll'[u,EFzg
transitions [123].

For the excitations from ground vibrational state= 0), the Franck-Condon over-
lap with the vibrational continuum of excited electroniatss is negligible small
(except forB' state, see, e.g., Ref. [15]), and the dissociative char®l dan

be generally neglected. The cross sections for dipole athX/lE;(v =0) —
N'A, excitations withV = 2-4 can all be represented by the analytic fit expression

5.984 1\“
Ue:m(Xlz);r(v =0) — NlAU) - AFEzx <1 B 5) -

x <A1 + % + % + Ay 1n(w>> (x107"%em?) (80)

whereAFE is the threshold energy, x = BIE' (both E andA E are expressed in eV),
anda and A; are fitting parameters. The values of these parametersnettiiom
available experimental and theoretical data, are giveralnlerl5, together with
the values of threshold energies. The expression (80) obljichas the correct
physical behaviour at both low and high energies, see FgRi@n page 172.

The cross sections of symmetry-forbidden transitions

71
X'SH(v=0)— EF'S] HH ¥} I'l,

have anE~! high-energy behaviour, and the available (and approfyiassessed)
data can be represented by the analytic fit function (FigBrer2page 173)

[e%
Cere( XIS (0 = 0) = N'A,) = 5‘28;;41 (1 _ é) (x10 %em?)  (81)
whereAFE and x have the same meaning as in Eq. (80). The values of paname
«aandA; are given in Table 16.
The cross section for a dipole-allowed transition{ N), as function of reduced
energyr = E/AFE, is proportional tofoy /A Ey N, Wherefyy is the dipole oscilla-
tor strength evaluated at the equilibrium distance- 1.4a of Hg(Xlzg; v =0).
Since starting from a certain sufficiently high stafg one hasfon ~ N3, and
since theA s In(x)/x term in Eq. (80) dominates the cross section (except in the
threshold regiong ~ 1]) (see Table 15), the following scaling relation follows fo
the X1%,(v = 0) — N!'A, excitation cross sections within a given,, series

3
UemC(Xlzg—;(v =0) — NlA“) - <%> <AA%E)]]V\;> ) (82)

X Ue:cc(Xlz);_(’U =0)) — NolAu),N > Ny .
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4.2 Electronic excitation processes

For theN'X;" andN 11, series, the relation (82) becomes valid alreadyNgr= 3.
For the symmetry-forbidden transitiod$' ¥/ (v = 0) — N A, the cross
section is proportional tgyn (q)/AEyn, Wherefon(g) is the generalized oscilla-
tor strength and is the transferred electron momentum. The variatiorfo@f(q)
with ¢, evaluated at. = 1.4ay, is rather strong [121], (withfyx(0) = 0), and
its N -dependence is unknown. The theoretical cross sectionaddRef. [121]
suggest the following (approximate) scaling relation Kvita given' A, series)

N AEgN
X Oege (X'5F (0 =10) = Ny'Ag) ,N > N,

6
Oeze (X'SF(v=0) = N'Ay) = <@> <%> X (83)

starting already withVy = 3. In contrast to the scaling relation (82) for dipole-
allowed transitions, the scaling (83) appears to be notsemngitive to the particular
type of the' A, series('%,), or (*I1).

B Excitation from X3 1 (v > 1) : total cross sections

As mentioned earlier in this section, the overlap of nucleave-functions of
vibrationally excited states ok 12; electronic state with the wave-functions of
vibrational continuum of an excited electronic staféA, can be large (generally
increasing with the increase of v), resulting in significamtrease of the role of
dissociation channel (79). In the present sub-section @l discuss the total cross
sections forN'A, excitation [i.e., the sum of the cross sections for the chinn
(78) and (79)], and in the next sub-section we shall discusstoss sections for
the dissociative excitation channel (79) alone. The crestian for excitation of
all discrete vibrational states (summation over alt’) is then the difference of
the total cross section discussed in the present sub-sextibthat for dissociative
excitation (see next sub-section).

Cross section calculations for excitation frokhlzuj(v > 1) have been per-
formed only for the dipole-allowed transitions 16!¥ and N'II, states with
N = 2 — 4 by using the impact parameter method Ref. [122], and cogealh
initial vibrational statesy(= 0 — 14). It has been found that total excitation cross
sections foerzg(u) — N!A, transitions allow an approximate scaling with re-
spect tov [124,125]. Allo,.(v) cross sections for th&!' ¥ 1 (v) — B'E,, C'11,
transitions can be represented in a unified form:

Ry

3
spam)

LX) = B.C) = on(o) |
wherex = E/AExx(R!), AEx(RY) is the vertical transition energy from the
Xlzg(v) energy level to the\(= B, C') potential energy curve taken at the out-
ermost turning pointz! of Xlzg(v) level, Ry = 13.6 eV, andE andAEx, are
expressed in eV units. The common "shape functie§(’z) has the form
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a2

oo(x) = “ ( - l> |:CL3 Uy In(x)| (x10~0¢em?) (85)
X X X

see Figure 24 on page 173. The values of transition enedgies, (k! ) and fitting

parameters; entering Egs. (84) and (85) are given in Table 17. The amalyti

expressions (84 -85) represent the calculated datafQfv) with an accuracy

better thanv 25%.

Theoe..(v) cross sections fok ' (v) — B/, B"'%,, D, D''1L, transitions
also allow scaling withy, but starting withv = 1, Ref. [125]. The excitation cross
sections for these transitions fram= 0 andv = 1 initial states can be represented
in the form [same as Eq. (85)]:

ol (X'Eg(v=0,1) = N'A,) =

=—(1-—- bs + — + In(z)| (x10™ " em?) (86)
X X X
wherer = E/AEx(R!) andAEx,(R!) has the same meaning as in Egs. (84),
(85). The values oA Ex (R!) and of the fitting parametets are given in Table
18.
For the transitions fromv > 2 vibrational states 09(12; to B/, B"'y,, and
D, D''IT} excited states, the cross section can be represented inrthe(Ref.
[125]):
ol (XTS5 (v >22) = N'Ay) = F(0,2)0e0c (X'S) (v=1) — N'A,)(87)

EXC

Bv,z), (88)

Cs+ (%)C] (892)

C
B(v,x) = C5 + Cev + (x—(;s + Cg) v?

wherea(v, z) andg(v, z) are given by

a(v,z) = (1 + CLv?)

xCs

+Chov® + <@ + 012> vt (89b)

The values of fitting parametets; are given in Table 19. The.,.(v) cross sec-
tions provided by Eqgs. (87-89) reproduce the calculated daRefs. [122, 124]
with an accuracy better than 15%. It is to be noted that for transitions to
D, D''11,, states the coefficierd; for : > 6 are all zero.
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4.2 Electronic excitation processes

We note that the values of fitting parametefsh; andC; in Egs. (85), (86)
and (89a), (89b) have been determined in conjunction wihude of most recent
accurate variational calculations of potential energywesifor considered singlet
states ofH>. The information on the potential energy curves of thesk $sanec-
essary to determine the vertical transition enet§¥;y » (i), on which the cross
section forX (v) — N'A, transition sensitively depends.

C Dissociative excitation cross sections

Cross section calculations for dissociative excitationcpss (79) for dipole-
allowedX'¥ ¥ (v) — B, B, B!}, C, D, D11, transitions have been performed
in Ref. [122] for all initial v-states« = 0 — 14). For the initialv = 0 state, dis-
sociative excitation cross sections have been also cédcliia the Born-Rudge
approximation forX'¥f (v = 0) — B'S and XX} (v = 0) — EF'S] transi-
tions in Ref. [126]. The energy behaviour of dissociativeigtion cross sections
odiss(v) is similar to that for the corresponding non-dissociatixeitation reac-
tion (78) and shows a maximum at40 — 50eV. In Table 20, the values of cross
sectionsr4iss (v) from transitions ta3, B/, B"'¥} andC, D, D''T1,, excited states
are shown fow = 0 — 14 at the collision energyy = 40eV.

The contribution o5 (v) to the total excitation cross section&’.(v), dis-
cussed in the preceding sub-section, can be appreciatadrable 21 in which the
ratios R(v) = odis5(v) /oo (v) for the above mentioned excitation transitions are
shown for all v-levels at the collision enerdy = 40 eV. These values can be taken
as typical for other collision energies as well. As discdssarlier, the contribu-
tion of 0%5(v = 0) to o9 (v = 0) is small, except for the&{ — B’ transition.

The high ¢ 40%) contribution ofo%5(v = 0) to o' (v = 0) for this transition

exc exc

is confirmed also by other calculations (e.g#*(v = 0) from Ref. [126] and

exc

olt (v = 0) from Ref. [121]). With increasing, the ratiosR(v) rapidly increase;
they maximize in the range ~ 6 — 11, and then begin to decrease. It is to be
noticed that forX — B’, B” transitions, the contribution of dissociative excitation
process to total excitation cross section is substantiaktrof the excitation from
the levelsvy = 6 — 12 in the X — B’ case leads to dissociation . The excited
H-atoms formed by dissociative excitation of consideredjlsinstates offf, are
indicated in Table 14.

We mention that dissociative excitation cross sectionXdE;(v =0) —
EFlz_j; transition has been calculated in Ref. [126]. BA\t= 40eV/, it constitutes
4.1% of o' (EF).

EXC

D v — v’ resolved excitation cross sections.

In many plasma applications (e.g., plasma diagnosticsdbapen molecular
band radiation), excitation cross sections from a spegift@l vibrational statey
to a specific vibrational staté of excited electronic state are required. Suehv’
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resolved excitation cross sections have not been so faispell in the literature.
However, in all theoretical calculations of excitation peeses, the — v’ resolved
cross section calculations are actually performed, buthee summed over’ in
order to obtain the excitation cross section for a givenevaifw. (Summation is
also done over the vibrational continuwh) Experimental excitation cross sec-
tion also implicitly contain such summation over (or ¢ for 0%5). Under the
assumption that electronic transition matrix element ik sarying function of
internuclear distance, it can be factored in nuclear anctreleic coordinates and
the resulting total excitation cross section (including Hibrational continuuna’)

IS

O'ZOt — Z Fvv/ O'q()O) + / FUE’UQ()O)del (90)

where F,,, and F,,.» are the Franck-Condon factor and Franck-Condon density,
respectively, aneh(,o) does not (approximately) depends@dnThe first and second
term in Eq. (90) represent the excitation cross section tmwibrational states
and to the vibrational continuum of excited electronicestegspectively, i.eafj’t =

ob + o%s, Since Franck-Condon factors and Franck-Condon densdiisfysthe
sum rule (closure relation):

ZFvv’ "’/ Fede =1, (91)

it follows from Eq. (90) that the cross sectief) , forav — v’ resolved excitation
transition is

Ug’v/ = Fyyol. (92)
Analogously, the cross sectiarfs* for av — €’ dissociative excitation transition
to a continuum energy level, is

ol = Fool". (93)

v’ T

There exist well established procedures for calculatidnkeoFranck-Condon fac-
torsF,,» andF,. . F,, can be calculated analytically if the potential energy esrv
of the lower {/;(R)) and the uppe(V;(R)) electronic states are approximated by
Morse potentials [127]. Calculations &f,,, can also easily be carried out in the
quasi-classical approximation [128]. The most accuratgegafor F,,, can, how-
ever, be obtained by solving numerically the Schrodinggragion for the nuclear

motion in the potentials of the lowéi) and upper(f) electronic state, and then,
from the obtained vibrational function@(j) (R) andxfff ) (R) (R is the internuclear

distance), calculate the square of their overlap integral

Fo = |(x Y2 (94)
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4.2 Electronic excitation processes

This approach can also be used for calculationfpf. The overlap of initial
(Xﬁf)(R)) and final &g) (R), continuum) vibrational functions in this case is dom-

inantly determined by the region & close to the classical turning poiﬁIEQ on

the upper potentiaIL(f(Rig) = ¢) and forxg) (R) one can use either an Airy

function, or even a delta function approximation at thesitzd turning point. The
application of any of these methods for determiniig: and F,.- requires knowl-
edge of accurately calculated potential energy curves efthctronic states in-
volved. For a number of transitions between low-lying sitgtates, complete sets
of F,, values are available in the literature [129, 130]. Différapproximations
for calculatingF,,.» are presented in [131].

4.2.2 Excitation of triplet states from XIZJ;

A Excitation from X' f (v = 0)

Except for the fully repulsivé®Y; state, all other low-lying excited triplet states
of Hy have bound character in the Franck-Condon region of thengreibrational
state ofH, ('X;). Cross section measurements for excitation of tripleestaave
been done only fob*Y; [132,133], andi*Yf andc’I1, [118] states. Theoretical
cross section calculations, using methods of varying aoyuparticularly in the
low energy region), have been performed for excitation3af;” [126, 134-137],
a’¥} [126,135,137,138)°11, [123,126,135,137], and’ S, d°11, [126] states.
The excitation cross section of triplet states attain thedéximum value in the
range 14-16 eV, they rise sharply in the threshold regiod, lave anE—3 high-
energy behaviour (following from the Born approximationyhe results of the
most involved theoretical calculations (such as the R-mHtB6], or second-order
methods [135]) for excitation df*Y;}" state agree well with experimental data of
Ref. [133]. The theoretical and experimental cross sealan also agree for the
excitation ofa32; state, but for the*II, state the experimental data appear to
be by a factor of two to three smaller than theoretical resufin the analytical
fit for this cross section given below, a compromise positias adopted between
theoretical and experimental data.).

The critically assessed available cross sections for atiait of above dis-
cussed triplet states can be represented by the followialyt@mexpression

. A 1\,
o (Xlzi(UZO)HN?’Ao):_O_m_ﬁ) (x10'em?)  (95)

exrc 1_3
wherex = E/AFE andAF is the threshold energy, see Figure 25 on 174. The
values of parameterd, 5 and- in Eq. (95) for the considered transitions are given
in Table 22, together with the values of threshold energiés
The cross section’? (X — b) is a fully dissociative excitation cross section.

EXC

For other considered transitions, the contribution ofaligsive excitation process
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(88) to s is negligible (a few percents), except in the casé(éE; — e3nF

exc

transition when it constitutes aba2% of 0% (X — ¢) [126].

The excitation cross sections for triplet statesthf do show rapid decrease
with increasing the principal quantum numbgrof the state (within a giveAA,,
series), but the specifi¥ dependence is not known. The ratigsX — d)/o(X —
c)ando(X — a)/o(X — e) show an approximatéNy/N)?(AEy,/AEN)?
scaling (withNy = 2, and N = 3, in these cases), but whether it is valid for, or
can be extended to highéf is unclear.

B Excitation from X'XF (v > 1)

Cross section calculations for transitions from vibragiynexcitedH, (X'} ; v)
to excited triplet states have been published only for thitation of b33 disso-
ciation state [134, 136, 139]. The quantum-mechanicalutations in Refs. [134]
and [136] were done far < 9 andv < 4, respectively.

In Ref. [139] the cross section calculations were perforriveds = 0 — 13,
but using the classical model for inelastic atomic proce$$40] extended to col-
lisions with molecules [141] (see next sub-section). Thegesets of calculations
disagree considerably far > 1 (by factor greater than three) for energies below
~ 10 eV. The R-matrix cross sections from the region betowt0 eV can, how-
ever, be smoothly connected with the results of quantaltations of Ref. [134].
By combining the results of Refs. [134] and [136], one carivéea set of cross
sections for dissociative excitation via th&:; state forv < 7.

These cross sections can be represented in a scaled form

p AE,_\*®
ot (sD), = () ol (i), (%)
v

where AFE, is the threshold energy of initial vibration level(the transition en-
ergy at the outermost classical turning point), arftt* (b3S ) is the dissocia-
tive excitation cross section from the level= 0 level given by Eq. (66) with
x = E/AE,—y. The small value of the exponent in the scaling factor ingisa
that the magnitude of?*s (5*sf) increases very slowly with the increasewof
despite the significant shift in threshold energies.

The values of verticak '3} (v) — b, transition energiesh E,,, taken at the
outermost classical turning point of thdevel in theXlE; potential, are given in
Table 23. The excitation energies,.(v), of vibrational levels o’ng(Xlz_j; v)
are also given in this table for reference. (The energy ofitee0 level, E,—g =
0.269621 eV, has been taken as zero.)

It is worthwhile to note that the excited state&:! and ¢*II, are mutually
strongly (radiatively) coupled, and also strongly cougie@d®>::"; their excitation
results in quick decay to thé¥; state and to production of twi (1s) atoms. The
rate coefficients foif, (X' };v) dissociation toH (1s) + H(1s) via excitation
of ¥}, a®Sf and*I, states for = 0 — 10 have been calculated in [112] and
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4.2 Electronic excitation processes

can be represented by the analytic fit expression

b1 bs bs
= T/b2 + T/b4 + T’2b6

In [Kd (B*S4, a®%,, c3Hu)]

exrc (97)
whereT’ = T/10% and temperatur@ is expressed itk . The fitting parameters
are given in Table 24. The small contributionAts* from the excitation of some
upper singlet states is also included in Eq. (97). The fit (8%palid in the range
T' = 1K — 200K.

It should be noted, however, that the higher triplet statadiatively coupled
to a®¥} or ¢*11, or directly tob*;}, may also contribute to th& (1s) + H (1s)
dissociation off,.

4.2.3 Excitation transitions between excited states

There are only a few cross section calculations for the atkeit transition between
the excited states dff,. They include the dipole- allowed transitiofs . (v) —
I'll, [125] anda®Sf (v) — d°My, AL, (v) — K3 and A1, (v) — ¢*Sf
[142] from all initial vibrational states. The calculations have been performed
within the impact parameter method. In view of small traositenergy in these
excitation processes, their cross sections are fairlyelargl exhibit a maximum at
low collision energies (a few times of threshold energy).

In absence of more elaborate quantum-mechanical caloogafor excitation
transitions between excited states, one can use the metRed [140,141] (GBB
method) for rough estimates of the cross sections for thiessitions. Being based
upon classical mechanics, this method involves (besideBrdnck-Condon factor)
only the transition energy between the corresponding stdtecan, therefore, be
used to generate cross sections alsaferv’ resolved transitions.

If we introduce the notationUU,, for the energy difference between initial
(As;v) and final (\/ ;') state;U,,+1, for the energy difference between,; v)
and (\/ ;v' 4 1) states; and,,, for the ionization potential of initial state, then the
GBB excitation cross section foAg; v) — (A ;') transition is given by [140,141]

Oexc (Ao;v - A;;U/) = FAA’(Uav/)GAA’(UnaE) (98)

whereF x/ (v, v') is the Franck-Condon factor, and the funct@ny (U,,, E') has
the form:

1. Dipole-allowed transitions; cagg,,; — U, < U, :

o0 E 1/2
GAA/(Un,E) = U—% [m] F(Un,E)An X

X [1 - (%) + (%) In(e +§n)] (99a)
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7.\ In/Un+Un) 1/2
- (=) e (552
E—-Uy; U, <E<LU,
A, = 1 (99Db)
Un+1 Una E < Un

2. Dipole-allowed transitions; cagg, .1 — U, 2 U, :

GAA’(UmE) = Q(UnaE) - Q(UnJrlaE) (100&)

Q(U,E) = % [Uﬁl—%)?’] " (1 _ %) I'(U,E) x
X {E + ; (1 - %) In(e + g)] (100b)

3. Dipole-forbidden transitions:

oo(E —Uy)
L(E+L)E+1I,-U,)’
B o0(Unt1 — Up)
C(E4+L)E+L,—U)E+1,—Usr)

Gan' (Un, E) =

Un < E < UnJrla(lOla)

E > U,+1(101b)

whereoy = 6.52 x 107 16¢m?, e = 2.71828 - - - is the base of natural logarithm,
and energie&, U, I,, are all expressed in eV units.

The cross sections calculated with the GBB model for exoitgprocesses of
atomic and molecular targets [139—-141] show that their tac#y is within a
factor of two (or three) for dipole-allowed transitions amdher (up to a factor of
five) for dipole-forbidden transitions.

4.3 lonization processes

The electron-impact ionization of a gives'3A, (v) state of H, has three basic
channels that involve the grour{d?X}) and first excited B>%;}) state of the
Hy ion:

e+ Hy (N"PAg;0) — e+ Hy (X?SH0') +e, (102)
— e+ Hy (X*Sf;€') +e— H + H(1s) + 2¢(103)
— e+ HY (B?Sf;€) +e— H' + H(1s) + 2e, (104)

where¢€'(¢€) is the energy of vibrational continuum state.
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Dissociative ionization offf, (N'*A,;v) is also possible by excitation of
higher excited stated’;2A,, of H, ion (all of which have repulsive character in
the Frank-Condon region of the initial, (N'3A,;v) state),

e+ Hy (Nl’?’AJ;v) — e —|—H§F (N[QAQ;E) +e—
— HY + H(n > 2) + 2e, (105)

where H (n) is an excitedd atom. Below we shall discuss the cross sections for
non-dissociative [reaction (102)] and dissociative [tigsrc(103) - (105)] ioniza-
tion processes from the ground and excited electronicsstdté/, separately. As
mentioned earlier, non-dissociative ionization /®§ (N1’3A0;v) can also occur
by excitation of an excited stafeV'**A.; v') the energy of which is smaller than
the dissociation energy df." (XQE;P; v = 0), but above its ground state energy.
This excitation-auto-ionization channel for non-dissicin ionization will be dis-
cussed in sub-section 4.5

4.3.1 lonization from the ground electronic state, X' 31 (v)

Accurate cross section measurement for ionizatiof/ ofX 12;; v = 0) from its
ground electronic and vibrational state have been donefbothe non-dissociative
and dissociative channels [143—-146]. Theoretical calicuia have also been per-
formed for all three ionization channels (102) -(104) for= 0 — 13 [147] by
using the GBB method (see next sub-section). The experahdigsociative ion-
ization cross section contains contributions from both3jl&nd (104) channels,
which can be separated out by using the theoretical cros®isedproperly nor-
malized) of Ref. [147] forw = 0. The resulting experimental cross sections for all
three ionization channels from’lzj(v = 0) state ofH, then can be fitted to the
expressions

‘ 1.828 1 \%P
ol (°8 ), = ‘x ( - 92> In(Coz)(x107%em?),  (106)
. 0.02905 1) 1886 B
ol (°S5), = 155 <1 - xm> x (107%¢em?),  (107a)
, 0.5927 1\
0—%25 (222—)0 - 21.20 (1 - x1.22> - (10_166m2)7 (1O7b)

whereCy = 2.06AE, X = E/AE, andAFE is the threshold energy, equal to
15.42 eV, 18.15 eV and30.6eV for the ionization via the channels (102), (103)
and (104), respectively (or for Egs. (106), (107a), and k)0respectively, Figure
26 on page 174).
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In the non-dissociative ionization frodi (v = 0), the producedd; (%) ion is
vibrationally excited. The population df; (3] v') vibrationally excited states
from reaction (102) has been determined experimentallg][a4d was found to be
very close to that predicted on the basis of Franck-Condaitegionization tran-
sitions, see Table 25. The cross sections for state-sgdeiciization transitions
X2} (v =0) =2 X} (V) are, thus, [see Eq. (92)]

o (15 (0 = 0) = 255 () = Fow [ohsies (257, + ot (257 ,{108)
where Fy, is the Franck-Condon factor. The second term in Eq. (108y isvo
or more orders of magnitude smaller than the first one and eareplected. The
distribution of F,, over’ is rather broad with a maximum at = 1 — 3. The
dissociation energieE?}iS(v’) of H, (v') levels are also given in Table 25.

2

The cross sections for non-dissociative ionization frotorationally excited
Xlzg(v > 1) states ofH, have also been calculated updo= 13 [147]. By
normalizing the theoretical = 0 cross section to experimental cross section rep-
resented by Eq. (106) in scaled energy units= E/AFE, the calculated cross
sections of Ref. [147] can be represented in the form

1.15

ndiss 22-‘,- _ AEU:O ndiss 22—1— 109

Oion ( g )v - AE Oion ( g )0 ( )
v

whereAE,, is the threshold energy for the initiaflevel in X1}, andondiss (22+)
is given by the expression (106) with= E/AE, andCy — C, = 2.05AE,,.
analogy with Eq. (108), the state-selective- v’ non-dissociative ionization cross

section via theX 'S} (v) — X2} (/) transition is given by

0

opn®® (PSF)y ~ Fowoisn®s (1) (110)
whereF,, is the Franck-Condon factor amd%/** (*2 ) 'is given by Eq. (109).
The contribution ob =% (5 F) in Eq. (110) has been neglected.

The GBB cross sections for dissociation ionization via teutsive statéx;
of H from variousv > 1 initial vibrational levels ofH, (XX ;v) [147] can
also be represented in a scaled form [149]. By normaliziregotfjs* (*Sf), _,
cross section of Ref. [147] to the experimental cross seatpresented by Eq.
(107b), and taking the analytic expression (107b) as a lfasithe scaling, the
cross sections for dissociative ionization due to ionizliramsitionleE;(v) —
B2 () can be given in the form

dzss ( E+) (111)

zon

as AEU: 1.96
ot i), - (T2

whereA E, is the reaction threshold for the initialenergy level, anddiss (253+),

won

is given by Eq. (107b) witw = E/AEFE,. The transition energieAE, span a
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large energy interval: from\E,—y = 30.6eV to AFE,_13 = 14.2eV (see Table
26). The GBB cross sectionglis* (s 2 ©.;7) of Ref. [147], normalized fov = 0
on the experiment [145], have been averaged over the Magwellectron velocity
distribution, and the resulting rate coefficients fittedhe form [112]

C

n [ (2o 258, | = ey + s

+Cyexp(—CsT"),T" = T/103, (112)

whereT is expressed ik, and the coefficient§’; are given in Table 26. The fit
(112) is valid in the rang&” = 3K — 200K..

lonization of theHg(Xlzgj;u) molecule may take place via transitions to
higher excited states dfl, which all have a repulsive character and dissociate
into H™ + H(n > 2) products [reaction (105)]. These states energetically lie
significantly above the firgtB2>}) excited states ofl;” and the dissociative ion-
ization via these states is expected to have much smalles sextions than when
it proceeds via thé 32X ) state. The ionization offo(X'X]) via excitation of
doubly excited electronic states 8§ will be discussed in sub-section 4.5.2.

4.3.2 lonization from excited €lectronic states of Ho

There have been no published cross sections results foptiiwation processes
from excited electronic states &f;,

e+ H; (NYPAgi0) — e+ HY (XPSH0") +e (113)
e+ Hi (NYPAgiv) — e+ Hy (X°Sg3¢) +e— H + H(ls) + 2¢(114)

e+ Hj (N"*Ay;v) — e+ Hy (B*Si€) +e— HT + H(Ls) + 2e (115)

A rough estimate of the cross sections for these processelecenade by using
the GBB model [140, 141]. The cross section for the non-disgive ionization
channel (113) within GBB model is given by:

__ %
(AE,,)?
o0 = 6.52 x 10~ em?

ndiss (1y+. 2y v+,
Cion (Eg,v—> Eg,v)—

FUU’ Gion (x) ) (116)

1\ 3/2
Gion(z) = é (i n 1) {1 + g(l — %)ln[e—i- (z — 1)1/2]} . (117)

whereAE,, is the transition energy; = E/AE,,, F,, is the Franck-Condon
factor, ande = 2.71828... is the base of natural logarithm. For the dissociation
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ionization processes (114) and (115), the general formef3BB cross section
is [140, 141]

won

E
ofizs (150 =2 Bt e) = 09 / Fy(6)gion(AEye, Iy, B)de (118)
0

1 E 1/2
Gion = (AEUE)Q |:(IU I E)3:| X (119)

x T(AE,, E) [1 - <%> + (35@2 ) lnf]

AEUe Ly /(Iv+AEy) E - AEUE Y2
I'(AE,, E) = [1— i } 7§:€+<17> (120)

whereAE,. = I, + ¢, I, is the ionization potential off; (N'?Ag;v), € = €(R)

is the energy o5 (°%,,,,) state above the dissociation limit (vibrational contin-
uum), e is the base of natural logarithm arid(¢) is the Franck-Condon density
for the (N'3A,;v) — (2%} ,; €(R)) transition. F,(e) can be calculated in vari-
ous approximations, the simplest of which is thunction approximation for the
continuum wave-function at the classic turning paolyt, for thev — ¢ verti-

cal transition,e(R.,) = E. In this case the integral (118) can be evaluated in a
straightforward manner.

It has to be mention that the reliability of GBB model is noghi(it usually
overestimates the cross section ), and a correction of d%s cections (117), (118)
by a constant factor is desirable, provided there is an iaddit data source (or
suitable theoretical arguments) for its determinatiorthBgs a significantly better
way for an approximate estimate of ionization cross sestivom (N'3A,;v)
excited state ofi, would be to approximately scale the corresponding ioropati
Cross sections frorﬁig(XlE_j;; v) considered in the preceding sub-section(i.e. by
a mere change of the value of transition enerdids,,, andAFE,). This scaling
approach should be adequate particularly for the highdteskelectronic states.

4.4 Dissociative electron attachment

Dissociative electron attachment (DA) éfy in the ground electronic staﬂélzg
with production of a negativé/ — ion can proceed via several channels

e+ Hy(X'S}iv) — Hy (X°S]) — H™ 4 H(1s) (121a)
— Hy (B*S]) — H™ + H(1s) (121b)

or via
e+ Hy(X'S[v) — Hy (NJA;) — H™ + H(1s

)7 NZ 2 27 (122&)
— H™ +H(n>2)

(122b)
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whereH, (---) is a resonance state &f. This process may, in principle, proceed
also whenH is initially in an excited electronic state.

e+ Hy(N'Y3Ay;v) — Hy (N2A,) — H™ + H(n). (123)

Most of the studies of these processes have so far beenmeddor the reactions
(121a), (121b).

4.4.1 Dissociative attachment on Ha(X'2 15 v)

Experimental cross section measurements for dissocigltdatron attachment have
been performed for both the= 0 initial state [150] and) = 0 — 4 states [151]. A
strong increase of DA cross section was observed with thredse of initial vibra-
tional state. A large number of theoretical cross sectidcutations have been per-
formed for the reactions (121a) (121b) employing the resoeaheory [114] with
local [152,153], semi-local [111, 154] and non-local [1856] approximations for
the interaction of negative ion state with the continuum. Mentioned in sub-
section 3.3, for internuclear distancBs< R; ,, ~ 3.0ag the statefl, (X2%}) be-
comes quasi-stationary (shape resonance) and is unsgattesauto-detachment.
Similarly, the stateH,, (322;) becomes quasi-stationary (Feshbach resonance)
for R < R, 4 = 4.9a0, Whereq, is the Bohr radius. The dissociative attachment
process takes place only if, during the collision, the syssrrvives in the res-
onant state before reaching the stabilization internudigstanceR,. Since the
time that the system spends in the decaying quasi-stayictare depends on the
reduced mass of nuclei, the DA cross section exhibits a prmored isotope ef-
fect [157]. This effect, however, diminishes for the highiai vibrational states of
Hy (XS} 0).

Both local and non-local resonant theory calculations stiaw the contribu-
tion of DA channel via the3?%+ resonance [reaction (121b)] to the total DA rate
coefficient is negligible for all initiak-states, except for the = 0 andv = 1
states in the temperature range abeve eV [158]. However, the total DA rate
coefficients for these two initial states are by one {fet 1) or two (forv = 0) or-
ders of magnitude smaller than that for= 2. Theoretical calculations also show
that the cross sectionsp 4 (*}), for the DA reaction (121a) show sharp peak
immediately after the threshold and a fast (exponentiatyahese with increasing
the collision energy. Therefore, the following analytictias been proposed for
opa (°E), [159]

E — |Ewly
ODA (QEI)U = o exp <_7E|70 o > (124)

wheres” is the peak cross section value for the initial vibratiortatesy at the
thresholdEy, ,, andEy = 0.45¢V. E andEy, ,, in Eq. (124) are also expressed in
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eV units, see Figure 27 on page 175. The value of threshiolgs and peak cross
sectionso\" for all initial v = 0 — 14 states ofH; (X'x];v) are given in Table

27.

It is to be mentioned that the binding energy of the looselyriabelectron
in H~ is 0.754 eV and lies below the energy aof = 10 vibrational level of
Hoy (Xlzj). The DA cross sections far > 10 cannot be calculated within the

local resonance theory and a non-local approach is negesHag valuesn(,o) in
Table 27 have been taken from non-local calculations [158], 1

On the basis of analytic expression (124) 6954 (*2;),, one can easily ob-
tain the DA reaction rate coefficient in the form [15]

25+ (0) V2 1aBy,|
KDA ( Eu)v = 19720'v Tme X
E 1
X B + (x1078em?/s) (125)

T 1+ T/E,

whereT is expressed in eV units, and” in units of 10~ 16¢m2,

Apart from theX2X.;" and B?Y;" resonances, for which the parefit states
are(1soy)*X 'S} and(1soy, 2po, )b Y, respectively, many othéf; resonances
have been observed [160] for which the parent state is oneooe fmound ex-
cited states off,. The energies and widths of many of these resonance states
have been calculated to a high accuracy [161] and can be asedltulation of
dissociative attachment cross sections within the loceng@l approximation of
resonance theory. However, such calculations have not pedarmed so far.
The DA reactions proceeding via these states may produlerdit~ + H(1s)
or H- + H(n > 2) products [reactions (122a) and (122b)]. The thresholds for
these DA reactions are considerably higher than those @diog via theX 2>
and B*%} resonances.

44.2 Dissociative attachment on electronically excited H3 (N'3A,)

Dissociative attachment can, in principle, also take ptatan electronically ex-
cited H, molecule, reaction (123), particularly when the exciteatesis a high
Rydberg state, ) > 4). A total rate coefficient value of 6 x 10~°cm?/s has
been suggested for DA on Rydbeffy molecules to explain some observations in
laser produced hydrogen plasmas [162]. This extraordihagly value forkK’ gzj‘d,
although still controversial, has motivated constructidisimple theoretical mod-
els for the process (123) [163]. More involved studies of BA reaction would
be obviously of considerable interest.
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4.5 Dissociation and ionization of H, (N'®A,) viaresonant, doubly
excited and auto-ionizing states.

45.1 Dissociation of Ho <12;f;v) via H, resonant states

The resonant statd$, (*X;,2 X;) formed in a slow electron collision witH, (X'} ; v)
provide the following channels for dissociation &§

e+ Hy (X'SHv) — Hy (X°S)) — e+ Hy (X'S]5€) —
— e+ H(1s) + H(1ls), (126)

e+ Hy (X'SHv) = Hy (B’S)) — e+ Hy (b’5f¢) —
— e+ H(1s)+ H(1ls), (127a)
— e+ Hy (Xlz);; e') —
— e+ H(1s)+ H(1s). (127b)

Cross section calculations for the above dissociation ggees have been per-
formed within the local approximation of resonance theawiti semi-empirical
parameters of complex potentials ?dﬁ_j and?x} quasi-stationary states) [164],
as well as within the non-local resonance theory [165)fet 0 — 12 vibrational
states ofH, (X'Xf;v). These calculations show that the decayB3t:; reso-
nance takes place dominantly onftt, state, and the cross sections of the chan-
nel (127b) are about two orders of magnitude smaller thasetlob channel (127a)
for all v. The results of local and non-local resonance theory catioumls agree
well with each other, except in the case of lowestates of the channel (126).

The rate coefficients of dissociation channels (126) an@dg}LlBave been fitted
to analytical expression [112]

In [Kuiss (547 59)] = 70z + vy + 70

/o 3
= iz + g e T =T/10°, (128)

whereK 4 is expressed inm? /s, T in K, and the fitting coefficients; are given
in Table 28 forK g, (*%;)) and in Table 29 for(y;., (*S;) (see Figures 28, 29
on page 175, 176, respectively). We note that the valuesafficentsa, in Table
28 for the first fewv-states(v < 5) were somewhat reduced with respect to those
given in Ref. [112] in order to bring the rates for these stateconformity with
the more accurate cross sections of Ref. [165]. The valugmiameters:; for
Kiss (22_;}) in Table 29 are given for representative values ohly. The values
of a; for the other initialv-states can be obtained by interpolation.

As discussed at the end of sub-section 4.4.1, there are fHanyesonances
energetically lying above thBQEZ{ resonance that can be excited at highEr>
11eV') collision energies [160,161]. The non-radiative (auttadement) decay of
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these resonances to their parent states can lead, as irsthefc&’y.;" and B>}
lowest resonances, to dissociation eitheftd s)+ H (1s) orto H(1s)+H (n > 2)
atoms. These dissociative processes have not been iratestigp far. It should be,
however, mentioned that the decay widths of these, highiag Isesonances are
about an order of magnitude smalleg (0.3¢V) than the widths ofX2%; and
B22; resonances, and their contribution to dissociation mayadarge.

45.2 Dissociation and ionization of Hy via doubly excited states

Doubly excited electronic states éf, have been studied extensively both exper-
imentally (via photo-ionization [166, 167]) and theoratlg [168—170]. The se-
ries of states that involve the configuratiof®o,,, nlo,)(n > 2) are designated
as@'x-series, and those involving thiepr,,nlo,) configurations are termed
Q2°T1,-series [168]. The energies 6f;'X; doubly excited state lie below the
energy of first excited statB?¥; (2po,,) of Hy (and for R < 4.5a¢ above the
Hy (X?%]) ground state energy), while the energiesof1II,-series lie below
the energy of second excité@pr, )11, state of ; (and forR > 1.2a¢ above
the energy ofH; (*S) state). TheQ;'S; and Q,%II, doubly excited states
are dissociative auto-ionizing states for which the emsrgind decay widths have
been calculated to high accuracy [169, 170]. The excitatiothese states from
the ground or an electronically excited bound statédef leads to the following
processes

e+ Hy (N"?A;) — e+ H3* (Q1'S)) —e+ Hy (X°S];0) + e (129a)
—e+ HT + H(ls) +e (129b)
—e+ H(ls) + H(n > 2) (129c)

e+ Hy (NYA,) — e+ H3* (Q2'I1,) —e+ H' + H(n > 2) + ¢(130a)
—e+ H(2s) + H(n > 2) (130b)

The process (129c) results from the survivatpf' S} auto-ionizing states in the
regionR < 4.5a¢. For R 2 4.5a the auto-ionizing width of these states vanishes.
Similar is the situation with the channel (130b). Despit¢heffact that parameters
of auto-ionizing state®: !> andQ,'1I, are available as function of internuclear
distanceR, cross section calculations for the processes (129a)p§1229c) and
(130a), (130b) have not been performed as yet. It is wortlevtbimention that the
photo-ionization cross section from the ground stﬁﬂ@;(v = 0) of Hy shows
that the non-dissociative channel (129a) accounts fortalid of the total cross
section [166,167].

45.3 Auto-ionization and pre-dissociation of excited electronic states

Singly excited bound electron stat& '3 A,; v) of Hy, especially whemV is high,
may be subject to two decay processes: auto-ionization @ndipsociation. Both
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these processes result from the non-adiabatic couplintpofrenic states induced
by the kinetic energy operator of nuclear motion.

A Auto-ionization

When the vibrational energy of a singly excited bound etettrstate{ N'3A,; v)
of H, becomes higher than the ionization energy of that statesggratund vibra-
tional level, then the state becomes unstable againstianitzation. In contrast to
the case of doubly excited statesi@$, or resonance#l, , where the configura-
tion interaction with electronic continuum is responsifide the quasi-stationary
character of the state, in the present case it is likely tlemhbn-adiabatic coupling
of electronic and nuclear motion is the principal mechanfemauto-ionization
[171,172]. Already the majority of singlet and triplet gstwith N = 4 (e.g., the
O, B", R, S singlets andk, p, r, s triplets) become auto-ionizing fer> 4. For the
higher<V states, only a limited number of vibrational states remaiable against
auto-ionization. The electron impact excitation of thetegg N'3Ay;v > vp),
whereuwy is the last stable vibrational state 8f'3A,, thus, are subject to two
competing decay processes: radiative decay to the lowtesstnd auto-ionization

e+ Hy(-) — e+ Hy (Nl’gAcr; v>w) — e+ Hy (N'l’gA;/; V') + h
(131a)
— e+ H; (XzE;r;vl-) + e,
(131b)

whereH,(- - - ) may be either the ground or an excited electronic staté-of

Radiative decay rates off; (N'?A,) state are of the order of magnitude
107 — 10%s~! and decrease a¥ —? with increasing/N. Calculations of auto-
ionization ratesV (N, v; v;) for (Npo,X;t;v) and (Npm,I1,; v) excited states
with N = 4—10 have been performed for different> vy vibrational levels [172].
For a given value of, W4 (N, v;v;) decreases (approximately) 53 with in-
creasingN, and decreases strongly with increasing the differénce v;|. For a
givenN, howeverJV 4; increases with the increasewfThe typical maximum (for
|v—w;| = 1) values ofi¥ 4 for the statesV = 4—10 are in the rang@0°® — 10751
for N = 4,5t010''s™!, for N = 9, 10. The available auto-ionization rates for all
H> Rydberg series are collected in Ref. [173].

B Predissociation

When the energy of a bound excited stg¥e"> A ,; v) lies above the dissociation
limit of the energetically nearest lower excited st(azt‘é’lvi”A;),(e.g., forv > vy),
the non-adiabatic coupling of the two electronic statestduneiclear motion can in-
duce a transitionf N'?A,; v > vg) — (NV3AL,; ¢') leading to dissociation. The
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closer the energies ¢V A,; v > vy) and (N3 A,; €) states, the stronger is the
non-adiabatic coupling between them. Non-adiabatic dogietween considered
states can be induced either by the rotational nuclear métaiational coupling)
or radial (vibrational) nuclear motion (radial couplingor the (N ;3 A,) and
(N'Xp';+3 AL,) molecular states these two couplings are subject to thetiele
rules: Au = 0, Ao = 0 for the radial coupling, and\;; = +1, Ao = 0 for the
rotational coupling, wherg is the projection of angular momentuinof excited
electron on the internuclear axis. (Additional selectiates in the case of rota-
tional coupling exist for the change of rotational quantwmiber [174]). The spin
multiplicity of the state is also conserved in a non-adi@b@ansition.

It should be mentioned that the excited states (of a givamrspitiplicity) with
the same principal quantum numb¥érall have potential energy curves that lie very
close (quasi-degenerate) to each other in the internudistance region of their
repulsive parts. FolN > 4, this is true also for any neighbouringv, N + 1)
pairs of states. Therefore, the non-adiabatic transitavrsexpected to be strong
between all the neighbouring states with > 3 when they satisfy the selection
rules.

The electron-impact excitation of a bound electronic stat&€3A,;v > v,) is
subject to both pre-dissociation and radiative decay tdaiver states,

e+ Hy(---) — e+ Hj (Nl’?’AU; v > vd) — e+ Hy (N',1’3 Ay v') + hv,
(132a)
— e+ Ho (N’,1’3 Ay; 6) —
— e+ H(ls)+ H(n > 2)
(132b)

The pre-dissociation of many excited states (upon theictle-impact excita-
tion) has been observed experimentally [119, 175, 176].a#t been found that
(D'I,;v > 3) states rapidly pre-dissociate via ti'y} state, with a pre-
dissociation branching ratio &% for v = 3, 80% for v = 6 and100% for
v > 8[119]. The states''II,;v > 1) and B"'X ;v > 1) also rapidly pre-
dissociate viaB' ¥}, with the pre-dissociation branching ratio in the latteseca
being90 — 100% already forv = 1 [119]. The pre-dissociation ofi{IL,;v > 3)
via e3¥} is also known to be fast [126].

Calculation of rates for

(Npaulil;f;v) — (5pau12;r) ,N > 6,
and
(Npm,' 5 v) — (Nopmy'IL,) , No=3,4;N = No+ 1, Ny +2,-+ -,

pre-dissociative transitions far > v4, have been performed in Ref. [172]. The
results of these calculations show that the pre-dissodatate Wpp(Ng, N, v)
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does not change considerably with increasindut decreases rapidly when the
difference(N — Ny) increases. The pre-dissociation rates (fdp + 1) — Ny
transitions are about x 109571, 3 x 1025~ and5 x 1025~ for Ny = 3,4 and

5, respectively. Although not calculated in [172], one cauentheless, plausibly
assume (on the basis of the higher degree of energy quasielegy) that the rates
of N13A, — N13A! pre-dissociation transitions should be higher than those f
the N13A, — (N —1)M3A! transitions. The pre-dissociation rates for maiy
Rydberg series can be found in Ref. [173].

In the case ofv; > vy, when both pre-dissociation and auto-ionization are
possible, pre-dissociation is normally the dominant dextsnnel. However, since
Wpp(N,v) is almost independent on, whereasW,;(N,v) may significantly
increase withy, there may be cases where the two decay channels effeatimely
pete [172,173].

It should be noted that the non-adiabatic coupling betwlemeighbouring
quasi-degenerate molecular states is not limited onlydasthtes withy > v,. It
may also take place far < vy, becoming a mechanism for excitation transfer,
(NY3A,;0) — (N'3AL: ). This process, obviously important for the distribu-
tion of excitation energy among the excited states, hasew Btudied as yet. The
non-adiabatic coupling between a dissociating statéA,; ¢) and a bound state
(N"13A’ 5 0") may impede the dissociation by populating that bound staterse
pre-dissociation).

4.6 Themetastable (¢®*IL,;v = 0) state

The state(2pm,, ¢*II,;v = 0) lies energetically below the = 0 level of the
(2504,a°%]) state, and there are no other triplet stategenfide symmetry lying
energetically below it to which it can be optically couplebhis state is coupled
to the grounXmzz,r state by magnetic-dipole and electric-quadrupole interas
with a transition probability of 0~3s [177]. Because of the large energy separation
of (¢*IL,;v = 0) andb>X| states, their non-adiabatic coupling is extremely weak,
and the predissociation decay(efIl,;v = 0) viab>X; is not possible. The state
(*IL,; v = 0) is, therefore, metastable with a lifetimeofis. The (¢*IL,; v > 1)
states are optically coupled (0323; v') states, but the corresponding transition
probabilities are nevertheless small 10%s~1) [177].

In a detailed description of radiative-collisional kiretiof H5 processes in a
plasma, it might be necessary to single-out (h1,; v = 0) state and treat it as a
separate plasma constituent [178]. Then, its collisiorcgsees with other plasma
constituents have to be known. The most important of thendiaoeissed below.

4.6.1 Electron-impact excitation from (c*IL,; v = 0)

The excitation cross section for the transition

e+ Hs (C3Hu;v = 0) — e+ Ho (agE;; v = 0) (133)
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is expected to be very large in view of the small energy diffeeA Eyy = 0.017

eV between these two states. The cross section for read8) has been cal-
culated both in the first Born and distorted wave approxiomati[179], the latter
being by a factor of about two larger than the Born resulth@dnergy region of
cross section maximunky, ~ 5AFEy). The distorted wave cross section can be
fitted to the expression

_ 208l

— ;120 z
(x107tem?) (134)

Ceze (C?’Hu; v=0— a?’EZ{; v = 0)

wherexz = E/AEy (with E in eV). It has a maximum of- 1.3 x 107!2 at
E ~ 0.07 eV, Figure 30 on page 176. The cross sections(&dfl,;v = 0) —
(a®$};v" > 1) transitions can be estimated from Eq. (134) by using there
E/AEy,, and multiplying it with the Franck-Condon factdf,,. The values
of Fy,, however, decrease very rapidly witfirime; for o' = 1,2,3 they are
3.9 x 1072, 2.7 x 1073 and 2.0 x 1079, respectively [177]. We note that the
a3E;f state is radiatively coupled to the dissociatitq:," state with a transition
probability of~ 108571,

The cross sections for electron-impact excitation tréomsst(c*IL,; v = 0) —
(W35 0), (9°EF;v) have been calculated in Ref. [142]. Their maxima, of about
~ 107 16¢m?, occur atE ~ 4 — 6 eV, and are, thus, for more than two orders
of magnitude smaller than the cross section(fghl,; v = 0) — (a*%};v" = 0)
transition at these energies. The cross sections for okiedaton transitions from
(¢’IL,;v = 0) are expected to be even smaller.

4.6.2 lonization of (c*IL,; v = 0) dtate

There have been no cross section calculations for the itmizaf (c3Hu; v = 0)
state. A rough estimate of this cross section can be madeiiy e GBB model
described in sub-section 4.3.2. At the energy of its maxinfihr~ 18eV), the
GBB ionization cross section for the stdt€1l,; v = 0) is~ 5.5x 10" 1%cm?, and
is ten times smaller than the value of cross section for tkéadion reaction (133)
at this energy. (As discussed in section 4.3.2, GBB modedllysoverestimates
the ionization cross section .)

4.6.3 Electron attachment on (c*IL,;v = 0) state

There are severdl, resonances that energetically lie close to the potenteiggn
curve of¢®I1, state, and for which this state alone, or in combination witer
neighbouring states (such as), B'S}, ¢'1l,, E, F'$), appears as a parent
(co-parent) state [161]. The incident electron can tenmigrae captured to these
quasi-stationary states, which decay along the followimgnoels
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e+ Hy (’lly;0=0) - Hy () > e+ H(ls)+ H(n >2) (135a)
— H™ 4+ H(n>2) (135b)
— e+ Hy (N"3A,) (135c)

where (N13A,) is a co-parent (with:’I1,) state for the resonanc, . In the
quasi-classical approximation for the nuclear motion, itiducing an average
value T for the resonance width, the cross section of reactionsa)133.35b),
(135c) can be represented in the form [114, 157]

r
o :UOEPA(P) (136)

whereoy is a constant characterizing the electron "capture” toAfje state and
P,\(T) is the probability for the exit channelin Eq. (135a) ,(135b), (135c). For
instance, for the dissociative attachment channel (138p) Py, is the survival
probability of the resonance before the stabilizationrimielear distance?; (de-

fined byI'(R > R;) = 0) is reached by the system, i.e.

Py, = exp(—al’) (137)

wherea is a constant that depends on the energy of resonant statehd-dis-
sociation and relaxation processes (135a) and (138¢)= fi(1 — Py,), with
£r((135a)) + £r((135¢)) = 1. The average values &, for the resonances con-
nected withc*II,, parent (or co-parent) state, are in the rafidge— 0.3 eV. With
the typical values for (~ lag) andog(~ a2), Egs. (136) and (137) then give a
dissociative attachment cross sectidn=£ 0.2 eV) a4, ~ 4.58/FE(x10~¥em?).
A similar value foro,, was obtained in [180] by a more detailed analysis of the
dominant " = 0.3 eV) H, resonance based upon #¥I, state.

In conclusion, it appears that the excitation process (3B only important
process which needs to be taken into account when inclutimgnetastable state
(c*I,; v = 0) explicitly in the kinetics.

5 Coallision Processesof Protonswith Hydrogen Molecules

Collision processes of protons with hydrogen moleculeg liieeen much less stud-
ied than electron impact processes. At low collision emstgthe dynamics of
these processes is rather complex because of the couplétgabfonic and nuclear
motions. The presence of charge exchange channels i the Hy(N'3A,/;v)
collision system unavoidably introduces the vibratiortates of ;" ion into col-
lisional dynamics. Moreover, for collision energies belew3 — 4 eV the colli-
sion compleXH " + Hs(v)] supports long-lived intermediary states that relax in
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heavy-particle rearrangement (reactive collisions).rBwveen theH, molecule is
in its ground electronic state, there appear strong noabatic couplings between
vibrionic adiabatic states of the system. TlH&" + Hy(X'X];v)] asymptotic
configuration becomes energetically quasi-resonant wWighasymptotic configu-
ration [H (1s) + H; (X2%};0)] for anyv > 4 which results in series of strong
couplings between all vibrionic states of the system, idicig theHQ(Xlzuj; €)
andH; (X?%;¢') continua.

The existing experimental studies of collision processé$ 1 + H, system are
related only toH> in its ground electronic and vibrational sta(é{lzj;u = 0),
while theoretical studies include also vibrationally ¢&distates OHQ(XT;).

In the sub-sections that follow, we shall discuss the abkdlaross section infor-
mation for vibrational excitation, charge transfer, diaton and ionization in
proton collisions WithHg(Xlzj;; v) only. When appropriate, however , we shall
give some comments on the corresponding cross sections Whénin an elec-
tronically excited state. For simplicity, we shall omit ieaction equations the
spectroscopic symbol@Xlzuj) and (XQE;) for the ground electronic states of
H, andH,f , respectively.

5.1 Vibrational excitation

The vibrational excitation processes
HT + Hy(v) — HT + Hy(v) (138)

have been studied experimentally [181, 182] only forthe 0 initial vibrational
state. Close-coupling theoretical cross section calioniathave been performed
by using the quantal infinite order sudden approximatiorS@pfor v = 0 state
[183,184], as well as for > 0 states [185,186], in the collision energy range from
threshold to 100 eV 10 eV in [186]). While in Refs. [183—-186], the expansion
basis has been limited tgv’ < 9 states, in Ref. [186] all discrete vibrational states
corresponding to the asymptotic configuratidid$ + H(v) (15 states) and/ +
H(v) (19 states), and a large number ( about 850 ) discretizedhcomh states
have been included in the expansion basis of the IOSA clospling scheme.

The cross sections for vibrational excitation show a stmgctvith two max-
ima, the first of which appears immediately after the thré&shdhe second, much
broader maximum appears at higher40 — 60 eV) energies. The theoretical and
experimental cross section data from Refs. [185,186], 48d,[182], respectively,
for the excitation transitions = 0 — v’ = 1 — 4 can be fitted to the analytic
expressions (see Figure 31 on page 177)

Oeze(0 =) =0<(0 = V') + 07 (0 — ) (139)
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ayexp(—az/E®)x(E — Eoy)
B
by exp(—by/E)

> no_
o7 (0 =) = EY4(1 + by EVe)

o<(0—) = (x1071%em?)  (140a)

(x107¢em?) (140b)

whereF is in the proton impact (laboratory) energy (in eV unit8),, is the thresh-

old energy in the laboratory reference systely,( = 1.5E, ), and x(E —
Ey,) = 1for E > Ey,, and= 0 for £ < Ey,. The values ofF,, and fitting
parameters; andb; in Egs. (140) are given in Table 30. In this table also given
are the cross section fit parameters for the excitation ef 5 — 7 states. The;
parameters fos~ (0 — v' = 5 —7) have been determined on the basis of observed
scaling ofo~ (0 — v' < 4) cross sections. For the transitions= 0 — v > 8, a
rough estimate of the cross sections can be obtained by tisrggaling relations

B 2
o<(0 = >8)~ < ”> o<(0—T;E) (1412)

exc,v’

o7 (0 = v >8)~ ﬁf{o — T, E')

whereE' = (Eepe /Eexe,7)E, and E.. . is the excitation energy of the vi-
brational state (see Table 23). The comparison of protgagnvibrational ex-
citation cross sections dffz(v = 0) with those of electron impact (via thE,
resonant states; see sub-section 4.1.1) shows that foea@ivw v’ transition the
o<(0 — v’) cross section is more than an order of magnitude larger trendr-
responding electron-impact cross section in the energgmdapelow 10 eV. This
difference increases fdr > 10 eV, since the cross section componen{0 — ')
is absent in electron-impact vibrational excitation.

Proton impact excitation ( and de/excitation) cross sastir higher initial
vibrationally excited states dfl; have not been published in the literature. Such
cross sections have been, however, calculated within tB&l@ose coupling for-
malism (see [185,186]) for collision energies belewl 0 eV. These data are stored
in the Oak Ridge National Laboratory atomic database andeatcessed via In-
ternet (see Ref. [19]). It appears that for a given valle- v| = Awv of the change
of initial vibrational state, the de-excitation cross gmtis comparable to (or larger
than) the excitation cross section.

As mentioned in the introductory part of this section, nal&s exist for the
vibrational excitation of electronically excited statdsHy by proton impact,

HT + Hy(N'3A,;0) — HTHy(NY3AL0'), (N > 2). (142)

Theoretical description of this process at low collisiorergies would require si-
multaneous inclusion in the treatment of (at least) sevalmdtronic states (close
in energy toN!3A,, together with their complete vibrational spectra. The so-
lution of this problem is obviously beyond the presentlyilame computational
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5 Callision Processes of Protonswith Hydrogen Molecules

capabilities. Having in mind the remark that the cross eestifor proton-impact
de-excitation are comparable to those for excitation fovargamount of change
Awv of initial vibrational statev, one can perhaps plausibly assume that the vi-
brational population of excited electronic statesHf is close to the Boltzmann
distribution for a given plasma temperature and avoid thigkconsideration of
collision processes of type (142) in the plasma kinetic riioge

5.2 Chargetransfer processes
5.2.1 Proton charge exchangewith Hy(X'¥};v)

The charge transfer (or charge exchange) reactions
HY + Hy(X'S}v) — H(ls) + Hf (X?S1F;0") (143)

convert the atomic ions into molecular ones andgfor 4, may play an important
role in low-temperature plasma recombination. This is dug¢he facts that for

v > 4 reactions (143) are exothermic (and quasi-resonant), leatddtssociative
electron recombination witlif, is a much faster process (see sub-section 7.1)
than the radiative and three-body recombination at lowrpatgemperatures (and
not too high plasma densities).

There have been numerous experimental studies of the ctrargder process
(143) with H5 in its ground vibrational state (or with unknown distrilmrti over
the lower vibrationally excited states) and unspecifiedatibnal state of thei,"
product ion [187-190], covering the energy range from thokekto several hun-
dreds keV. These studies are supplemented by a similagg laimber of theoret-
ical studies employing different models for the collisiomédmics [186,191-196].
The cross section for this process is, thus, considered webestablished with a
high (10 — 20%) accuracy [11,12]. State selectiye — ') cross section calcu-
lations for the reaction (143) have been performed in thedoergy region within
the IOSA close-coupling formalism [186,191,1927] £ 10 eV) and by using the
classical trajectory- surface-hopping (CTSH) method [195] (F < 20 eV). For
the initial v = 1 state, the total (summed ove?) charge exchange cross section is
also available from Ref. [193] in the energy range 50 eV - 4. keshould be noted
that both the IOSA and CTSH methods can resolve the coritibof particle ex-
change channel in the state selective (or total) chargsferaoross section . This
contribution becomes increasingly important with dedreaghe collision energy
below~ 5 eV, especially for the higher excited states [195].

The vibrionic non-adiabatic coupling affects the dynano€sharge transfer
process only at relatively low collision energies (belew 100 — 300 eV); for
energies~ 0.5 — 1 keV, the collision dynamics is determined dominantly by the
pure electronic couplings. This is reflected in the serigitiof magnitude and
energy behaviour of charge transfer cross section onlifiéiad final) vibrational
state. This sensitivity is particularly pronounced for thitial vibrational states
for which the reaction is endothermio (< 3), and for slightly or moderately
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5.2 Chargetransfer processes

exothermic channela(= 4 — 6). As a consequence of the two mechanisms for
the process, prevailing respectively at low and high eestghe cross sections for
v < 6 exhibit a structure with two maxima. For> 6, the cross sections attain a
typical quasi-resonant(= 6 — 8) or resonanty > 9) energy behaviour. We shall
now separately discuss the initial state-§ andv — v’ resolved charge transfer
Cross sections .

A Initial v -state resolved cross sections

The total (summed over’) charge exchange cross section for a given initial
vibrational state, c¢X, can be constructed by a critical assessment of all availabl
experimental (for = 0 only) and theoretical data. The theoretical dataufor 1
from Ref. [186, 192] (IOSA) and Ref. [195, 196] (CTSH) are gally consistent
with each other, except for the first fewstates, for which preference must be
given to the IOSA results. As mentioned earlier, for enexgibove20 — 25 keV,
the vibrational excitation off, is not expected to play any role in the collision
dynamics and alb$'X cross sections should converge to thatdor= 0 (known
from experiments; see [11,12]). Keeping in mind the abogewdised two-maxima
structure ofc¢X cross sections for < 6, we represent{X by the analytical
expression

oy X (E) = oy (E) + 07 (B) (144)

o5 (E) = a1 E® [1 — (EEU
S by exp(—by/E)

0y (E) = baEbs b b b11

4 —l—b6E7+ng9—|—b10E

whereF is the proton impact (laboratory) energy (in eV units),, is the threshold
energy in the laboratory reference frami€y{ = 1.5E, ), anda; andb; are
fitting parameters, see Figure 32 on page 177. The valuesafeters:; andb;
for initial statesv = 0 — 8 are given in Table 31. For the > 9 initial states, the
cross sections$X (E) are given by

a3 a4
> } exp(—asE®) (x10~%¢em?) | (145a)

(x1071%em?) | (145b)

27.0f(v)

cX
E) = 146
u29(E) = o055 985 x 10 05216 + 1.66f(v) x 10-25 525 (146)
(x10716¢em?)
flo=9)=1,f(v>10) = 1.97/(v — 8)%. (147)

The validity of analytical representations (144) -(147) 64X (E) extends from
thermal (or threshold, far < 3) to ~ 200 keV energies. The small negative values
of parameteb; for v = 4 — 8 in Table 31 indicate the quasi-resonant character of
these reactions, while the small positive value (0.033hefdorresponding term

in the denominator of Eq. (146) indicates the pure resonbatacter of charge
exchange reactions (143) for> 9 at low collision energies.
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5 Callision Processes of Protonswith Hydrogen Molecules

B v — v’ resolved charge exchange cross sections

State selectivey(— v’ resolved) charge transfer cross sections for reaction) (143
have been calculated in Ref. [186] (IOSA) for all initiaktates, and in Ref. [196]
(CTSH) forv = 0 — 6. These calculations cover the energy range from threshold
to ~ 10 eV. Thev'-populations of product; ion for a given initialv

— VU
P,(v") = 20X (148)
are different for endothermicv(< 3) and exothermic«( > 4) charge exchange
reactions. For endothermic reactio3,(v') weakly depends on collision energy
(at least in the energy internal covered by the calculali@msl is close to the
v'-distribution of Franck-Condon factor$;,,. For exothermic reactions;, (v')
exhibits a sharp peak at thé level which energetically is in (quasi-) resonance
with the initial v-level. The quasi-resonant condition is defined by the étyu@ir
near-equality) of dissociation energiestond’ levels,

EJ™*(Hs) ~ B (HY). (149)

The distributionP, (v") rapidly decreases with the departurevbfrom the quasi-
resonant level),. The values of24**( H,) are given in Table 32. In this table are
also given the quasi-resonatjt levels and the values of corresponding "resonant
energy defects"AE, ,, = |E{"**(Hy) — Eggss(H; )|. The distributionP, (v') has

a Gaussian form (centereddt= v(), and shows a (relatively weak) dependence
on collision energyE: with increasingE' the distribution broadens and, conse-
quently, its peak value decreasés(v’) can, therefore, be represented in the form

A A By ] (150)

PU(U’) — Wexp {—GW

where A anda are constants (A is the normalization constaft)is the collision
energy and\E, ., = |E%5%(Hy) — E%s5(HS)|. It should be noted that the expo-
nent in Eq. (150) has the same form as the Massey exponerd probability for
inelastic transitions in slow atomic collisions [5, 6].

The calculatedrgf,( cross sections [186, 196] show that for> 4, the popu-
lation of v, andv), + 1 levels accounts fod0% of o{* for E < 5eV, and about
80% for E ~ 10 eV.

5.2.2 Proton charge exchange with Hy(N13A,;v), N > 2

Charge exchange in proton collisions with electronicalkgitd H, molecules
have not been studied so far. Yet, the analogy with protaitexk hydrogen atom
collisions (see sub-section 2.2.3) suggests that the elatghange cross section
in such collisions should be large. The electron bindingrggnef an electron-
ically excited statg N'3A,;v) in its ground vibrational statev(= 0) is close
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5.3 Proton impact dissociation of Ho

to the electron binding energy of the corresponding hydragtem excited state.
For example, the binding energies 6f¢A,,v = 0) H, states are distributed in
the interval 1.418 eV - 2.204 eV, while the binding energynof= 3 hydrogen
atom level is 1.512 eV. With increasiny, the spread of electron binding ener-
gies of (V13 A,; v = 0) states rapidly decreases and its centroid energy cors/erge
towards the energy of corresponding atomitevel.

The achieved energy resonance for the Mgty = 0) andn levels is, however,
destroyed when the\('*A,;v > 1) states are considered. Thus, in general, the
charge exchange problem fit* + Hy(N'3A,;v)(N > 2) collisions reduces to
the case of quasi-resonant charge exchange.

For rough estimates of the cross section of quasi-resorfearge exchange
reactions one can make use of developed two or multi-stateelmaf atomic col-
lision theory [5, 6]. Additional assumptions (or approximas) can be adopted
to account for the multitude of states within themanifold (having also different
spin multiplicities), such as energy degeneracy, samdrefeexchange interac-
tions, closure of Franck-Condon factors fHk(v) — H, (v') transitions when
summed over’, etc.

For the states with sufficiently high (e.g.,IV > 4), one can also employ the
classical over-barrier transition model (see sub-se&i@r8), which, when adapted
to the present (molecular) case, gives [see Eq. (45)]

N 1L.77N* (x10°15
"1+ 0.42E02 4 (0.52F0-5

ocOBM(N > 4) cm?) (151)

where E = N*2E (in units of keV/amu),N* is the effective principal quantum
number defined by the relatioBy, = 1% eV, whereEy,, is the ionization
energy of the ¥ 3A,; v) state. The validity of Eq. (151) is limited t& < 5
keV/amu. The cross section (151) is a sum over the vibrdtiewels of the "

product ion.

5.3 Proton impact dissociation of H,

All experimental studies of proton impact dissociationtf have been performed
for the ground electronic and vibrational state of tHe molecule, and at high
collision energies (see e.g., [12]). There have been, hexyvavo recent theoretical
studies of proton impact dissociation from vibrationalkciéed molecules

HY + Hy(X'S}iv) — HY + H(1s) + H(1s) (152)

performed by the CTSH method [195] (fBl-y, < 20 eV) and within IOSA close-
coupling formalism [197] (fotEcys < 10 eV). Cross sections have been reported
for all v = 0 — 14 initial states. The quantum-mechanical study of reactidi?)
[197] has revealed that the promotion of the system into theational continuum

is due to a number of series of non-adiabatic couplings, ectimg pair-wise the
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5 Callision Processes of Protonswith Hydrogen Molecules

adiabatic vibrionic states and extending to the continuubhis study has also
showed that the dissociation can take place both inHheand H," vibrational
continuum, i.e. that the dissociative charge transfergseds an equally important
dissociation channel in this reaction.

The dissociation cross sections of Ref. [195] and [197] arssistent with each
other, except for the lower-levels, for which preference should be given to the
quantal results. Differences between the two sets of ciouls also exist in the
threshold energy region, where, again, preference musiviea ¢go the quantal
calculations [197]. (The threshold energies for reactidi®) are given in Table
32, denoted there ds%*(Hy)).

The dissociation cross section&**, derived from the data in Refs. [195,197]
can be represented by the following analytical expression

diss ai Ep, \ 1™ —16 2
0, () = Faz 1- z (x10™"em?) (153)

whereF is the proton impact energy in the laboratory reference é&aempressed
in eV units, andr, is the corresponding threshold enerdgy{ = 1.5E%55(H,)),
see Figure 33 on page 178 for some selected initithtes. The values of fitting
parameters; are given in Table 33 for = 0—6, 8,10, 12 and14. Forv = 7,9, 11
and 13, 0%*5(F) can be obtained by interpolation. We note that the validity o
analytical representation (153) fef's* is limited to £ < 20 — 30 eV, since it
represents only the data from Refs. [195, 197].

There have been no attempts so far to determine, or estithateross sections
of reactions

HT + Hy(NY3A,;v) — HY 4+ H(1s) + H(n > 2), N > 2. (154)

In view of the strong competing charge exchange processevawsee preceding
sub-section), one can expect that the cross section ofioradt54) is small at
low collision energies (at least with respect to the comesiing charge exchange
cross section ). More precise cross section estimatesifopithcess, especially for
N = 2,3, would be, nevertheless, desirable.

5.4 Proton impact electronic excitation and ionization of H,
5.4.1 Electronic excitation

SO far no studies have been performed for proton impactrel@ctexcitation pro-
cess ofH,

HY + Hy(X'S}Fv) — HY + Hy(N'Ag;0), N > 2 (155)
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HY + Hy(N'YBAy;v) — HT + Hy(N'V3AL o), N' > N >2.  (156)

Like in case of proton-hydrogen atom excitation collisiotie cross sections for
reactions (155) at low collision energieg (< 200 — 300 eV) should be adiabati-
cally small for allv, and the role of these processes in the plasma kinetics can be
neglected. The cross sections of excitation transitiomvéen electronically ex-
cited states, particularly those fof' = N, or AN = (N’ — N) < N, N’, may,
however, be large. In absence of any quantitative inforwnabin these cross sec-
tions , one can adopt for their rough estimate the semi-écapiexpression (38)
of sub-section 2.2.1 for the proton-excited hydrogen atgoit&tion cross section
. The principal quantum numbersandm of the initial and final electronic state,
appearing in Egs. (38-39), have to be replaced by the eféeptincipal quantum
numbersN* and N™* of the states ) 13A,; v) and (V'13A’ ;") defined in terms
of their respective ionization potentials. This procedsheuld be increasingly
better justifiable with increasingy .

5.4.2 lonization processes

The proton-impact ionization aoff, in its ground electronic and vibrational state
has been subject of several experimental [12, 190, 198]lmwtdtical [199] stud-
ies. The cross section maximum for this process (with a niag@iof~ 2.0 x
10~ 16¢m?) appears at energies arourd 50 — 70 keV, and for energies below
~ 200 eV the cross section attains values smaller th@nx 10~ 8¢m =2, further
decreasing with the decrease of energy [11, 12]. This pspdbsrefore, can be
neglected in the low-temperature plasma kinetics. Howeweview of the n*-
scaling of proton-impact ionization cross sections of &thydrogen atoms (see
sub-section 2.2.2), one can expect the ionization crogtorssoof electronically
excited molecules to be large, and the processes

HY + Hy(N"PAgsv) — HY + Hf (X?S50) +e, N>2,  (157)

should be taken into consideration in the plasma collidid&irzetics. No cross
section estimates have been performed for these procéssmsgh estimate of the
total (summed over’) proton-impact ionization off (N3 A,; v) can be obtained
by using the expressions 40, or (42) of sub-section 2.2.2ephacingn there with
the effective principal quantum numbat* of the considered/{!3A,;v) state.

6 Collision Processesof H—, H and H, with Hydrogen
Molecules

In this section we shall consider mainly collision process®olving H in its
ground electronic statef 12;, and, therefore, omit its state specification in reac-
tion symbolics. In sub-section 6.4, some remarks will beegion the processes
involving electronically exciteds .
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6.1 Collisonsof H~ with H,
6.1.1 Electron detachment

The most important inelastic processif ion with H, at low collision energies
is the electron detachment

H™ + Hy(v) — H + Hy(v') +e. (158)

The cross section for this reaction for= 0 (summed over all final’) has been
measured for energies from threshold to the MeV region [20@] and also cal-
culated [201] in the energy range 5 — 200 keVV/amu. The cross section shows
a broad maximum (of magnitude 1 x 10~ !5¢m?) in the range 2-8 keV. The re-
action (158) at low collision energies proceeds most priyblay electron capture
into H, (X2%}) resonant state, followed by a rapid auto-detachment, v vie
the large width (see, e.g., [161]) of this resonance. Thetrele capture reaction
to 2%} resonance is, however, endothermic by 2.18 eV, and, coaséguthe de-
tachment cross section decreases with decreasing theydredayy ~ 1 keV. The
observed experimental cross section can be representbd foltowing analytic
form (Figure 34 on page 20)

000 (E) = 05o(E) + 0,(E) (159a)
81.10 (x 10~ 16¢m?) E 0-94
< o(E) = 1—exp |—0.057 [ —— —1
7v=0(E) = G551 4 2,03 x 10 S £ exp | ~005T 515
(159b)

~1.22 x10% (x10" em?)
~ E05[1+46.91 x 10~4E040]

exp (—125.0/E*69) (159¢)

where theH — impact energy¥ (in the laboratory reference frame) is in keV units.

The endothermicity of electron capture 38" resonance decreases with in-
creasing the initial vibrational state &f; , and forv = 5 the reaction becomes
exothermic. This means that with increasingp tov = 4, the exponential factor
in (159b) becomes increasingly weaker, andufor 5 the cross section?(E) is
expected to take the typical form of a charge exchange maf2i 5, 7]. It should
be noted that for any initial vibrational state, th® molecule after the electron
detachment is left in vibrationally excited states with> 5. We also note that
resonantd, (X2X.;}) state supports a number of vibrational states [160, 164{, th
facilitates the electron capture in this state.

6.1.2 Other processes

The electron detachment process at highl() — 20 keV) collision energies may
also be accompanied by dissociation/f(v). The cross section for this process
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has, however, not been measured (or calculated) so faroitemperature plasma
this process is not expected to play an important role.

6.2 Collisonsof H with H,
6.2.1 Vibrational excitation and de-excitation (V' — T transfer)

The processes of vibrational excitation and de-excitaf@mn/ — T transfer pro-
cesses)

H(1s) + Ha(v) — H(1s) + Ho(v'),v # ', (160)

have been theoretically studied within the IOSA couplechdehformalism [185]
(with v,v" < 9, Ecps < 100 eV), and by the classical trajectory method (CTM)
[202] (all v,7', E < 10 eV), with the vibrational motion also treated classicatly i
the latter case. When averaged over the rotational moti@enCiTM results may
have an accuracy sufficient for many applications. In Re35[lonly the cross
section results fod — +’ vibrational excitation , with/ < 5 have been displayed.
The cross sections for other — o’ transitions ¢,v’ < 9) can be accessed via
Internet (see Ref. [19]). The— v'(v" < 5) excitation cross sections of Ref. [185]
can be fitted to the analytical expression

Oezc(0 = V') =05,.(0 5 V) +02,.(0 = ) (161)

- B E
by exp(—by/E)

> no_

0...(0 =)= Eb4 (1 + bs Eb)

asT a4
05, (0 = o)) = L [1 — <E°” > } (x10716¢em?) (162a)

e (x107 6 ¢em?) (162b)

where E is the H-atom impact (laboratory frame) energy in eV units, and pa-
rametersEy,/, a; andb; are given in Table 34. See Figure 35 on page 179 for
v =1,2,3,4.

The vibrational excitation cross section fdr= 1 — 3 have similar structure as
those for proton-impact excitation (see sub-section svhjle for v/ > 4 the two-
maxima structure is...(0 — v) for H—H, collisions disappears (see Table 34).
The cross sections fdr — v > 6 excitation can be obtained from.,.(0 — 5)
by using the observed scaling relationship

Eexc 2
Ue:vc(o — > 6; E) = ( Ej‘)ech> Uemc(o - 5;E/)>
,U/
Eexc
B = ( v ) E, (163)
B,
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where ES7¢ is the excitation energy of the vibrational levél(see Table 23).

A number of CTM de-excitation cross section #i(1s) + Hs(v) collisions
are reported in Refs. [112, 202]. Quasi-classical ratefioiexfits for vibrational
excitation and de-excitation for all, v’ states in Eq. (160) are also available in
Ref. [203]. The validity of CTM results is limited to collisn energies below 5
eV, and their reliability for lower, v states can not be considered high.

6.2.2 Dissociation

H(1s) + Ha(v) — H(1s) + 2H(1s), (164)

has been studied by the classical trajectory method foitattionally states [202].
Additional studies can be found in Ref. [204].

The CTM rate coefficient& %**(T") of reactions (164Jv = 0— 14), assuming
a Boltzmann distribution of rotational states within a give taken from Ref.
[205], can be represented the following analytic fit

a2

di _
hl(KUZsS) = —a; — TaS[l + CL4T“5]’

(165)

whereT is expressed in Kelvin, anB’%* is in cm? /s (Figure 36 on page 179).
The fitting coefficients:; are given in Table 35.

Itis important to note that the rate coefficients for the tiea(164) are compa-
rable (or larger fow < 5) to those of electron impact dissociationldii(Xlx_j; v)
via excitation of the dissociative’y; state, for plasmas in thermodynamic equi-
librium [112]. Only when the electron temperature is siguifitly higher than the
neutral gas temperature, the electron impact dissociafiéfy becomes dominant.

6.3 H, — H, collisions
6.3.1 Vibrational (V — V) transfer

An efficient mechanism for redistribution of vibrationalezgy in aH, molecule
in its ground electronic state is the vibrational- vibratib(V' — V') energy transfer
(or vibrational excitation transfer)

Hy(v1) + H(v2) — Ha(v) + Ha(vh). (166)

The process is most effective when total vibrational eticiteenergy in the system
before and after the collision remains unchanged, i.e. when

|v] — 1] ~ |[vh — va. (167)
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The simplest model for calculation & — V' transfer cross section is the Schwartz-
Slawsky-Herzfeld (SSH) model [206], treating the procesgmergy transfer be-
tween two coupled oscillators. The classical trajectorthoé@ (CTM) has also
been widely used for calculation &f — V' transfer cross sections (see, e.g., [207]).
Complete sets of CTM” — V transfer rate coefficients for all, v, and v}, v}
combinations are currently available, the most elaboraiegihose of Ref. [208].
The CTMV — V transfer data (as well as those from the SSH model) are ysuall
valid for temperatures below 1 — 2 eV. Their extension to higher temperatures
can be made by using certain plausible arguments (e.g:,ghaportionally to the
momentum transfer data).

6.3.2 Dissociation

There have been a number of CTM studies of dissociation psjdd 2, 208]

HQ(’Ul = 0) + HQ(U) — HQ(’Ul = 0) + 2H(1S) (168)

at low collision energies. The rate coefficients for reawi¢168) for a number of
initial v-states are given in Ref. [112] in form of analytic fits. Théite can be

unified in a compact form that also allows interpolation fibrea The unified form

of rate coefficients of reactions (168)= 0 — 14, is

Kgiss(T) — Ko(’l)) exp <_@> (X10_106m3/8), (169)

where

Ko(v) = 1.30 [1 +0.023v 4 1.93 x 10 %" + 2.85 x 10~ *¢*"-%] (170a)

To(v) = (7.47 — 0.322v) x 103, (170b)

andT is expressed in Kelvin. The validity of Eq. (169) is limited® < 2 — 3 x
10*K (< 2 — 3eV), see Figure 37 on page 180.

6.4 Collisonsof H—, H* and H, with electronically excited H,

The collision processes @i, , H (or H*) and H» with electronically excitedd»
molecules have not been studied so far. Although from thetdiview of overall
plasma (gas) kinetics such processes are less importarthibse involving ground
state H, molecules, a due consideration for some of them must be gilde
potentially important processes of electronically exatitd, molecules with —, H
and Hy(X'X}; v) include
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H™ + Ho(NY3Ay;v) — H(1s) + (Hy )* — H(1s) + Ho(N"3Ay;0') + e

(171a)
— H(ls)+ H(1s)+ H(n) + e
(171b)
H + Hy(N'3A,;0) 2 H*(n) + Ho(v') (172)
Ha(vy) + Hy(NYAgiva) — Ha(NY?Agiv2) + Ha(vr) (173)

The(H, )* state in Eq. (171) is one of the higher resonanceSofsee, e.g., [160,
161]] that can be formed by electron capture during the eafs slow collision.
The reactions (172) and (173) are molecular analogons ofiatxcitation transfer
process, considered in sub-section 2.3.1.

The energy resonance condition required for the efficierfagaction (172)
can be easily reached in the dense electronic-vibratiqgreadteum of colliding sys-
tem.

7 Collision Processes of H,

As discussed in several of previous sections, moleculardggsh ions formed in
a plasma by various collision processes are, generally,irlefibrationally ex-
cited states. When produced by electron impact ionizatioa H, molecule in
its ground electronic and vibrational state, the poputati vibrational states of
H (v) is close to the distribution of Franck-Condon factdis for the Ha(v =

0) — H (v) transitions (see Table 25). Other processes usually peolyqv)
with other populations of vibrational states. Inelastioqesses off;" in collisions
with other plasma constituents show, in most cases, higsitséty to the initial
vibrational state o’rH2+ . Therefore, in the sub-sections that follow, the focus of
our discussion will be on the collision processestbf in a specific vibrational
state. Only the ground electronic stéteo,;> E;) of H, is bound. Although the
dissociation energy QH;(QE;;U = 0) is only 2.645 eV, it supports 19 bound
vibrational levels (the binding energies of which are giuefiable 25).

The collision processes @1 (v) that will be discussed in this section will be
those with electronsid — ions, H atoms andH(v) molecules. Due to the strong
Coulomb repulsion, collision processesH§ (v) with protons become important
only at high (keV region) collision energies, and will bedfly discussed at the
end of this section. The designatidﬁ229+ of the electronic ground state &f,"
will normally be omitted in the reaction symbolics.
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7.1 Collision processes with electrons
7.1.1 Vibrational excitation

SinceH;(lso—g) ion is a non-polar system, its electron-impact vibratiomedita-
tion

e+ H;r(v) — e+ H;(v') (174)

can take place only due to the quadrupole and higher moméitss aharge dis-
tribution. The cross section of reaction (174), therefeemnot be large. The pro-
cess (174) has been theoretically studied within the Cold8wmrn approximation
(CBA) [209] and by the close-coupling method in the statickeange approxima-
tion [210]. No experimental data have so far been reportedhi best of our
knowledge) for this process.

Both mentioned theoretical treatments show that the cressoss forv —
v/ = v + 1 transitions are at least an order of magnitude larger thathé — o’
with v/ > v + 2. The CBA description of the process reveals in analytic ften
dependencies of cross section on collision energy and pdeasof initial and final
vibrational state. For the dominant— v + 1 transition, the CBA cross section of
reaction (174) is given by

1) A
o v+ 1) = AR (a0 ) (7o)

whereAE, 1 = |ESS — EZ™| = |Ediss — Ediss| Eove( Ed5%) is the excitation
(dissociation ) energy off;" (v), and 4 is a constant (within the CBA). The more
involved close-coupling calculations [210] have showrt tAg contains a weak
energy dependence. Whéx¥’, .1 and E' in Eq. (175) are expressed in units of
eV, the quantityA,, determined from the close- coupling cross section resoits
0 — 1 (and1 — 2) transitions of Ref. [210], has the form

Ay = 0.14E0072 (176)

The scaled cross sectioh= o - (AE, ,+1)%/(v + 1) is shown in Figure 38 on
page 180. We note that, has been determined from the spin averaged singlet and
triplet cross sections of Ref. [210] and it refersite= J' = 0 initial (J) and final

(J') rotational states. Inclusion of rotational states in thesaeration introduces
only a numerical factor in Eq. (175) [209]. We further notattthe cross section
oote, in both CBA and close-coupling static-exchange approkonais finite at

the thresholdEy, = AFE, ,1+1. The valuesAE, ,.; can be calculated from the
values of E4*¢ given in Table 25.
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7.1.2 Dissociative excitation

The simplest mechanism of dissociative excitation (DE)[‘QJf(XQE;_;’U) ion
by electron impact is its excitation to the two lowest disatiee excited states,
(2p0u;2 E;’L_) and pru§2 I1,,),

e+ Hf (v) — e+ Hy (2po,) — e+ HT + H(1s), a77)

e+ Hf(v) — e+ Hyf (2pmy) e+ H" + H(n=2). (178)

In view of the large energy thresholds of these reactionshiitow-lying v-states
(B (2poy;v = 0) ~ 15.2eV, Ey, (2pmy;v = 0) ~ 19.0 eV), this mechanism
should become operative only at high collision energiesdpkfor the highest-
states in the case of reaction (177)]. On the other handntéc®&l cross section
measurements of dissociative excitationff (v) ion having a Franck-Condon
population of vibrational states (or close to it), [211]ye@&hown that DE reaction
has very large{ 10~'*cm?) cross sections even at energies as low.a8.01
eV. This indicates that at low collision energies the reactakes place by electron
capture into the doubly excited dissociatitfg state(Qpau)mE;, or into a number
of auto-ionizing dissociative Rydberg statesif lying below the2po,, state of
H ion. All these states auto-ionize in the continuum of fig ion. The main
low-energy mechanisms for DE reactionk@* ions are, thus,

e+ Hy (v) — H3*[(2po,)?] — e+ HT 4+ H(1s) (179a)
e+ Hf (v) — Hy YN A, e) — e+ HY 4 H(1s) (179b)

The part ofH** and H*'%¢ populations that survive the auto-ionization in g
continuum dissociates in the vibrational continuumibf, producing two neutral
atoms,H (1s) andH(n > 2). Thus, the DE and dissociative recombination (DR)
processes at low collision energies are governed by the ggmamical mecha-
nisms, and are complementary (or competing) to each otler.DR process will
be considered in the next sub-section.

A Total DE cross section

There have been several cross section measurements obDitaloss section
of H;" ion by electron impact [211-214], covering the energy rainge ~ 0.01
eV to ~ 2000 eV. In the overlapping energy regions, the measured crat®Be
agree well with each other. Theoretical cross section tations have also been
performed in the first Born approximation assuming thatafireechanisms (177),
(178) as responsible for the process [215], and by emplothegmultichannel
quantum defect theory (MQDT) [216]. These calculationseymrformed for each
individual initial vibrational state off,". When weighted with the corresponding
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Franck-Condon populations of initiatlevels the sum of theoretical-selective
cross sections of Ref. [215] agrees well with experimenggador £ > 20 eV.
The corresponding sum ofselective cross sections of Ref. [216], however, do not
show such agreement.

The experimental data for total DE cross section can be septed by the
analytic expression

_ 13.2In(e +2.55 x 107*E)

tot —16 2
opp(E) = FO3 (1 1 0.0175079) (x10™Pem®) (180)
where E/ is the center-of-mass energy (in eV units), ane- 2.71828---. This

expression represents the data well within their experied@mcertainty £ 20%),
but its validity cannot be extended much beyond the enengyeaf original data
(0.01 eV - 2000 eV). See Figure 39 on page 181.

We note that the dominant contribution to the total DE crasstion (159)
comes from the capture and direct excitation mechanisnudvimg the2po,, state
(represented by Egs. (179) and (177), respectively). A nminatribution too’S.,,
however, give the analogous mechanisms involving2hwe, state. (The doubly
excited dissociative),?II, states, involved in a process similar to Eq. (179a),
were discussed in sub-section 4.5.2). There have been aetival studies of DE
process proceeding via the electron capture tahdl, state. Such studies have,
however, been performed for the direct excitation mecmanieaction (178). The
corresponding total cross section (averaged over the kif@oadon population of
H. (v) states) be represented by the analytic expression [11]

1.04
opr(2pm,) = 1.36 (%) In (E/Ep) (x10™%cm?) (181)

whereEy = 14.4 eV, and collision energy is in eV units. The,g(2pm,) cross
section is about an order of magnitude smaller thigh given by Eq. (180) in the
energy region above 20 eV. The validity of analytic fit (181) extends up to a few
keV.

B DE cross sectionsfor individual vibrational levels

Dissociative excitation cross sections i (v), calculated in Ref. [215] and
[216], considerably disagree with each other, particuléor higherv. At low
collision energies<{ 10eV’), the MQDT data of Ref. [216] should be considered
more reliable. While the Born approximation results feselective cross sections
monotonically increase with increasimgpredicting cross sections of the order of
10~ em? forv ~ 16—18 at E < 40 eV), the MQDT cross sections monotonically
increase up te = 9 and then begin to decrease. In the region close to the tHdesho
(the dissociation energy of the level) they also show arllasmiy structure (with
decreasing amplitude whenincreases).

R.K.Janev, D.Reiter, U.Samm 71



7 Collision Processes of Hy

The MQDT v-selective DE cross sections, available for energies beloid
eV [216, 217], can be fitted to the analytic expression (adieraging over the
near-threshold oscillations)

ax By = —16, 2
opr(v) = 0505 [1 - ( 7 > ] (x107"em?) (182a)
where collision energy is in eV units, and the fitting parametersare given in
Table 36. (The values of dissociation energ%ss are given in Table 25). The
cross sections for = 5,7, 13, and15, not presented in Table 36, can be obtained
by interpolation.

As mentioned in part A of this sub-section, the sum of MQDTsereections
(182a), weighted with a Franck-Condon population-dévels, does not reproduce
the experimental total cross section at a given energyesepted by Eq. (180).
However, the mutual ratios efp g (v) cross sections , determined by the collision
dynamics, should remain valid. Therefore, the cross sestip)z(v) have to be
re-normalized for any collision energy by the condition

> Fro()ope(v; E) = 055 (E) (182b)

where Fr¢(v) is the Franck-Condon factor fdidz(v = 0) — H; (v) transition
given in Table 25. (Instead of using Franck-Condon factor&d. (182a) one
can, alternatively, use the experimental von Busch-Dusiridution of v—state
populations, Ref. [148], also given in Table 25.) This remalization affects only
the constants, in Eq. (182a) which, for a given energy, are all changed by the
same factor. FoE = 1eV,5¢V and10 eV, the value of this factor is 1.12, 2.73
and 4.18, respectively.

The Born approximation results of Ref. [215] for thg z(v) cross sections of
direct excitation reactions (177) and (178) can be analjiadepresented by the
Bethe-Born formula

oBR(0) = T (A Vi £ B)(x10~ em?), (183)
rel

whereV,.; is the relative collision velocity expressed in atomic sifé.u.)E (eV) =

13.60%261(a.u.)), and the coefficientsl,, and B,, for excitation of2po,, and2pm,,

states are given in Table 37. It should be noted that Eq. (8@lid also for

proton impact excitation of dissociative statgsr,, and 2pm, states from indi-

vidual H; (v) levels. (The laboratory proton energy is relatediig;(a.u.) as

Ep(keV) ~ 25V2 (a.u.)).

7.1.3 Dissociative recombination

In view of its importance for the recombination of low-temgteire plasmas, dis-
sociative recombination (DR) process
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e+ Hyi (v) — {H*(e); HiY (N3N, e)} — H(1s) + H(n > 2) (184)

has been subject to many experimental [218-222] and thealr§216, 223-225]
studies in the past. There also exist several excellenhteegiews on the re-
sults of this research [217, 226—-228]. The process takee fiig direct capture
of incident electron on a doubly excited state 9§, such as(2pau,npo—u)12;,
(2poy, npm,) 311, etc., (direct resonant mechanism [229]), or by vibratigoa
rotational) excitation off; (1so,;> ¥f) and simultaneous capture of the elec-
tron on a dissociative auto-ionizing Rydberg statesf,, ni\,) 3 A, ;€] of Ho
(indirect mechanism [230]). The energy position of the Istvéoubly excited
(2p0'u)2123' state ofH; is such that one of the dissociated atoms is in an excited,
n > 2, state. The strong mutual interaction of many doubly ercdad core-
excited Rydberg states, as well as their interactions waighcontinuum, give rise
to a complex structure of DR cross section in certain enezgions (resonances).
Because the DR process involves direct coupling of bouatsind continuum
nuclear wave-functions, its cross section is fairly séresito the initial vibrational
(and rotational [231]) state dff," ion. An important aspect of the DR process is
also the distribution of dissociated excited atoms oventthevels [220, 221, 223].

A Total DR cross section

The total experimental cross section of reaction (184)h witdistribution of
initial vibrational state corresponding to that which féstrom H." (v) production
by electron impact oHHz(v = 0) (see Table 25), is known with high0 — 15%)
accuracy in the energy range0.01 — 3eV [218,219, 221].

The extension of total DR cross sectigf§’, to higher energies can be achieved
by using the most accurate presently available (up to 11 ®afreticak-selective
cross sections of Ref. [216] (see also [225]), averaging twe "experimental”
population of initial H, v-levels of Ref. [148] (see Table 25), and normalizing the
obtained result to the experimental data in the rediog 1 eV. The so determined
total DR cross section in the energy rarigeél — 10 eV can be represented by the
analytic fit

1
tot —
opr(E) = 17‘3{E0.665(1 + 1.10E9512 4 0.011E310) +
+0.133 exp[—0.35(E — 6.05)2]} (x10™8¢em2) (185)

where the collision energy is in eV units (see Figure 40 orepHsfl). The sec-
ond term in Eq. (185) originates from well pronounced resgrastructures in
thev-selective theoretical cross sections, over which an gusgavas performed.
(The experimental data of Ref. [219] off’, also show somewhat less pronounced
resonance structures in the region 0.1-3 eV. The fittingesgion (185) is an av-
erage also over these resonances). It is to be noted thatdtease ot with
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decreasing the energy does not strictly follow fie! Wigner's law for break-up
reactions [232]. However, in the energy range0.05 — 3 eV, ¢'S%, does have
an E behaviour very close t&—!. Beyond the gross resonance aroufic~ 6
eV, o'St, begins rapidly to decrease with increasifigas result of the competition
with the DE channels. The physical origin of the gross resoedn the region
aroundE ~ 6 eV is the excitation of2po,, npo,) and (2po,, npm,)(n > 3)
auto-ionizing states off; (see, e.g., [233]).

B DR crosssectionsfor individual initial vibrational states of Hy' (v)

Dissociative recombination of electrons with ion in a specific initial vibra-
tional statev has been studied mainly theoretically [216,223,225, 234],2n the
semi-classical description of the process, employing tmy(2po, )2} doubly
excited state, even an analytical expression for the cexs®8ao pr(v) for a given
initial vibrational state ofH;” has been obtained [223]. In view of the crude ap-
proximations involved in such a treatment, the obtainedltes opr(v) can be
regarded, however, only as qualitative.

The most detailed theoretical study of DR process for imtdigl 7, (v) initial
states has been performed in Ref. [216] by using the MQD Taampr and includ-
ing a large number of doubly excited and dissociative Rygliséates off,. The
cross sections calculated in Ref. [216] (shown only in thergy range 0.25 eV-
11 eV) exhibit resonance structures both at low and highgéegrwith those at
higher energies being more pronounced. The cross sections £ 7 also ex-
hibit a broad peak-structure in the energy region abo&eV, associated with the
excitation of higher doubly excited states Bf. The sum of individuabpr(v)
cross section of Ref. [216], averaged over the Franck-Copdpulation of initial
v-states (or "experimental’-population of Ref. [216] ), does not quite coincides
with experimental total cross section in the overlappingrgy region £ < 3eV).
By normalizing this sum to experimental data édf’,, and averaging over the res-
onance structures (except for the broad gross resonanae €017 in the region
E ~ 2—10eV), the individualv-selective cross sectiong, r(v) of Ref. [216] can
be represented by the analytic expression

1
UDR(U) =A { [E0.665 (1 + 1.1 E0.-512 + aEOé) + bexp[—ﬁ(E - Ec)z]} (186)

(x10™ 6 ¢em?)

where E is expressed in eV units, and parametdts, o, b, 3, and E. are given
in Table 38, see also Figure 41 on page 182. It can be seen ffisrtable that the
position E,. of the gross resonance structure shifts towards smallegiesewith
increasingu. The half-width of this structure generally decreases \itlheasing
v and so does its relative amplitude. Equation (186) showssthtigalow-energy
behaviour ofopr(v) is the same for alb, reflecting the fact that the direct DR
mechanism (mediated by electron capturé?gmyu)mzj state) is common for all
initial v-states at these collision energies.
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It is interesting to note that foEE < 1 eV opr(v) generally increases (for
a given energy) with increasing up tov = 9,10, and then decreases with the
further increase of (a behaviour similar to that efpz(v); see the preceding sub-
section). It is also noteworthy that for a Franck-Condonybation of initial states,
dominant contribution (about 75%) to the total DR crossisacgive the states
with v = 4 — 10.

C n -distribution of excited dissociation products

The distribution of excitedd (n) products in reaction (184) has been studied
both experimentally (with an “experimental” distributiof v-levels in /") [220,
221] and theoretically [216, 223, 234]. The experimentadavbations show that
for E 2 1 eV n = 3 is the mostly populated level of excited dissociation paigu
[220], and that the contribution of > 10 states to the total DR cross section is
only about 3% for collision energies in the range 0.01-1 eX1]2 The theoretical
studies confirm these findings.

As mentioned eatrlier, the position of potential energy eemfoj(lsag;2 E;)
and H**[(2po,)*' £ is such that the, = 1 level cannot be populated in reaction
(184). On the other hand, the= 2 reaction channel is exothermic for any initial
v-state. The channels for production of excited atoms i 3 states for a given
initial v-state ofH,", however, exhibit thresholds at energies given by

E"(n>3) = (1-E*) + [Ex(n = 3) — Eg(n)] (187)

where (all energies are in ey (n) = 13.598/n? and B¢ = Ediss — pdiss ig
the excitation energy of the level(see Table 25). The values Bf"(n) are given
in Table 39 forn = 3 — 11 and allv-states.

For a given value of,, E'(n) decreases and at a certain level= v, the
n-production channel becomes exothermic forwall vy. The reaction exother-
micities of (v, n) channels are also shown in Table 39.

The MQDT calculations of Ref. [216] provide state-seleetross sections
opr(v — n) for reaction (184) for alb andn = 2 — 5 in the energy range
0.25-11 eV. This reference also provides the total crossosefor all n > 6 states
for a givenv. As function of energyppr(v — n) cross sections show resonant
structures, particularly pronounced faf 2> 1 eV (and taking form of pseudo-
regular oscillations fow > 4, with an amplitude decreasing with the increase of
v).

After averaging over these structures (excepufet 3), the relative contribu-
tions of individual(v, n) channels to the totatpz(v) cross section ,

opr(v — n)
opr(v)
are given in Table 40 foo = 0 — 5,v = 10 and a selected number of collision
energies. As evident from this table, the value$pfr) tend to become invariant

P,(n) = (188)
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of v andn for collision energies well above the threshdlif*(n). Therefore, the
P, (v) distributions forv > 6 can be taken to be the same as thaufer 10 given
in Table 40 for energies above the corresponding thresholds

The contribution ofn > 6 levels toopr(v) is given in Table 40 in form of a
sum, P,(3. n > 6). The extraction of individual contributions af(> 6) levels
to opr(v) from P,(3.n > 6) can be achieved by taking into account that for
n >> 1 the P,(n) distributions behave aB,(n) ~ n=3 (see, e.g., [223] ). One
should keep, however, in mind that with increasinépr a given initialv, Efﬁ(n)
increases (see Table 39), and for a given collision energyythe levelsn < ng,
satisfying the conditior?" (n) < E, are exothermic. This leads to a finite number
of n states that contribute t8,(> n > 6) for a givenE. (For instance, fop = 1
andE = 2 eV, only then = 6,7 states contribute t&,(> n > 6)). The use
of n=3 distribution law then gives for the populatiod%(n > 6) the following
expression

Pyn>6) = (En=6 <l>3, (189)

T &6(3) —&n(3) \m

where¢, (3) is the Riemanrg-function. Whem is very large (highv and/orE),
€00 (3) > &6(3), and Eq. (189) becomes

- 3
Py(n > 6) ~ % (g) . (190)

Without much loss of accuracy, for the case of higand E one can also use the
simple scaling

3
P,(n>6)~ P,(n=2>5) (—) (191)
(which may, however, violate to some extent the unitayity P,(n) = 1).

D Reation of opr(v — n) with state selective associative ionization of
H + H(n)

The principle of detailed balance relates the cross sectbreaction (184) and
its inverse reaction, state-selective associative itioizai.e.,

nQ(uvml)Qa%) (n—wv)= Eag}%(v —n) (192)
wherey is the reduced mass 6 + H (+>) systemy,.; is the relative velocity of
H + H(n) colliding (or receding) particles, andlis the total angular momentum
of the system. For large values gf(i.e. large rotational quantum numbejsn
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H (v, 7)), the use of quasi-classical approximation in Eq. (192} smmming
overJ (integration over impact parameters), gives [223]

0.442

— ER%0pp(v — n)(x1071%em?), (193)

oar(n —v) ~

whereR, ~ 2.80qy is the internuclear distance at which tlf'lgL potential energy
curve intersects that dff **[(2po,,)*' ©}] doubly excited state, ang) is the Bohr
radius. Equation (193) accounts only for the contributibi2po, )? auto-ionizing
state to the AI/DR process and is, therefore, valid #oi< 1 eV where the for-
mation of this intermediary state provides the main reactieechanism. On the
other hand, the use of quasi-classical approximation ifig only at relatively
high energies when the nuclear motion can be treated ddlgsithus, the energy
region in which Eq. (193) is valid is rather limited, partiaxly for the lowerwv.

7.1.4 Dissociative ionization

The process of dissociative ionization (DI)
e+ Hf(v) e+ HY+H" +e (194)

has been experimentally studied in the energy range 20-95@ith H2Jr (v) hav-
ing an "experimental’-distribution [236]. No theoretical studies of this reaati
have been reported so far. Reaction (194) proceeds viaagmoitof the repulsive
ionic state( H + H* +¢), which in the Franck-Condon region &, (v = 0) lies
29.84 eV above the energy of the= 0 level. The experimental cross section sug-
gests a threshold of about 15 eV for reaction (194), an itidicdor a significant
contribution from highly excited?,’ (v) states.

The measured total DI cross section of Ref. [236] can be septed by the an-
alytic fit function (with an accuracy much higher than experital uncertainties,
+10%)

7.39 E 1.55
oH(E) = = In(0.18E) {1 — exp [—0.105 (15—2 - 1) ] }

(x1070em?) (195)

where collision energy is expressed in eV. The threshold energy of 15.2 eV in
Eq. (195) corresponds to the= 18 level of H, (v), see also Figure 42 on page
182.

We note that’St (E) has a broad maximum aroutti~ 100 eV of magnitude
~ 1.7 x 10~"em?. Theols} cross section is, thus, considerably smaller than the
cross section for dissociative excitation/df by electron impact.

The threshold\ E, for DI reactions in Eq. (194) for individual levels (de-
fined as the vertical electron transition energy from thewonbst turning point of
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thew level to the potential curve of repulsivé/ * + H ™) state) are distributed be-
tween 15.2 e\(v = 18) and 27.0 eV = 0) (see Table 41). Since the cross section
opr(v) for av-selective DI process is inversely proportionalAd,,, the variation

of magnitudes ot p;(v) with v is within a factor of two (for energies above all
thresholds,E > 30 eV). i.e. relatively weak. Assuming that taleE, ! depen-
dence ofop;(v) contains its main-dependence, an approximate expression can
be obtained for p;(v) (by using the closure relation for Franck-Condon dengities

-1
opr(v,E) = AiEvag}(E), A= (Z I/AEU> , (196)

(2

where the constamM ensures proper normalization. The sum avarthe constant
Aincludes all operv-channels for a given collision energy. Whéh> AFE(v =
0), A = 1.044.

The values ofAE, are given given in Table 41. For reference, we give in this
table also the excitation energi&§™e of v-levels in ;" (v).

7.2 Collisonsof H, (v) with H Atoms

The cross sections of collision processed#f (v) with H(n) involving specific
initial and final states from the discrete spectrum areedltd those of correspond-
ing (inverse) processes i + Hy(N'3A,;v) collision system (considered in
Section 5) by detailed balance principle. However, thesgastion information
given in Section 5 forH+ + Hy(N'3A,;v) collision processes often relates to
the total cross sections (i.e. state-selective crossossciummed over all initial
or final states, or both), and the detailed balance pringipheer cannot be used, or
would require detailed additional considerations of s@ih dynamics. Therefore,
in the present section we shall review the available crastsoseinformation on the
most important collision processes B (v) with H atoms: vibrational excitation

, charge exchange and dissociation . Most of the existirdjediof these processes
involve the H atom in its ground state.

7.21 Vibrational excitation and de-excitation of H; (v)

The processes of vibrational excitation and de-excitation
H(1s) + Hy (v) — H(1ls) + Hy ('), Sv, (197)

have been theoretically studied recently within the |IOSi#iginic close- coupling
formalism in the C.M. collision energy range from threshid- 8 eV [186]. The
form and magnitude of excitation cross secti@i§“(0 — ') for v = 0,v" =

1 — 18 displayed in Ref. [186] are similar to those of correspogdaxcitation
cross sections in th& ™ + Hy(v) collision system, except that the near-threshold
peak, present in the latter case, is abser in- Hj (v) excitation cross sections.
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The cross sections®**(0 — v') for H + H, (v = 0) collisions rapidly decrease
with increasingy’ at a given collision energy: fab ~ 3 — 4 eV o¢“(0 — 18) is
three orders of magnitude smaller thaf¥°(0 — 1). The magnitude and energy
behaviour o¢*¢(0 — v’) cross sections in the C.M. energy region below 7 eV are
illustrated by the cross section values given in Table 42fselected number of
states and collision energies. Interpolations in thisetalain be made with respect
to botho' and E. The o**“(0 — v’) cross section rise sharply to their values
shown in the table as soon as the excitation channel becopess(see Table 41
for excitation energie&/;* ).

The sharp decrease of — v’ excitation cross section with increasing the
difference(v'—v), observed in Table 42, is a consequence not only of the isecea
energy difference between theand’ levels but also (and even more so) of the
increase of the number of intermediary non-adiabatic ttians (v — v; — vy —
---2v') involved in reaching the level' from ». In addition, with increasing the
initial v, the strength of non-adiabatic coupling between two cangsecoy-states
usually decreases [186, 197]. Although not published inliteeature, the state-
to-state excitation cross section$"“(v — v’) have been calculated for dl, ')
pairs in the energy region up to 8 eV (see Ref. [19]).

The cross sections for vibrational de-excitationfifls) + H. (v) collisions
(v < vin Eg. (197) ) have also been calculated within the closesliog IOSA
scheme for energies below 8¢V [186], but published results are available only
for the sum

O,dp(v) — Z[UemC(v N ?}I) + O,defemc(v R U/)]7 (198)

i.e. for the depopulation cross sectionfdf v-level by H(1s) impact. The mag-
nitude and energy behaviour of?(v) cross sections are illustrated by the cross
section values given in Table 43 for a numbervestates and collision energies.
As evident from this table??(v > 1) cross sections are considerably larger than
0% (v = 0). This indicates that’ — v de-excitation cross sections are signifi-
cantly larger than those far — v excitation (which follows also from the princi-
ple of detailed balance).

7.2.2 Chargeexchange

A Charge exchangewith H(1s)
The state-selective charge exchange reaction

H(1s) + Hf (v) — HT + Hy(v') (199)

has been theoretically studied in Ref. [186] by the IOSA elosupling method
in the energy range below 8 eV, but cross section data have been reported in
that reference only for = 0 andv’ = 1 — 8. (The other cross section data
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can be accessed via Internet; see Ref. [19]). The cros®seaif reaction (199)
can also be obtained from those for the inverse reactiorsidered in sub-section
5.2, by using the detailed balance principle. As discusgesub-section 5.2.1,
reaction (199), as well as its inverse reaction, has the&iigross section at a given
collision energy when the initial and final state are (qUasisonant in energy [see
Eqg. (149)]. The quasi-resonant vibrational levelgdf (v) and Hx(v') are given
in Table 32. For collision energies sufficiently far from tteaction thresholds,
the cross sections’~ (v') of reaction (199) rapidly [exponentially, see Eq. (150)]
decrease with increasing of the energy differedcg,,, between thev and v’
levels. In the threshold regionX (v') is, of course, strongly affected by reaction
exo-(endo)-thermicity.

The magnitude and energy behaviour of the cross sectififg(v’) for v =
0— 7 are illustrated in Table 44 (based upon the data from Re6])18s observed
from this table, the quasi-resonanmt= 0,2’ = 4 channel is by far the strongest
charge exchange channel fBr> 1 eV. The next most populated levels,v’ = 3
andv’ = 5, have cross sections more than an order of magnitude sntiadler
o@X (v' = 4) at energies above 1.5 eV.

There exists a single total cross section measurementdotioa (199) in the
(laboratory) energy range 100 eV- 22.5 keV [237]. The totass section exhibits
a broad maximum in the region 2-4 keV of magnitudd @f '°cm?.

B Chargeexchangewith H(n > 2)
The charge exchange reaction

H(n>2)+ Hy (v) » H' + Hy(N*3Ay;0/),N > 2, (200)

has a quasi-resonant character for~ n and should have large cross sections at
low collision energies. As discussed in sub-section 5r2nnection with inverse
reaction to (200), the energy resonance defects already forN = 3(v = v/ =

0) are small (and lie in the interval 0.09-0.69 eV). By varyihgt andv’ levels in

the entrance and exit reaction channels, the conditiona fagar (or accidentally
exact) resonance can be met. With increasing bo#md NV, the near-resonance
conditions are, obviously, more easily achieved.

The cross sections for quasi-resonant charge exchanggoreaat low colli-
sion energies can be roughly (within a factor smaller thao) testimated by the
well established two-state models of atomic collision tigdb, 6]. For sufficiently
high excited atomsr( > 4), the classical over-barrier transition model can also be
used to estimate the total (summed oveand’) cross section of reaction (200)
(see EQ. (45) in sub-section 2.2.3).

7.2.3 Dissociation

The process ofi; (v) dissociation byH (1s) impact proceeds at low collision
energies by promotion of adiabatic vibrionic stateg &f")* collision complex to
the continuum via series of non-adiabatic couplings
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H(1s) + Hy (v) — (Hf)* — H+ H" + H, (201)

and at higher energies by excitation of dissociati2go, )2, or (2pm,)?S.
states offf,,

H(1s) + Hf (v) — [Hy po/2pma)] — H+ H* + H,  (202)

i.e. as dissociative excitation . Theoretical studies efgglocess (201) have been
performed recently within the IOSA close-coupling formsali [197], while the
dissociative excitation (202) has been studied [215] withe first Born approxi-
mation. Both these studies have provided cross sectionkdgrocess for specific
initial vibrationally excited states off, . Experimental cross section measure-
ments forH, (v) dissociation byH atoms, withH," (v) having an "experimental”
v-distribution, have been performed only at high energie¥ (iegion) [238, 239].
However, the separation &f ™ + 2H channel from otheH ™ production channels
in Hy + H collisions, such a#l +2H* +e, 3H" + 2e, has been achieved only
in Ref. [239].

The od** cross sections calculated in Refs. [197] and [215] show @ngtr
dependence of%** on v : with increasingv from v = 0 to v = 18, the cross
sections increase by about two orders of magnitude. 6f#& cross sections in
Ref. [197] are given in the C.M. energy range from thresholdtiout 6-8eV. Their
energy behaviour is similar to that of dissociative crosgise for H + H(v)
collision system. Table 45 gives the values of these crossoss for a selected
number of initialv-states and collision energies. Thedependence ofs* is
monotonic for highew, and the cross sections for thdevels missing in Table 45
can be obtained by interpolation. The data of this table easdfely extrapolated
to about 10-15 eV, keeping in mind that the cross sections f8r7 levels should
also reach their maxima in the energy region 8-12 eV(as ddidiger v cross
sections at lower energies). The Born cross sections of[RES] become reliable
at energies above 1 keV (for v = 18) —5 keV (for v = 0), and no smooth
connection can be established between the data from Réfg. §hd [215] in the
intermediate energy region.

It should be mentioned that for any initial statereaction (201) contains two
channels: a direct dissociative channels, in whichihe+ H dissociation frag-
ments originate from the initialf," ion, and a charge transfer dissociative channel,
in which the electron from the incidelf atom is first captures by, followed
by dissociation (via promotion to the continuum) of reswgtiH,(v). These two
channels have approximately equal contribution to thé kmtaenergy dissociation
cross section . It should be also noted that at higher caflishergies, dissociative
excitation may involve not only th&po,, and2pr, states ofH;", but also its higher
np\, excited states.
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7.3 Collisonsof Hy with H,

Collision processes afl; (v;) ions with Hy(vp) are very sensitive to the state of
vibrational excitation of both collision partners. For &filvg level in H,, the vari-
ation of v; in H, ion can make the reaction energy defect to vary from negative
(endothermic) to positive (exothermic) values, resuliimgignificant differences
in the corresponding cross sections . Anck versa: for a fixed value ofy;, the
reactions withHs(vg) will be exothermic for certain values of, and endothermic
for others. In most experiments neither the vibrationalriistion of H (v;) nor
that of Hy(vg) are precisely known; that results in significant differenae the
measured total cross sections . EveHif(vy) can be prepared to be in its ground
vibrational state, the uncertainty in the populationff (v;) levels still remains
(except in certain dedicated state-selective experimefitae v;-population dis-
tribution depends on the method of formation/§ ion: if it is electron-impact
ionization of Hy(vg = 0), then it depends on the energy of ionizing electrons; if
it is formed by a charge exchange B (vy = 0) on a certain ion, thedl, (v;) is
produced with a quite different;- distribution that depends again on the collision
energy. In Penning type ion sourcéﬁj(vi) can be produced from dissociation of
H ions, with av;-distribution that is different from those of already mentd
methods, and that depends on the gas temperature of theesclinerefore, the
experimental total cross section for a given collision psscofH,;" with H, (even
Hy(vy = 0)) always reflects the specific (but unknown)distribution of the ion,
which is the origin of the differences in cross section ressaf different experi-
ments.

With all this in mind we shall review below the available sasection infor-
mation for vibrational excitation, charge exchange, difg@n andH; formation
processes iriilfz+ + H> collisions, with inclusion also the results of theoretistld-
ies of these processes, as well as of some state-selectiliesst

7.3.1 Vibrational excitation (de-excitation) and charge transfer

Due to the nuclear symmetry of colliding system, the proeesd vibrational ex-
citation (and de-excitation ) and charge transfeHifi(v;) + Hz(vo) collisions are
mutually connected

Hy (vi) + Ha(vo) — Hy (v) + Ha(vp) (D) (203)
— Hy(vh) + Hy (v]) (CX) (204)

Whenuy = 0, reaction (203) corresponds to direct (D) vibrational tat@n ; oth-
erwise it describes the vibrational transfer process. Tiagege exchange (CX) re-
action (204), even for, = 0, produces vibrationally exciteH» (v(,) and H; (v}).
The direct and charge exchange channel, (203) and (204¢xpeximentally
distinguished by monitoring the fast (underlined) or sl@aation products.
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Starting with the seminal work of Ref. [240], there have bsereral theoretical
studies of state-selective processes (203) and (204) fdm its ground vibrational
state,vg = 0, [241, 242] for a number of ion impact energies in the rahgé —

5 keV, and for initial vibrational states of thE," ion v; = 0 — 5. (If H (v;)

are produced by electron impact ionization/(vy = 0), the vibrational states

v; = 0 — 5 account for85% of the total H, (v;); see Table 25.)v;-selective
(total inv} andv}) experimental cross sections for charge exchange reg@tst)

for v; = 0 — 4 have been reported for a number of selected ion energiesin th
range 8-1000 eV [243-246]. The total cross section of chexghange reaction
(204) (with unknownw; distribution of ;") has been measured by many authors
and covers the ion energy range from 1 eV~iol50 keV [247—-252]. A critical
assessment of all these data has been performed in Refar{d2253].

A Vibrational excitation cross sections

Vibrationally excitedH," ions in collisions withH (v = 0) are produced either
by the direct mechanism, reaction (203) (with= vy = 0), or as result of charge
exchange process, reaction (204). Combining the avaithbleretical (Ref. [240])
and experimental (Ref. [246]) data, the cross sectionfor 0 — v, = 1 direct
excitation (d-exc) has been derived in Ref. [253] in the iokergy range from
threshold to 10 keV. This cross section can be representduelgllowing analytic
expression

slere() 1) = 5.75exp [—20.5/(E — 1.032)12]
E029(1 4 2.58 x 10~ E0874)

v;
where the ion (laboratory) energy is in eV. See Figure 43 ae#B83. The cal-
culations of Ref. [242] indicate that the cross sech’éﬁ‘ —¢*¢(0 — 1) via charge
exchange process (CX excitation) in the ion energy rangeVi80€ eV is, on
average, by a factor 3.7 larger than the cross seotjjgﬁ“(o — 1). These cal-
culations (considered to be the most involved ones) fuithdicate that the CX-
excitation cross section fa;, = 0 — v, = 2 transition is by a factor of about 5
smaller tharv$* ~7¢(0 — 1) for energies below in- 40 eV. This is a result of
the increased strong mixing of many reaction channels viighiicrease of col-
lision energy. Since direct excitation channels #pr= 0 — v} > 2 transitions
are also strongly mixed with many charge exchange chantelsybserved ratio
oSX—ere(0 — 2)/o§*7e"(0 — 1) can be expected to approximately hold also
for od=¢¢(0 — 2)/d=c7¢(0 — 1).

The excitation (and de-excitation ) cross sections of vibnally excitedH;"
ions (v > 1) will be discussed in the following part B of this sub-sentitogether
with the state-selective electron capture.

(x107¢em?), (205)

B State-sdlective charge transfer and associated excitation (de-excitation)
As mentioned earlier, the state-selective processesiassavith charge trans-
fer reaction (204) have been studied only fgr= 0. Most of experimental studies
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have been state-selective only with respect to the initiational state off;" (v;)
with no resolution of vibrational states of the products3d2245, 246, 254, 255].
The onlyv;-selective charge transfer absolute cross section measuts have so
far been performed for, = 0 andv; = 1 in Ref. [254] in the ion (laboratory)
energy range 8-400 eV. The measured cross sec&ﬁﬁs (total with respect to
(vf,v,) product channels) agree well with theoretical predictif@42], and for
a number of ions impact energies they are given in Table 4& cFbss sections
show maxima in the region around 16 eV, for= 1, and 35 eV, fow; = 0, in con-
trast to the expectations based upon the simple two-statmaet charge transfer
theory [1-3, 5-8]. This indicates the strong multi-stataging in the system in
this collision energy range. Relative measurementsgg)’f have been performed
forv; = 0 —4[244] ,v; = 0 — 5 [243] andv; = 0 — 10 [255] for a selected
number of collision energies. The results of these measmtsrare generally in
good agreement with each other. The ratios of the crossoseetf * ando§%,
taken from Ref. [244] and Ref. [255] (the later normalizedioose of Ref. [244])
for a number of ion impact energies are given in Table 47. (dfe that the levels
v; = 0— 10 comprise abou?9% of the population of aIH;(vZ-) ions produced by
electron impact ionization aff3(vgp = 0)). The ratiosO—gX/o—g:):(0 are continuous
functions ofv; for a given energy with a maxima af ~ 1 — 2 whenEj,;, < 30
eV. Their energy variation foF;,;, < 100 eV is also smooth and an interpolation
procedure can be used to obtaifi* /05X, from the data in Table 47 for ion im-
pact energies below 100 eV. At higher collision energies,ttimber of reaction
channels becomes large for any initial stateand the variation 065~ /05X,
with v; is weaker, as seen in Table 47 tBy,;, = 400 eV.

Theoretical studies of reaction (204) by a close-coupliognialism are able
to provide cross sections for any of the, v(,) reaction product channels. Such
cross section calculations have been performeddfoe 0 and a selected number
of v; [240—-242] within a semi-classical formulation of the cgiltin dynamics. The
cross section of a particular chanriel, vy = 0) — (v}, v(,) of charge transfer
reaction (204) strongly depends on the channel energy tletdc,, (v}, vj), and
the overlap of vibrational wave-functions of initial anddirstates. The later be-
comes important at collision energies abevd 00 eV, and attains a decisive role
at energies above 1 — 2 keV [241]. The channel energy defects are proportional
to the differenceAN = N’ — N, N’ = v, + 20 and N = v; + 2vy. Levels
with AN = 0 are in energy resonance (or near resonance), and theirsgcssns
at low energies are (generally) much larger than for the mblanwith AN £ 0.
The strictly resonant charge transfer channel is, of coutsg withv, = v; and
vy = V.

Theoretical calculations of Ref. [242] have proved to beyvauccessful in
predicting the ratios of initial-state-selective totabss sections agx . In that
reference, the fully state-selective charge transfersgestions agx (v}, v(), have
been calculated fas; = 0 — 5 for ion impact energies 16, 32, 400 and 800 eV. The
fractional contributions of these cross sections to thal tfgx Cross section ,
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a5 (v, v)

foi (Wi, v5) = UUT (206)

for the ion energies of 16 eV and 32 eV are given in Tables 481@ndespectively.
As it can be noticed from these tables, the contributiod\df = 0 channels to
O'g;X is substantial for the lower values of, but it decreases with increasing
This decrease is faster fdf;,, = 32 eV than forEj,, = 16 eV. The (v}, v()
channels in these tables witf) = 0 describe the CX excitatiofw] > v;) or de-
excitation (v < v;) of H ion. The channels with! = v; andv) > 1 describe
the CX excitation of neutral molecule. Other charge excharftannels are a kind
of CXV — V transfer.

C Total chargetransfer cross section

Although the charge exchange reactionfof and H, possesses nuclear and
charge symmetry in the entrance and exit channels, its¢atak section does not
show the typical energy behaviour of symmetric resonantgehansfer reactions
(logarithmic increase of the cross section with decreagiegollision velocity in
the energy region below 10— 20 keV). The reason is the strong coupling of many
quasi- resonant and non-resonant vg) — (v}, v;) channels with the resonant
one (v, = v;,v9 = v}) and the coupling with the strong nuclear rearrangement
channeI,H2+ + Hy — ng + H, at C.M. energies below 2 — 3 eV.

Most of the total cross section measurementsigf + H, charge exchange
reaction [247-252] have been performed in the ion impaaiggmange above- 5
eV, with the exception of that in Ref. [251] where the crosgisae extends down to
1 eV. The cross sections of Refs. [251] and [256] show a sharpedse fo;,;, <
4 eV, attributed to the coupling with the competifj- formation channel (see sub-
section 7.3.3). The total CX cross section measured in RBlL][atF;,, = 1 eV
is ~ 3.0 x 10~ '5¢m?. On the other hand, the measured thermal rate coefficient for
HJ + H, charge exchange reactiontig x 10~%cm3 /s [257], indicating a cross
section value 02.89 x 10~ 15 ¢m? for E;,;, = 0.052 eV. Therefore, in the ion energy
region below~ 1 eV, the total CX cross section has to start to increase ag#tin w
decreasing the collision energy. It should be also notetdrttae region 500-1000
eV, the total cross section cross section exhibits a mildrmim. In general, the
measured total cross sections from various sources areoth moitual agreement
in the energy regions of their overld@;,;, = 5eV).

The energy dependence of total cross sectifgy for H + H, charge ex-
change reaction, in the ion impact energy range from thetonal 150 — 200 keV,
can be represented by the analytic expression (with an aogwvell within the
experimental uncertainties; 10%)

oox (E) = 05x(E) + 0¢x (E) (207a)
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oox(B) = E05(1 f25.929E1-78)
N 12.85 exp(—1.84/E1-59)
E0-0673(1 42,60 x 10-3E097 4 1.63 x 10~10 £2.76)
S 11.38 exp(—61.80/ E%-54)
ocx(B) = 1+8.21 x 10-10F208 4 3.80 x 10-26 £5-15

where E = Ejy is in eV units (see Figure 44 on page 183). The first term in
Eg. (207c) describes the cross section behaviour in thenddegnergy region,
while the exponential function in the second termogf, accounts for the cross
section decrease (down to 1eV) due to the competition wittH; formation
process. We should note that in Refs. [253] and [258] no atcaas taken of
the large cross section values in the thermal region, aridréommendedr[%;
cross section continues to decrease with the decreasergiydredow~ 1 eV. The
ol¥% cross section of Ref. [11] does take into account its theenalgy values,
but the decrease in the region 1-5 eV due to competijigformation channel was
accounted for much more conservatively, in view of the trehother experimental
results (for instance those of Ref. [259]) in the energy eafigl0 eV. Thev(
term, Eq. (207c), describes appropriately the high eneagy @f the CX cross
section.

(207b)

(x1071%em?)

(x107%em?)  (207c)

7.32 Collision induced dissociation of Hy (v;)

The collision induced dissociation (CID) &f; (v;) in collisions with H(vo) can
proceed via two mechanisms,

Hy (v;) + Ha(vo) — (Hy "+ H) — HY + H + Ha(v}), (208a)

— [Hy (2poy/2pmy...) + Ha) — HY + H + Ha(v}). (208b)

The first mechanism is operative at low @ eV) collision energies, whereas the
second one (dissociative excitation , DE) is effective ghlr (above~ 15 — 20
eV) energies. The formation of intermediate excifég‘ complex in this colli-
sion system has been demonstrated in classical trajecorface hopping (TSH)
calculations [260]. On the other hand, the observed angligaibution of disso-
ciation protons at high collision energies confirms thatdkeitation of repulsive
2poy, 2pm,, - - - States 01‘H2+ is the operating mechanism at these energies [261].

Reaction (208) has been subject of many experimental [Z50)285,259,261—
266] and one theoretical study [260]. Determination of thtaltcross section of
reaction (208), withH," (v;) having an unknown distribution over, has been
the main focus of experimental investigations. Howeveeréhhave been both
measurements [255] and calculations [260] of the crossosecof reaction (208)
for H;r in specific initial vibrational states;. In all these studies, th#,; molecule
was in its ground vibrational state; = 0.
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A Total CID cross section

The low-energy total cross section of reaction (208) is iigasto the initial
state population distribution dff, (v;) and the results of different measurements
may differ by a factor as high as two (cf., e.g., Refs. [251d {59]). In the high-
energy experiments, the measured fastibh production cross section contains a
significant contribution from the dissociative ionizatiohH, in the region above
~ 10 keV, that has to be subtracted [261, 262]. The state of tlgetafter the
collision is usually left undetermined (see, however, [250

In this situation, a conservative approach (followed,,ergRef. [253]) would

be to determine a "lower bound” of the total CID cross secbased upon reliable
experimental data. The cross sections from Refs. [251 288}, have provided a
basis for implementing such an approach in Ref. [253]. &}, cross section
recommended in Ref. [253], extended beyond 10 keV with tha &am Ref.
[252] (after subtraction of the dissociative ionizatiomtrdoution to the fastH ™
production cross section , see e.g., [261]) and its modificah the region below
10 eV by the use of original cross section values of Ref. [2B4$ been adopted in
the present work. This (modified) cross section can be repted by the analytic
expression

olip(E) = 0&1p(E) + 0g;p(E) (209a)
4.05 3.15

osp(E) = 70,653 exp[— = 2.0)1.65] (x10716em?), (209b)

0.139E9-318 exp(—680/ E10)

T 14275 x 10-12E265 1 9.04 x 1023465
(x10716¢em?), (209¢)

USID(E)

whereF is the ion impact (laboratory) energy in eV units (see Figtben page
184). Other low-energy experimental data (e.g., from R&89]) can be accom-
modated in this expression by increasing the coefficierh yiEq. (209b) by a
factor of two. The reliability ob—g 1 p Cross section above 30 — 40 keV, however,

is not very high.

B CID cross sectionsfor individual initial v; states

The cross sectionsS /? for the individual excited states df; (v;) in reaction
(208) have been experimentally determined in Ref. [255kfoe= 0 — 10 at ion
impact energie®;,;, = 8,12, 16 and 32 eV. These cross sections are given in Table
50. From the values in this table it is observed tlf@fD have, on average, a linear
dependence on; and are virtually independent on ion energy in the consitlere
energy range. The claimed accuracyoGf’” cross sections of Ref. [255] is
30%.

The TSH calculations of$’” in Ref. [260] forv; = 0,3 and 6 forE,, = 8

and 16 eV, and; = 0 — 7 for E;,;, = 12 eV, give somewhat higher values than
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those of Ref. [255], but confirm the lineag-dependence and the weak energy
dependence m‘gm. Itis, however, unclear how far beyond the considered gnerg
range these dependenciess9f  can be extended.

C Other callision induced dissociative processes

Apart from the induced dissociation described by Eq. (2€@8re are several
other dissociative processes that can take place in highyfg + H; collisions.
These include (we omit the vibrational state labels)

Hf +Hy— H"+H" +e+ Hy (210a)
— H+ H+ Hf (210b)
—H,+H "+ H (210c)

— Hy+H "4+ H" +e (210d)
—H+H+H"+H (210e)
—H+H+H"+H' +e (210f)

where the "fast” products are underlined. Coincident tegii®n of all reaction
products is infeasible, and in most cases composite (iivelusross sections for
particle (ion,atom,or electron) production are measurdthe cross section for
dissociation ionization process (210a) has been, howdetzymined experimen-
tally [262] in the ion energy range above 30 keV. The fast-¢traproduction cross
section has been measured in [252] fgr, > 3 keV, it is by a factor 2-3 larger
than the fast-Fi-ion production cross section in this energy region. Thevgib"-
ion production cross section has also been measured innfemergy rangé — 50
keV [250] with values significantly smaller than the fast-idroduction cross sec-
tion. All "particle production” inclusive cross section$ dissociative processes
(210) attain their maxima (of the order o~'6cm?) at ion kinetic energies in the
range~ 20 — 100keV, and show a trend of rapid decrease with decreasing the
energy.

7.33 Hj ionformation

The process

Hf (v;) + Ha(vo) — Hi (v3) + H(1s) (211)
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has been subject of numerous experimental [251, 259, 2@]-£2W theoretical
[260, 275—-277] studies. Most of experimental studies haenldevoted to de-
termination of total cross section @f;" ion formation (with unspecified initial
and final vibrational state distributions), but in a few oéith [271-273], the;-
dependence of the cross section for a number of collisiongeree(in the range
Ecy = 0.04 — 15 eV) and forvg = 0 has been investigated. Theoretical stud-
ies have been performed within the classical trajectoryasarhopping (TSH)
method and have produced not only total and initig) étate-selective cross sec-
tions [275, 277], but also cross sections correspondingedvo particle exchange
channels of reaction (211) [260, 276] : the proton transfennel

Hy +H, — (H"Hy) + H, (PT) (2123)
and the atom transfer channel
H} +Hy — (HfH)+ H. (AT) (212b)

The H;™ molecular ion has two vibrational modes: a symmetric stretode and
a degenerate (asymmetric plus bend) mode. The asymmaetichsibrational
states can make dipole transitions to the ground symmetdtch states and have
lifetimes in the millisecond range [278]. The symmetriestr states can decay to
the ground state only via electric quadrupole transitidDgole transitions from
symmetric to asymmetric states are, however, possibleshmiginders their life-
time in the millisecond range as well. The symbglin Eq. (211) refers to the
symmetric stretch vibrational states &f .

The population of vibrational states ng resulting from reaction (211) with
v; = vg = 0 at thermal energies has been analyzed in Ref. [279] and shdtge
are given in Table 51. The excitation energies of vibrati@taes ongr are also
given in this table (taken from Ref. [279]). A more refinedatraent of vibrational
spectrum ofH?jr ion can be found in [276, 278]. We note that the dissociation
energy ofH" is 4.51 eV, i.e.H; is more stable tha#l,, .

A State-selective cross sections

Forv; = vy = 0, the reaction (211) is exothermic by 1.73 eV with a thermal
rate coefficient oR.11 x 10~%cm3/s [274]. Its cross section’s (v; = vy = 0)
has been experimentally determined in the energy regiawbb eV [271-273].
Theoretical calculations [275-277] support the experi@atata forEcys < 5eV,
but at higher energies the TSH cross sections decreasetfzmtehe experimental
ones. Therls (v; = v9 = 0) cross section increases with decreasing the energy
asE_3/® for Ecyr < 1eV, and shows a rapid decrease when the energy increases
above Ec)s ~ 2 eV. A similar energy behaviour is observed in the total cross
sections with undetermined anduy initial state distributions. The rapid decrease

of o3 for Ecy 2 2 eV is associated with the competing CID process.
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The available experimental and theoretical datar8n (v; = vo = 0) can be
represented by the analytic expression

17.76(x 1016 cm?)

Hico o oy —
778 (v =vo =0) = EOATT(1 4 0.0291E361 +1.53 x 105 E6-55)

(213)

whereE is the C.M. energy in eV units. This cross section has a cothecmal
energy limit, and describes the original data well withieitlinherent uncertainties.
See Figure 46 on page 184.

The ratio

aHg(vi,vo =0)

O’HPTL(UZ‘ = vy — O)

fvi) = (214)
has been experimentally determined for= 1 — 4 [273] at a number of C.M.
energies between 0.04 eV and 15 eV, and shows a a smooth tehthat allows
reliable extrapolation.(Note thaf = 0 — 4 states account fof7% of the H" (v;)
population; see Table 25.)

The values off (v;) from Ref. [273], extrapolated up tg@ = 10, are given in
Table 52 for twelve energies from the range 0.04 eV-15 eV. §iheoth energy
behaviour off (v;) allows reliable interpolation along the energy scale. tbibe
noted in Table 52 that foEcy, < 0.5 eV andEcy, 2 10 eV, f(v;) < 1, whereas
for 0.5¢V < Ecpy < 10€V, f(v;) > 1 for the lowerv; values. The suppression
of ol (v; > 1,vy = 0) with respect tar’s (v; = vy = 0) in the regionEcy; <
0.5¢V is due to competition with the strong charge exchange chanrmde its
suppression foZ 2 10 eV (and even at lower energies for the highstates) is
due to competition with the CID channel.

There have been no experimental or theoretical studiesrsioifahe state-
selectiveH; formation process witly, > 1. For the most populated; = 1 —
3 levels ofH2+, however, reaction (211) becomes endothermicufp> 5 — 3,
resulting in a decrease @f,” formation cross section with respectaté’s+ (v; =
v = 0). The merged and crossed beams experimentg pfiormation [267,268],
in which the H, beam is produced by charge exchange iith and is, therefore,
vibrationally excited, indeed give totél; formation cross sections that are by a

factor 0.7-0.8 smaller tham's (v; = vy = 0).

Apart from the earlier mentioned determinationi{fu3) populations offf;" (vs)
vibrational states for the; = vy = 0 case of reaction (211) at thermal ener-
gies [279] (see Table 51), only a single theoretical TSHystacvailable [276] in
which P(v3) has been investigated fof = 3,v9 = 0 and E¢ys = 0.11,0.46 and
0.93 eV. This study indicates th&t(vs) has a significant; dependence, but its
variation in the considered energy is relatively weak.

B Total cross sections
The total cross section foﬁifg+ ion formation, summed over; andvs, but for
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7.3 Collisonsof H, with Hy

the initial v = 0 state, is obtained as
+ 18 +
o'ls (viallvg =0) =Y f(v;) Pyy (v) 0™ (v;=v9=0)  (215)
v; =0

Wheref (v;) is given by Eq. (214), anﬂ’H; (v;) is the initial population ofZ;" (v;)
states (see Table 25). The valueg 0f;) from Table 52 can further be extrapolated
tov; > 11, but in view of small values dPH; (vy) for v; > 11, the terms withy; <
10 in the sum of Eq. (215) account for about 99% of the totatss®ction. In the
energy range 0.5 e Fcoy < 10 eV, where for the lower; f(v;) > 1, the total
cross sectionr 3 (v; all; vg = 0) is larger thary s (v; = vg = 0), in accordance
with experimental data obtained by the ion beam gas cell otef269, 270], in
which H, (v;) are produced by electron-impact ionizationff(vo = 0).

As discussed in the preceding sub-section, the total sectio

18 14
n
Jgg (v; all;vg all) = Z Z I () PH2+ (03) P, (v0) o3 (v = vy = 0)
;=0 v9=0

(216)
is expected to be somewhat smaller tiodfy (v; all; vo = 0) due to appearance of
endothermic channels in Eq. (211) for certain pajrs of initial states. P, (vo)
in Eq. (216) is the population af, state ofH(vy).) The total merged (crossed)
beamsH " formation cross sections of Refs. [267,268] indicate thatreduction

factor

tot

Hy
H+

o3 (v; =vg =0)

lies in the rangex(0.02¢V') ~ 0.78 tox(3eV) ~ 0.67.

"% (viall; voall)

K (ECM) =

(217)

C Proton and atom transfer cross sections

In certain plasma modelling studies it is important to digtiish between the
proton and atom transfaﬁ{gr formation channels, (212a) and (191b), respectively.
The TSH cross section calculations for these reaction aiarimave been per-
formed forv; = vg = 0 andv; = 3, v = 0 cases in the C.M. energy range 0.25-5.0
eV [276]. The relative contribution of proton transfer (Raid atom transfer (AT)
channels tng+ ion formation cross section are given in Table 53 [276]. &imi
calculations have been extended in Ref. [261] up to 8 eVeMaBkhows that at low
(< 1eV)energies, the PT and AT contributionngL formation cross section are
approximately equal, but at higher energies the AT contibbudominates. These
findings are in agreement with the experimental studies ciiRITAT reactions

HY (v;)+ Dy — DyH™ +H  (PT) (218a)
Df (v;)+ Hy — DoHT +H  (AT) (218b)

performed in Ref. [280].
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7.4 Collisionsof H, (v;) with H~

The collision dynamics off, (v;) + H~ system at low energies is dominated by
the strong attractive Coulomb interaction in the entrarftannel. The energy of
{HJ (v; = 0) + H~} state at infinite separations R betwedii and H- ions lies
0.754 eV below the energy ¢, (v; = 0)+ H(1s)} state, and 1.08 eV above the
energy of{ Hy(vg = 0)+ H '} state. With decreasing R, the potential energy curve
of ionic state{ H; (v; = 0) + H~}, therefore, intersects (in a diabatic approxima-
tion) the potential energies of all covalgif; (N3 A,/,v0)+ H(1s)} (N < 4) and
{HQ(Xlzg_;’UQ) + H*(n > 2)} states. The non-adiabatic coupling of initial ionic
state with the covalent states (having the same symmethedsrtic state) results

in electron capture reactions duringtf + H~ collision. The adiabatic energy
curve of the{ H (v; = 0) + H~} state, as function ofl;” — H distance R (and
at a fixed distance = 1.65a¢ between two of the protons, corresponding to the
equilibrium distance of equilaterdfs systemsy is the Bohr radius), has a mini-
mum at R~ 3.6 — 3.8a, and intersects the potential energy curvegf ion at R

~ 2.6ag [281]. In the region R< 2.6a, the { HS (v; = 0) + H~} state becomes
an auto-ionizing (resonant) state that can decay eitherifgy a vibrationally ex-
cited ng ion (associative detachment) or produciig + H(1s) (or Hy + H* at
higher collision energies) fragments (non-associatitaatenent). Before entering
the H + e continuum, the potential curve of resondif, (v; = 0) + H~} state
diabatically intersects (for the second time) the potéeti@rgy curves of all states
of the H3 system, except those of the first excited and of the disseeigtound
state. The excited states Hf system are loosely bound and unstable against pre-
dissociation. The first excited state B, although of different symmetry 3,)
than the resonarftl, (v; = 0) + H~} state ¢A4,) is, nevertheless, coupled with
it and can be significantly populated during tHg (v; = 0) + H~ collision. This
state asymptotically correlates to thie(b3%:F) + H configurations and its popu-
lation leads to production of threfé(1s) atoms.

741 HF — H~ mutual neutralization

The mutual ion-ion neutralization (or recombination) preses:

Hy (v;)+ H™ — (H3) — Hy (N"®As500) + H (1s), N < 4, (219a)
— Hy (X'SF500) + H (n > 2) (219b)

have not been studied in detail so far. There has been onlyotalecross section
measurement of reaction (219) at three energies in the kgigr¢282] indicating
that the cross section for this reaction (at these energiek)se to that of thé/ ++
H~ collision system. A recent theoretical attempt to estintlagecross section of
reaction (219) within a multichannel Landau-Zener mod&B]zhas failed due to
an inappropriate treatment of channel dynamics and cayipiteractions.

On general theoretical grounds (see [5, 6]), one shouldatxpat mutual neu-
tralization cross section dff, (v;) and H~ ions in the energy region below 1
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keV should be large and comparable to that for #ie — H~ system (see sub-
section 3.2.1). For the electron capture in reactions (2b®)most important are
the (avoided) potential energy crossingsof initial ionic state with the final chan-
nel states at the IargélgL — H distances,R. The crossings ofV > 4 andn >

4 channels in Egs. (219a),(219b) are distributed?at, 80ay, where the ionic-
covalent coupling it too weak (see, e.g., [284]). For theestavith (N,n) = 2
and(N,n) = 3, these crossings are distributed in the regioRs , = 8 - 11 &
anddéRs , = 19 - 40 @, respectively, where the ionic-covalent coupling can gelu
strong transitions (in analogy with the casefbf — H~ system; see [93,94,284]).
The large density of available charge exchange (covaldrvahreels within each
(N,n) = 2,3 group of states, particularly when the vibrationglstates are taken
into account, provides ample compensation for the reduafocoupling matrix
element due to its multiplication with the Franck-Condoaotda for thev; — vg
transition.

A rough estimate of the total mutual neutralization crosgise for reactions
(219a,219b), summed ovey-states, can be obtained by using the absorbing sphere
model (ASM) [285]. The application of this model can be jfist by the high den-
sity of available charge exchange states within eS¢l A, vibrational manifold.
The cross section for charge exchange reaction (219a)natitis model forN =
2,3 states is, respectively, given by

Jg;iéw) (v 21’3AU) = R3S (E),
ot (03 Ne) = 7 [, () = B ] (220)

whereR,, and Rs, are the crossing points (i units) of corresponding ionic and
covalent states, anfa; ,,q, is the largest ofR; , crossings. The factorS;(E)
and S3(F), that depend on collision energy E, are the survival prdibisi of
the system in the covalent stafél(N13A,) + H(1s)} in the regionR < Ry,
against pre-dissociation to stat®¥$ # NN, or decay in theH?jr continuum (after the
second interaction of covalent state with $," (vo) + H~} 2A; resonant state
at small R). The crossing poitit v, is related to the vibrational energy%c (v4),

ionization energyly, (N'?A; v = 0) and electron affinityE? A(H ) (=0.754
eV) by
27.2

RN = 221
Nz (40) B2 (0;) + In, (NY3A00 = 0) — EA(H™) (221)
2

where all energies in Eq. (221) are expressed in eV.
Relations similar to Egs. (220-221) can be written also fuarge exchange

channel (198b). If one set$, = S3 = 1 in Eq. (220), the total cross sections for
mutual neutralizationagv’?]‘f,fg) andaﬁﬁfgj)in the N = 2, andN = 3 channels are
determined only by the values &fy ., Eq. (221).

In order to estimate the magnitudesaiﬁfg) andag\fﬁg), we take the mean

values Ry, (= 9.24a¢) and R3, (= 25.5a¢) for Ry, and R3, from the intervals
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0Ry; and § R3, mentioned above. The resulting cross sectionwéﬁ%]g) ~

7.5 x 10" Pem?2 andol/vs) ~ 5.0 x 10~ “em?. These values are of the same

order of magnitude as those fotiynv(n = 2) andoyn(n = 3), respectively,
of the reactionH™ + H~ — H(n) + H(1s) in the energy range 1-10 eV (see
sub-section 3.2.1).

As we shall see in the next sub-section, the total electraactienent (asso-
ciative and non-associative) cross section inkhe+ H~ collision system is not
very large & 5 x 10~7em? in the energy region 1-5 eV), which indicates that
the population of resonarft; (24;) by the non-adiabatic couplings of this and
covalent states at smdl!;r — H~ distances 2.6y < R < 4ag), and its decay
in the Hy , (H, + H*) and (H, + H) continua is not very strong. Therefore,
continuum decay precesses do not affect significantly tingval of charge ex-
change (covalent) states in the regiBin< Ry, , and, consequently, the total
mutual ion-ion neutralization cross section. However, gre-dissociation of7;
bound excited states, as well as their coupling with thenasbstate at R- 2.6
&, can significantly affect the above estimatesa‘@?ﬁj\g ) anda](\?]i]\g ). It should
also be mentioned that even some of the asymptoiic statesation (219a) are
pre-dissociating states (suchB8I1, (vg) andd>I1, (vo) for vg > 3). Furthermore
N = 2,3 gerade triplet states are radiatively coupled with the dissoeeaty’>:;"
state. This indicates thdf,” — H~ mutual neutralization can lead to significant
dissociation to neutral atoms.

7.4.2 Associative and non-associative detachment
The associative detachment (AD) reaction
Hyf (vi) + H™ — (H3) — Hy (vs) +e (222)

has been experimentally studied [85, 286] and its totalscsestion (summed over
v; andws) is known in the collision (C.M.) energy range 0.07-10 eV. Ascdssed
earlier, reaction (222) results from the decay of reso&f(f A;) state in theH?jr
continuum forHy — H~ distances R< 2.6 ag [281]. Other decay modes of
H;(%A;) resonance in the region R 2.60qy, the non-associative reactions

HY (v;)+ H™ — (H}) — Ha(vo) + H" +e (223a)
— H2+ (UZ) +H+e (223b)
— H" +2H +e (223c)

have, however, not been studied as yet.

The potential curve ofA; resonant{ H; (v; = 0) + H~} state intersects
the H; potential energy curve at the position (R = 2§ on the right from its
minimum (R~ 1.5a0), which energetically corresponds to the =3 vibrational
level [281]. This indicates that the levels >3 are predominantly populated in
reaction (222). Fop; > 1, thewvs-distribution ofH?,+ in reaction (222) is shifted
upward for the amount of excitation enerﬁﬁf;c (v3).
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The measured total cross section of associative detachwemetion (222) can
be represented by the analytic expression

det 0.38 x 107 16¢em?

7AD = BOT8 (1 0.039E262) (224)

where the collision (C.M.) energy is expressed in eV. Th&H? (close to E ')
behaviour ofr4<}, at energies below- 1 eV reflects the dominant role of attractive
Coulomb interaction in the entrance reaction channel (seenbre detail Refs.
[86,286]). The fast decreasecﬂflg for E > 3 eV indicates that the non-associative
detachment reactions (223), competing with (201), becamngirmhnt decay modes
of the H; resonance at these energies. See Figure 47 on page 185.

8 Collision Processesof H;

The collision processes df;™ ions with e, H, H, and H~ have been relatively
little investigated compared to the processes of othergeltbparticles of a low-
temperature hydrogen plasma. Exception is the processssbdativee + H
recombination that received much attention in last two des@decause of several
conflicting experimental results on its rate coefficientd &ecause of its funda-
mental importance in astrophysics (see sub-section 8t Rafs. [287,288]). In
the present section we review the available cross sectfommation for collision
processes off; with other constituents of a low temperature hydrogen ptasm
and emphasize the lack of such information for some impbpestesses.

8.1 Collision processes of H;™ with electrons
8.1.1 Vibrational excitation

The electron impact vibrational excitation Bt (vs)
e+ Hy (v3) — e+ Hi (v) (225)

has not been studied so far. The transitions between thengsymc stretch)vs
states ofH?jr can take place only via the electric quadrupole interactamd in
the Coulomb-Born approximation (CBA) the cross sectionpi@dominants —
vs + 1 transition is given (in analogy with the+ H (v) case; see sub-section
7.1.1) by [209]

3% 0.284 8Q2>2 )
ooy (v3 s v3+1) = ——5— (v3+1 (— el (226)
b (3 — v3+1) 2 (it 99 po( 0)

wherew is thevs-vibrational spacing i3 (v3) (w = 0.372 eV; see Table 51) is
the electron wave numbe®)s is the electric quadrupole moment Bt related to
the charge displacement along one of its three internatintéear distances, and
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its derivative is evaluated at the equilibrium distapgg= 1.65 @) of equilateral
geometry Ds;, symmetry) ofH?jr . The factor3 in Eq. (226) takes into account the
three internuclear distances i"; the energiesy andk?(= 2E,;) are expressed

in atomic units (1 a.u of energy = 27.2 eV) angl(= 0.529,&) is the Bohr radius.
The electric quadrupole mome@k(p) for H;™ has been calculated in Ref. [289].
The cross section?’ given by Eq. (226) is summed over the rotational states of
vz and(vs + 1) vibrational levels.

For the dipole allowed electron impact transitions betwersymmetric stretch
vs States and asymmetric stretéhstates ofH.", a general CBA cross section for-
mula, analogous to Eq. (226), is available in Ref. [209]. elateso {7 to the
derivative of dipole momenf);(p) at the equilibrium distancg,, which is also
available from Ref. [289].

8.1.2 Dissociative excitation

In the Franck-Condon region of ground vibrational statéZgf ion, all electronic
excited states of this ion have repulsive character inliig geometries [290].
Only some of them exhibit bound character at large bond mists with a shallow
potential well. A vertical Franck-Condon transition frohetlowervs-states {3 <

6 — 7) of ground electronic stated’ of ng to any of the electronic excited states
of this ion leads to dissociation @f; . The electron-impact dissociative excitation
of H; ion can result in several dissociation channels

e+ Hy (v3) — e+ H* (N"3 Ay €) —e+ HY + H(1s) + H (n > 1)
(227a)

—e+ H' + Hy (NYA,;09) (227b)

—e+ HS(v))+H(n>1) (227c)

The total cross section of proton production reactions #22nd (227b) has been
measured in the energy range from threshald16 eV) up to~ 600 eV [291],
while the total cross section of reaction (227¢) has beersared only in the region
14.75 eV (threshold) tez 30 eV [292]. The initial vibrational state df;" in these
experiments was claimed to bg = 0 (this claim being supported by the observed
threshold energies corresponding to vertical transitioos H; (v = 0) state
to specific electronic excited states Bf ). The total cross section for proton
production reactions (227a) and (227b) shows weak strestabove B~ 19.25
eV, indicating that several excited statestdf ion contribute to the cross section.
Similar, but much more pronounced structures were obsernvdte cross section
section for the reaction (227c) [292].

With an accuracy exceeding the experimental uncertajritiestotal H+ pro-
duction cross section in reactions (227a) and (227b) carepeesented by the
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analytic expression

() _
ope = goam |1\ PV BT (1+ 1.019 x 10 HETAR2)

(xlOflGCmQ)

(228)

where E is the collision energy in eV units (see Figure 48 on page .1&Xper-
imental resolution of the contributions of channels (223ta) (227b) to the cross
+
sectiono—gé ) has not been made, but the potential energy curves of exalited
+
tronic states of;” [290] indicate that for E> 20 eV theagz ) cross section is
dominated by the reaction channel (227a) with 1.

The cross section of reaction (227c) in the energy interdaf3 - 32 eV, in
which it has been measured [292], shows sharp resonantusgactypical for the
processes proceeding via formation of intermediary reswem (5). The mean
value of this cross section, averaged over the resonarttstes, is about 0.3

+
10~16 cn?, i.e. more than an order of magnitude smaller thgi ) in the energy
interval 16 — 32 eV. Since in the energy region abev@0 eV dominant contri-
+
bution tOO’l()Iz ) gives the dipole allowed transition to the first excited BhgE’
state ofH;, which is a dissociative state producing t1s) atoms, it follows

that dominant electron-impact dissociative excitatioarstel forH; above 20 eV

+
is (227a) withn = 1. A polynomial fit to agz ) cross section is given also in
Ref. [11].

8.1.3 Dissociative recombination (DR)

Contrary to the case of + H, (v;) dissociative recombination (DR), where the
diabatic potential energy curve of doubly excit@gd, )? resonant state aff in-
tersects the potential energy curve #§ ion at the energy position af; = 0
vibrational state, and thereby ensures the effectiveniggrect” DR mechanism
(see sub-section 7.1.3), in the case:af H; (v3) collision system, as mentioned
earlier, the potential energy curve dfi; resonant state aff5 intersects the po-
tential curve of ground electronic state B at the energy position of its; = 3
vibrational level. This circumstance strongly suppresbesffectiveness of direct
DR mechanism for the + H (vs = 0) collision system at thermal energies, and
was taken as a basis for interpretation of the small obserakebs of thermal DR
rate coefficient Kpr(300K) < 1071%m3/s) in flowing afterglow / Langmuir
probe (FALP) experiments [293]. At the same time, this argnihwas used to
question the complete vibrational relaxationfﬁj (v3) ion in the stationary after-
glow [294], merged beams [295, 296] and infrared spectms§®97] DR experi-
ments, reporting thermal DR rate coefficientlof 2 x 10~7 cm?/s and claiming
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complete vibrational relaxation df; (v3). The multi-pass merged beams experi-
ments performed on ion storage rings [298,299], in which‘@eions are certainly
vibrationally fully relaxed {3 = 0), also give values for the thermal DR rate coef-
ficient of Hy of 1 - 2 x 10~7 cm?/s. The question then arises about the reaction
mechanism producing such high thermal values fgiplof H; (vg = 0).

Thee + H3 (v3) DR reaction has two principal dissociation channels,

e+ Hy (vs) — (Hy" Hy™") = Hy (X'S5500) + H(n > 1) (2292)
— 3H (1s) (229b)

where H;*is a doubly excited (resonant) state aHQRyd is a (core excited) pre-
dissociating (possibly also auto-ionizing) Rydberg stage provides an "indirect”
mechanism for DR. Most of DR cross section measurementsbeame performed
for "cold” (v3 < 1) Hj ions [295, 296, 298, 299], covering the collision energy
range from~ 0.001 eV to 30 eV. There are also cross section measureméhts w
HJ vibrationally excited [300], with as-population distribution corresponding to
that given in Table 51. In all these experiments only thel iass section for the
two DR channels, (229a) and (229b), has been measured.

There are only two theoretical (total) cross section caliboh of DR reaction
(229) withvs = 0. In one of them [301], only the contribution from the direct
DR mechanism (with inclusion of fouk;* states) was considered by employ-
ing the wave packet propagation method on potential enendgces ofH3 (two-
dimensional dynamics). These calculations have repratitiee broad resonant
feature in the DR cross section observed in the energy reggioind 10 eV. The
other calculation [302], performed within a "hybrid” wavagked-multichannel
quantum defect method in the energy range below 1 eV, haadedl the con-
tributions from both direct and indirect DR mechanisms. #swshown that the
cross section obtained with the direct DR mechanism alofeuisto five orders
smaller than the experimental cross section in this reghatiling the contribution
from the indirect DR mechanism reduces this difference o dwders of magni-
tude. Only quite recently, in a three-dimensional treatnoérrollision dynamics
(involving inclusion of new types of kinetic couplings, $uas Jahn-Teller interac-
tions) [303], an agreement of theoretical and experimenrtas section results in
the low energy region has been reached.

A Total cross section and channel branching ratios for Hy (v3 = 0)DR

As mentioned earlier, the total DR cross section resulis fstorage ring exper-
iments withHgr (v3 = 0) agree well with each other (see also discussions in [228]
and [287]) and cover the collision energy range frens x 10~ eV to ~ 30 eV.
The total cross section from the CRYRING storage ring expenit [298] can be
represented by the following analytic expression

o5 (3 =0) = opp (v3=0) + o (v3=0) (230)
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L 3.00 (x10*em?)

7DRT[0735 (1 + 4.45E1-20) (2312)
111

= — 231b

UgR o< * o> ( )

634.22

1.478 —16,,2 R
o= =0.0646E"7 (x1070em?) , 07 = i

(x107'%m?) (231c)
wherekFE is the relative collision energy in eV.

This cross section is plotted in Figure 49 on page b@R describes the low-
energy part of the cross section. The departure of it$"® behaviour in the low
energy limit (for £ < 0.1 eV) from theE—! Wigner law is a reflection of complex
dynamical mechanisms governing the DR process in this mg@a2, 303]. agR
term in Eq. 230 describes the broad resonant featuseif(vs = 0) in the region
aroundE ~ 10 eV.

The relative contributions of reaction channels (229a) &&9b) to the to-
tal cross sectiow’st, (v3 = 0) as function of energy have been measured in both
single-pass [304] and multi-pass (storage ring) [305] mérgeams experiments.
The storage ring data cover a broader energy range and thgyvan in Table 54
for a number of collision energies in the range 0.003 — 25 &ii6 Table shows that
for E < 0.3 eV, the branching ratios of the channels (229a) and (22%bpcti-
cally constant, with average values of 0.24 and 0.76, réisphc At the collision
energy of~ 0.35 eV (close to the threshold for excitation of first vilbwaal state
of H; see Table 51, the branching ratio of two-body dissociatioannel begins
to increase rapidly, reaching a maximum of 0.6%at 5 eV. The two-body dis-
sociation branching ratio exhibits resonance structurésa 1 eV andE ~ 13.6
eV, corresponding to the thresholds s + H (n = 2) andH, + H' + e disso-
ciation channels. FoE 2> 14 eV, the three-body dissociation channel ((229b) ),
completely dominates the DR process.

B Quantum state distribution of DR reaction products

The quantum states of products of DR reaction (229) with- 0 have been
theoretically investigated in [306] under the assumptloat the process is domi-
nated by the direct mechanism (via thé; resonant state in 4 geometry). The
threshold energies for the lower dissociation channelsaxtion (229) withvg =0,
calculated in Ref. [306], are given in Table 55. It should bed that the exother-
mic Hy (63X )+ H(1s) channel in Table 55 promptly produces thig€l s) atoms.
The thresholds in Table 55 are given for tHg-fragments in their ground vibra-
tional states. Itis, however, very likely, that the largegmial energy off{;*state
is, to a significant extent, distributed over the vibratiofzand rotational) degrees
of freedom, so that the values in Table 55 represent the uippies of correspond-
ing thresholds. For collision energies abave).37 eV, whenH; (v3) can be vi-
brationally excited by the incident electron, the DR pracean also proceed via
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core-excited Rydberg states Bf, and the distribution of available total energy in
the system over the possible dissociation channels is difigent. The inclusion
of Jahn-Teller couplings to properly describe the DR pre@dow energies also
leads to different populations of dissociation channelse Guestion of quantum
state distribution of products from reaction (229) for éint collision energies at
the present remains open.

C Total DR cross section for Hy (v3 > 0)

There have been two merged-beams cross sections meastgeasheeaction
(229) with both cold ¢3=0) and vibrationally excitedv§ > 0) H; ions in the
energy rangé.01 — 0.8 eV [300]. The excitedH; ions have been produced in
HJ + H, collisions and their vibrational population should haverb¢hat given
in Table 51.

The measured total cross sectigffi, (vs = 0) ando’S%, (vs > 0) in the energy
range0.01 — 0.8 eV are mutually related by

o5r(v3 > 0) = R(E)oSz(vs = 0), (232)
where
9.02
R(E) = F0173° (233)

It should, however, be noted that the merged-beams crosrsetS’, (vs = 0) of
Ref. [300] is by a factor of about three lower than the stonagg cross section
of Ref. [298], represented by Egs. (230 - 231), in the oveilagp energy range.
Nevertheless, one can plausibly assume that the ratio R¢Eh dpy Eq. (233)
should retain its validity. Moreover, the ratio of other ged-beams total cross
sectionss9% (v3 > 0), that are available in a broader energy range (0.001 - 5 eV;
see e.g., [227,296]) also satisfy the relation (212).

The contribution of individuabs states toyﬁ‘;ﬁ%(vg > 0) has not been investi-
gated as yet. The crossing of potential energy curvé/f(>A;) resonant state
with that of ground statéf;" ion at the position of its;=3 level could suggest that,
at least at energies aboveb-6 eV,opr(v3 = 3) should give the main contribution
to ot (v3 > 0). On the other hand, the cross section measurements of Réf. [3
with successively COOleH;_(U:;) ions indicate that, in the energy region belew
1eV, the contribution of differents states tariS%, (vs > 0) is fairly uniform.

8.1.4 lon-pair formation

An alternative decay channel for the resonant staté(*>A;) formed during the
e + Hi (vs) collision is the ion-pair formation process

e+ Hi (vs) — (Hy*) — Hy (v;) + H. (234)

100 R.K.Janev, D.Reiter, U.Samm



8.2 Collision processes of H3™ with H

The asymptotic limit @ — oo) of H3*(2A;) resonant state is just thé;" (v;) +
H~ configuration, as mentioned earlier. In order to reach thigrgtotic limit
in the course of dissociation, the system formedAn resonant state must pass
(twice!) through the regions of strong interaction with toealentHo (N3 A, ; v)+
H(ls) andHQ(Xlzg; vo) + H (n) states having Ny < 4. These couplings divert
the dissociation flux into the covalent DR channels and, sstighe " (v;)+ H ~
dissociation channel is populated very weakly.

Whenvs = v; = 0, the energy threshold for reaction (234) is 4.51 eV [306].

The cross section of ion-pair formation reaction (234) hesnbmeasured with
both cold ¢3 = 0) [307,308] andH (v3 > 0) ions having thess-distribution as in
Table 51 [308]. The ion-pair formation cross sectiondgr0 ions has a maximum
of ~ 2 x 107! cn? at E,,, ~ 8 eV. The cross section fd; (v3 > 0) ions is
about two times larger than fdi; (vs = 0) with a threshold at- 2 eV. Thus, the
cross section for ion-pair formation in the energy rangewel 30 eV is about
two orders of magnitude smaller than the DR cross sectiah @ process (234)
can be excluded from the plasma kinetics studies.

8.2 Collision processes of H; with H

Collision processes off; ions with hydrogen atoms have not been studied so
far. However, some of these processes should exhibit significross sections,
and their experimental and theoretical study should noé [gasious difficulties.
Below, we give a qualitative discussion of two such procgsskssociation and
dissociative charge exchange.

821 H; dissociation

The dissociation oH;(vg) in collisions with ground staté/ atoms may proceed
via two mechanisms (in analogy with thi¢ + H, case; see sub-section 7.2.3):
promotion of adiabatic vibrionic states &f;* collision complex to theHgL disso-
ciation continuum,

H(1s) + Hi (v3) — (H3*) — H(1s) + Ha(vo) + HT, (235)

and by direct excitation of excited electronic stateg/gf (dissociative excitation)

H(1s) + H3 (v3) — H(1s) + H* — H(1s) + Ho(N'Ay;v0) + HT
(236a)
— H(1s) + Hy (v;) + H(1s) (236b)

These processes can take place also wHes in an excited state. The process
(235) is expected to have large cross sectiens (~'¢ — 10~1° cm?) in the col-
lision energy region below.10 eV, especially for vibrationally exciteH; ions.
Dissociative excitation processes (236) have threshaltizei energy region above
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~ 15 eV, depending on the vibrational excitation Bt (v3). As mentioned ear-
lier, in the Franck-Condon regions of lower vibrationaltsta@s < 6 — 7) of
H (vs), all excited states off;™ are dissociative. The first excited state/df

to which a dipole allowed transition is possible is th€ fully dissociative state
that lies 19.2 eV above the; (1 A}; v3 = 0) ground state [290] and dissociates to
Hy(X'¥F) + HT. Whenuvz ~ 10, the threshold for this transition is, however,
reduced to about 15 eV. The next singlet excited statéfgjfl AY is only 3 eV
higher than' E” in the Franck-Condon region @15 (1 A; v3). The calculation of
the cross section for dissociative excitationféf (1 A;;vs) in the first Born ap-
proximation, requires only knowledge of the dipole momduotsthe low-energy
corresponding ground-to-excited singlet state transitioThe calculation of the
cross section for reaction (235), however, requires detetion of the adiabatic
(discrete and continuous) vibrionic spectrumiff system, and solving of a large
set of coupled equations (obtained e.g., within the I0SAcason of collision
dynamics), in analogy with th& (1s) + H (v;) case (see sub-section 7.2.3).

8.2.2 Dissociative charge transfer

The dissociative electron capture reaction

Hi(v3)+ H(n>2) — Hi + H" — Hy(X'SFv0) + H(1s) + HT  (237)

should also proceed with a large cross section at low aoflisnergies. The forma-
tion of long-lived excited states df; (such as theyp 2 A} states) for experimen-
tal studies of properties and dynamics/@f Rydberg states [309], is standardly
achieved by a‘Ig+ charge exchange reaction at (1 - 1.5 keV) with atoms [310].

It has been shown in Ref. [311] thap? A} states with n=2, 3 pre-dissociate to
the vibrationally highly excitedh/'p?E’ states, which further pre-dissociate to the
dissociative ground state dii3 [— Ha(X'S}) + H(1s)]. For H(n = 2,3),
the electron capture step in reaction (237) takes placepmbppately large ion-
atom distances which ensures large total cross sectionf)( 6 — 10~1° cn?)

at collision energies below a few keV. It should be noted thatRydberg state
pre-dissociation dynamics may lead also to population df reaction channels
involving electronically excitedis and H neutrals.

8.3 H; — H, collisions

The experimental studies of