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Abstract
Collision processes among the constituents of low-temperature hydrogen plas-

mas (e,H,H+,H−,H2,H
+
2 ,H+

3 ) play a key role in technical plasma applications
as well as in the boundary regions of magnetically confined fusion plasmas. In this
work a review of the current knowledge on their cross sections is presented.

Collision processes of electronically and vibrationally excited species are also
included in the present review. The energy range in which these processes are con-
sidered extends from thermal energies to several hundreds electronvolts (and to the
keV region for some heavy-particle collision processes). The available experimen-
tal and theoretical cross section information is critically assessed and presented in
form of analytic fit functions, convenient for use in plasma applications.
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1 Introduction

Low-temperature hydrogen plasmas exist in various astrophysical and laboratory
environments, and their study is relevant for many technological plasma appli-
cations. Despite of their relatively simple chemical composition (e,H,H+,H−,
H2,H

+
2 ,H+

3 ), their kinetics is extremely complex. This is, basically,due to the
facts that the number of quantum states of atomic and molecular species involved
in collision kinetics is very large (electronic and ro-vibrational excited states),
and that the atomic and molecular collision kinetics are coupled by many inter-
conversion processes. On the other hand, the relatively simple internal (electronic
and ro-vibrational) structure of hydrogen plasma constituents provides a facilitat-
ing circumstance for theoretical and experimental studiesof their collision pro-
cesses. The quantitative information on the differential and integral characteristics
of these processes (e.g., reaction cross sections or rate coefficients, energy, angu-
lar and quantum-state distribution of reaction products, etc) provides the key for
understanding and interpretation of observed properties of hydrogen plasmas.

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

The collision processes that will be considered in the present work include:
electron- and proton-impact excitation (electronic and vibrational) and ionization
of neutral plasma particles, electron-ion (atomic and molecular) recombination,
excitation and ionization, processes of formation and destruction ofH− andH+

3

ions, and electron and heavy-particle exchange in ion-neutral particle collisions.
Particular attention will be given to processes involving electronically and/or vi-
brationally excited states. Elastic processes between hydrogen plasma constituents
are excluded from the scope of present review.

The purpose of the present work is to provide an exhaustive and critically as-
sessed information on the cross sections of above mentionedinelastic collision
processes, and to identify those processes for which such information is still not
available in the literature. The physics of the considered processes will not be
discussed in detail; the interested reader is directed to the various existing text-
books and specialized monographs [1–10]. The cross sectioninformation on the
majority of processes considered in the present review has been subject to critical
assessment in several previous publications [11–15]. The present review will make
an appropriate use of these assessments, but will be more exhaustive in its scope,
and will reflect the recent progress in cross section generation (see, e.g., the col-
lections [16, 17]). Much of the previously assessed cross section information for
considered processes can be accessed via Internet [18–20].As a rule, the cross
sections for considered collision processes and reactionswill be presented in form
of analytic fit functions, representing the original or critically assessed data with
a high (∼ 1 − 2%) accuracy. The analytic fit expressions have physically correct
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2 Collision Processes of Hydrogen Atoms

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

The organization of the present review is as follows. In Sections 2 and 3, we
discuss the collision processes ofH atoms andH− ions, respectively. Sections 4
and 5 are devoted to collision processes of hydrogen molecules with electrons and
protons, respectively, and in Section 6 the collision processes ofH,H2 andH−

with H2 are considered. Sections 7 and 8 are devoted to collision processes ofH+
2

andH+
3 , respectively, with other plasma constituents. Finally, in Section 9 some

concluding remarks are given.

2 Collision Processes of Hydrogen Atoms

2.1 Electron impact processes

The inelastic electron impact processes of a hydrogen atomH, in a quantum state
characterized by principal and angular momentum quantum numbersn and l, in-
clude

e + H(nl) → e + H(n′l′), n′ 6= n ≥ 1 (1)

e + H(nl) → e + H+ + e, n ≥ 1 (2)

e + H(nl) → H− + hν, n ≥ 1 (3)

For most plasma applications, inclusion of the magnetic quantum number (m) in
the characterization of the quantum state of a hydrogen atomis not required. More-
over, because of the energy degeneracy of angular momentum states of hydrogen
atoms,l-resolved cross sections for the above reactions are required only for the
lowestn-levels (e.g.,n ≤ 3), while for the higher levels (n ≥ 4) a statistical distri-
bution of l-populations is usually assumed. Thel-mixing processesnl → nl′ are
usually very strong and quickly establish a statistical distribution of l-sub-states.

The processes (1) - (3) have been extensively studied in the past, but mostly for
the ground (nl = 1s) initial state. For then ≥ 2 states, mainly theoretical studies
of processes (1) and (2) exist. (Reaction (3) forn ≥ 2 has not been studied so far.)

The most recent critical assessment of the cross sections for the processes (1)
and (2) has been performed in Ref. [13], and it supersedes theprevious assessments
[11], [21]. The cross section information in the present Section is based upon that
of Ref. [13].

2.1.1 Excitation

A Transitions from the ground state: nl = 1s

The cross sections for transitions1s → nl with n = 2,3 will be given for each
sub-statel, while for n ≥ 4 only the total (l-unresolved) cross section will be
presented. The cross section will be given in analytic form based upon fits of best
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2.1 Electron impact processes

experimental (for1s → 2l; 3l only) and theoretical data (see [13]). The analytic
expression for1s → 2l cross section has the form [13], [22]

σ(1s → 2l) = [a + b(E − ∆E)](×10−16cm2), 10.2 < E ≤ 11.56 (4a)

= c(×10−16cm2), 11.56 ≤ E ≤ 12.23 (4b)

=
σ0

∆E x



A0 ln(x) +
5
∑

j=1

Aj

xj−1



 (×10−16), E ≥ 12.23 (4c)

whereσ0 = 5.984,∆E = 10.2 eV (the threshold energy),x = E
∆E , and the

collision energyE is expressed in eV units. See Figure 3 on page 163. The fitting
parametersa, b, c, andAi are given in Table 1.

For transitions1s → 3l and1s → n(= 4, 5), the analytic expression for the
cross section fitted to experimental (for1s → 3l) and best theoretical data has the
form

σ(1s → 3l;n = 4, 5) =
σ0

∆Ex

(

1 − 1

x

)α


A0 ln(x) +

4
∑

j=1

Aj

xj−1



 (×10−16cm2)

(5)
whereσ0 = 5.984, ∆E is threshold energy,x = E

∆E , andE and∆E are expressed
in eV units. See, again, Figure 3 on page 163. The values of fitting parametersα
andAi, as well as of∆E, for considered transitions are given in Table 2.

For the1s → n(≥ 6) transitions, a good description of the cross section is
provided by the semi-empirical formula of Johnson [21], which agrees to within5−
10% with the results of Born and Born-Rudge approximations [23]. The Johnson
formula (a semi-empirical modification of the Born-Bethe formula) has the form

σ(1s → n ≥ 6) =
1.76

ynxn
[1 − exp(−r1ynxn)] ×

[

An(ln(xn) +
1

2xn
) + [Bn − An ln(

2

yn
)]

(

1 − 1

xn
)

)]

(×10−16cm2) (6)

xn =
E

∆En
, yn = 1 − 1

n2
, An = 2f1n/yn, r1 = 0.45 (7a)

Bn =
4

n3y2
n

(

1 +
4

3yn
− 0.603

y2
n

)

(7b)

where∆En = 13.6(1 − 1/n2) (eV) is the threshold energy,f1n is the oscillator
strength for1s → n transition, and collision energyE is expressed in eV units.
The analytic expression forf1n can be found elsewhere [4,13,21], and is given by
Eqs. (11-13) below.

The accuracy of the presented cross sections is:
for 1s → n(≤ 4): 10 − 20% for E ≤ 80 eV and 10% forE > 80 eV;
for 1s → n(≥ 5): 15 − 30% for E ≤ 80 eV and15 − 20% for E > 80 eV.
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2 Collision Processes of Hydrogen Atoms

B Transitions between excited states: n → m

The electron-impact induced transitions between excited states ofH have been
less studied than those from the ground state. The transition between2s and2p
states has been treated by the perturbation theory [24] and the cross section is
obtained in analytic form (see also [11])

σ(2s → 2p) =
8.617

E
ln
(

1.14 × 104E
)

(×10−15cm2), (8)

where the electron impact energyE is expressed in eV.
Extensive close-coupling cross section calculations, however, do exist for the

2l → 3l′ transitions [25–27], complemented with unitarized Born calculations
[28]. The total cross section forn = 2 → n = 3 transitions resulting from these
calculations can be represented by an analytic expression identical to Eq. (5) with
the fitting parameters [13]

α = 1.3196, A0 = 38.906, A1 = 5.2373, A2 = 119.25,
A3 = −595.39, A4 = 816.71.

For othern → m transitions (n ≥ 2,m ≥ 4), the semi-empirical formula of
Johnson [21] can be used to estimate the cross section. The results of this formula
are consistent with the results of normalized Born approximation.
The Johnson formula forn → m transitions has the form [21]

σ(n → m) =
1.76n2

ynmxnm
[1 − exp(−rnynmxnm)] × (9)

×
[

Anm

(

ln(xnm) +
1

2xnm

)

+

(

Bnm − Anm ln

(

2n2

ynm

))(

1 − 1

xnm

)]

(×10−16cm2)

xnm =
E

∆Enm
, ∆Enm = 13.6

(

1

n2
− 1

m2

)

, ynm = 1 −
( n

m

)2
, rn =

1.94

n1.57

(10a)

Anm =
2n2fnm

ynm
, Bnm =

4n4

m3y2
nm

(

1 +
4

3ynm
+

bn

y2
nm

)

, (10b)

bn =
1

n

(

4.0 − 18.63

n
+

36.24

n2
− 28.09

n3

)

(10c)

wherefnm is the oscillator strength forn → m transition, andE is expressed in
eV units.
The oscillator strengthfnm has the form [21]

fnm =
32

3
√

3π

n

m3

1

y3
nm

g(n, ynm) (11)
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2.1 Electron impact processes

g(n, ynm) = g0(n) + g1(n)
1

ynm
+ g2(n)

1

y2
nm

(12)

where the coefficientsgj(n) have the values

g0(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

g0(n) = 0.9935 +
0.2328

n
− 0.1296

n2
(13c)

g1(n) = − 1

n

(

0.6282 − 0.5598

n
+

0.5299

n2

)

(13d)

g2(n) =
1

n2

(

0.3887 − 1.181

n
+

1.470

n2

)

(13e)

We note that semi-empirical expressions for then → m(n ≥ 1,m ≥ n) excitation
cross section are available also in Ref. [29], but their accuracy is somewhat lower
than that of Johnson’s formula [8]. The accuracy of the abovecross sections is:
for n = 2 → n = 3: 10 − 30% for E ≤ 80 eV and 10% forE > 80 eV;
for n → m (n ≥ 3): 20−50% for E ≤ 80∆Enm and10−20% for E > 80∆Enm.
See Figure 4 on page 163 for some selected transition cross sections.

2.1.2 Ionization

A Ionization of the ground- and n = 2, 3 excited states
Accurate ionization cross section measurement exist only for the ground (1s)

[30] and metastable (2s) [31, 32] excited state. Theoretical cross section calcula-
tions for ionization from1s, 2l and3l states have been performed in the first Born
approximation [33–35]. The recommended cross sections in Ref. [13] for ioniza-
tion of 1s, 2l and 3l states have been based upon the above sets of data and fitted
to the analytic expression (see Figure 5 on page 164)

σion =
10−13

InE



A0 ln(E/In) +

5
∑

j=1

Aj

(

1 − In

E

)j


 (cm2) (14)

whereIn is the ionization potential (in eV units) of leveln, In = 13.6/n2, andE is
the collision energy (in eV). The fitting parametersAi are given in Table 3. The fits
represent the recommended data with an r.m.s of1 − 2%, or better. The estimated
accuracy of the data represented by the fits is: 10% for 1s state in the entire energy
region, forn = 2 states it is10−30% for E ≤ 40 eV and 10% forE > 40 eV, and
for n = 3 it is 15− 30% for E ≤ 30 eV and 10% forE > 30 eV. Forn = 2, 3, the
uncertainty may be somewhat higher (∼ 40%) in the near-threshold region.
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2 Collision Processes of Hydrogen Atoms

B Ionization of n ≥ 4 states
Ionization cross sections forn ≥ 4 states are available from the first Born

[34] and orthogonalized Born-Oppenheimer approximation [36]. The Born-Bethe-
based semi-empirical formula of Johnson [21] gives resultswhich agree within
5 − 10% with the results of first Born approximation [34] for energiesE

�
15In

(In = 13.6/n2 eV), while for 5In � E � 15In they are consistent with the
results of Born-Oppenheimer approximation [36] within10 − 30%. Only for
E < 5In (� 5 eV for n ≥ 4) the uncertainty of Johnson’s formula becomes larger.
The Johnson formula for ionization of a level with principalquantum numbern
has the form [21]

σion(n) =
1.76n2

xn
[1 − exp(−rnxn)] (15)

×
[

Aion
n ln(xn) +

(

Bion
n − Aion

n ln(2n2)
)

(

1 − 1

xn

)2
]

(×10−16cm2)

Aion
n =

32n

3
√

3π

2
∑

j=0

gj(n)

j + 3
, rn = 1.94/n1.57, xn = E/In, In = 13.6/n2 (16a)

Bion
n =

2

3
n2(5 + bn), bn =

1

n

(

4.0 − 18.63

n
+

36.24

n2
− 28.09

n3

)

. (16b)

and the coefficientsgj(n) are given by Eqs. (13).
We note that for the high-n states, the classical impulse (“binary encounter”) ap-
proximation should also give good ionization cross sectionestimates. The ioniza-
tion cross section in this approximation has very simple form [29]

σBEA
ion (n) =

5.886n4

xn + 3.25

(

1 − 3

5xn
− 2

5x2
n

)

(×10−16cm2) (17)

wherexn = E(eV )/In(eV ).

2.1.3 Radiative electron attachment

The radiative attachment of electrons onH(n), Eq. (3), has been studied only
when the hydrogen atom is in its ground state (n = 1). TheH− ion formation
by this process takes place at very low collision energies (electron affinity ofH
is 0.754 eV) and its cross section is rather small [37, 38]. Formation ofH− by
other processes (e.g., by dissociative electron attachment on H2(v ≥ 4); see sub-
section 4.1.4) is much more effective than by the radiative attachment process. The
cross section for radiative electron attachment onH(1s) can be represented by the
following analytic expression [38]

σrad
att (H−) = 1.971

E1/2

Eb + E
(×10−18cm2) (18)
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2.1 Electron impact processes

whereEb = 0.754 eV and the collision energyE is expressed in eV (see Figure
6 on page 164). The radiative attachment rate coefficient (Maxwellian electron
energy distribution)αrad

att = 〈σrad
att v〉 can be calculated in closed analytic form [38],

αrad
att (H−) = 1.17

[

2π1/2β3/2eβ + 1 − 2β 1F1

(

1,
1

2
;β

)]

(×10−10cm3/s)

(19)
whereβ = Eb/T and1F1(a, b, ; z) is the confluent hypergeometric function. For
β � 1 andβ � 1, the expression in square brackets in Eq. (19) tends to3/(2β)
and (1 − 2β), respectively, i.e., whenT → ∞ thenαrad

att (H−) tends to a finite
value of1.17 × 10−10cm3/s.

2.1.4 H(n ≥ 1) formation in electron-proton collisions

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

A Radiative recombination
The radiative recombination process

e + H+ → H(n) + hν (20)

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

αrad
rec (nl) = Anl

(

In

Ry

)1/2 β
3/2
n

βn + χnl
(×10−14cm3/s) (21)

whereIn = 13.6/n2 eV is the ionization potential,Ry = 13.60 eV is the Rydberg
constant,βn = In/T , T is the temperature (expressed in eV) and the values of
constantsAnl andχnl are

A1s = 3.92, A2s = 2.47, A2p = 6.22

χ1s = 0.35, χ2s = 0.12, χ2p = 0.61

For capture ton ≥ 3 levels, αrad
rec (n) can well be represented by the Kramers

approximation

αrad
rec (n ≥ 3) = 5.201 β3/2

n E1(βn) exp(βn) (×10−14cm3/s) (22)

whereE1(β) is the exponential integral. For some selectednl states these rate
coefficients are shown in Figure 7 on page 165. Accurate expansions forexp(β),
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2 Collision Processes of Hydrogen Atoms

E1(β) can be found in [40]. When the states2s and2p are not treated separately,
an alternative expression forαrad

rec (n) is given by Johnson [21]

αrad,J
rec (n ≥ 1) = 5.197 exp(βn)

2
∑

j=0

gj(n)Ej+1(βn) (×10−14cm3/s) (23)

where, as before,βn = In/T,Ej(z) is the Schlömilch exponential integral, and
gj(n) are the Gaunt factor coefficients, given by Eqs. (13).

As seen from Eqs. (21) and (22),αrad
rec (n) decreases with increasingn andT .

Only for T ≤ 2 eV, αrad
rec (1s) becomes larger than10−13 cm3/s.

B Three-body recombination
The three-body recombination process

e + H+ + e → H(n) + e (24)

is inverse to electron-impact ionization ofH(n) and its rate coefficients for Max-
wellian electron and proton energy distributions can be derived from the corre-
sponding ionization rate coefficientαion(nl) by applying the detailed balance prin-
ciple [4].

α3b
rec(n) = n2a3

0

(

πRy

T

)3/2

exp(βn) αion(n) (25)

wherea0(= 0.529·10−8cm) is the Bohr radius,T is expressed in eV and, as before,
βn = In/T . We note thatα3b

rec = 〈〈σ3b
recv1v2〉〉 is a double Maxwellian average of

σ3b
rec, (v1, v2 are the velocities of two continuum electrons). We further note that the

units ofσ3b
rec are cm4· s, and consequently those ofα3b

rec are cm6/s. It follows from
Eq. (25) that in three-body recombination the electron is predominantly captured
into high-n states, where it becomes subject to a diffusion process in the n-space
described by the Fokker-Planck equation [41]. The approximate solution leads to
a T−9/2 dependence of the totalα3b

rec. The three-body recombination process is
effective only at high plasma densities. It should be mentioned that protons (or
any other neutral or charged heavy particleM ) may also “catalyze” the three-body
recombination (e+H++M → H(n)+M ), but the corresponding rate coefficients
are two or more orders of magnitude smaller then that given byEq. (25).

2.2 Proton impact processes

The most important collision processes ofH+ with H(n) are

H+ + H(nl) → H+ + H(n′l′), n′ > n (26)

H+ + H(nl) → H+ + H+ + e, n ≥ 1 (27)

H+ + H(nl) → H(n′l′) + H+, n′ ≈ n (28)

In the context of low temperature plasmas, the excitation and ionization processes
(26) and (27) are important only whenn is relatively high. The charge exchange
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2.2 Proton impact processes

process (28), however, is an important process for alln. The l-mixing processes
nl → nl′ in (26) are usually very strong, and we shall assume that theyquickly
establish a statistical distribution of thel-sub-states. In the context of an energetic
neutral hydrogen beam interaction with plasmas (for heating or diagnostic pur-
poses), the proton-impact excitation and ionization processes become important
also for alln-states.

2.2.1 Excitation

A Transitions from the ground state: nl = 1s

The cross section for the proton-impact1s → 2s transition has been measured in
the energy range5−26 keV/amu (amu = atomic mass unit) [42,43], and it has been
theoretically calculated by a variety of highly accurate methods at low [44–50],
intermediate [48–50] and high [14, 15, 51] energies. In the overlapping energy
regions the experimental and theoretical results agree(10 − 20%) with each other.
For the cross section of the1s → 2p transition, experimental data are available
from 0.6 keV/amu to 700 keV/amu [42, 54–56] that are, again, in fair (10 − 20%)
agreement with each other and with theoretical calculations [45–53]. The total
1s → (n = 2) relative excitation cross section has also been measured [57] in
the energy range16 − 200 keV/amu, and, when normalized to highly accurate
theoretical data of Ref. [58] atE = 200 keV/amu, it agrees with other theoretical
data [48–50, 59] to within10 − 15%. It also extends smoothly to the first Born
approximation results [53].

A critical assessment of available cross section data for1s → 2s and1s → 2p
transitions has been performed in Ref. [13] and the recommended cross section has
been presented by the analytic expressions

σ(1s → 2s) = a1

[

a2e
−a3E

Ea4
+

a5e
−a6/E

1 + a7Ea8
+

e−a9/E

E

]

(×10−16cm2)(29a)

σ(1s → 2p) = a1

[

a2e
−a3E

Ea4
+

a5e
−a6/E

1 + a7Ea8
+

e−a9/E ln(1 + a10E)

E

]

(×10−16cm2) (29b)

whereE is the laboratory energy of the proton and it is expressed in keV/amu.
The fitting parametersai 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 parametersai are also given in Table 4. While the
uncertainty of cross sections represented by Eqs. (29) for energies below∼ 0.5
keV/amu can be of the order of a factor two, for energies above∼ 1 keV it is in the
range10 − 20%, with the 10% figure typical for the energies above 100 keV/amu.

Total relative cross section measurements for1s → n = 3, 4 transitions are
available in the energy range16 − 200 keV/amu [57], while absolute cross section
measurements have been reported for1s → np, (n = 3, 4, 5, 6) transitions in
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the range∼ 20 − 700 keV/amu [56]. For the total1s → n = 3, 4 excitation
cross sections accurate calculations have been performed by the advanced adiabatic
method [46], the two-center atomic-orbital close-coupling method [59] and by the
first Born approximation [53]. For the1s → n = 3 transition accurate theoretical
cross section data are also available from [48, 58, 60]. For the 1s → n = 4 −
6 transitions, apart from the experimental1s → 5p, 6p cross sections [18] also
theoretical cross sections are available from the first Bornapproximation [53]. The
critical assessment of the published1s → n = 3-6 excitation cross section data in
Ref. [13] has resulted in a set of recommended cross sectionsfor these transitions
that can be represented by the analytic expression

σexc(1s → n = 3-6) = b1

[

b2e
−b3E

Eb4 + b5Eb6
+

e−b7/E ln(1 + b8E)

E

]

(×10−16cm2)

(30)
whereE is expressed in keV/amu and the values of the fitting parameters bi are
given in Table 5. See, again, Figure 8 on page 165. The accuracy of the cross
sectionsσexc(1s → n = 3-6) represented by Eq. (30) is similar to that of
σexc(1s → n = 2).

For the transitionsσexc(1s → n ≥ 7), the excitation cross sections can be
obtained fromσexc(1s → n = 6) by using the scaling relation

σexc(1s → n ≥ 7) =

(

6

n

)3

σexc(1s → n = 6) (31)

B Transitions between excited states: n → m

There are no experimental cross section measurements forn → m, (n ≥
2,m > n) proton-impact excitation transitions. Cross section calculations 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 [59] (20 − 200 keV/amu), and by
the symmetrized eikonal (SE) method [59] (2 keV/amu−10 MeV/amu). For the
n = 3 → m = 4 transition cross section calculations have been performedby the
AAM [46] and AO-CC method [59], while forn = 3 → m = 3, 4, 5 transitions
such calculations have also been carried out by the SE method[46]. The critical
analysis of these cross sections performed in Ref. [13], together with the general
Lodge formula forn → m transitions [61] (see below), has led to the following
analytic fit expressions forn = 2 → m cross sections:

σexc(2 → 3, 4, 5) = c1

[

c2e
−c3E

Ec4
+

e−c5/E ln(1 + c6E)

E

]

(×10−16cm2) , (32)

σexc(2 → n) = A(2)
n σexc(2 → 5), n = 6, 7, 8, 9, 10 , (33)

σexc(2 → n ≥ 11) =

(

10

n

)3

σexc(2 → 10) , (34)
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2.2 Proton impact processes

where the fitting parametersci in Eq. (32) are given in Table 6, the coefficients
A

(2)
n in Eq. (33) have the values

A
(2)
6 = 0.4610, A

(2)
7 = 0.2475, A

(2)
8 = 0.1465, A

(2)
9 = 0.0920, A

(2)
10 = 0.0605

and the proton energyE in Eq. (32) is expressed in keV/amu (i.e.: amu=1 here).
Cross sections for the2 → 3, 4 transitions are shown in Figure 9 on page 166.

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

σexc(3 → 4, 5, 6) = F (ci, E), i = 1 − 6 (35)

σexc(3 → n) = B(3)
n σexc(3 → 6), n = 7, 8, 9, 10 , (36)

σexc(3 → n ≥ 11) =

(

10

n

)3

σexc(3 → 10) , (37)

whereF (ci, E) in Eq. (35) has the same form as the function on the right-hand-
side of Eq. (32), with the fitting parameters given in Table 7,and the proton energy
E expressed in keV/amu, and the coefficientsB

(3)
n in Eq. (36) have the values

B
(3)
7 = 0.4670, B

(3)
8 = 0.2545, B

(3)
9 = 0.1540, B

(3)
10 = 0.1000

The cross section for the3 → 4 transition is included in Figure 9 on page 166.
For the transitionsn → m, with n ≥ 4, the Lodge-Percival-Richards (LPR) cross
section formula [61] can be used. This formula has been obtained by combining
the result of various low-and high-energy theoretical approximations. The LPR-
(or, for brevity, the Lodge-) formula has the form(m > n):

σexc(n → m) =
0.88n4

ε
[ADL + FGH] (×10−16cm2) (38)

ε =
E(keV/amu)

25
, s = m − n, D = exp[−1/(nmε2)] (39a)

A =
8

3s

(m

sn

)3
(

0.184 − 0.04

s2/3

)(

1 − 0.2s

nm

)1+2s

, G =
1

2

(

n2ε

m − 1/m

)3

(39b)

L = ln

[

1 + 0.53ε2n(m − 2/m)

1 + 0.4ε

]

, F = [1 − 0.3sD/(nm)]1+2s (39c)

H = [C2(z−, y) − C2(z+, y)], C2(z, y) =
z2 ln(1 + 2z/3)

2y + (3z/2)
(39d)

z± = 2
{

εn2
[

(

2 − n2/m2
)1/2 ± 1

]}−1
, y = [1 − D ln(18s)/(4s)]−1 (39e)

Note that the proton energyE in Eq. (39a) is expressed in units of keV/amu (here:
amu=1). The accuracy of the cross section (38) fors = m − n ≤ 6 is 20 − 25%
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2 Collision Processes of Hydrogen Atoms

for energies above the cross section maximum, and20 − 40% below the energy at
which the cross section maximum occurs. Fors ≥ 7, the uncertainty progressively
increases. Generally, the validity of the cross section (38) is restricted toε

�
(2/n)2. As is well known, the heavy-particle inelastic cross sections in the low-
energy region (ε � 1) decrease exponentially with decreasing collision energy,
which is reflected in Eq. (38) by the factor D.

2.2.2 Ionization

Experimental cross section measurements forH+ + 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 ionization of H(1s) are available at
low [46,63], intermediate to high [45,48,58] and high [64] energies. In the energy
region of validity of the applied theoretical methods the results of the calculations
agree well with experimental data. Theoretical cross section calculations also exist
for H(n = 2) andH(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 highern, demonstrate then−scaling of the
ionization cross section forn ≥ 3.

The recommended ionization cross sections inH+ + H(n) collisions derived
in Ref. [13] on the basis of a critical assessment of available data can all be repre-
sented by the analytic expression

σion(n) = b1n
4

[

Ẽb2 exp(−b3Ẽ)

1 + b4Ẽb5
+

b6 exp(−b7/Ẽ) ln(1 + b8Ẽ)

Ẽ

]

(×10−16cm2)

(40)
whereẼ is the reduced energy

Ẽ = n2E (keV/amu) (41)

The values of fit parametersbi are given in Table 8. See Figure 10 on page 166.
As observed from Eq. (40), the ionization cross sections forn ≥ 3 allow a scaling:
σ̃ion = σion(n)/n4 = f(Ẽ). While for n ≤ 3 the proton-impact ionization cross
sections are small in the energy region below∼ 100 eV, already forn ≥ 5 they
attain values

�
10−15cm2 atE ' 100 eV. The accuracy of cross sections given by

Eq. (40) in the regioñE < 0.1 is difficult to estimate. For̃E
�

1 it is on the level
of 20 − 30%, and better forn = 1, 2.

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

σBEA
ion (n) = 0, ε < 0.207 (42a)

= 0.5867n4
[

ε − 0.164
ε2

+ 0.1875
ε2(1+ε)

]

(×10−16cm2), 0.207 < ε ≤ 1.207

(42b)

= 1.467n4

ε2

(

1 − 0.15
ε2−1

)

(×10−16cm2), ε > 1.207, (42c)
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2.2 Proton impact processes

where

ε2 = n2E(keV/amu)/25 (43)

2.2.3 Charge transfer

The charge transfer reaction inH+ + H(n) collisions is characterized by large
cross sections (σcx ∼ n410−16cm2) in the low-keV and eV regions, and is one of
the most important heavy-particle collision processes in low-temperature plasmas.
This reaction has been extensively studied both experimentally (for n = 1) [66–
71] and theoretically (for variousn ≥ 1) (see [13] for references). Forn � 3,
dominant contribution to total charge transfer cross section at low energies gives
the electron capture to final n’ levels withn′ = n (resonant electron capture). For
n

�
3, however, electron capture at low collision energies is also efficient to a

group ofn′ levels aroundn′ = n. The critical analysis of available theoretical
and experimental (forn = 1) cross section information forH+ + H(n) charge
collisions, performed in Ref. [13], has led to the followinganalytic fit expression
to the best cross section data

σcx(n) =
A1n

4 ln(A2/Ẽ + A3)

1 + A4Ẽ + A5Ẽ3.5 + A6Ẽ5.4
(×10−16cm2) (44)

where Ẽ = n2E (keV/amu), see Figure 11 on page 167. The validity of this
analytic fit of the cross sections extends over the energy range from sub-eV to
several MeV. The values of fitting parametersAi in Eq. (44) forn = 1, 2, 3 are
given in Table 9. We note that the cross sections forn ≥ 4 can be scaled:̃σcx =
σcx(n ≥ 4)/n4 = f(Ẽ). We also note that the coefficientsA5 andA6 for n = 2, 3
andn ≥ 4 have the same values. The cross section (44) forn = 2 andn ≥ 3 was
based upon the quantal calculations [72, 73] at low energies, CTMC calculations
[65] in the intermediate energy range, and the symmetrized eikonal method [74]
at high energies. The high-energy behaviour ofσcx(1s) was determined from the
second-order quantal calculations [75,76]. The estimatedaccuracy ofσcx(n) cross
sections forn ≥ 2 is about20 − 50% for Ẽ � 1, and10 − 20% for Ẽ > 1. The
fit for σcx(n = 1) was based upon accurate experimental and theoretical data and
its accuracy is10 − 20% in the entire energy region (from∼ 0.1 eV up to2 MeV)
considered.

ForẼ < 10 keV/amu,σcx(n ≥ 2) can also be estimated from the cross section
expression resulting from the over-barrier transition model (OBM) for the process
[5,11,77]

σOBM
cx (n ≥ 2) =

1.584n4

1 + 0.42Ẽ0.2 + 0.52Ẽ0.5
(×10−15cm2) (45)

with Ẽ = n2E (keV/amu).
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2 Collision Processes of Hydrogen Atoms

2.2.4 Three-body diatomic association

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

H+ + H(1s) + H(1s) → H+ + H2(v) (46a)

→ H(1s) + H+
2 (ν) (46b)

may also be important processes. The higher vibrational states (v) of H2(v) and
H+

2 (v) are preferentially populated in these reactions. Reactions (46a) and (46b)
have recently been theoretically studied within the close-coupling approach of the
”infinite order sudden approximation” (IOSA) with inclusion of all discrete vibra-
tional states and a large number of discretized continuum states [78]. The total
rate coefficients (summed over finalv-states) of reactions (46a) and (46b) in the
temperature region up to∼ 3 × 104 K can be represented by analytic fits

K3b(H2) =
1.145

T 1.12
(×10−29cm6/s) (47a)

K3b(H
+
2 ) =

1.238

T 1.046
(×10−29cm6/s) (47b)

where T is expressed in Kelvin. The three-body association reactions of the type
(46), with one of the neutral atoms in an excited state, have not been studied so far,
but their rate coefficients can be expected to be much higher than those given by
Eqs. (47).

2.3 Atom-atom collision processes

The collision processes between hydrogen atoms in the low-energy region have
cross sections comparable to those involving electrons andprotons only when (at
least) one of the neutral atoms is in an excited state. Among these processes the
most important are:

H(m) + H(n) → H(n) + H(m), n 6= m;n,m ≥ 1 (48)

H(m) + H(n) → H+ + H(n′) + e, m, n ≥ 2, n′ < n,∆Emn′ > In (49)

H(1s) + H(n) → H(1s) + H(n′), n′ 6= n � 1, (50a)

→ H+ + H(1s) + e, n � 1 (50b)

H(1s) + H(n) → H+
2 (v) + e, n ≥ 2 (51a)

→ H(1s) + H+ + e, n ≥ 2 (51b)
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2.3 Atom-atom collision processes

where∆En′n is the(n − n′) energy level difference, andIn is the ionization po-
tential of leveln. The ionization processes (49), (50b) and (51b) are governed
by different dynamic mechanisms and have different cross section characteristics.
When the neutral particle density in a low-temperature hydrogen plasma is high,
the three-body diatomic association

H + H + H → H + H2(v) (52)

may also be an important process.

2.3.1 Excitation transfer, Penning ionization and spin exchange

Resonant excitation transfer reaction (48) can proceed viatwo mechanisms: by a
dipole allowedm → n (and, simultaneousn → m) transition (or virtual emission
and absorption of an optical photon), and by two-electron exchange interaction
(simultaneous exchange ofm- andn-state electrons from one to the other atom).
These processes have been theoretically extensively studied in past [5, 6]. Gen-
erally, the cross section of dipole assisted resonant excitation transfer process is
significantly larger than that due to a two-electron transfer. Its cross section for
m = 1s andn = np states has the form [79,80]

σex,tr =
3.145

E1/2
|dsp|2(×10−14cm2) (53a)

|dsp|2 =
1

3

28n7(n − 1)2n−5

(n + 1)2n+5
(53b)

wheredsp is the1s → np dipole matrix element, and the relative collision energy
E is expressed in eV units (see Figure 12 on page 167). The crosssection for two-
electron resonant excitation-process can be calculated bythe methods described
in [5].
The Penning ionization process (49) takes place whenm is a metastable state (e.g.,
m = 2s) and the transition energy∆Emn is larger than the ionization potential
In. This is, generally, an important process in low-temperature plasmas, and the
specific reaction (49) has been subject to several studies (see e.g., [5], [81]). In the
case of hydrogen atom, however, the strongl-mixing within a givenn level, makes
this process rather ineffective.

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

σsp,ex =
1

2
σex,tr . (54)

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

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

A semi-quantal model for excitation and ionization in atom-Rydberg atom
collisions has also been developed in [83]. The applicationof these 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 experimentally and theoretically
studied forn = 2s, 3s, 4s [84–86]. The cross section forn = 2s is peaked at
Em ' 3.25 eV, with a peak value of' 2.5×10−17cm2, and rapidly decreases with
varyingE on both sides ofEm. However, the cross sections forn = 3s and4s are
large(

�
10−16cm2) for E � 1 eV, and decrease rapidly forE

�
2− 3 eV (due to

the competing non-associative, Penning ionization). The mechanism of associative
ionization inH(1s) + H(ns) slow collisions is the formation of doubly excited
(2pσu)2 intermediary state during the course of collision and its auto-ionization at
small internuclear distances. Due to multiplicity of reaction paths for formation
of this intermediary state, the associative ionization cross sections in the region
∼ 0.1 − 1.5 eV show pronounced oscillations. A manifestation of the(2pσu)2

formation and decay mechanism for the associative ionization process is theE−1

dependence of its cross section (forn ≥ 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

σAI(ns) = 2.96n4

E (×10−19cm2), E ≤ 0.1eV (55a)

= 2.96n4(×10−18cm2), 0.1 ≤ E(eV ) ≤ 1.0 (55b)

= 2.96n4

E0.4n (×10−18cm2), E > 1.0eV (55c)

where the baricentric (center of mass) energyE is expressed in eV units. The accu-
racy of the above fit is20 − 40%, where 40% reflects the deviations ofσAI values
in the region0.1 − 1.0 eV from their average value. It is unclear whether above
expressions can be extrapolated to then ≥ 5 states, (see, however, sub-section
4.1.3D).
For the non-associative ionization channel (51b), cross section data are not avail-
able at present.

2.3.4 Three-body diatomic association

The three-body diatomic association reaction (52) with ground state atoms have
been studied both experimentally [87] and theoretically [88] at 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 sets cannot be smoothly
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connected with each other. The rate coefficients for the three-body 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 the polarization interaction in
H+ + H + H system and the additional charge-transfer assisted channel, ensure
larger association rate coefficient in this system than inH + H + H. Normalizing
the experimental data to the theoretical ones (after their extension to higher tem-
perature by keeping the gradient unchanged), one arrives atthe following analytic
expression for rate coefficient of reaction (52)

K(H2) =
3.65

T
(×10−30cm6/s) (56)

where T is expressed in Kelvin.
The validity of this expression extends up toT ∼ (2 − 3) × 104K, and its uncer-
tainty is within 50%. From the similarity of three-body association mechanisms in
H++H+H andH+H+H systems, one can conclude thatH2 molecules formed
in the latter system are also predominantly in highly excited vibrational states (the
population weight increasing with the increase of vibrational level).

3 Collision Processes of H− Ions

3.1 Electron impact processes

3.1.1 Electron detachment

The binding energy of loosely bound electron inH− ion is only 0.754 eV and
its detachment in collisions with other particles is fairlyefficient. The process of
electron detachment ofH− by electron impact

e + H− → e + H + e (57)

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

σdet(H
−) =

2.06

E
ln(e + 2.335 × 10−4E) exp

(

− 13.75

E0.868

)

×

×
[

1 −
(

0.754

E

)2
]

(×10−13cm2) (58)

wheree = 2.7182818 . . . andE 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 processes ofH− are

e + H− → e + H(n ≥ 2) + e (59)
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and
e + H− → e + H+ + 2e (60)

The cross sections for these processes, involving two electron transitions, are one
to two orders of magnitude smaller thanσdet(H

−) [89, 90]. These processes can,
therefore, be excluded in low-temperature plasma kineticsstudies. The experimen-
tal cross section for the double electron detachment reaction (60) from Ref. [90],
measured in the energy range from threshold (' 16.8 eV) to 800 eV, can be repre-
sented by the analytic expression

σ2−det(H
−) =

22.98

E1.19

[

1 −
(

16.8

E

)1.372
]0.822

exp

[

−53.233

E0.943

]

(×10−15cm2)

(61)
whereE is expressed in eV (see Figure 15 on page 169).σ2−det(H

−) attains its
maximum (of' 5.0×10−17cm2) atE ' 65 eV, to be compared withσdet(H

−) '
2.3 × 10−15cm2 at the same energy.

3.2 Proton impact processes

3.2.1 Mutual neutralization of H+ and H
�

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

H+ + H− → H(n) + H(1s), n = 2, 3 . (62)

The potential energy curve of initial ionic (quasi-molecular) state exhibits avoided
crossings with the finaln = 2 andn = 3 covalent states at favorable internuclear
distances (Rx(n = 2) ' 10.3a0 andRx(n ' 3) ' 35.8a0, a0 being the Bohr ra-
dius of ground state electron inH-atom) at which strong non-adiabatic transitions
populate then = 2 andn = 3 electron capture channels. Then = 1 andn ≥ 4 fi-
nal states in reaction (62) are not populated, since the corresponding non-adiabatic
couplings are either too weak, e.g., forn = 1 andn = 4, or do not exist at all (for
n ≥ 5).

There have been many experimental [91, 92] and theoretical [93, 94] studies
of reaction (62). The total experimental cross section for reaction (62) [91, 92],
partitioned between then = 2 and n = 3 channels on the basis of theoretical
calculations, gives the cross sectionsσcx(n = 2, 3) which can be represented by
the following polynomial fits [11]

ln σcx(n) =

8
∑

j=0

aj(ln E)j , n = 2, 3 (63)

whereσcx is expressed incm2 and the relative collision energyE is in eV units
(see Figure 16 on page 169). The energy range in which the validity of above
polynomial representation ofσcx(n) is valid is 0.1 eV - 20 keV. The values of
coefficientsaj of polynomial fits (63) are given in Table 10.
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3.3 Collisions of H
� with H

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

Other less significant collision processes ofH+ with H− include the non-associative
reactions

H+ + H− → H+ + H + e (64a)

H+ + H− → H + H+ + e (64b)

and the associative detachment reaction

H+ + H− → H+
2 (v) + e (65)

The direct proton impact electron detachment process (64a)has been studied both
theoretically [95] and experimentally [96] and its cross-section becomes large(∼
10−15cm2) only in the keV energy region. Its cross section is given in ananalytic
fit form in Ref. [11].
The electron detachment reaction (64b) is a two-electron process: simultaneous
capture of loosely bound electron fromH− and ionization of its tightly bound
electron (”transfer ionization”). This process has also been studied experimentally
in a wide energy range [97], but its cross section is small even at low (eV) colli-
sion energies. At low collision energies, reaction (64b) proceeds via formation of
an intermediary auto-ionizing dissociative stateH∗∗

2 that decays in the vibrational
continuum ofH+

2 ion [97].
The associative detachment reaction (65, AD) proceeds via the same auto-ionizing
dissociative stateH∗∗

2 , but it results from the decay of this state in the discrete
vibrational spectrum ofH+

2 . This reaction has also been studied both experimen-
tally [98] and theoretically [99]. Theoretical studies indicate that the lower vibra-
tional states ofH+

2 ion are predominantly populated in reaction (65). The total
cross section of associative detachment reaction can be represented (at least down
to 10−3 eV) by the analytic fit

σAD =
1.38

E0.85(1 + 0.065E2.70)
(×10−16cm2) (66)

where the relative collision energyE is expressed in eV (see Figure 17 on page
170). The cross section drops rapidly forE

�
2 eV due to the competing de-

tachment channels (64a) and (64b). The nearlyE−1 energy dependence ofσAD is
indicative for the processes proceeding via formation and decay of auto-ionizing
dissociative states.

3.3 Collisions of H
� with H

The most important collision processes ofH− with ground stateH atoms are

H− + H(1s) → H(1s) + H− (67)

H− + H(1s) → H−
2 (B2Σ+

g ) → H(1s) + H(1s) + e (68)

H− + H(1s) → H−
2 (X2Σ+

u ;B2Σ+
g ) → H2(X

1Σ+
g ; v) + e (69)
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3.3.1 Resonant charge exchange

Charge exchange reaction (67) has resonant character and proceeds with high prob-
ability at low collision energies. It has been subject to numerous experimen-
tal [100, 101] and theoretical [102, 103] studies, and its cross section is well es-
tablished. The critically assessed experimental cross section [12], extended at low
and high collision by accurate theoretical calculations, can be represented by the
analytic fit

σcx(H
−,H) =

A1 ln(A2/E + A3)

1 + A4E + A5E3.5 + A6E5.4
(×10−15cm2) (70)

where theH−-laboratory energyE is expressed in keV/amu, and the fitting pa-
rametersAi have the values

A1 = 1.326, A2 = 23.588, A3 = 2.3713
A4 = 0.4678, A5 = 1.986 × 10−2, A6 = 3.9747 × 10−5 .

The accuracy of the fit is well within the experimental (and theoretical) uncertainty
of the cross section (being∼ 10 − 15% for E � 25 keV/amu, and15 − 30% for
E > 25 keV/amu). The fitted cross section is shown in Figure 18 on page 170.

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

The electron detachment processes (68) and (69) have also been studied both ex-
perimentally [100,101,104,105] and theoretically [103,106]. At low collision en-
ergies, the processes (68) and (69) result from the decay of quasi-stationary (auto-
detachment) statesB2Σ+

g andX2Σ+
u of H−

2 in the continuum and discrete vibra-
tional spectrum ofH2, respectively. The ground stateH−

2 (X2Σu)(1sσ2
g , 2pσu) is

a shape resonance forR � 3.0a0, while the excited stateH−
2 (B2Σg)(1sσg, 2pσ2

u)
is a Feshbach resonance forR � 4.9a0, whereR is the internuclear distance anda0

is the Bohr radius. The main contribution to the associativedetachment reactions
(69, AD) comes from the decay ofX2Σ+

u resonance.
The cross sections of these two reactions in the energy range∼ 0.1 eV −20 keV
can be represented by the analytic fit [11]

ln σ =

8
∑

j=0

aj(ln E)j (71)

whereσ and E (= ECM ) are expressed in units ofcm2 and eV, respectively,
and the fitting coefficientsaj are given in Table 11. The fitted cross sections are
depicted in Figure 19 on page 171. Cross sections for population of specific vibra-
tional states in reaction (69) are given in [107].
At higher collision energies (E

�
25 keV/amu), a contribution to the cross section
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of electron detachment reaction (68, Det) gives also the direct detachment mecha-
nism.
Collision processes ofH− with excited hydrogen atomsH(n ≥ 2) have not been
studied so far. It is expected, however, that electron detachment channels of type
(68) and (69) should dominate inH− + H(n ≥ 2) slow collisions and, thus, sup-
press the charge exchange channel.

4 Collision Processes of Electrons with Hydrogen Molecules

Collision processes of molecular hydrogen with other plasma constituents may in-
volve changes in both the electronic and the nuclear (vibrational, rational) motion
of the molecule. In the present review, we shall consider only processes which in-
volve changes of electronic and vibrational states of the molecule and exclude the
processes involving rotational transitions. Such a position can be partly justified
by the small amount of energy exchange (∼ 0.01 eV) in such transitions and their
long collision times (“frozen rotation”).

The state of vibrational excitation of aH2 molecule in a given electronic state
N2S+1Λπ

σ significantly affects the cross section of the collision processes (hereN
denotes the united atom principal quantum number,S is the total electronic spin,
Λ is the total angular momentum quantum number,σ is the label of itsg/u- sym-
metry andπ is the parity of the state) . For inelastic electron-impact processes, the
vibrational excitation ofH2 determines the reaction threshold, the transition en-
ergy and the overlap of initial and final state nuclear wave-functions (and, thereby,
the magnitude of the cross section). In this context, the collision processes lead-
ing to formation or destruction of vibrational states ofH2, in its ground or excited
electronic states, are of particular importance for the overall collision kinetics of
the plasma.

In the most part of the present section we shall discuss the collision processes
of H2 in its ground electronic state. The cross section information for the pro-
cesses involving electronically excited initial states ofH2 is extremely limited, but
the available information will be included in the discussions. The electronically
excited states ofH2 are, generally, strongly radiatively coupled to the lower states
(including the ground state). They may also have additionalmodes of decay: pre-
dissociation and auto-ionization. The information on these non-radiative decay
processes of excited electronic states ofH2 is also quite limited.

4.1 Vibrational excitation of H2(X
1Σ+� )

The homonuclearH2 molecule does not possess a permanent dipole moment and,
consequently, the excited vibrational statesv do not exhibit spontaneous radiative
decay. There are two basic electron-impact processes for excitation of vibrational
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states ofH2 molecules in their ground electronic stateX1Σ+
g :

e + H2(v) → H−
2 (X2Σ+

u , B2Σ+
g ) → e + H2(v

′), v′ > v (72)

e + H2(v) → e + H∗
2 (N1Λu; v′′) → e + H2(v

′) + hν, N ≥ 2, v′ > v (73)

wherev andv′(> v) are the quantum numbers of initial and final vibrational states,
andN1Λu is an excited electronic singlet state radiatively coupledto the ground
state. The directv → v′ energy transfer excitation mechanism by electron impact
is much less efficient than processes (72) and (73). (see, e.g., [108]).

4.1.1 Vibrational excitation via H
�
2 (X2Σ+� , B2Σ+� ) resonant states

Experimental cross section measurements for thev → v′ excitation in low- energy
e − H2(v = 0) collisions have been performed in early sixties [109] and their
large values (∼ 10−17cm2 for 0-1 excitation) could be interpreted only in terms of
the two-step reaction (72). Later cross section measurements [110] and theoretical
calculations [111, 112] for 0-v′ excitation have confirmed this interpretation. It
should be noted, however, that the description of0 → v′ excitations, whenv′ is not
large, can be alternatively achieved also by other methods [113,114], not explicitly
involving the resonance concept [114]. The best results of these methods, however,
agree with those of resonance theory.

The cross sections forv → v′(v ≥ 1) excitation have been also calculated
within the resonance theory [111, 112]. They show that the cross section for the
v → v + ∆v(∆v = 1, 2, 3...) excitation increases with increasingv, but rapidly
decrease with increasing∆v The experimental cross sections for0 → 1 and0 → 2
excitations [109,110] can be appropriately fitted by the analytic expression

σ(−)
v,exc =

5.78ξv

(∆E)4
1

x2

(

1 − 1

x

)6.11/(∆E)1/2

(×10−16cm2) (74)

wherex = E/∆E,∆E is the energy difference ofv = 0 andv′ levels, and bothE
and∆E are expressed in eV units. Theξv factor in Eq. (74) has values 1 and 0.628
for 0 → 1 and0 → 2 transitions, respectively and the corresponding∆E values
are 0.516 and 1.003. These fits are shown in Figure 20 on page 171. We note that
the theoretical cross sections for0 → 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 from a Boltz-
mann analysis of electron swarm data [115] that are in fair agreement (within a
factor of two, or so) with the calculated data [111]. We note that for initial v ≥ 1,
the process (72) can lead to both excitation (v′ > v) and de-excitation (v′ < v).
The transitions with∆v = |v′ − v| = 1 are always the dominant ones (and almost
equal in magnitude).

The rate coefficientsK(−)
v,exc(0 → v′) for the0 → v′ excitations ofH2 via the

process (72), obtained by Maxwellian averaging of theoretical cross sections [111],
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can be represented by the analytic fits [112]

ln
[

K(−)
v,exc(0 → v′)

]

=
a1

T ′a2
+

a3

T ′a4
+

a5

T ′a6
(75)

whereT ′ = T/103 , T is the temperature (same for all reactants)expressed in K,

andK
(−)
v,exc is expressed incm3/s units. See Figure 21 on page 172 for transitions

to v′ = 0, . . . , 10 states. The fitting coefficientsai are given in Table 12 forv′ =

0−10. In view of the above mentioned underestimation ofσ
(−)
v,exc by the resonance

theory, the values ofK(−)
v,exc obtained from Eq. (75) have to be increased by a factor

1.5 - 1.8. The “elastic”0 → 0′ transition is also covered by Eq. (75) and Table 12
and its rate coefficient (as well as the corresponding cross section) is about two or
more (atT ′ � 10K) orders of magnitude larger than that for the0 → 1 transition.
The validity of the fit (75) extends from thermal to T∼ 100 eV temperatures.

We note that theB2Σ+
g resonanceH−

2 state has repulsive character and lies
energetically close to the dissociativeb3Σ+

u state ofH2 (and for certain internu-
clear distances smaller than someRx ∼ 1a0, above it). TheB2Σ+

g state can
non-radiatively decay (by electron detachment) also tob3Σ+

u state, which leads to
dissociation ofH2. TheB2Σ+

g state, lying energetically well above theH2(X
1Σ+

g )
state, can non-radiatively decay into the vibrational continuum of H2(X

1Σ+
g , ε),

as well. The cross section of these dissociative processes will be discussed later on
in sub-section 4.5.

4.1.2 Vibrational excitation via H �
2
(N1Λ�) excited states

In contrast to the two-step process (72), in which the intermediateH−
2 resonant

state decays non-radiatively to some vibrational state ofX1Σ+
g ground electronic

state ofH2, the decay of intermediate excited stateH2(N
1Λu)(N ≥ 2) in the

process (73) takes place radiatively. Thev − v′ excitation ofH2 mediated by
the process (72) has, therefore, a larger cross section as compared to the channel
mediated by the process (73). The cross section for av → v′ excitation via the
process (73) is, obviously,

σ(∗)
v,exc(v → v′) =

∑

v′′

σel
exc(X

1Σ+
g ; v → N1Λu; v′′)A(N1Λuv′′ → X1Σ+

g ; v′)

(76)
whereσel

exc is the electron-impact cross section for theX1Σ+
g ; v → N1Λu; v′′ exci-

tation transition, andA(N1Λuv′′ → X1Σ+
g ; v′) is the probability for spontaneous

radiative decay. Among all singlet excited electronic states ofH2 with u-symmetry,
the two lowest excited statesB1Σ+

u andC1Πu have the largest electron-impact ex-
citation cross sections [11], and their radiative transition probabilities to the ground
X1Σ+

g state are also the largest. Therefore these two states are the most important
ones for thev → v′ excitation process (73). The involvement of transition prob-
abilities Aif (v′′, v′) in Eq. (76) causes that only for thev � 4 initial states the
transitions with|v′ − v| = 1 have the largest cross sections (in contrast to the pro-
cess (72) ).
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The first quantum mechanical cross section calculations forthe process (73) have
been performed forv = 0 andN1Λu = B1Σ+

u , C1Πu in Ref. [116]. Later on, they

have been extended also tov ≥ 1 [117]. The totalσ(∗)
v,exc(v → v′) cross sections,

summed over the contributions from bothB1Σ+
u andC1Πu states, can be found in

Ref. [15] (only for selected v-values, but for allv′ = 0 − 14). The cross sections
σ

(∗)
v,exc(v → v′) for all v, v′ combinations can be also accessed via Internet [20].

The rate coefficientsK(∗)
v,exc for 0 → v′ excitations ofH2 via theB1Σ+

u andC1Πu

excited electronic states have been calculated by Maxwellian averaging of the cross
sections of Ref. [117] and represented as analytic functionof the form (75) [112].
The corresponding fitting parametersai are given in Table 13, including those for
the0 → 0

′
transition. The validity of the fit (75) forK(∗)

v,exc extends from thermal
to temperatures of∼ 200 − 300 eV.
Vibrational excitation ofH2 via higher excited singlet states is negligible since the
electronic excitation cross sections of these states are about one or more orders of
magnitude smaller than those forB1Σu andC1Πu states. We note that the radiative
decay ofB1Σu andC1Πu states may take place not only to the discrete vibrational
spectrum ofH2(X

1Σ+
g ; v), but also to the vibrational continuum (X1Σ+

g , ε), pro-
ducing dissociation ofH2. 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 statesN1,3Λσ of H2 are given in
Table 14, together with their configuration (1sσg;Nlλσ), symmetry (subscriptσ),
and the quantum state of the excited electron in the dissociation limit, H(1s) +
H(nl). The potential energy diagrams of these states are given in Figs. 1 (singlet)
on page 31 and 2 (triplet) on page 32.

Optically allowed electron transitions in molecules are subject to the selection
rules: g ↔ u, ∆S = 0 and∆Λ = 0,±1. However, due to electron exchange ef-
fects in electron-impact excitation collisions at low energies, these selection rules
are not strictly preserved. The cross sections for singlet-triplet (or vice versa) tran-
sitions(∆S = 1) may have magnitudes comparable to the cross sections for “spin-
allowed” (∆S = 0) transitions in the region of their maximum. Only at colli-
sion energies above the energy of the cross section maximum,the cross section
energy dependence of spin-allowed and spin-forbidden electron transitions is dif-
ferent (and, consequently, their magnitude as well): the former have anE−1 ln E
behaviour, whereas the latter decrease much faster with energy, asE−3. The mag-
nitude of the maximum of excitation cross section is, generally, determined by the
value of transition energy,∆E

(

σmax
exc ∼ 1

∆E2

)

. When the excited electronic state
of H2 has a repulsive, anti-bonding character (such asb3Σ+

u , for instance), the
electron-impact excitation of that state leads to dissociation,

e + H2(X
1Σ+

g ; v) → e + H∗
2 (N1,3Λσ; ε) → e + H(1s) + H(nl). (77)
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Figure 1: Potential energy diagrams for the singlet system of molecular hydrogen
(figure kindly provided by D. Wünderlich, University Augsburg, Germany, 2003)
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Figure 2: Potential energy diagrams for the triplet system of molecular hydrogen
(figure kindly provided by D. Wünderlich, University Augsburg, Germany, 2003)
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4.2 Electronic excitation processes

whereε is the continuum energy.
When the excited electronic state is bound, its vibrationalspectrum has both a
discrete part (bound vibrational states) and a continuous part (vibrational, or dis-
sociative continuum). Therefore, the excitation of such a state can lead to two
processes:

e + H2(X
1Σ+

g ; v) → e + H∗
2 (N1,3Λσ; v′), (78)

e + H2(X
1Σg; v) → e + H∗

2 (N1,3Λσ; ε
′
) → e + H(1s) + H(nl). (79)

The dissociative excitation process (79) can take place when the “vertical” Franck-
Condon transition from the initialv-state reaches that part of the potential energy
curve of the excited state that lies above the dissociation limit of N1,3Λσ state. Ob-
viously, this possibility appears most often for the higherinitial vibrational states
of H2(X

1Σ+
g ).

Some of the bound excited electronic state ofH2 have a potential barrier the top of
which is above the dissociation limit (e.g., theI1Πg, i

3Πg andh3Σ+
g states). The

vibrational states of such excited electronic states, thatenergetically lie above the
dissociation limit have quasi-stationary character and are unstable against dissoci-
ation (by quantum-mechanical tunnelling). Finally, ifN is sufficiently high (N

�
4), most of its higher vibrational states lie energetically above the ground state
(X2Σ+

g ; v = 0) of H+
2 ion. The excitation of such states will lead toH+

2 (X2Σ+
g ; v)

production via auto-ionization (see next sub-section). Weshould also note that
for high collision energies, doubly excited dissociative states ofH2 [such as, e.g.,
(2pσu, nlλ|Q1

2)Πu)] can be also excited, which leads to production of two excited
hydrogen atoms.
In the sub-sections below we will discuss the excitation cross sections for the pro-
cesses(X1Σ+

g ; v) → (N1Λσ), (X1Λ+
g ; v) → (N3Λσ) and(N1,3Λσ) → (N

′1,3Λ
′

σ′)
separately.

4.2.1 Excitation of singlet states from X1Σ+�
A Excitation from X1Σ+� (v = 0)

Most of experimental and theoretical studies for electron-impact(X1Σ+
g ; v) →

(N1Λσ; v′/ε) excitation processes inH2 have been performed for thev = 0 ini-
tial vibrational state. Experimental cross section measurements have been per-
formed forX1Σ+

g → B1Σ+
u [118, 119], forX1Σ+

g → C1Πu [118–120], and for

X1Σ+
g → B

′
, B

′′1Σ+
g ,D,D

′
Πu [119] transitions, generally in the energy range

below∼ 350 eV. In the region around the cross section maximum (∼ 40 − 50 eV)
the cross sections of Ref. [119] are about25− 30% larger than those of Ref. [118]
for both X → B andX → C transitions. On the other hand, the cross section
of Ref. [118] forX → C transition (available forE � 80 eV) agrees well with
that of Ref. [120] that extends up toE = 1000 eV, which, on its turn, agrees well
with the Born-Ochkur (B-O) calculations [121]. SystematicB-O cross section cal-
culations forX1Σ+

g (v = 0) → B,B
′
, B

′′1Σ+
u , C,D,D

′1Πu, EF,HH
1
Σ+

g and
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I1Πg , summed over the finalv′-states, have been performed in [121]. Extensive
excitation cross section calculations for dipole-allowedX1Σ+

g (v = 0 − 14) →
B,B

′
, B

′′1Σ+
u , C,D,D

′1Πu transitions were performed by the impact parameter
version of first Born approximation (IPM) [122] and summarized in [15]. Distorted
wave calculations have also been performed forX1Σ+

g (v = 0) → C1Πu, EFΣ+
g

transitions [123].
For the excitations from ground vibrational state (v = 0), the Franck-Condon over-
lap with the vibrational continuum of excited electronic states is negligible small
(except forB

′
state, see, e.g., Ref. [15]), and the dissociative channel (79) can

be generally neglected. The cross sections for dipole allowed X1Σ+
g (v = 0) →

N1Λu excitations withN = 2-4 can all be represented by the analytic fit expression

σexc(X
1Σ+

g (v = 0) → N1Λu) =
5.984

∆Ex

(

1 − 1

x

)α

×

×
(

A1 +
A2

x
+

A3

x2
+ A4 ln(x)

)

(×10−16cm2) (80)

where∆E is the threshold energy, x = E/∆E (both E and∆E are expressed in eV),
andα andAi are fitting parameters. The values of these parameters, obtained from
available experimental and theoretical data, are given in Table 15, together with
the values of threshold energies. The expression (80) obviously has the correct
physical behaviour at both low and high energies, see Figure22 on page 172.
The cross sections of symmetry-forbidden transitions

X1Σ+
g (v = 0) → EF 1Σ+

g ,HH
1
Σ+

g , I1Πg

have anE−1 high-energy behaviour, and the available (and appropriately assessed)
data can be represented by the analytic fit function (Figure 23 on page 173)

σexc(X
1Σ+

g (v = 0) → N1Λg) =
5.984A1

∆Ex

(

1 − 1

x

)α

(×10−16cm2) (81)

where∆E and x have the same meaning as in Eq. (80). The values of parameters
α andA1 are given in Table 16.
The cross section for a dipole-allowed transition (0 → N ), as function of reduced
energyx = E/∆E, is proportional tof0N/∆E0N , wheref0N is the dipole oscilla-
tor strength evaluated at the equilibrium distancere = 1.4a0 of H2(X

1Σ+
g ; v = 0).

Since starting from a certain sufficiently high stateN0 one hasf0N ∼ N−3, and
since theA4 ln(x)/x term in Eq. (80) dominates the cross section (except in the
threshold region [x ∼ 1]) (see Table 15), the following scaling relation follows for
theX1Σg(v = 0) → N1Λu excitation cross sections within a given1Λu series

σexc(X
1Σ+

g (v = 0) → N1Λu) =

(

N0

N

)3(∆E0N0

∆E0N

)

× (82)

× σexc(X
1Σ+

g (v = 0)) → N 1
0 Λu), N > N0 .
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For theN1Σ+
u andN1Πu series, the relation (82) becomes valid already forN0 = 3.

For the symmetry-forbidden transitionsX1Σ+
g (v = 0) → N 1Λg, the cross

section is proportional tof0N (q)/∆E0N , wheref0N (q) is the generalized oscilla-
tor strength andq is the transferred electron momentum. The variation off0N (q)
with q, evaluated atre = 1.4a0, is rather strong [121], (withf0N (0) = 0), and
its N -dependence is unknown. The theoretical cross section dataof Ref. [121]
suggest the following (approximate) scaling relation (within a given1Λg series)

σexc

(

X1Σ+
g (v = 0) → N1Λg

)

=

(

N0

N

)6(∆E0N0

∆E0N

)

× (83)

× σexc

(

X1Σ+
g (v = 0) → N 1

0 Λg

)

, N > N0 ,

starting already withN0 = 3. In contrast to the scaling relation (82) for dipole-
allowed transitions, the scaling (83) appears to be not verysensitive to the particular
type of the1Λg series

(

1Σg

)

, or
(

1Πg

)

.

B Excitation from X1Σ+� (v ≥ 1) : total cross sections
As mentioned earlier in this section, the overlap of nuclearwave-functions of

vibrationally excited states ofX1Σ+
g electronic state with the wave-functions of

vibrational continuum of an excited electronic stateN1Λσ can be large (generally
increasing with the increase of v), resulting in significantincrease of the role of
dissociation channel (79). In the present sub-section we shall discuss the total cross
sections forN1Λσ excitation [i.e., the sum of the cross sections for the channels
(78) and (79)], and in the next sub-section we shall discuss the cross sections for
the dissociative excitation channel (79) alone. The cross section for excitation of
all discrete vibrational statesv′ (summation over allv′) is then the difference of
the total cross section discussed in the present sub-section and that for dissociative
excitation (see next sub-section).

Cross section calculations for excitation fromX1Σ+
g (v ≥ 1) have been per-

formed only for the dipole-allowed transitions toN1Σ+
u and N1Πu states with

N = 2 − 4 by using the impact parameter method Ref. [122], and covering all
initial vibrational states (v = 0 − 14). It has been found that total excitation cross
sections forX1Σ+

g (v) → N1Λu transitions allow an approximate scaling with re-
spect tov [124,125]. Allσexc(v) cross sections for theX1Σ+

g (v) → B1Σu, C1Πu

transitions can be represented in a unified form:

σtot
exc(X(1Σ+

g ; v) → B,C) = σ0(x)

[

Ry

∆EXΛ(Rt
v)

]3

, (84)

wherex = E/∆EXΛ(Rt
v),∆EXΛ(Rt

v) is the vertical transition energy from the
X1Σ+

g (v) energy level to theΛ(= B,C) potential energy curve taken at the out-
ermost turning pointRt

v of X1Σ+
g (v) level,Ry = 13.6 eV, andE and∆EXΛ are

expressed in eV units. The common ”shape function”σ0(x) has the form
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σ0(x) =
a1

x

(

1 − 1

x

)a2 [

a3 +
a4

x
+ ln(x)

]

(×10−16cm2) (85)

see Figure 24 on page 173. The values of transition energies∆EXΛ(Rt
v) and fitting

parametersai entering Eqs. (84) and (85) are given in Table 17. The analytical
expressions (84 -85) represent the calculated data forσexc(v) with an accuracy
better than∼ 25%.

Theσexc(v) cross sections forX1Σ+
g (v) → B′, B′′1Σu,D,D′1Πu transitions

also allow scaling withv, but starting withv = 1, Ref. [125]. The excitation cross
sections for these transitions fromv = 0 andv = 1 initial states can be represented
in the form [same as Eq. (85)]:

σtot
exc

(

X1Σg(v = 0, 1) → N1Λu

)

=

=
b1

x

(

1 − 1

x

)b2 [

b3 +
b4

x
+ ln(x)

]

(×10−16cm2) (86)

wherex = E/∆EXΛ(Rt
v) and∆EXΛ(Rt

v) has the same meaning as in Eqs. (84),
(85). The values of∆EXΛ(Rt

v) and of the fitting parametersbi are given in Table
18.
For the transitions fromv ≥ 2 vibrational states ofX1Σ+

g to B′, B′′1Σu, and
D,D′1Π+

u excited states, the cross section can be represented in the form (Ref.
[125]):

σtot
exc

(

X1Σ+
g (v � 2) → N1Λu

)

= F (v, x)σexc

(

X1Σ+
g (v = 1) → N1Λu

)

(87)

F (v, x) =

[

∆EXΛ(Rt
1)

∆EXΛ(Rt
v)

]α(v,x)

β(v, x) , (88)

whereα(v, x) andβ(v, x) are given by

α(v, x) = (1 + C1v
C2)

[

C3 +

(

2

x

)C4

]

(89a)

β(v, x) = C5 + C6v +

(

C7

xC8
+ C9

)

v2

+C10v
3 +

(

C11

xC8
+ C12

)

v4. (89b)

The values of fitting parametersCi are given in Table 19. Theσexc(v) cross sec-
tions provided by Eqs. (87-89) reproduce the calculated data of Refs. [122, 124]
with an accuracy better than∼ 15%. It is to be noted that for transitions to
D,D′1Πu states the coefficientCi for i ≥ 6 are all zero.
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We note that the values of fitting parametersai, bi andCi in Eqs. (85), (86)
and (89a), (89b) have been determined in conjunction with the use of most recent
accurate variational calculations of potential energy curves for considered singlet
states ofH2. The information on the potential energy curves of these state is nec-
essary to determine the vertical transition energy,∆EXΛ(Rt

v), on which the cross
section forX(v) → N1Λu transition sensitively depends.

C Dissociative excitation cross sections
Cross section calculations for dissociative excitation process (79) for dipole-

allowedX1Σ+
g (v) → B,B′, B′′1Σ+

u , C,D,D′1Πu transitions have been performed
in Ref. [122] for all initial v-states (v = 0 − 14). For the initialv = 0 state, dis-
sociative excitation cross sections have been also calculated in the Born-Rudge
approximation forX1Σ+

g (v = 0) → B′1Σ+
u andXΣ+

g (v = 0) → EF 1Σ+
g transi-

tions in Ref. [126]. The energy behaviour of dissociative excitation cross sections
σdiss

exc (v) is similar to that for the corresponding non-dissociative excitation reac-
tion (78) and shows a maximum at∼ 40 − 50eV . In Table 20, the values of cross
sectionsσdiss

exc (v) from transitions toB,B′, B′′1Σ+
u andC,D,D′1Πu excited states

are shown forv = 0 − 14 at the collision energyE = 40eV .
The contribution ofσdiss

exc (v) to the total excitation cross sectionsσtot
exc(v), dis-

cussed in the preceding sub-section, can be appreciated from Table 21 in which the
ratiosR(v) = σdiss

exc (v)/σtot
exc(v) for the above mentioned excitation transitions are

shown for all v-levels at the collision energyE = 40 eV. These values can be taken
as typical for other collision energies as well. As discussed earlier, the contribu-
tion of σdiss

exc (v = 0) to σtot
exc(v = 0) is small, except for theX → B′ transition.

The high (∼ 40%) contribution ofσdiss
exc (v = 0) to σtot

exc(v = 0) for this transition
is confirmed also by other calculations (e.g.,σdiss

exc (v = 0) from Ref. [126] and
σtot

exc(v = 0) from Ref. [121]). With increasingv, the ratiosR(v) rapidly increase;
they maximize in the rangev ∼ 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 substantial; most of the excitation from
the levelsv = 6 − 12 in the X → B′ case leads to dissociation . The excited
H-atoms formed by dissociative excitation of considered singlet states ofH2 are
indicated in Table 14.

We mention that dissociative excitation cross section forX1Σ+
g (v = 0) →

EF 1Σ+
g transition has been calculated in Ref. [126]. AtE = 40eV , it constitutes

4.1% of σtot
exc(EF ).

D v − v� resolved excitation cross sections .
In many plasma applications (e.g., plasma diagnostics based upon molecular

band radiation), excitation cross sections from a specific initial vibrational statev
to a specific vibrational statev′ of excited electronic state are required. Suchv−v′
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resolved excitation cross sections have not been so far published in the literature.
However, in all theoretical calculations of excitation processes, thev − v′ resolved
cross section calculations are actually performed, but arethen summed overv′ in
order to obtain the excitation cross section for a given value of v. (Summation is
also done over the vibrational continuumε′.) Experimental excitation cross sec-
tion also implicitly contain such summation overv′ (or ε′ for σdiss

exc ). Under the
assumption that electronic transition matrix element is a slow varying function of
internuclear distance, it can be factored in nuclear and electronic coordinates and
the resulting total excitation cross section (including the vibrational continuumε′)
is

σtot
v =

∑

v′

Fvv′σ
(0)
v +

∫

Fvε′σ
(0)
v dε′ (90)

whereFvv′ and Fvε′ are the Franck-Condon factor and Franck-Condon density,
respectively, andσ(0)

v does not (approximately) depends onv′. The first and second
term in Eq. (90) represent the excitation cross section to bound vibrational states
and to the vibrational continuum of excited electronic state, respectively, i.e.σtot

v =
σb

v + σdiss
v . Since Franck-Condon factors and Franck-Condon density satisfy the

sum rule (closure relation):

∑

v′

Fvv′ +

∫

ε′
Fvε′dε′ = 1, (91)

it follows from Eq. (90) that the cross sectionσb
v,v′ for av − v′ resolved excitation

transition is

σb
v,v′ = Fvv′σ

tot
v . (92)

Analogously, the cross sectionσdiss
v,ε′ for a v → ε′ dissociative excitation transition

to a continuum energy levelε′, is

σdiss
v,ε′ = Fvε′σ

tot
v . (93)

There exist well established procedures for calculations of the Franck-Condon fac-
torsFvv′ andFvε′ . Fvv′ can be calculated analytically if the potential energy curves
of the lower (Vi(R)) and the upper(Vf (R)) electronic states are approximated by
Morse potentials [127]. Calculations ofFvv′ can also easily be carried out in the
quasi-classical approximation [128]. The most accurate values forFvv′ can, how-
ever, be obtained by solving numerically the Schrödinger equation for the nuclear
motion in the potentials of the lower(i) and upper(f) electronic state, and then,

from the obtained vibrational functionsχ(i)
v (R) andχ

(f)
v′ (R) (R is the internuclear

distance), calculate the square of their overlap integral

Fvv′ = |〈χ(i)
v |χ(f)

v′ 〉|2 (94)
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This approach can also be used for calculation ofFvε′ . The overlap of initial
(χ(i)

v (R)) and final (χ(f)
ε′ (R), continuum) vibrational functions in this case is dom-

inantly determined by the region ofR close to the classical turning pointR
(f)
t,ε′ on

the upper potential (Uf (R
(f)
t,ε′) = ε′) and forχ(f)

ε′ (R) one can use either an Airy
function, or even a delta function approximation at the classical turning point. The
application of any of these methods for determiningFvv′ andFvε′ requires knowl-
edge of accurately calculated potential energy curves of the electronic states in-
volved. For a number of transitions between low-lying singlet states, complete sets
of Fvv′ values are available in the literature [129, 130]. Different approximations
for calculatingFvε′ are presented in [131].

4.2.2 Excitation of triplet states from X1Σ+�
A Excitation from X1Σ+� (v = 0)

Except for the fully repulsiveb3Σ+
u state, all other low-lying excited triplet states

of H2 have bound character in the Franck-Condon region of the ground vibrational
state ofH2

(

1Σ+
g

)

. Cross section measurements for excitation of triplet states have
been done only forb3Σ+

u [132,133], anda3Σ+
g andc3Πu [118] states. Theoretical

cross section calculations, using methods of varying accuracy (particularly in the
low energy region), have been performed for excitation ofb3Σ+

u [126, 134–137],
a3Σ+

g [126,135,137,138],c3Πu [123,126,135,137], ande3Σ+
u , d3Πu [126] states.

The excitation cross section of triplet states attain theirmaximum value in the
range 14-16 eV, they rise sharply in the threshold region, and have anE−3 high-
energy behaviour (following from the Born approximation).The results of the
most involved theoretical calculations (such as the R-matrix [136], or second-order
methods [135]) for excitation ofb3Σ+

u state agree well with experimental data of
Ref. [133]. The theoretical and experimental cross sectiondata also agree for the
excitation ofa3Σ+

g state, but for thec3Πu state the experimental data appear to
be by a factor of two to three smaller than theoretical results. (In the analytical
fit for this cross section given below, a compromise positionwas adopted between
theoretical and experimental data.).

The critically assessed available cross sections for excitation of above dis-
cussed triplet states can be represented by the following analytic expression

σtot
exc

(

X1Σ+
g (v = 0) → N3Λσ

)

=
A

x3

(

1 − 1

xβ

)γ

(×10−16cm2) (95)

wherex = E/∆E and∆E is the threshold energy, see Figure 25 on 174. The
values of parametersA, β andγ in Eq. (95) for the considered transitions are given
in Table 22, together with the values of threshold energies∆E.

The cross sectionσtot
exc(X → b) is a fully dissociative excitation cross section.

For other considered transitions, the contribution of dissociative excitation process
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(88) toσtot
exc is negligible (a few percents), except in the case ofX1Σ+

g → e3Σ+
u

transition when it constitutes about20% of σtot
exc(X → e) [126].

The excitation cross sections for triplet states ofH2 do show rapid decrease
with increasing the principal quantum numberN of the state (within a given3Λσ

series), but the specificN dependence is not known. The ratiosσ(X → d)/σ(X →
c) andσ(X → a)/σ(X → e) show an approximate(N0/N)2(∆EN0

/∆EN )3

scaling (withN0 = 2, andN = 3, in these cases), but whether it is valid for, or
can be extended to higherN is unclear.

B Excitation from X1Σ+� (v ≥ 1)

Cross section calculations for transitions from vibrationally excitedH2

(

X1Σ+
g ; v

)

to excited triplet states have been published only for the excitation ofb3Σ+
u disso-

ciation state [134, 136, 139]. The quantum-mechanical calculations in Refs. [134]
and [136] were done forv � 9 andv � 4, respectively.

In Ref. [139] the cross section calculations were performedfor v = 0 − 13,
but using the classical model for inelastic atomic processes [140] extended to col-
lisions with molecules [141] (see next sub-section). Thesetwo sets of calculations
disagree considerably forv ≥ 1 (by factor greater than three) for energies below
∼ 10 eV. The R-matrix cross sections from the region below∼ 10 eV can, how-
ever, be smoothly connected with the results of quantal calculations of Ref. [134].
By combining the results of Refs. [134] and [136], one can derive a set of cross
sections for dissociative excitation via theb3Σ+

u state forv � 7.
These cross sections can be represented in a scaled form

σdiss
exc

(

b3Σ+
u

)

v
=

(

∆Ev=0

∆Ev

)0.30

σdiss
exc

(

b3Σ+
u

)

0
(96)

where∆Ev is the threshold energy of initial vibration levelv (the transition en-
ergy at the outermost classical turning point), andσdiss

exc

(

b3Σ+
u

)

0
is the dissocia-

tive excitation cross section from the levelv = 0 level given by Eq. (66) with
x = E/∆Ev=0. The small value of the exponent in the scaling factor indicates
that the magnitude ofσdiss

exc

(

b3Σ+
u

)

v
increases very slowly with the increase ofv,

despite the significant shift in threshold energies.
The values of verticalX1Σ+

g (v) → b3Σu transition energies,∆Ev, taken at the
outermost classical turning point of thev-level in theX1Σ+

g potential, are given in
Table 23. The excitation energies,Eexc(v), of vibrational levels ofH2(X

1Σ+
g ; v)

are also given in this table for reference. (The energy of thev = 0 level, Ev=0 =
0.269621 eV, has been taken as zero.)

It is worthwhile to note that the excited statesa3Σ+
g and c3Πu are mutually

strongly (radiatively) coupled, and also strongly coupledto b3Σ+
u ; their excitation

results in quick decay to theb3Σ+
u state and to production of twoH(1s) atoms. The

rate coefficients forH2

(

X1Σ+
g ; v

)

dissociation toH(1s) + H(1s) via excitation
of b3Σ+

u , a3Σ+
g andc3Πu states forv = 0 − 10 have been calculated in [112] and

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



4.2 Electronic excitation processes

can be represented by the analytic fit expression

ln
[

Kdiss
exc

(

b3Σu, a3Σg, c
3Πu

)

]

=
b1

T ′b2
+

b3

T ′b4
+

b5

T ′2b6
(97)

whereT ′ = T/103 and temperatureT is expressed inK. The fitting parametersbi

are given in Table 24. The small contribution toKdiss
exc from the excitation of some

upper singlet states is also included in Eq. (97). The fit (97)is valid in the range
T ′ = 1K − 200K.

It should be noted, however, that the higher triplet states,radiatively coupled
to a3Σ+

g or c3Πu or directly tob3Σ+
u , may also contribute to theH(1s) + H(1s)

dissociation ofH2.

4.2.3 Excitation transitions between excited states

There are only a few cross section calculations for the excitation transition between
the excited states ofH2. They include the dipole- allowed transitionsB1Σ+

u (v) →
I ′Πu [125] anda3Σ+

g (v) → d3Πu, c3Πu(v) → h3Σ+
g and c3Πu(v) → g3Σ+

g

[142] from all initial vibrational statesv. The calculations have been performed
within the impact parameter method. In view of small transition energy in these
excitation processes, their cross sections are fairly large and exhibit a maximum at
low collision energies (a few times of threshold energy).

In absence of more elaborate quantum-mechanical calculations for excitation
transitions between excited states, one can use the method of Refs. [140,141] (GBB
method) for rough estimates of the cross sections for these transitions. Being based
upon classical mechanics, this method involves (besides the Franck-Condon factor)
only the transition energy between the corresponding states. It can, therefore, be
used to generate cross sections also forv − v′ resolved transitions.

If we introduce the notation:Un, for the energy difference between initial
(Λσ; v) and final (Λ′

σ; v′) state;Un+1, for the energy difference between (Λσ; v)
and (Λ′

σ ; v′ + 1) states; andIn, for the ionization potential of initial state, then the
GBB excitation cross section for (Λσ; v) → (Λ′

σ ; v′) transition is given by [140,141]

σexc

(

Λσ; v → Λ′
σ; v′

)

= FΛΛ′(v, v′)GΛΛ′(Un, E) (98)

whereFΛΛ′(v, v′) is the Franck-Condon factor, and the functionGΛΛ′(Un, E) has
the form:

1. Dipole-allowed transitions; caseUn+1 − Un � Un :

GΛΛ′(Un, E) =
σ0

U2
n

[

E

(In + E)3

]1/2

Γ(Un, E)∆n ×

×
[

1 −
(

In

E

)

+

(

4In

3Un

)

ln(e + ξn)

]

(99a)
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Γ(Un, E) =

(

1 − Un

E

)In/(In+Un)

, ξn =

(

E − Un

In

)1/2

,

∆n =

{

E − Un; Un � E � Un+1

Un+1 − Un; E � Un+1

(99b)

2. Dipole-allowed transitions; caseUn+1 − Un
�

Un :

GΛΛ′(Un, E) = Q(Un, E) − Q(Un+1, E) (100a)

Q(U,E) =
σ0

U2

[

I2
nE

(In + E)3

]1/2(

1 − U

E

)

Γ(U,E) ×

×
[

U

In
+

2

3

(

1 − U

2E

)

ln(e + ξ)

]

(100b)

3. Dipole-forbidden transitions:

GΛΛ′(Un, E) =
σ0(E − Un)

In(E + In)(E + In − Un)
, Un � E � Un+1,(101a)

=
σ0(Un+1 − Un)

(E + In)(E + In − Un)(E + In − Un+1)
, E ≥ Un+1,(101b)

whereσ0 = 6.52 × 10−16cm2, e = 2.71828 · · · is the base of natural logarithm,
and energiesE,Un, In are all expressed in eV units.

The cross sections calculated with the GBB model for excitation processes of
atomic and molecular targets [139–141] show that their uncertainty is within a
factor of two (or three) for dipole-allowed transitions andhigher (up to a factor of
five) for dipole-forbidden transitions.

4.3 Ionization processes

The electron-impact ionization of a givenN1,3Λσ(v) state ofH2 has three basic
channels that involve the ground

(

X2Σ+
g

)

and first excited
(

B2Σ+
u

)

state of the
H+

2 ion :

e + H2

(

N1,3Λσ; v
)

→ e + H+
2

(

X2Σ+
g ; v′

)

+ e, (102)

→ e + H+
2

(

X2Σ+
g ; ε′

)

+ e → H+ + H(1s) + 2e,(103)

→ e + H+
2

(

B2Σ+
u ; ε
)

+ e → H+ + H(1s) + 2e, (104)

whereε′(ε) is the energy of vibrational continuum state.
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Dissociative ionization ofH2

(

N1,3Λσ; v
)

is also possible by excitation of
higher excited statesNI

2Λσ of H+
2 ion (all of which have repulsive character in

the Frank-Condon region of the initialH2

(

N1,3Λσ; v
)

state),

e + H2

(

N1,3Λσ; v
)

→ e + H+
2

(

NI
2Λg; ε

)

+ e →
→ H+ + H(n ≥ 2) + 2e, (105)

whereH(n) is an excitedH atom. Below we shall discuss the cross sections for
non-dissociative [reaction (102)] and dissociative [reaction (103) - (105)] ioniza-
tion processes from the ground and excited electronic states of H2 separately. As
mentioned earlier, non-dissociative ionization ofH2

(

N1,3Λσ; v
)

can also occur
by excitation of an excited state

(

N ′1,3Λ′
σ; v′

)

the energy of which is smaller than
the dissociation energy ofH+

2

(

X2Σ+
g ; v = 0

)

, but above its ground state energy.
This excitation-auto-ionization channel for non-dissociation ionization will be dis-
cussed in sub-section 4.5

4.3.1 Ionization from the ground electronic state, X1Σ+� (v)

Accurate cross section measurement for ionization ofH2(X
1Σ+

g ; v = 0) from its
ground electronic and vibrational state have been done bothfor the non-dissociative
and dissociative channels [143–146]. Theoretical calculations have also been per-
formed for all three ionization channels (102) -(104) forv = 0 − 13 [147] by
using the GBB method (see next sub-section). The experimental dissociative ion-
ization cross section contains contributions from both (103) and (104) channels,
which can be separated out by using the theoretical cross sections (properly nor-
malized) of Ref. [147] forv = 0. The resulting experimental cross sections for all
three ionization channels fromX1Σ+

g (v = 0) state ofH2 then can be fitted to the
expressions

σndiss
ion

(

2Σ+
g

)

0
=

1.828

x

(

1 − 1

x0.92

)2.19

ln(C0x)(×10−16cm2), (106)

σdiss
ion

(

2Σ+
g

)

0
=

0.02905

x1.25

(

1 − 1

x2.78

)1.886

× (10−16cm2), (107a)

σdiss
ion

(

2Σ+
u

)

0
=

0.5927

x1.20

(

1 − 1

x1.22

)3.375

× (10−16cm2), (107b)

whereC0 = 2.05∆E,X = E/∆E, and∆E 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 Eqs. (106), (107a), and (107b), respectively, Figure
26 on page 174).
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In the non-dissociative ionization fromX(v = 0), the producedH+
2

(

2Σ+
g

)

ion is
vibrationally excited. The population ofH+

2

(

2Σ+
g ; v′

)

vibrationally excited states
from reaction (102) has been determined experimentally [148] and was found to be
very close to that predicted on the basis of Franck-Condon vertical ionization tran-
sitions, see Table 25. The cross sections for state-selective ionization transitions
X1Σ+

g (v = 0) →2 Σ+
g (v′) are, thus, [see Eq. (92)]

σndiss
ion

(

1Σ+
g (v = 0) → 2Σ+

g (v′)
)

= F0v′

[

σndiss
ion

(

2Σ+
g

)

0
+ σdiss

ion

(

2Σ+
g

)

0

]

(108)

whereF0v′ is the Franck-Condon factor. The second term in Eq. (108) is by two
or more orders of magnitude smaller than the first one and can be neglected. The
distribution ofF0v′ over v′ is rather broad with a maximum atv′ = 1 − 3. The
dissociation energiesEdiss

H+
2

(v′) of H+
2 (v′) levels are also given in Table 25.

The cross sections for non-dissociative ionization from vibrationally excited
X1Σ+

g (v ≥ 1) states ofH2 have also been calculated up tov = 13 [147]. By
normalizing the theoreticalv = 0 cross section to experimental cross section rep-
resented by Eq. (106) in scaled energy unitsx = E/∆E, the calculated cross
sections of Ref. [147] can be represented in the form

σndiss
ion

(

2Σ+
g

)

v
=

(

∆Ev=0

∆Ev

)1.15

σndiss
ion

(

2Σ+
g

)

0
(109)

where∆Ev is the threshold energy for the initialv-level inX1Σ+
g , andσndiss

ion

(

2Σ+
g

)

0
is given by the expression (106) withx = E/∆Ev andC0 → Cv = 2.05∆Ev . In
analogy with Eq. (108), the state-selectivev − v′ non-dissociative ionization cross
section via theX1Σ+

g (v) → X2Σ+
g (v′) transition is given by

σndiss
ion

(

2Σ+
g

)

v→v′
' Fvv′σ

ndiss
ion

(

2Σ+
g

)

v
, (110)

whereFvv′ is the Franck-Condon factor andσndiss
ion

(

2Σ+
g

)

v
is given by Eq. (109).

The contribution ofσdiss
ion

(

2Σ+
g

)

v
in Eq. (110) has been neglected.

The GBB cross sections for dissociation ionization via the repulsive state2Σ+
u

of H+
2 from variousv ≥ 1 initial vibrational levels ofH2

(

X1Σ+
g ; v

)

[147] can
also be represented in a scaled form [149]. By normalizing the σdiss

ion

(

2Σ+
u

)

v=0
cross section of Ref. [147] to the experimental cross section represented by Eq.
(107b), and taking the analytic expression (107b) as a basisfor the scaling, the
cross sections for dissociative ionization due to ionizingtransitionsX1Σ+

g (v) →
B2Σ+

u (ε) can be given in the form

σdiss
ion

(

2Σ+
u

)

v
=

(

∆Ev=0

∆Ev

)1.96

σdiss
ion

(

2Σ+
u

)

0
, (111)

where∆Ev is the reaction threshold for the initialv-energy level, andσdiss
ion (2Σ+

u )0
is given by Eq. (107b) withx = E/∆Ev. The transition energies∆Ev span a
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large energy interval: from∆Ev=0 = 30.6eV to ∆Ev=13 = 14.2eV (see Table
26). The GBB cross sectionsσdiss

ion (2Σ+
g ,2 Σ+

u ) of Ref. [147], normalized forv = 0
on the experiment [145], have been averaged over the Maxwellian electron velocity
distribution, and the resulting rate coefficients fitted to the form [112]

ln
[

Kdiss
ion

(

2Σ+
g ,2 Σ+

u

)

v

]

=
C1

T ′C2
+ C3

+C4 exp(−C5T
′), T ′ = T/103, (112)

whereT is expressed inK, and the coefficientsCi are given in Table 26. The fit
(112) is valid in the rangeT ′ = 3K − 200K.

Ionization of theH2(X
1Σ+

g ; v) molecule may take place via transitions to
higher excited states ofH+

2 which all have a repulsive character and dissociate
into H+ + H(n ≥ 2) products [reaction (105)]. These states energetically lies
significantly above the first(B2Σ+

u ) excited states ofH+
2 and the dissociative ion-

ization via these states is expected to have much smaller cross sections than when
it proceeds via the(B2Σ+

u ) state. The ionization ofH2(X
1Σ+

g ) via excitation of
doubly excited electronic states ofH2 will be discussed in sub-section 4.5.2.

4.3.2 Ionization from excited electronic states of H2

There have been no published cross sections results for the ionization processes
from excited electronic states ofH2,

e + H∗
2

(

N1,3Λσ; v
)

→ e + H+
2

(

X2Σ+
g ; v′

)

+ e (113)

e + H∗
2

(

N1,3Λσ; v
)

→ e + H+
2

(

X2Σ+
g ; ε′

)

+ e → H+ + H(1s) + 2e (114)

e + H∗
2

(

N1,3Λσ; v
)

→ e + H+
2

(

B2Σ+
u ; ε
)

+ e → H+ + H(1s) + 2e (115)

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

σndiss
ion

(

1Σ+
g ; v → 2Σ+

g ; v′
)

=
σ0

(∆Evv′)2
Fvv′Gion(x) , (116)

σ0 = 6.52 × 10−14cm2 ,

Gion(x) =
1

x

(

x − 1

x + 1

)3/2{

1 +
2

3
(1 − 1

2x
) ln[e + (x − 1)1/2]

}

, (117)

where∆Evv′ is the transition energy,x = E/∆Evv′ , Fvv′ 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 form of the GBB cross section
is [140,141]

σdiss
ion

(

1Σ+
g ; v →2 Σ+; ε

)

= σ0

∫ E

0
Fv(ε)gion(∆Evε, Iv, E)dε (118)

gion =
1

(∆Evε)2

[

E

(Iv + E)3

]1/2

× (119)

× Γ(∆Evε, E)

[

1 −
(

Iv

E

)

+

(

4Iv

3∆Evε

)

ln ξ

]

Γ(∆Evε, E) =

[

1 − ∆Evε

E

]Iv/(Iv+∆Evε)

, ξ = e +

(

E − ∆Evε

Iv

)1/2

(120)

where∆Evε = Iv + ε, Iv is the ionization potential ofH∗
2

(

N1,3Λg; v
)

, ε = ε(R)
is the energy ofH+

2

(

2Σg,u

)

state above the dissociation limit (vibrational contin-
uum), e is the base of natural logarithm andFv(ε) is the Franck-Condon density
for the

(

N1,3Λσ; v
)

→
(

2Σ+
g,u; ε(R)

)

transition. Fv(ε) can be calculated in vari-
ous approximations, the simplest of which is theδ-function approximation for the
continuum wave-function at the classic turning pointRc,v for the v → ε verti-
cal transition,ε(Rc,v) = 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 not high (it usually
overestimates the cross section ), and a correction of the cross sections (117), (118)
by a constant factor is desirable, provided there is an additional data source (or
suitable theoretical arguments) for its determination. Perhaps a significantly better
way for an approximate estimate of ionization cross sections from

(

N1,3Λσ; v
)

excited state ofH2 would be to approximately scale the corresponding ionization
cross sections fromH2(X

1Σ+
g ; v) considered in the preceding sub-section(i.e. by

a mere change of the value of transition energies∆Evv′ and∆Evε). This scaling
approach should be adequate particularly for the higher excited electronic states.

4.4 Dissociative electron attachment

Dissociative electron attachment (DA) onH2 in the ground electronic stateX1Σ+
g

with production of a negativeH− ion can proceed via several channels

e + H2(X
1Σ+

g ; v) → H−
2 (X2Σ+

u ) → H− + H(1s) (121a)

→ H−
2 (B2Σ+

g ) → H− + H(1s) (121b)

or via

e + H2(X
1Σ+

g ; v) → H−
2 (N2

i Λσ) → H− + H(1s), Ni ≥ 2, (122a)

→ H− + H(n ≥ 2) (122b)
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whereH−
2 (· · · ) is a resonance state ofH2. This process may, in principle, proceed

also whenH2 is initially in an excited electronic state.

e + H∗
2 (N1,3Λσ; v) → H−

2 (N2
i Λσ) → H− + H(n). (123)

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

4.4.1 Dissociative attachment on H2(X
1Σ+� ; v)

Experimental cross section measurements for dissociativeelectron attachment have
been performed for both thev = 0 initial state [150] andv = 0− 4 states [151]. A
strong increase of DA cross section was observed with the increase of initial vibra-
tional state. A large number of theoretical cross section calculations have been per-
formed for the reactions (121a) (121b) employing the resonance theory [114] with
local [152,153], semi-local [111,154] and non-local [155,156] approximations for
the interaction of negative ion state with the continuum. Asmentioned in sub-
section 3.3, for internuclear distancesR � Rs,u ≈ 3.0a0 the stateH−

2 (X2Σ+
u ) be-

comes quasi-stationary (shape resonance) and is unstable against auto-detachment.
Similarly, the stateH−

2 (B2Σ+
g ) becomes quasi-stationary (Feshbach resonance)

for R � Rs,g = 4.9a0, wherea0 is the Bohr radius. The dissociative attachment
process takes place only if, during the collision, the system survives in the res-
onant state before reaching the stabilization internuclear distanceRs. Since the
time that the system spends in the decaying quasi-stationary state depends on the
reduced mass of nuclei, the DA cross section exhibits a pronounced isotope ef-
fect [157]. This effect, however, diminishes for the high initial vibrational states of
H2(X

1Σ+
g ; v).

Both local and non-local resonant theory calculations showthat the contribu-
tion of DA channel via theB2Σ+

g resonance [reaction (121b)] to the total DA rate
coefficient is negligible for all initialv-states, except for thev = 0 andv = 1
states in the temperature range above∼ 3 eV [158]. However, the total DA rate
coefficients for these two initial states are by one (forv = 1) or two (forv = 0) or-
ders of magnitude smaller than that forv = 2. Theoretical calculations also show
that the cross sectionsσDA

(

2Σ+
u

)

v
for the DA reaction (121a) show sharp peak

immediately after the threshold and a fast (exponential) decrease with increasing
the collision energy. Therefore, the following analytic fithas been proposed for
σDA

(

2Σ+
u

)

v
[159]

σDA

(

2Σ+
u

)

v
= σ(0)

v exp

(

−E − |Eth|v
E0

)

(124)

whereσ
(0)
v is the peak cross section value for the initial vibrational statev at the

thresholdEth,v, andE0 = 0.45eV . E andEth,v in Eq. (124) are also expressed in
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eV units, see Figure 27 on page 175. The value of thresholdsEth,v and peak cross

sectionsσ(0)
v for all initial v = 0 − 14 states ofH2

(

X1Σ+
g ; v

)

are given in Table
27.

It is to be mentioned that the binding energy of the loosely bound electron
in H− is 0.754 eV and lies below the energy ofv = 10 vibrational level of
H2

(

X1Σ+
g

)

. The DA cross sections forv ≥ 10 cannot be calculated within the

local resonance theory and a non-local approach is necessary. The valuesσ(0)
v in

Table 27 have been taken from non-local calculations [156,158].

On the basis of analytic expression (124) forσDA

(

2Σ+
u

)

v
, one can easily ob-

tain the DA reaction rate coefficient in the form [15]

KDA

(

2Σ+
u

)

v
= 1.972σ(0)

v

T 1/2

1 + T/E0
e−

|∆Eth,v |

T ×

×
[ |Eth,v|

T
+

1

1 + T/E0

]

(×10−8cm3/s) (125)

whereT is expressed in eV units, andσ(0)
v in units of10−16cm2.

Apart from theX2Σ+
u andB2Σ+

u resonances, for which the parentH2 states
are(1sσg)

2X1Σ+
g and(1sσg, 2pσu)b3Σ+

u , respectively, many otherH−
2 resonances

have been observed [160] for which the parent state is one or more bound ex-
cited states ofH2. The energies and widths of many of these resonance states
have been calculated to a high accuracy [161] and can be used for calculation of
dissociative attachment cross sections within the local potential approximation of
resonance theory. However, such calculations have not beenperformed so far.
The DA reactions proceeding via these states may produce either H− + H(1s)
or H− + H(n ≥ 2) products [reactions (122a) and (122b)]. The thresholds for
these DA reactions are considerably higher than those proceeding via theX2Σ+

u

andB2Σ+
g resonances.

4.4.2 Dissociative attachment on electronically excited H �
2

(

N1 	3Λ
 )

Dissociative attachment can, in principle, also take placeon an electronically ex-
cited H2 molecule, reaction (123), particularly when the excited state is a high
Rydberg state, (N ≥ 4). A total rate coefficient value of∼ 6 × 10−5cm3/s has
been suggested for DA on RydbergH2 molecules to explain some observations in
laser produced hydrogen plasmas [162]. This extraordinaryhigh value forKRyd

DA ,
although still controversial, has motivated constructionof simple theoretical mod-
els for the process (123) [163]. More involved studies of this DA reaction would
be obviously of considerable interest.
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(

N1 	3Λ
) via resonant, doubly
excited and auto-ionizing states.

4.5 Dissociation and ionization of H2 (N1 	3Λ
) via resonant, doubly
excited and auto-ionizing states.

4.5.1 Dissociation of H2

(

1Σ+� ; v
)

via H
�
2 resonant states

The resonant statesH−
2

(

2Σ+
g ,2 Σ+

u

)

formed in a slow electron collision withH2

(

X1Σ+
g ; v

)

provide the following channels for dissociation ofH2

e + H2

(

X1Σ+
g ; v

)

→ H−
2

(

X2Σ+
u

)

→ e + H2

(

X1Σ+
g ; ε′

)

→
→ e + H(1s) + H(1s), (126)

e + H2

(

X1Σ+
g ; v

)

→ H−
2

(

B2Σ+
g

)

→ e + H2

(

b3Σ+
u ; ε
)

→
→ e + H(1s) + H(1s), (127a)

→ e + H2

(

X1Σ+
g ; ε′

)

→
→ e + H(1s) + H(1s). (127b)

Cross section calculations for the above dissociation processes have been per-
formed within the local approximation of resonance theory (with semi-empirical
parameters of complex potentials of2Σ+

g and2Σ+
u quasi-stationary states) [164],

as well as within the non-local resonance theory [165] forv = 0 − 12 vibrational
states ofH2

(

X1Σ+
g ; v

)

. These calculations show that the decay ofB2Σ+
g reso-

nance takes place dominantly ontob3Σ+
u state, and the cross sections of the chan-

nel (127b) are about two orders of magnitude smaller than those of channel (127a)
for all v. The results of local and non-local resonance theory calculations agree
well with each other, except in the case of lowerv-states of the channel (126).

The rate coefficients of dissociation channels (126) and (127a) have been fitted
to analytical expression [112]

ln
[

Kdiss

(

2Σ+
u ,2 Σ+

g

)]

=
a1

T ′a2
+

a3

T ′a4
+

a5

T ′2a6
, T ′ = T/103, (128)

whereKdiss is expressed incm3/s, T in K, and the fitting coefficientsai are given
in Table 28 forKdiss

(

2Σ+
u

)

and in Table 29 forKdiss

(

2Σ+
g

)

(see Figures 28, 29
on page 175, 176, respectively). We note that the values of coefficientsa1 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 states in conformity with
the more accurate cross sections of Ref. [165]. The values ofparametersai for
Kdiss

(

2Σ+
g

)

in Table 29 are given for representative values ofv only. The values
of ai for the other initialv-states can be obtained by interpolation.

As discussed at the end of sub-section 4.4.1, there are manyH−
2 resonances

energetically lying above theB2Σ+
g resonance that can be excited at higher(E

�
11eV ) collision energies [160,161]. The non-radiative (auto-detachment) decay of
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these resonances to their parent states can lead, as in the case ofX2Σ+
u andB2Σ+

g

lowest resonances, to dissociation either toH(1s)+H(1s) or toH(1s)+H(n ≥ 2)
atoms. These dissociative processes have not been investigated so far. It should be,
however, mentioned that the decay widths of these, higher lying resonances are
about an order of magnitude smaller (� 0.3eV ) than the widths ofX2Σ+

u and
B2Σ+

g resonances, and their contribution to dissociation may notbe large.

4.5.2 Dissociation and ionization of H2 via doubly excited states

Doubly excited electronic states ofH2 have been studied extensively both exper-
imentally (via photo-ionization [166, 167]) and theoretically [168–170]. The se-
ries of states that involve the configurations(2pσu, nlσg)(n ≥ 2) are designated
asQ1

1Σ+
u -series, and those involving the(2pπu, nlσg) configurations are termed

Q2
2Πu-series [168]. The energies ofQ1

1Σ+
u doubly excited state lie below the

energy of first excited stateB2Σ+
u (2pσu) of H+

2 (and forR � 4.5a0 above the
H+

2

(

X2Σ+
g

)

ground state energy), while the energies ofQ2
2Πu-series lie below

the energy of second excited(2pπu)2Πu state ofH+
2 (and forR

�
1.2a0 above

the energy ofH+
2

(

2Σ+
u

)

state). TheQ1
1Σ+

u and Q2
2Πu doubly excited states

are dissociative auto-ionizing states for which the energies and decay widths have
been calculated to high accuracy [169, 170]. The excitationof these states from
the ground or an electronically excited bound state ofH2, leads to the following
processes

e + H2

(

N1,3Λσ

)

→ e + H∗∗
2

(

Q1
1Σ+

u

)

→e + H+
2

(

X2Σ+
g ; v

)

+ e (129a)

→e + H+ + H(1s) + e (129b)

→e + H(1s) + H(n ≥ 2) (129c)

e + H2

(

N1,3Λσ

)

→ e + H∗∗
2

(

Q2
1Πu

)

→e + H+ + H(n ≥ 2) + e(130a)

→e + H(2s) + H(n ≥ 2) (130b)

The process (129c) results from the survival ofQ1
1Σ+

u auto-ionizing states in the
regionR � 4.5a0. ForR

�
4.5a0 the auto-ionizing width of these states vanishes.

Similar is the situation with the channel (130b). Despite ofthe fact that parameters
of auto-ionizing statesQ1

1Σ+
u andQ2

1Πu are available as function of internuclear
distanceR, cross section calculations for the processes (129a), (129b), (129c) and
(130a), (130b) have not been performed as yet. It is worthwhile to mention that the
photo-ionization cross section from the ground stateX1Σ+

g (v = 0) of H2 shows
that the non-dissociative channel (129a) accounts for about 95% of the total cross
section [166,167].

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

Singly excited bound electron state
(

N1,3Λσ; v
)

of H2, especially whenN is high,
may be subject to two decay processes: auto-ionization and pre-dissociation. Both
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4.5 Dissociation and ionization of H2

(

N1 	3Λ
) via resonant, doubly
excited and auto-ionizing states.

these processes result from the non-adiabatic coupling of electronic states induced
by the kinetic energy operator of nuclear motion.

A Auto-ionization
When the vibrational energy of a singly excited bound electronic state

(

N1,3Λσ; v
)

of H2 becomes higher than the ionization energy of that state on its ground vibra-
tional level, then the state becomes unstable against auto-ionization. In contrast to
the case of doubly excited states ofH2, or resonancesH−

2 , where the configura-
tion interaction with electronic continuum is responsiblefor the quasi-stationary
character of the state, in the present case it is likely that the non-adiabatic coupling
of electronic and nuclear motion is the principal mechanismfor auto-ionization
[171, 172]. Already the majority of singlet and triplet states withN = 4 (e.g., the
O,B′′, R, S singlets andk, p, r, s triplets) become auto-ionizing forv ≥ 4. For the
higher-N states, only a limited number of vibrational states remainsstable against
auto-ionization. The electron impact excitation of the states

(

N1,3Λσ; v > v0

)

,
wherev0 is the last stable vibrational state ofN1,3Λσ, thus, are subject to two
competing decay processes: radiative decay to the lower states, and auto-ionization

e + H2(· · · ) → e + H∗
2

(

N1,3Λσ; v ≥ v0

)

→ e + H2

(

N ′1,3Λ′
σ′ ; v′

)

+ hν

(131a)

→ e + H+
2

(

X2Σ+
g ; vi

)

+ e,

(131b)

whereH2(· · · ) may be either the ground or an excited electronic state ofH2.
Radiative decay rates ofH∗

2

(

N1,3Λσ

)

state are of the order of magnitude
107 − 108s−1 and decrease asN−3 with increasingN . Calculations of auto-
ionization ratesWAI(N, v; vi) for (NpσuΣ+

u ; v) and(NpπuΠu; v) excited states
with N = 4−10 have been performed for differentv > v0 vibrational levels [172].
For a given value ofv, WAI(N, v; vi) decreases (approximately) asN−3 with in-
creasingN , and decreases strongly with increasing the difference|v − vi|. For a
givenN , however,WAI increases with the increase ofv. The typical maximum (for
|v−vi| = 1) values ofWAI for the statesN = 4−10 are in the range106−107s−1

for N = 4, 5 to 1011s−1, for N = 9, 10. The available auto-ionization rates for all
H2 Rydberg series are collected in Ref. [173].

B Pre-dissociation
When the energy of a bound excited state

(

N1,3Λσ; v
)

lies above the dissociation
limit of the energetically nearest lower excited state

(

N ′1,3Λ′
σ

)

,(e.g., forv ≥ vd),
the non-adiabatic coupling of the two electronic states dueto nuclear motion can in-
duce a transition

(

N1,3Λσ; v ≥ vd

)

→
(

N ′1,3Λ′
σ′ ; ε′

)

leading to dissociation. The
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closer the energies of
(

N1,3Λσ; v > vd

)

and
(

N ′1,3Λσ; ε
)

states, the stronger is the
non-adiabatic coupling between them. Non-adiabatic coupling between considered
states can be induced either by the rotational nuclear motion (rotational coupling)
or radial (vibrational) nuclear motion (radial coupling).For the

(

Nλµ;1,3 Λσ

)

and
(

N ′λ′µ′;1,3 Λ′
σ′

)

molecular states these two couplings are subject to the selection
rules: ∆µ = 0,∆σ = 0 for the radial coupling, and∆µ = ±1,∆σ = 0 for the
rotational coupling, whereµ is the projection of angular momentumλ of excited
electron on the internuclear axis. (Additional selection rules in the case of rota-
tional coupling exist for the change of rotational quantum number [174]). The spin
multiplicity of the state is also conserved in a non-adiabatic transition.

It should be mentioned that the excited states (of a given spin multiplicity) with
the same principal quantum numberN all have potential energy curves that lie very
close (quasi-degenerate) to each other in the internucleardistance region of their
repulsive parts. ForN ≥ 4, this is true also for any neighbouring(N,N ± 1)
pairs of states. Therefore, the non-adiabatic transitionsare expected to be strong
between all the neighbouring states withN ≥ 3 when they satisfy the selection
rules.

The electron-impact excitation of a bound electronic state(N1,3Λσ; v > vd) is
subject to both pre-dissociation and radiative decay to thelower states,

e + H2(· · · ) → e + H∗
2

(

N1,3Λσ; v ≥ vd

)

→ e + H2

(

N ′,1,3 Λσ; v′
)

+ hν,

(132a)

→ e + H2

(

N ′,1,3 Λσ; ε
)

→
→ e + H(1s) + H(n ≥ 2)

(132b)

The pre-dissociation of many excited states (upon their electron-impact excita-
tion) has been observed experimentally [119, 175, 176]. It has been found that
(D1Πu; v ≥ 3) states rapidly pre-dissociate via theB′1Σ+

u state, with a pre-
dissociation branching ratio of55% for v = 3, 80% for v = 6 and 100% for
v ≥ 8 [119]. The states (D′1Πu; v ≥ 1) and (B′′1Σ+

u ; v ≥ 1) also rapidly pre-
dissociate viaB′1Σ+

u , with the pre-dissociation branching ratio in the latter case
being90 − 100% already forv = 1 [119]. The pre-dissociation of (d3Πu; v ≥ 3)
via e3Σ+

u is also known to be fast [126].
Calculation of rates for

(

Npσu
1Σ+

u ; v
)

→
(

5pσu
1Σ+

u

)

, N ≥ 6,

and

(

Npπu
1Πu; v

)

→
(

N0pπu
1Πu

)

, N0 = 3, 4;N = N0 + 1, N0 + 2, · · · ,

pre-dissociative transitions forv ≥ vd, have been performed in Ref. [172]. The
results of these calculations show that the pre-dissociation rateWPD(N0, N, v)
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(

c3Π� ; v = 0
)

state

does not change considerably with increasingv, but decreases rapidly when the
difference(N − N0) increases. The pre-dissociation rates for(N0 + 1) → N0

transitions are about5 × 109s−1, 3 × 1012s−1 and5 × 1012s−1 for N0 = 3, 4 and
5, respectively. Although not calculated in [172], one can nevertheless, plausibly
assume (on the basis of the higher degree of energy quasi-degeneracy) that the rates
of N1,3Λσ → N1,3Λ′

σ pre-dissociation transitions should be higher than those for
theN1,3Λσ → (N − 1)1,3Λ′

σ transitions. The pre-dissociation rates for manyH2

Rydberg series can be found in Ref. [173].
In the case ofvd ≥ v0, when both pre-dissociation and auto-ionization are

possible, pre-dissociation is normally the dominant decaychannel. However, since
WPD(N, v) is almost independent onv, whereasWAI(N, v) may significantly
increase withv, there may be cases where the two decay channels effectivelycom-
pete [172,173].

It should be noted that the non-adiabatic coupling between the neighbouring
quasi-degenerate molecular states is not limited only to the states withv ≥ vd. It
may also take place forv < vd, becoming a mechanism for excitation transfer,
(N1,3Λσ; v) → (N ′1,3Λ′

σ; v′). This process, obviously important for the distribu-
tion of excitation energy among the excited states, has not been studied as yet. The
non-adiabatic coupling between a dissociating state(N1,3Λσ; ε) and a bound state
(N ′1,3Λ′

σ; v′) may impede the dissociation by populating that bound state (inverse
pre-dissociation).

4.6 The metastable (c3Π� ; v = 0) state

The state
(

2pπu, c3Πu; v = 0
)

lies energetically below thev = 0 level of the
(

2sσg, a
3Σ+

g

)

state, and there are no other triplet states ofgerade symmetry lying
energetically below it to which it can be optically coupled.This state is coupled
to the groundX1Σ+

g state by magnetic-dipole and electric-quadrupole interactions
with a transition probability of10−3s [177]. Because of the large energy separation
of
(

c3Πu; v = 0
)

andb3Σ+
u states, their non-adiabatic coupling is extremely weak,

and the predissociation decay of(c3Πu; v = 0) via b3Σ+
u is not possible. The state

(

c3Πu; v = 0
)

is, therefore, metastable with a lifetime of1ms. The
(

c3Πu; v ≥ 1
)

states are optically coupled to(a3Σ+
g ; v′) states, but the corresponding transition

probabilities are nevertheless small(∼ 104s−1) [177].
In a detailed description of radiative-collisional kinetics ofH2 processes in a

plasma, it might be necessary to single-out the
(

c3Πu; v = 0
)

state and treat it as a
separate plasma constituent [178]. Then, its collision processes with other plasma
constituents have to be known. The most important of them arediscussed below.

4.6.1 Electron-impact excitation from
(

c3Π� ; v = 0
)

The excitation cross section for the transition

e + H2

(

c3Πu; v = 0
)

→ e + H2

(

a3Σ+
g ; v′ = 0

)

(133)
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is expected to be very large in view of the small energy difference∆E00 = 0.017
eV between these two states. The cross section for reaction (133) has been cal-
culated both in the first Born and distorted wave approximations [179], the latter
being by a factor of about two larger than the Born results in the energy region of
cross section maximum (Em ∼ 5∆E00). The distorted wave cross section can be
fitted to the expression

σexc

(

c3Πu; v = 0 → a3Σ+
g ; v′ = 0

)

=
2.08

x1.20
(1 − 1

x
)3.80

(×10−11cm2) (134)

wherex = E/∆E00 (with E in eV). It has a maximum of' 1.3 × 10−12 at
E ' 0.07 eV, Figure 30 on page 176. The cross sections for

(

c3Πu; v = 0
)

→
(

a3Σ+
g ; v′ ≥ 1

)

transitions can be estimated from Eq. (134) by using therex =
E/∆E0v′ , and multiplying it with the Franck-Condon factorF0v′ . The values
of F0v′ , however, decrease very rapidly withvprime; for v′ = 1, 2, 3 they are
3.9 × 10−2, 2.7 × 10−3 and 2.0 × 10−6, respectively [177]. We note that the
a3Σ+

g state is radiatively coupled to the dissociatingb3Σ+
u state with a transition

probability of∼ 108s−1.
The cross sections for electron-impact excitation transitions

(

c3Πu; v = 0
)

→
(

h3Σ+
g ; v

)

,
(

g3Σ+
g ; v

)

have been calculated in Ref. [142]. Their maxima, of about
∼ 10−16cm2, occur atE ∼ 4 − 6 eV, and are, thus, for more than two orders
of magnitude smaller than the cross section for

(

c3Πu; v = 0
)

→
(

a3Σ+
g ; v′ = 0

)

transition at these energies. The cross sections for other excitation transitions from
(

c3Πu; v = 0
)

are expected to be even smaller.

4.6.2 Ionization of
(

c3Π� ; v = 0
)

state

There have been no cross section calculations for the ionization of
(

c3Πu; v = 0
)

state. A rough estimate of this cross section can be made by using the GBB model
described in sub-section 4.3.2. At the energy of its maximum(E ' 18eV ), the
GBB ionization cross section for the state

(

c3Πu; v = 0
)

is' 5.5×10−16cm2, and
is ten times smaller than the value of cross section for the excitation reaction (133)
at this energy. (As discussed in section 4.3.2, GBB model usually overestimates
the ionization cross section .)

4.6.3 Electron attachment on
(

c3Π� ; v = 0
)

state

There are severalH−
2 resonances that energetically lie close to the potential energy

curve ofc3Πu state, and for which this state alone, or in combination withother
neighbouring states (such asa3Σ+

g , B1Σ+
u , c1Πu, E, F 1Σ+

g ), appears as a parent
(co-parent) state [161]. The incident electron can temporarily be captured to these
quasi-stationary states, which decay along the following channels
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e + H2

(

c3Πu; v = 0
)

→ H−
2 (· · · ) → e + H(1s) + H(n ≥ 2) (135a)

→ H− + H(n ≥ 2) (135b)

→ e + H2

(

N̄1,3Λ̄σ

)

(135c)

where
(

N̄1,3Λ̄σ

)

is a co-parent (withc3Πu) state for the resonanceH−
2 . In the

quasi-classical approximation for the nuclear motion, andintroducing an average
value Γ̄ for the resonance width, the cross section of reactions (135a), (135b),
(135c) can be represented in the form [114,157]

σλ = σ0
Γ̄

E
Pλ(Γ̄) (136)

whereσ0 is a constant characterizing the electron ”capture” to theH−
2 state and

Pλ(Γ̄) is the probability for the exit channelλ in Eq. (135a) ,(135b), (135c). For
instance, for the dissociative attachment channel (135b),Pλ = Pda is the survival
probability of the resonance before the stabilization internuclear distanceRs (de-
fined byΓ(R ≥ Rs) = 0) is reached by the system, i.e.

Pda = exp(−aΓ̄) (137)

wherea is a constant that depends on the energy of resonant state. For the dis-
sociation and relaxation processes (135a) and (135c),Pλ = fλ(1 − Pda), with
fλ((135a)) + fλ((135c)) = 1. The average values of̄Γ, for the resonances con-
nected withc3Πu parent (or co-parent) state, are in the range0.1 − 0.3 eV. With
the typical values fora (∼ 1a0) andσ0(∼ a2

0), Eqs. (136) and (137) then give a
dissociative attachment cross section (Γ̄ = 0.2 eV) σda ' 4.58/E(×10−18cm2).
A similar value forσda was obtained in [180] by a more detailed analysis of the
dominant (̄Γ = 0.3 eV) H−

2 resonance based upon thec3Πu state.
In conclusion, it appears that the excitation process (133)is the only important

process which needs to be taken into account when including the metastable state
(

c3Πu; v = 0
)

explicitly in the kinetics.

5 Collision Processes of Protons with Hydrogen Molecules

Collision processes of protons with hydrogen molecules have been much less stud-
ied than electron impact processes. At low collision energies, the dynamics of
these processes is rather complex because of the coupling ofelectronic and nuclear
motions. The presence of charge exchange channels in theH+ + H2(N

1,3Λσ′ ; v)
collision system unavoidably introduces the vibrational states ofH+

2 ion into col-
lisional dynamics. Moreover, for collision energies below≈ 3 − 4 eV the colli-
sion complex[H+ + H2(v)] supports long-lived intermediary states that relax in
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heavy-particle rearrangement (reactive collisions). Even when theH2 molecule is
in its ground electronic state, there appear strong non-adiabatic couplings between
vibrionic adiabatic states of the system. The[H+ + H2(X

1Σ+
g ; v)] asymptotic

configuration becomes energetically quasi-resonant with the asymptotic configu-
ration [H(1s) + H+

2 (X2Σ+
g ; v′)] for any v ≥ 4 which results in series of strong

couplings between all vibrionic states of the system, including theH2(X
1Σ+

g ; ε)

andH+
2 (X2Σ+

g ; ε′) continua.

The existing experimental studies of collision processes inH++H2 system are
related only toH2 in its ground electronic and vibrational state,(X1Σ+

g ; v = 0),
while theoretical studies include also vibrationally excited states ofH2(X

1Σ+
g ).

In the sub-sections that follow, we shall discuss the available cross section infor-
mation for vibrational excitation, charge transfer, dissociation and ionization in
proton collisions withH2(X

1Σ+
g ; v) only. When appropriate, however , we shall

give some comments on the corresponding cross sections whenH2 is in an elec-
tronically excited state. For simplicity, we shall omit in reaction equations the
spectroscopic symbols(X1Σ+

g ) and (X2Σ+
g ) for the ground electronic states of

H2 andH+
2 , respectively.

5.1 Vibrational excitation

The vibrational excitation processes

H+ + H2(v) → H+ + H2(v
′) (138)

have been studied experimentally [181, 182] only for thev = 0 initial vibrational
state. Close-coupling theoretical cross section calculations have been performed
by using the quantal infinite order sudden approximation (IOSA) for v = 0 state
[183,184], as well as forv ≥ 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 tov, v′ ≤ 9 states, in Ref. [186] all discrete vibrational states
corresponding to the asymptotic configurationsH+ + H2(v) (15 states) andH +
H+

2 (v′) (19 states), and a large number ( about 850 ) discretized continuum states
have been included in the expansion basis of the IOSA close-coupling scheme.

The cross sections for vibrational excitation show a structure with two max-
ima, the first of which appears immediately after the threshold. The second, much
broader maximum appears at higher (≈ 40 − 60 eV) energies. The theoretical and
experimental cross section data from Refs. [185,186], and [181,182], respectively,
for the excitation transitionsv = 0 → v′ = 1 − 4 can be fitted to the analytic
expressions (see Figure 31 on page 177)

σexc(0 → v′) = σ<(0 → v′) + σ>(0 → v′) (139)
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σ<(0 → v′) =
a1 exp(−a2/E

a3)χ(E − E0v′)

Ea4
(×10−16cm2) (140a)

σ>(0 → v′) =
b1 exp(−b2/E

b3)

Eb4(1 + b5Eb6)
(×10−16cm2) (140b)

whereE is in the proton impact (laboratory) energy (in eV units),E0v′ is the thresh-
old energy in the laboratory reference system (E0v = 1.5Eth,cm), andχ(E −
E0v) = 1 for E ≥ E0v, and= 0 for E < E0v . The values ofE0v and fitting
parametersai andbi in Eqs. (140) are given in Table 30. In this table also given
are the cross section fit parameters for the excitation ofv′ = 5 − 7 states. Thebi

parameters forσ>(0 → v′ = 5−7) have been determined on the basis of observed
scaling ofσ>(0 → v′ ≤ 4) cross sections. For the transitionsv = 0 → v′ ≥ 8, a
rough estimate of the cross sections can be obtained by usingthe scaling relations

σ<(0 → v′ ≥ 8) ≈
(

Eexc,7

Eexc,v′

)2

σ<(0 → 7;E′) (141)

σ>(0 → v′ ≥ 8) ≈ 1

12(v′−7)
σ>(0 → 7;E′)

whereE′ = (Eexc,v′/Eexc,7)E, andEexc,v′ is the excitation energy of thev′ vi-
brational state (see Table 23). The comparison of proton-impact vibrational ex-
citation cross sections ofH2(v = 0) with those of electron impact (via theH−

2

resonant states; see sub-section 4.1.1) shows that for a given0 → v′ transition the
σ<(0 → v′) cross section is more than an order of magnitude larger than the cor-
responding electron-impact cross section in the energy region below10 eV. This
difference increases forE > 10 eV, since the cross section componentσ<(0 → v′)
is absent in electron-impact vibrational excitation.

Proton impact excitation ( and de/excitation) cross sections for higher initial
vibrationally excited states ofH2 have not been published in the literature. Such
cross sections have been, however, calculated within the IOSA close coupling for-
malism (see [185,186]) for collision energies below∼ 10 eV. These data are stored
in the Oak Ridge National Laboratory atomic database and canbe accessed via In-
ternet (see Ref. [19]). It appears that for a given value|v′ − v| = ∆v of the change
of initial vibrational state, the de-excitation cross section is comparable to (or larger
than) the excitation cross section.

As mentioned in the introductory part of this section, no studies exist for the
vibrational excitation of electronically excited states of H2 by proton impact,

H+ + H2(N
1,3Λσ; v) → H+H2(N

1,3Λσ; v′), (N ≥ 2). (142)

Theoretical description of this process at low collision energies would require si-
multaneous inclusion in the treatment of (at least) severalelectronic states (close
in energy toN1,3Λσ, together with their complete vibrational spectra. The so-
lution of this problem is obviously beyond the presently available computational
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capabilities. Having in mind the remark that the cross sections for proton-impact
de-excitation are comparable to those for excitation for a given amount of change
∆v of initial vibrational statev, one can perhaps plausibly assume that the vi-
brational population of excited electronic states ofH2 is close to the Boltzmann
distribution for a given plasma temperature and avoid the explicit consideration of
collision processes of type (142) in the plasma kinetic modelling.

5.2 Charge transfer processes

5.2.1 Proton charge exchange with H2(X
1Σ+

g ; v)

The charge transfer (or charge exchange) reactions

H+ + H2(X
1Σ+

g ; v) → H(1s) + H+
2 (X2Σ+

g ; v′) (143)

convert the atomic ions into molecular ones and, forv ≥ 4, may play an important
role in low-temperature plasma recombination. This is due to the facts that for
v ≥ 4 reactions (143) are exothermic (and quasi-resonant), and that dissociative
electron recombination withH+

2 is a much faster process (see sub-section 7.1)
than the radiative and three-body recombination at low plasma temperatures (and
not too high plasma densities).

There have been numerous experimental studies of the chargetransfer process
(143) with H2 in its ground vibrational state (or with unknown distribution over
the lower vibrationally excited states) and unspecified vibrational state of theH+

2

product ion [187–190], covering the energy range from threshold to several hun-
dreds keV. These studies are supplemented by a similarly large number of theoret-
ical studies employing different models for the collision dynamics [186,191–196].
The cross section for this process is, thus, considered to bewell established with a
high (10 − 20%) accuracy [11, 12]. State selective(v → v′) cross section calcu-
lations for the reaction (143) have been performed in the low-energy region within
the IOSA close-coupling formalism [186,191,192] (E � 10 eV) and by using the
classical trajectory- surface-hopping (CTSH) method [195,196] (E ≤ 20 eV). For
the initial v = 1 state, the total (summed overv′) charge exchange cross section is
also available from Ref. [193] in the energy range 50 eV - 4 keV. It should be noted
that both the IOSA and CTSH methods can resolve the contribution of particle ex-
change channel in the state selective (or total) charge transfer cross section . This
contribution becomes increasingly important with decreasing the collision energy
below∼ 5 eV, especially for the higher excited states [195].

The vibrionic non-adiabatic coupling affects the dynamicsof charge transfer
process only at relatively low collision energies (below∼ 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 sensitivity of magnitude and
energy behaviour of charge transfer cross section on initial (and final) vibrational
state. This sensitivity is particularly pronounced for theinitial vibrational states
for which the reaction is endothermic (v ≤ 3), and for slightly or moderately
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exothermic channels (v = 4 − 6). As a consequence of the two mechanisms for
the process, prevailing respectively at low and high energies, the cross sections for
v ≤ 6 exhibit a structure with two maxima. Forv ≥ 6, the cross sections attain a
typical quasi-resonant (v = 6 − 8) or resonant (v ≥ 9) energy behaviour. We shall
now separately discuss the initial state (v−) andv − v′ resolved charge transfer
cross sections .

A Initial v -state resolved cross sections
The total (summed overv′) charge exchange cross section for a given initial

vibrational statev, σCX
v , can be constructed by a critical assessment of all available

experimental (forv = 0 only) and theoretical data. The theoretical data forv ≥ 1
from Ref. [186, 192] (IOSA) and Ref. [195, 196] (CTSH) are generally consistent
with each other, except for the first fewv-states, for which preference must be
given to the IOSA results. As mentioned earlier, for energies above20 − 25 keV,
the vibrational excitation ofH2 is not expected to play any role in the collision
dynamics and allσCX

v cross sections should converge to that forv = 0 (known
from experiments; see [11,12]). Keeping in mind the above discussed two-maxima
structure ofσCX

v cross sections forv � 6, we representσCX
v by the analytical

expression

σCX
v (E) = σ<

v (E) + σ>
v (E) , (144)

σ<
v (E) = a1E

a2

[

1 −
(

E0v

E

)a3
]a4

exp(−a5E
a6) (×10−16cm2) , (145a)

σ>
v (E) =

b1 exp(−b2/E
b3)

b4Eb5 + b6Eb7 + b8Eb9 + b10Eb11
(×10−16cm2) , (145b)

whereE is the proton impact (laboratory) energy (in eV units),E0v is the threshold
energy in the laboratory reference frame (E0v = 1.5Eth,cm), andai and bi are
fitting parameters, see Figure 32 on page 177. The values of parametersai andbi

for initial statesv = 0 − 8 are given in Table 31. For thev ≥ 9 initial states, the
cross sectionsσCX

v (E) are given by

σCX
v≥9(E) =

27.0f(v)

E0.033 + 9.85 × 10−10E2.16 + 1.66f(v) × 10−25E5.25
(146)

(×10−16cm2)

f(v = 9) = 1, f(v ≥ 10) = 1.97/(v − 8)1.23. (147)

The validity of analytical representations (144) -(147) for σCX
v (E) extends from

thermal (or threshold, forv ≤ 3) to∼ 200 keV energies. The small negative values
of parameterb5 for v = 4 − 8 in Table 31 indicate the quasi-resonant character of
these reactions, while the small positive value (0.033) of the corresponding term
in the denominator of Eq. (146) indicates the pure resonant character of charge
exchange reactions (143) forv ≥ 9 at low collision energies.
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B v − v� resolved charge exchange cross sections
State selective (v − v′ resolved) charge transfer cross sections for reaction (143)

have been calculated in Ref. [186] (IOSA) for all initialv-states, and in Ref. [196]
(CTSH) forv = 0 − 6. These calculations cover the energy range from threshold
to ∼ 10 eV. Thev′-populations of productH+

2 ion for a given initialv

Pv(v
′) =

σCX
vv′

σCX
v

(148)

are different for endothermic (v ≤ 3) and exothermic (v ≥ 4) charge exchange
reactions. For endothermic reactions,Pv(v

′) weakly depends on collision energy
(at least in the energy internal covered by the calculations) and is close to the
v′-distribution of Franck-Condon factors,Fvv′ . For exothermic reactions,Pv(v

′)
exhibits a sharp peak at thev′ level which energetically is in (quasi-) resonance
with the initial v-level. The quasi-resonant condition is defined by the equality (or
near-equality) of dissociation energies ofv andv′ levels,

Ediss
v (H2) ≈ Ediss

v′0
(H+

2 ). (149)

The distributionPv(v
′) rapidly decreases with the departure ofv′ from the quasi-

resonant levelv′0. The values ofEdiss
v (H2) are given in Table 32. In this table are

also given the quasi-resonantv′0 levels and the values of corresponding ”resonant
energy defects”,∆Ev,v′0

= |Ediss
v (H2)−Ediss

v′0
(H+

2 )|. The distributionPv(v
′) has

a Gaussian form (centered atv′ = v′0), and shows a (relatively weak) dependence
on collision energyE: with increasingE the distribution broadens and, conse-
quently, its peak value decreases.Pv(v

′) can, therefore, be represented in the form

Pv(v
′) =

A

E1/4
exp

[

−a
∆Evv′

E1/2

]

(150)

whereA anda are constants (A is the normalization constant),E is the collision
energy and∆Ev,v′ = |Ediss

v (H2)−Ediss
v′ (H+

2 )|. It should be noted that the expo-
nent in Eq. (150) has the same form as the Massey exponent in the probability for
inelastic transitions in slow atomic collisions [5,6].

The calculatedσCX
vv′ cross sections [186, 196] show that forv ≥ 4, the popu-

lation of v′0 andv′0 ± 1 levels accounts for90% of σCX
v for E � 5eV , and about

80% for E ∼ 10 eV.

5.2.2 Proton charge exchange with H2(N
1 	3Λ
 ; v), N ≥ 2

Charge exchange in proton collisions with electronically excited H2 molecules
have not been studied so far. Yet, the analogy with proton-excited hydrogen atom
collisions (see sub-section 2.2.3) suggests that the charge exchange cross section
in such collisions should be large. The electron binding energy of an electron-
ically excited state(N1,3Λσ; v) in its ground vibrational state (v = 0) is close
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to the electron binding energy of the corresponding hydrogen atom excited state.
For example, the binding energies of (31,3Λσ, v = 0) H2 states are distributed in
the interval 1.418 eV - 2.204 eV, while the binding energy ofn = 3 hydrogen
atom level is 1.512 eV. With increasingN , the spread of electron binding ener-
gies of (N1,3Λσ; v = 0) states rapidly decreases and its centroid energy converges
towards the energy of corresponding atomicn-level.

The achieved energy resonance for the highN (v = 0) andn levels is, however,
destroyed when the (N1,3Λσ; v ≥ 1) states are considered. Thus, in general, the
charge exchange problem inH+ + H2(N

1,3Λσ; v)(N ≥ 2) collisions reduces to
the case of quasi-resonant charge exchange.

For rough estimates of the cross section of quasi-resonant charge exchange
reactions one can make use of developed two or multi-state models of atomic col-
lision theory [5, 6]. Additional assumptions (or approximations) can be adopted
to account for the multitude of states within theN -manifold (having also different
spin multiplicities), such as energy degeneracy, same electron exchange interac-
tions, closure of Franck-Condon factors forH2(v) → H+

2 (v′) transitions when
summed overv′, etc.

For the states with sufficiently highN (e.g.,N ≥ 4), one can also employ the
classical over-barrier transition model (see sub-section2.2.3), which, when adapted
to the present (molecular) case, gives [see Eq. (45)]

σOBM
CX (N ≥ 4) ' 1.77N∗4

1 + 0.42Ẽ0.2 + 0.52Ẽ0.5
(×10−15cm2) (151)

whereẼ = N∗2E (in units of keV/amu),N∗ is the effective principal quantum
number defined by the relationEN,v = 13.6

N∗2 eV, whereEN,v is the ionization
energy of the (N1,3Λσ; v) state. The validity of Eq. (151) is limited tõE ≤ 5
keV/amu. The cross section (151) is a sum over the vibrational levels of theH+

2

product ion.

5.3 Proton impact dissociation of H2

All experimental studies of proton impact dissociation ofH2 have been performed
for the ground electronic and vibrational state of theH2 molecule, and at high
collision energies (see e.g., [12]). There have been, however, two recent theoretical
studies of proton impact dissociation from vibrationally excited molecules

H+ + H2(X
1Σ+

g ; v) → H+ + H(1s) + H(1s) (152)

performed by the CTSH method [195] (forECM < 20 eV) and within IOSA close-
coupling formalism [197] (forECM � 10 eV). Cross sections have been reported
for all v = 0 − 14 initial states. The quantum-mechanical study of reaction (152)
[197] has revealed that the promotion of the system into the vibrational continuum
is due to a number of series of non-adiabatic couplings, connecting pair-wise the
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adiabatic vibrionic states and extending to the continuum.This study has also
showed that the dissociation can take place both in theH2 and H+

2 vibrational
continuum, i.e. that the dissociative charge transfer process is an equally important
dissociation channel in this reaction.

The dissociation cross sections of Ref. [195] and [197] are consistent with each
other, except for the lowerv-levels, for which preference should be given to the
quantal results. Differences between the two sets of calculations also exist in the
threshold energy region, where, again, preference must be given to the quantal
calculations [197]. (The threshold energies for reactions(152) are given in Table
32, denoted there asEdiss

v (H2)).
The dissociation cross sectionsσdiss

v , derived from the data in Refs. [195,197]
can be represented by the following analytical expression

σdiss
v (E) =

a1

Ea2

[

1 −
(

E0v

E

)a3
]a4

(×10−16cm2) (153)

whereE is the proton impact energy in the laboratory reference frame, expressed
in eV units, andE0v is the corresponding threshold energy (E0v = 1.5Ediss

v (H2)),
see Figure 33 on page 178 for some selected initialv states. The values of fitting
parametersai are given in Table 33 forv = 0−6, 8, 10, 12 and14. Forv = 7, 9, 11
and13, σdiss

v (E) can be obtained by interpolation. We note that the validity of
analytical representation (153) forσdiss

v is limited to E � 20 − 30 eV, since it
represents only the data from Refs. [195,197].

There have been no attempts so far to determine, or estimate,the cross sections
of reactions

H+ + H2(N
1,3Λσ; v) → H+ + H(1s) + H(n ≥ 2), N ≥ 2. (154)

In view of the strong competing charge exchange process, however (see preceding
sub-section), one can expect that the cross section of reaction (154) is small at
low collision energies (at least with respect to the corresponding charge exchange
cross section ). More precise cross section estimates for this process, especially for
N = 2, 3, would be, nevertheless, desirable.

5.4 Proton impact electronic excitation and ionization of H2

5.4.1 Electronic excitation

SO far no studies have been performed for proton impact electronic excitation pro-
cess ofH2

H+ + H2(X
1Σ+

g ; v) → H+ + H2(N
1Λσ; v′), N ≥ 2 (155)
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H+ + H2(N
1,3Λσ; v) → H+ + H2(N

′1,3Λ′
σ′ ; v′), N ′ ≥ N ≥ 2. (156)

Like in case of proton-hydrogen atom excitation collisions, the cross sections for
reactions (155) at low collision energies (E � 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 transition between electronically ex-
cited states, particularly those forN ′ = N , or ∆N = (N ′ − N) � N,N ′, may,
however, be large. In absence of any quantitative information on these cross sec-
tions , one can adopt for their rough estimate the semi-empirical expression (38)
of sub-section 2.2.1 for the proton-excited hydrogen atom excitation cross section
. The principal quantum numbersn andm of the initial and final electronic state,
appearing in Eqs. (38-39), have to be replaced by the effective principal quantum
numbersN∗ andN ′∗ of the states (N1,3Λσ; v) and (N ′1,3Λ′

σ′ ; v′) defined in terms
of their respective ionization potentials. This procedureshould be increasingly
better justifiable with increasingN .

5.4.2 Ionization processes

The proton-impact ionization ofH2 in its ground electronic and vibrational state
has been subject of several experimental [12, 190, 198] and theoretical [199] stud-
ies. The cross section maximum for this process (with a magnitude of' 2.0 ×
10−16cm2) appears at energies around∼ 50 − 70 keV, and for energies below
∼ 200 eV the cross section attains values smaller than1.0 × 10−18cm−2, further
decreasing with the decrease of energy [11, 12]. This process, therefore, can be
neglected in the low-temperature plasma kinetics. However, in view of then4-
scaling of proton-impact ionization cross sections of excited hydrogen atoms (see
sub-section 2.2.2), one can expect the ionization cross sections of electronically
excited molecules to be large, and the processes

H+ + H2(N
1,3Λσ; v) → H+ + H+

2 (X2Σ+
g ; v′) + e, N ≥ 2, (157)

should be taken into consideration in the plasma collisional kinetics. No cross
section estimates have been performed for these processes.A rough estimate of the
total (summed overv′) proton-impact ionization ofH2(N

1,3Λσ; v) can be obtained
by using the expressions 40, or (42) of sub-section 2.2.2, byreplacingn there with
the effective principal quantum numberN∗

v of the considered (N1,3Λσ; v) state.

6 Collision Processes of H−, H and H2 with Hydrogen
Molecules

In this section we shall consider mainly collision processes involving H2 in its
ground electronic state,X1Σ+

g , and, therefore, omit its state specification in reac-
tion symbolics. In sub-section 6.4, some remarks will be given on the processes
involving electronically excitedH2 .
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6.1 Collisions of H
� with H2

6.1.1 Electron detachment

The most important inelastic process ofH− ion with H2 at low collision energies
is the electron detachment

H− + H2(v) → H + H2(v
′) + e. (158)

The cross section for this reaction forv = 0 (summed over all finalv′) has been
measured for energies from threshold to the MeV region [104,200] and also cal-
culated [201] in the energy range∼ 5 − 200 keV/amu. The cross section shows
a broad maximum (of magnitude∼ 1 × 10−15cm2) in the range 2-8 keV. The re-
action (158) at low collision energies proceeds most probably by electron capture
into H−

2 (X2Σ+
u ) resonant state, followed by a rapid auto-detachment, in view of

the large width (see, e.g., [161]) of this resonance. The electron capture reaction
to 2Σ+

u resonance is, however, endothermic by 2.18 eV, and, consequently, the de-
tachment cross section decreases with decreasing the energy below∼ 1 keV. The
observed experimental cross section can be represented in the following analytic
form (Figure 34 on page 20)

σdet
v=0(E) = σ<

v=0(E) + σ>
v=0(E) (159a)

σ<
v=0(E) =

81.10 (×10−16cm2)

E0.63 [1 + 2.03 × 10−6E1.95]

{

1 − exp

[

−0.057

(

E

2.18
− 1

)0.94
]}

(159b)

σ>
v=0(E) =

1.22 × 103 (×10−16cm2)

E0.5 [1 + 6.91 × 10−4E0.40]
exp

(

−125.0/E0.663
)

(159c)

where theH− impact energyE (in the laboratory reference frame) is in keV units.
The endothermicity of electron capture to2Σ+

u resonance decreases with in-
creasing the initial vibrational state ofH2 , and forv = 5 the reaction becomes
exothermic. This means that with increasingv up tov = 4, the exponential factor
in (159b) becomes increasingly weaker, and forv ≥ 5 the cross sectionσdet

v (E) is
expected to take the typical form of a charge exchange reaction [2, 5, 7]. It should
be noted that for any initial vibrational state, theH2 molecule after the electron
detachment is left in vibrationally excited states withv ≥ 5. We also note that
resonantH−

2 (X2Σ+
u ) state supports a number of vibrational states [160,161], that

facilitates the electron capture in this state.

6.1.2 Other processes

The electron detachment process at high (
�

10 − 20 keV) collision energies may
also be accompanied by dissociation ofH2(v). The cross section for this process
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has, however, not been measured (or calculated) so far. In a low temperature plasma
this process is not expected to play an important role.

6.2 Collisions of H with H2

6.2.1 Vibrational excitation and de-excitation (V − T transfer)

The processes of vibrational excitation and de-excitation(or V − T transfer pro-
cesses)

H(1s) + H2(v) → H(1s) + H2(v
′), v 6= v′, (160)

have been theoretically studied within the IOSA coupled channel formalism [185]
(with v, v′ ≤ 9, ECM � 100 eV), and by the classical trajectory method (CTM)
[202] (all v, v′, E � 10 eV), with the vibrational motion also treated classically in
the latter case. When averaged over the rotational motion, the CTM results may
have an accuracy sufficient for many applications. In Ref. [185] only the cross
section results for0 → v′ vibrational excitation , withv′ ≤ 5 have been displayed.
The cross sections for otherv → v′ transitions (v, v′ ≤ 9) can be accessed via
Internet (see Ref. [19]). The0 → v′(v′ ≤ 5) excitation cross sections of Ref. [185]
can be fitted to the analytical expression

σexc(0 → v′) = σ<
exc(0 → v′) + σ>

exc(0 → v′) (161)

σ<
exc(0 → v′) =

a1

Ea2

[

1 −
(

E0v′

E

)a3
]a4

(×10−16cm2) (162a)

σ>
exc(0 → v′) =

b1 exp(−b2/E
b3)

Eb4(1 + b5Eb6)
(×10−16cm2) (162b)

whereE is theH-atom impact (laboratory frame) energy in eV units, and pa-
rametersE0v′ , ai and bi are given in Table 34. See Figure 35 on page 179 for
v′ = 1, 2, 3, 4.

The vibrational excitation cross section forv′ = 1− 3 have similar structure as
those for proton-impact excitation (see sub-section 5.1),while for v′ ≥ 4 the two-
maxima structure isσexc(0 → v′) for H−H2 collisions disappears (see Table 34).
The cross sections for0 → v′ ≥ 6 excitation can be obtained fromσexc(0 → 5)
by using the observed scaling relationship

σexc(0 → v′ ≥ 6;E) =

(

Eexc
v′=5

Eexc
v′

)2

σexc(0 → 5;E′),

E′ =

(

Eexc
v

Eexc
v′=5

)

E, (163)
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whereEexc
v′ is the excitation energy of the vibrational levelv′ (see Table 23).

A number of CTM de-excitation cross section inH(1s) + H2(v) collisions
are reported in Refs. [112, 202]. Quasi-classical rate coefficients for vibrational
excitation and de-excitation for allv, v′ states in Eq. (160) are also available in
Ref. [203]. The validity of CTM results is limited to collision energies below∼ 5
eV, and their reliability for lower-v, v′ states can not be considered high.

6.2.2 Dissociation

H(1s) + H2(v) → H(1s) + 2H(1s), (164)

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

The CTM rate coefficientsKdiss
v (T ) of reactions (164)(v = 0−14), assuming

a Boltzmann distribution of rotational states within a given v, taken from Ref.
[205], can be represented the following analytic fit

ln(Kdiss
v ) = −a1 −

a2

T a3 [1 + a4T a5 ]
, (165)

whereT is expressed in Kelvin, andKdiss
v is in cm3/s (Figure 36 on page 179).

The fitting coefficientsai are given in Table 35.
It is important to note that the rate coefficients for the reaction (164) are compa-

rable (or larger forv � 5) to those of electron impact dissociation ofH2(X
1Σ+

g ; v)
via excitation of the dissociativeb3Σ+

u state, for plasmas in thermodynamic equi-
librium [112]. Only when the electron temperature is significantly higher than the
neutral gas temperature, the electron impact dissociationof H2 becomes dominant.

6.3 H2 − H2 collisions

6.3.1 Vibrational (V − V ) transfer

An efficient mechanism for redistribution of vibrational energy in aH2 molecule
in its ground electronic state is the vibrational- vibrational (V −V ) energy transfer
(or vibrational excitation transfer)

H2(v1) + H(v2) → H2(v
′
1) + H2(v

′
2). (166)

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

|v′1 − v1| ' |v′2 − v2|. (167)
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The simplest model for calculation ofV −V transfer cross section is the Schwartz-
Slawsky-Herzfeld (SSH) model [206], treating the process as energy transfer be-
tween two coupled oscillators. The classical trajectory method (CTM) has also
been widely used for calculation ofV −V transfer cross sections (see, e.g., [207]).
Complete sets of CTMV − V transfer rate coefficients for allv1, v2 andv′1, v

′
2

combinations are currently available, the most elaborate being those of Ref. [208].
The CTMV − V transfer data (as well as those from the SSH model) are usually
valid for temperatures below∼ 1 − 2 eV. Their extension to higher temperatures
can be made by using certain plausible arguments (e.g., their proportionally to the
momentum transfer data).

6.3.2 Dissociation

There have been a number of CTM studies of dissociation process [112,208]

H2(v1 = 0) + H2(v) → H2(v1 = 0) + 2H(1s) (168)

at low collision energies. The rate coefficients for reactions (168) for a number of
initial v-states are given in Ref. [112] in form of analytic fits. Thesefits can be
unified in a compact form that also allows interpolation for all v. The unified form
of rate coefficients of reactions (168),v = 0 − 14, is

Kdiss
v (T ) = K0(v) exp

(

−T0(v)

T

)

(×10−10cm3/s), (169)

where

K0(v) = 1.30
[

1 + 0.023v + 1.93 × 10−5v4.75 + 2.85 × 10−24v21.60
]

,(170a)

T0(v) = (7.47 − 0.322v) × 103, (170b)

andT is expressed in Kelvin. The validity of Eq. (169) is limited to T � 2 − 3 ×
104K(� 2 − 3eV ), see Figure 37 on page 180.

6.4 Collisions of H
�
, H � and H2 with electronically excited H2

The collision processes ofH−
2 ,H (or H∗) andH2 with electronically excitedH2

molecules have not been studied so far. Although from the point of view of overall
plasma (gas) kinetics such processes are less important than those involving ground
stateH2 molecules, a due consideration for some of them must be given. The
potentially important processes of electronically excited H2 molecules withH−,H
andH2(X

1Σ+
g ; v) include
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H− + H2(N
1,3Λσ; v) → H(1s) + (H−

2 )∗ → H(1s) + H2(N
1,3Λσ; v′) + e

(171a)

→ H(1s) + H(1s) + H(n) + e

(171b)

H + H2(N
1,3Λσ; v) � H∗(n) + H2(v

′) (172)

H2(v1) + H2(N
1,3Λσ; v2) → H2(N

1,3Λσ; v2) + H2(v1) (173)

The(H−
2 )∗ state in Eq. (171) is one of the higher resonances ofH2 [see, e.g., [160,

161]] that can be formed by electron capture during the course of a slow collision.
The reactions (172) and (173) are molecular analogons of atomic excitation transfer
process, considered in sub-section 2.3.1.

The energy resonance condition required for the efficiency of reaction (172)
can be easily reached in the dense electronic-vibrational spectrum of colliding sys-
tem.

7 Collision Processes of H
+

2

As discussed in several of previous sections, molecular hydrogen ions formed in
a plasma by various collision processes are, generally, left in vibrationally ex-
cited states. When produced by electron impact ionization of a H2 molecule in
its ground electronic and vibrational state, the population of vibrational states of
H+

2 (v) is close to the distribution of Franck-Condon factorsF0v for theH2(v =
0) → H+

2 (v) transitions (see Table 25). Other processes usually produce H+
2 (v)

with other populations of vibrational states. Inelastic processes ofH+
2 in collisions

with other plasma constituents show, in most cases, high sensitivity to the initial
vibrational state ofH+

2 . Therefore, in the sub-sections that follow, the focus of
our discussion will be on the collision processes ofH+

2 in a specific vibrational
state. Only the ground electronic state(1sσg;

2 Σ+
g ) of H+

2 is bound. Although the
dissociation energy ofH+

2 (2Σ+
g ; v = 0) is only 2.645 eV, it supports 19 bound

vibrational levels (the binding energies of which are givenin Table 25).
The collision processes ofH+

2 (v) that will be discussed in this section will be
those with electrons,H− ions,H atoms andH2(v) molecules. Due to the strong
Coulomb repulsion, collision processes ofH+

2 (v) with protons become important
only at high (keV region) collision energies, and will be briefly discussed at the
end of this section. The designationX2Σ+

g of the electronic ground state ofH+
2

will normally be omitted in the reaction symbolics.
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7.1 Collision processes with electrons

7.1.1 Vibrational excitation

SinceH+
2 (1sσg) ion is a non-polar system, its electron-impact vibrationalexcita-

tion

e + H+
2 (v) → e + H+

2 (v′) (174)

can take place only due to the quadrupole and higher moments of its charge dis-
tribution. The cross section of reaction (174), therefore,cannot be large. The pro-
cess (174) has been theoretically studied within the Coulomb-Born approximation
(CBA) [209] and by the close-coupling method in the static-exchange approxima-
tion [210]. No experimental data have so far been reported (to the best of our
knowledge) for this process.

Both mentioned theoretical treatments show that the cross sections forv →
v′ = v + 1 transitions are at least an order of magnitude larger than for thev → v′

with v′ ≥ v + 2. The CBA description of the process reveals in analytic formthe
dependencies of cross section on collision energy and parameters of initial and final
vibrational state. For the dominantv → v + 1 transition, the CBA cross section of
reaction (174) is given by

σexc
vib (v → v + 1) =

(v + 1)

∆Ev,v+1

A0

E
(×10−16cm2) (175)

where∆Ev,v+1 = |Eexc
v+1 −Eexc

v | = |Ediss
v+1 −Ediss

v |, Eexc
v (Ediss

v ) is the excitation
(dissociation ) energy ofH+

2 (v), andA0 is a constant (within the CBA). The more
involved close-coupling calculations [210] have shown that A0 contains a weak
energy dependence. When∆Ev,v+1 andE in Eq. (175) are expressed in units of
eV, the quantityA0, determined from the close- coupling cross section resultsfor
0 → 1 (and1 → 2) transitions of Ref. [210], has the form

A0 = 0.14E0.072 (176)

The scaled cross sectioñσ = σ · (∆Ev,v+1)
2/(v + 1) is shown in Figure 38 on

page 180. We note thatA0 has been determined from the spin averaged singlet and
triplet cross sections of Ref. [210] and it refers toJ = J ′ = 0 initial (J) and final
(J ′) rotational states. Inclusion of rotational states in the consideration introduces
only a numerical factor in Eq. (175) [209]. We further note that the cross section
σexc

vib , in both CBA and close-coupling static-exchange approximation, is finite at
the thresholdEth = ∆Ev,v+1. The values∆Ev,v+1 can be calculated from the
values ofEdiss

v given in Table 25.
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7.1.2 Dissociative excitation

The simplest mechanism of dissociative excitation (DE) ofH+
2 (X2Σ+

g ; v) ion
by electron impact is its excitation to the two lowest dissociative excited states,
(2pσu;2 Σ+

u ) and (2pπu;2 Πu),

e + H+
2 (v) → e + H+

2 (2pσu) → e + H+ + H(1s), (177)

e + H+
2 (v) → e + H+

2 (2pπu) → e + H+ + H(n = 2). (178)

In view of the large energy thresholds of these reactions forthe low-lyingv-states
(Eth(2pσu; v = 0) ' 15.2eV,Eth(2pπu; v = 0) ' 19.0 eV), this mechanism
should become operative only at high collision energies [except for the highestv-
states in the case of reaction (177)]. On the other hand, recent total cross section
measurements of dissociative excitation ofH+

2 (v) ion having a Franck-Condon
population of vibrational states (or close to it), [211], have shown that DE reaction
has very large (∼ 10−14cm2) cross sections even at energies as low as∼ 0.01
eV. This indicates that at low collision energies the reaction takes place by electron
capture into the doubly excited dissociativeH2 state(2pσu)21Σ+

g , or into a number
of auto-ionizing dissociative Rydberg states ofH2 lying below the2pσu state of
H+

2 ion. All these states auto-ionize in the continuum of theH+
2 ion. The main

low-energy mechanisms for DE reaction ofH+
2 ions are, thus,

e + H+
2 (v) → H∗∗

2 [(2pσu)2] → e + H+ + H(1s) (179a)

e + H+
2 (v) → H∗Ryd

2 (N1,3Λσ; ε) → e + H+ + H(1s) (179b)

The part ofH∗∗ andH∗Ryd populations that survive the auto-ionization in theH+
2

continuum dissociates in the vibrational continuum ofH2, 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 samedynamical mecha-
nisms, and are complementary (or competing) to each other. The DR process will
be considered in the next sub-section.

A Total DE cross section
There have been several cross section measurements of totalDE cross section

of H+
2 ion by electron impact [211–214], covering the energy rangefrom ∼ 0.01

eV to∼ 2000 eV. In the overlapping energy regions, the measured cross sections
agree well with each other. Theoretical cross section calculations have also been
performed in the first Born approximation assuming that direct mechanisms (177),
(178) as responsible for the process [215], and by employingthe multichannel
quantum defect theory (MQDT) [216]. These calculations were performed for each
individual initial vibrational state ofH+

2 . When weighted with the corresponding
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Franck-Condon populations of initialv-levels the sum of theoreticalv-selective
cross sections of Ref. [215] agrees well with experimental data forE

�
20 eV.

The corresponding sum ofv-selective cross sections of Ref. [216], however, do not
show such agreement.

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

σtot
DE(E) =

13.2 ln(e + 2.55 × 10−4E)

E0.31(1 + 0.017E0.76)
(×10−16cm2) (180)

whereE is the center-of-mass energy (in eV units), ande = 2.71828 · · · . This
expression represents the data well within their experimental uncertainty (∼ 20%),
but its validity cannot be extended much beyond the energy range of original data
(0.01 eV - 2000 eV). See Figure 39 on page 181.

We note that the dominant contribution to the total DE cross section (159)
comes from the capture and direct excitation mechanisms involving the2pσu state
(represented by Eqs. (179) and (177), respectively). A minor contribution toσtot

DE ,
however, give the analogous mechanisms involving the2pπu state. (The doubly
excited dissociativeQ2

2Πu states, involved in a process similar to Eq. (179a),
were discussed in sub-section 4.5.2). There have been no theoretical studies of DE
process proceeding via the electron capture to theQ2

2Πu state. Such studies have,
however, been performed for the direct excitation mechanism, reaction (178). The
corresponding total cross section (averaged over the Franck-Condon population of
H+

2 (v) states) be represented by the analytic expression [11]

σDE(2pπu) = 1.36

(

E0

E

)1.04

ln (E/E0) (×10−16cm2) (181)

whereE0 = 14.4 eV, and collision energy is in eV units. TheσDE(2pπu) cross
section is about an order of magnitude smaller thanσtot

DE 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 sections for individual vibrational levels
Dissociative excitation cross sections forH+

2 (v), calculated in Ref. [215] and
[216], considerably disagree with each other, particularly for higher v. At low
collision energies (≤ 10eV ), the MQDT data of Ref. [216] should be considered
more reliable. While the Born approximation results forv-selective cross sections
monotonically increase with increasingv (predicting cross sections of the order of
10−14cm2 for v ∼ 16−18 atE � 40 eV), the MQDT cross sections monotonically
increase up tov = 9 and then begin to decrease. In the region close to the threshold
(the dissociation energy of the level) they also show an oscillatory structure (with
decreasing amplitude whenv increases).
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The MQDTv-selective DE cross sections, available for energies below∼ 13
eV [216, 217], can be fitted to the analytic expression (afteraveraging over the
near-threshold oscillations)

σDE(v) =
a1

E0.805

[

1 −
(

Ediss
v

E

)a2
]a3

(×10−16cm2) (182a)

where collision energyE is in eV units, and the fitting parametersai are given in
Table 36. (The values of dissociation energiesEdiss

V are given in Table 25). The
cross sections forv = 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 MQDT cross sections
(182a), weighted with a Franck-Condon population ofv-levels, does not reproduce
the experimental total cross section at a given energy, represented by Eq. (180).
However, the mutual ratios ofσDE(v) cross sections , determined by the collision
dynamics, should remain valid. Therefore, the cross sections σDE(v) have to be
re-normalized for any collision energy by the condition

∑

v

FFC(v)σDE(v;E) = σtot
DE(E) (182b)

whereFFC(v) is the Franck-Condon factor forH2(v = 0) → H+
2 (v) transition

given in Table 25. (Instead of using Franck-Condon factors in Eq. (182a) one
can, alternatively, use the experimental von Busch-Dunn distribution ofv−state
populations, Ref. [148], also given in Table 25.) This re-normalization affects only
the constantsa1 in Eq. (182a) which, for a given energy, are all changed by the
same factor. ForE = 1eV, 5eV and10 eV, the value of this factor is 1.12, 2.73
and 4.18, respectively.

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

σBB
DE(v) =

0.88

V 2
rel

(Av ln Vrel + Bv)(×10−16cm2), (183)

whereVrel is the relative collision velocity expressed in atomic units (a.u.)(E(eV ) =
13.60V 2

rel(a.u.)), and the coefficientsAv andBv for excitation of2pσu and2pπu

states are given in Table 37. It should be noted that Eq. (183)is valid also for
proton impact excitation of dissociative states2pσu and 2pπu states from indi-
vidual H+

2 (v) levels. (The laboratory proton energy is related toVrel(a.u.) as
Ep(keV ) ' 25V 2

rel(a.u.)).

7.1.3 Dissociative recombination

In view of its importance for the recombination of low-temperature plasmas, dis-
sociative recombination (DR) process
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e + H+
2 (v) → {H∗∗

2 (ε);H∗Ryd
2 (N1,3Λσ; ε)} → H(1s) + H(n ≥ 2) (184)

has been subject to many experimental [218–222] and theoretical [216, 223–225]
studies in the past. There also exist several excellent recent reviews on the re-
sults of this research [217, 226–228]. The process takes place by direct capture
of incident electron on a doubly excited state ofH2, such as(2pσu, npσu)1Σ+

g ,
(2pσu, npπu)1,3Πg, etc., (direct resonant mechanism [229]), or by vibrational (or
rotational) excitation ofH+

2 (1sσg;
2 Σ+

g ) and simultaneous capture of the elec-
tron on a dissociative auto-ionizing Rydberg state [(1sσg, nlλσ)1,3Λσ; ε] of H2

(indirect mechanism [230]). The energy position of the lowest doubly excited
(2pσu)21Σ+

g state ofH2 is such that one of the dissociated atoms is in an excited,
n ≥ 2, state. The strong mutual interaction of many doubly excited and core-
excited Rydberg states, as well as their interactions with the continuum, give rise
to a complex structure of DR cross section in certain energy regions (resonances).
Because the DR process involves direct coupling of bound-state and continuum
nuclear wave-functions, its cross section is fairly sensitive to the initial vibrational
(and rotational [231]) state ofH+

2 ion. An important aspect of the DR process is
also the distribution of dissociated excited atoms over then-levels [220,221,223].

A Total DR cross section
The total experimental cross section of reaction (184), with a distribution of

initial vibrational state corresponding to that which results fromH+
2 (v) production

by electron impact onH2(v = 0) (see Table 25), is known with high(10 − 15%)
accuracy in the energy range∼ 0.01 − 3eV [218,219,221].

The extension of total DR cross sectionσtot
DR to higher energies can be achieved

by using the most accurate presently available (up to 11 eV) theoreticalv-selective
cross sections of Ref. [216] (see also [225]), averaging over the ”experimental”
population of initialH+

2 v-levels of Ref. [148] (see Table 25), and normalizing the
obtained result to the experimental data in the regionE � 1 eV. The so determined
total DR cross section in the energy range0.01 − 10 eV can be represented by the
analytic fit

σtot
DR(E) = 17.3

{ 1

E0.665(1 + 1.10E0.512 + 0.011E3.10)
+

+ 0.133 exp[−0.35(E − 6.05)2]
}

(×10−16cm2) (185)

where the collision energy is in eV units (see Figure 40 on page 181). The sec-
ond term in Eq. (185) originates from well pronounced resonance structures in
thev-selective theoretical cross sections, over which an averaging was performed.
(The experimental data of Ref. [219] onσtot

DR also show somewhat less pronounced
resonance structures in the region 0.1-3 eV. The fitting expression (185) is an av-
erage also over these resonances). It is to be noted that the increase ofσtot

DR with
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decreasing the energy does not strictly follow theE−1 Wigner’s law for break-up
reactions [232]. However, in the energy range∼ 0.05 − 3 eV, σtot

DR does have
an E behaviour very close toE−1. Beyond the gross resonance aroundE ' 6
eV, σtot

DR begins rapidly to decrease with increasingE as result of the competition
with the DE channels. The physical origin of the gross resonance in the region
aroundE ' 6 eV is the excitation of(2pσu, npσu) and (2pσu, npπu)(n ≥ 3)
auto-ionizing states ofH2 (see, e.g., [233]).

B DR cross sections for individual initial vibrational states of H
+

2 (v)
Dissociative recombination of electrons withH+

2 ion in a specific initial vibra-
tional statev has been studied mainly theoretically [216,223,225,234,235]. In the
semi-classical description of the process, employing onlythe(2pσu)21Σ+

u doubly
excited state, even an analytical expression for the cross sectionσDR(v) for a given
initial vibrational state ofH+

2 has been obtained [223]. In view of the crude ap-
proximations involved in such a treatment, the obtained result on σDR(v) can be
regarded, however, only as qualitative.

The most detailed theoretical study of DR process for individualH+
2 (v) initial

states has been performed in Ref. [216] by using the MQDT approach and includ-
ing a large number of doubly excited and dissociative Rydberg states ofH2. The
cross sections calculated in Ref. [216] (shown only in the energy range 0.25 eV-
11 eV) exhibit resonance structures both at low and high energies, with those at
higher energies being more pronounced. The cross sections for v ≤ 7 also ex-
hibit a broad peak-structure in the energy region above∼ 2 eV, associated with the
excitation of higher doubly excited states ofH2. The sum of individualσDR(v)
cross section of Ref. [216], averaged over the Franck-Condon population of initial
v-states (or ”experimental”v-population of Ref. [216] ), does not quite coincides
with experimental total cross section in the overlapping energy region (E ≤ 3eV).
By normalizing this sum to experimental data forσtot

DR, and averaging over the res-
onance structures (except for the broad gross resonance forv ≤ 7 in the region
E ∼ 2− 10eV), the individualv-selective cross sectionsσDR(v) of Ref. [216] can
be represented by the analytic expression

σDR(v) = A

{

1

E0.665 (1 + 1.1E0.512 + aEα)
+ b exp[−β(E − Ec)

2]

}

(186)

(×10−16cm2)

whereE is expressed in eV units, and parametersA, a, α, b, β, andEc are given
in Table 38, see also Figure 41 on page 182. It can be seen from this table that the
positionEc of the gross resonance structure shifts towards smaller energies with
increasingv. The half-width of this structure generally decreases withincreasing
v and so does its relative amplitude. Equation (186) shows that the low-energy
behaviour ofσDR(v) is the same for allv, reflecting the fact that the direct DR
mechanism (mediated by electron capture to(2pσu)21Σ+

g state) is common for all
initial v-states at these collision energies.
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It is interesting to note that forE � 1 eV σDR(v) generally increases (for
a given energy) with increasingv up to v = 9, 10, and then decreases with the
further increase ofv (a behaviour similar to that ofσDE(v); see the preceding sub-
section). It is also noteworthy that for a Franck-Condon population of initial states,
dominant contribution (about 75%) to the total DR cross section give the states
with v = 4 − 10.

C n -distribution of excited dissociation products
The distribution of excitedH(n) products in reaction (184) has been studied

both experimentally (with an “experimental” distributionof v-levels inH+
2 ) [220,

221] and theoretically [216, 223, 234]. The experimental observations show that
for E

�
1 eV n = 3 is the mostly populated level of excited dissociation products

[220], and that the contribution ofn ≥ 10 states to the total DR cross section is
only about 3% for collision energies in the range 0.01-1 eV [221]. The theoretical
studies confirm these findings.

As mentioned earlier, the position of potential energy curves ofH+
2 (1sσg;

2 Σ+
g )

andH∗∗[(2pσu)21Σ+
g ] is such that then = 1 level cannot be populated in reaction

(184). On the other hand, then = 2 reaction channel is exothermic for any initial
v-state. The channels for production of excited atoms inn ≥ 3 states for a given
initial v-state ofH+

2 , however, exhibit thresholds at energies given by

Eth
v (n ≥ 3) = (1 − Eexc

v ) + [EH(n = 3) − EH(n)] (187)

where (all energies are in eV)EH(n) = 13.598/n2 andEexc
v = Ediss

v=0 − Ediss
v is

the excitation energy of the levelv (see Table 25). The values ofEth
v (n) are given

in Table 39 forn = 3 − 11 and allv-states.
For a given value ofn, Eth

v (n) decreases and at a certain levelv = v0 the
n-production channel becomes exothermic for allv ≥ v0. The reaction exother-
micities of(v, n) channels are also shown in Table 39.

The MQDT calculations of Ref. [216] provide state-selective cross sections
σDR(v → n) for reaction (184) for allv and n = 2 − 5 in the energy range
0.25-11 eV. This reference also provides the total cross section for all n ≥ 6 states
for a givenv. As function of energy,σDR(v → n) cross sections show resonant
structures, particularly pronounced forE

�
1 eV (and taking form of pseudo-

regular oscillations forv ≥ 4, with an amplitude decreasing with the increase of
v).

After averaging over these structures (except forv ≤ 3), the relative contribu-
tions of individual(v, n) channels to the totalσDR(v) cross section ,

Pv(n) =
σDR(v → n)

σDR(v)
, (188)

are given in Table 40 forv = 0 − 5, v = 10 and a selected number of collision
energies. As evident from this table, the values ofPv(n) tend to become invariant
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of v andn for collision energies well above the thresholdEth
v (n). Therefore, the

Pn(v) distributions forv ≥ 6 can be taken to be the same as that forv = 10 given
in Table 40 for energies above the corresponding thresholds.

The contribution ofn ≥ 6 levels toσDR(v) is given in Table 40 in form of a
sum,P̃v(

∑

n ≥ 6). The extraction of individual contributions ofn(≥ 6) levels
to σDR(v) from P̃v(

∑

n ≥ 6) can be achieved by taking into account that for
n >> 1 thePv(n) distributions behave asPv(n) ∼ n−3 (see, e.g., [223] ). One
should keep, however, in mind that with increasingn for a given initialv, Eth

v (n)
increases (see Table 39), and for a given collision energy only the levelsn ≤ n0,
satisfying the conditionEth

v (n) ≤ E, are exothermic. This leads to a finite number
of n states that contribute tõPv(

∑

n ≥ 6) for a givenE. (For instance, forv = 1
andE = 2 eV, only then = 6, 7 states contribute tõPv(

∑

n ≥ 6)). The use
of n−3 distribution law then gives for the populationsPv(n ≥ 6) the following
expression

Pv(n ≥ 6) =
P̃v(
∑

n ≥ 6)

ξ6(3) − ξn0
(3)

(

1

n

)3

, (189)

whereξn(3) is the Riemannξ-function. Whenn0 is very large (highv and/orE),
ξn0

(3) � ξ6(3), and Eq. (189) becomes

Pv(n ≥ 6) ' P̃v(
∑

n ≥ 6)

3.54

(

6

n

)3

. (190)

Without much loss of accuracy, for the case of highv andE one can also use the
simple scaling

Pv(n ≥ 6) ' Pv(n = 5)

(

5

n

)3

(191)

(which may, however, violate to some extent the unitarity
∑

n Pv(n) = 1).

D Relation of σ�(v → n) with state selective associative ionization of
H + H(n)

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

n2(µvrel)
2σ

(J)
AI (n → v) = Eσ

(J)
DR(v → n) (192)

whereµ is the reduced mass of(H + H(+)) system,vrel is the relative velocity of
H + H(n) colliding (or receding) particles, andJ is the total angular momentum
of the system. For large values ofJ (i.e. large rotational quantum numbersj in
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H+
2 (v, j)), the use of quasi-classical approximation in Eq. (192), and summing

overJ (integration over impact parameters), gives [223]

σAI(n → v) ≈ 0.442

n2
ER2

xσDR(v → n)(×10−16cm2), (193)

whereRx ' 2.80a0 is the internuclear distance at which theH+
2 potential energy

curve intersects that ofH∗∗[(2pσu)21Σ+
g ] doubly excited state, anda0 is the Bohr

radius. Equation (193) accounts only for the contribution of (2pσu)2 auto-ionizing
state to the AI/DR process and is, therefore, valid forE � 1 eV where the for-
mation of this intermediary state provides the main reaction mechanism. On the
other hand, the use of quasi-classical approximation is justified only at relatively
high energies when the nuclear motion can be treated classically. Thus, the energy
region in which Eq. (193) is valid is rather limited, particularly for the lowerv.

7.1.4 Dissociative ionization

The process of dissociative ionization (DI)

e + H+
2 (v) → e + H+ + H+ + e (194)

has been experimentally studied in the energy range 20-950 eV, with H+
2 (v) hav-

ing an ”experimental”v-distribution [236]. No theoretical studies of this reaction
have been reported so far. Reaction (194) proceeds via excitation of the repulsive
ionic state(H+ +H+ +e), which in the Franck-Condon region ofH+

2 (v = 0) lies
29.84 eV above the energy of thev = 0 level. The experimental cross section sug-
gests a threshold of about 15 eV for reaction (194), an indication for a significant
contribution from highly excitedH+

2 (v) states.
The measured total DI cross section of Ref. [236] can be represented by the an-

alytic fit function (with an accuracy much higher than experimental uncertainties,
±10%)

σtot
DI(E) =

7.39

E
ln(0.18E)

{

1 − exp

[

−0.105

(

E

15.2
− 1

)1.55
]}

(×10−16cm2) (195)

where collision energyE is expressed in eV. The threshold energy of 15.2 eV in
Eq. (195) corresponds to thev = 18 level of H+

2 (v), see also Figure 42 on page
182.

We note thatσtot
DI(E) has a broad maximum aroundE ' 100 eV of magnitude

' 1.7 × 10−17cm2. Theσtot
DI cross section is, thus, considerably smaller than the

cross section for dissociative excitation ofH+
2 by electron impact.

The thresholds∆Ev for DI reactions in Eq. (194) for individualv levels (de-
fined as the vertical electron transition energy from the outermost turning point of
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thev level to the potential curve of repulsive(H+ + H+) state) are distributed be-
tween 15.2 eV(v = 18) and 27.0 eV(v = 0) (see Table 41). Since the cross section
σDI(v) for av-selective DI process is inversely proportional to∆Ev, the variation
of magnitudes ofσDI(v) with v is within a factor of two (for energies above all
thresholds,E

�
30 eV). i.e. relatively weak. Assuming that the∆E−1

v depen-
dence ofσDI(v) contains its mainv-dependence, an approximate expression can
be obtained forσDI(v) (by using the closure relation for Franck-Condon densities)

σDI(v,E) =
A

∆Ev
σtot

DI(E), A =

(

∑

v

1/∆Ev

)−1

, (196)

where the constantA ensures proper normalization. The sum overv in the constant
A includes all openv-channels for a given collision energy. WhenE > ∆E(v =
0), A = 1.044.

The values of∆Ev are given given in Table 41. For reference, we give in this
table also the excitation energiesEexc

v of v-levels inH+
2 (v).

7.2 Collisions of H
+

2 (v) with H Atoms

The cross sections of collision processes ofH+
2 (v) with H(n) involving specific

initial and final states from the discrete spectrum are related to those of correspond-
ing (inverse) processes inH+ + H2(N

1,3Λσ; v) collision system (considered in
Section 5) by detailed balance principle. However, the cross section information
given in Section 5 forH+ + H2(N

1,3Λσ; v) collision processes often relates to
the total cross sections (i.e. state-selective cross sections summed over all initial
or final states, or both), and the detailed balance principleeither cannot be used, or
would require detailed additional considerations of collision dynamics. Therefore,
in the present section we shall review the available cross section information on the
most important collision processes ofH+

2 (v) with H atoms: vibrational excitation
, charge exchange and dissociation . Most of the existing studies of these processes
involve theH atom in its ground state.

7.2.1 Vibrational excitation and de-excitation of H
+

2 (v)

The processes of vibrational excitation and de-excitation

H(1s) + H+
2 (v) → H(1s) + H+

2 (v′), v′ � v, (197)

have been theoretically studied recently within the IOSA vibrionic close- coupling
formalism in the C.M. collision energy range from thresholdto∼ 8 eV [186]. The
form and magnitude of excitation cross sectionsσexc(0 → v′) for v = 0, v′ =
1 − 18 displayed in Ref. [186] are similar to those of corresponding excitation
cross sections in theH+ + H2(v) collision system, except that the near-threshold
peak, present in the latter case, is absent inH + H+

2 (v) excitation cross sections.
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The cross sectionsσexc(0 → v′) for H + H+
2 (v = 0) collisions rapidly decrease

with increasingv′ at a given collision energy: forE ' 3 − 4 eV σexc(0 → 18) is
three orders of magnitude smaller thanσexc(0 → 1). The magnitude and energy
behaviour ofσexc(0 → v′) cross sections in the C.M. energy region below 7 eV are
illustrated by the cross section values given in Table 42 fora selected number ofv′

states and collision energies. Interpolations in this table can be made with respect
to both v′ and E. The σexc(0 → v′) cross section rise sharply to their values
shown in the table as soon as the excitation channel becomes open (see Table 41
for excitation energiesEexc

0→v′ ).
The sharp decrease ofv → v′ excitation cross section with increasing the

difference(v′−v), observed in Table 42, is a consequence not only of the increased
energy difference between thev andv′ levels but also (and even more so) of the
increase of the number of intermediary non-adiabatic transitions (v → v1 → v2 →
· · · v′) involved in reaching the levelv′ from v. In addition, with increasing the
initial v, the strength of non-adiabatic coupling between two consecutive v-states
usually decreases [186, 197]. Although not published in theliterature, the state-
to-state excitation cross sectionsσexc(v → v′) have been calculated for all(v, v′)
pairs in the energy region up to∼ 8 eV (see Ref. [19]).

The cross sections for vibrational de-excitation inH(1s) + H+
2 (v) collisions

(v′ < v in Eq. (197) ) have also been calculated within the close-coupling IOSA
scheme for energies below∼ 8eV [186], but published results are available only
for the sum

σdp(v) =
∑

v′

[σexc(v → v′) + σde−exc(v → v′)], (198)

i.e. for the depopulation cross section ofH+
2 v-level byH(1s) impact. The mag-

nitude and energy behaviour ofσdp(v) cross sections are illustrated by the cross
section values given in Table 43 for a number ofv-states and collision energies.
As evident from this tableσdp(v ≥ 1) cross sections are considerably larger than
σdp(v = 0). This indicates thatv′ → v de-excitation cross sections are signifi-
cantly larger than those forv → v′ excitation (which follows also from the princi-
ple of detailed balance).

7.2.2 Charge exchange

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

H(1s) + H+
2 (v) → H+ + H2(v

′) (199)

has been theoretically studied in Ref. [186] by the IOSA close-coupling method
in the energy range below∼ 8 eV, but cross section data have been reported in
that reference only forv = 0 and v′ = 1 − 8. (The other cross section data
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can be accessed via Internet; see Ref. [19]). The cross sections of reaction (199)
can also be obtained from those for the inverse reaction, considered in sub-section
5.2, by using the detailed balance principle. As discussed in sub-section 5.2.1,
reaction (199), as well as its inverse reaction, has the largest cross section at a given
collision energy when the initial and final state are (quasi-) resonant in energy [see
Eq. (149)]. The quasi-resonant vibrational levels ofH+

2 (v) andH2(v
′) are given

in Table 32. For collision energies sufficiently far from thereaction thresholds,
the cross sectionsσCX

v (v′) of reaction (199) rapidly [exponentially, see Eq. (150)]
decrease with increasing of the energy difference∆Evv′ between thev and v′

levels. In the threshold region,σCX
v (v′) is, of course, strongly affected by reaction

exo-(endo)-thermicity.
The magnitude and energy behaviour of the cross sectionsσCX

v=0(v
′) for v′ =

0−7 are illustrated in Table 44 (based upon the data from Ref. [186]). As observed
from this table, the quasi-resonantv = 0, v′ = 4 channel is by far the strongest
charge exchange channel forE

�
1 eV. The next most populatedv′ levels,v′ = 3

and v′ = 5, have cross sections more than an order of magnitude smallerthan
σCX

v=0(v
′ = 4) at energies above∼ 1.5 eV.

There exists a single total cross section measurement for reaction (199) in the
(laboratory) energy range 100 eV- 22.5 keV [237]. The total cross section exhibits
a broad maximum in the region 2-4 keV of magnitude of10−15cm2.

B Charge exchange with H(n ≥ 2)
The charge exchange reaction

H(n ≥ 2) + H+
2 (v) → H+ + H2(N

1,3Λσ; v′), N ≥ 2, (200)

has a quasi-resonant character forN ' n and should have large cross sections at
low collision energies. As discussed in sub-section 5.2.2 in connection with inverse
reaction to (200), the energy resonance defects already forn = N = 3(v = v′ =
0) are small (and lie in the interval 0.09-0.69 eV). By varying thev andv′ levels in
the entrance and exit reaction channels, the conditions fora near (or accidentally
exact) resonance can be met. With increasing bothn andN , the near-resonance
conditions are, obviously, more easily achieved.

The cross sections for quasi-resonant charge exchange reactions at low colli-
sion energies can be roughly (within a factor smaller than two) estimated by the
well established two-state models of atomic collision theory [5,6]. For sufficiently
high excited atoms (n ≥ 4), the classical over-barrier transition model can also be
used to estimate the total (summed overv andv′) cross section of reaction (200)
(see Eq. (45) in sub-section 2.2.3).

7.2.3 Dissociation

The process ofH+
2 (v) dissociation byH(1s) impact proceeds at low collision

energies by promotion of adiabatic vibrionic states of(H+
3 )∗ collision complex to

the continuum via series of non-adiabatic couplings
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H(1s) + H+
2 (v) → (H+

3 )∗ → H + H+ + H, (201)

and at higher energies by excitation of dissociative(2pσu)2Σu, or (2pπu)2Σu

states ofH+
2 ,

H(1s) + H+
2 (v) → [H+

2 (2pσu/2pπu···)] → H + H+ + H, (202)

i.e. as dissociative excitation . Theoretical studies of the process (201) have been
performed recently within the IOSA close-coupling formalism [197], while the
dissociative excitation (202) has been studied [215] within the first Born approxi-
mation. Both these studies have provided cross sections forthe process for specific
initial vibrationally excited states ofH+

2 . Experimental cross section measure-
ments forH+

2 (v) dissociation byH atoms, withH+
2 (v) having an ”experimental”

v-distribution, have been performed only at high energies (keV region) [238,239].
However, the separation ofH+ +2H channel from otherH+ production channels
in H+

2 + H collisions, such asH + 2H+ + e, 3H+ + 2e, has been achieved only
in Ref. [239].

The σdiss
v cross sections calculated in Refs. [197] and [215] show a strong

dependence ofσdiss
v on v : with increasingv from v = 0 to v = 18, the cross

sections increase by about two orders of magnitude. Theσdiss
v cross sections in

Ref. [197] are given in the C.M. energy range from threshold to about 6-8eV. Their
energy behaviour is similar to that of dissociative cross section for H+ + H2(v)
collision system. Table 45 gives the values of these cross sections for a selected
number of initialv-states and collision energies. Thev-dependence ofσdiss

v is
monotonic for higherv, and the cross sections for thev-levels missing in Table 45
can be obtained by interpolation. The data of this table can be safely extrapolated
to about 10-15 eV, keeping in mind that the cross sections forv � 7 levels should
also reach their maxima in the energy region 8-12 eV(as do thehigher v cross
sections at lower energies). The Born cross sections of Ref.[215] 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 Refs. [197] and [215] in the
intermediate energy region.

It should be mentioned that for any initial statev, reaction (201) contains two
channels: a direct dissociative channels, in which theH+ + H dissociation frag-
ments originate from the initialH+

2 ion, and a charge transfer dissociative channel,
in which the electron from the incidentH atom is first captures byH+

2 , followed
by dissociation (via promotion to the continuum) of resulting H2(v). These two
channels have approximately equal contribution to the total low energy dissociation
cross section . It should be also noted that at higher collision energies, dissociative
excitation may involve not only the2pσu and2pπu states ofH+

2 , but also its higher
npλu excited states.
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7.3 Collisions of H
+

2 with H2

Collision processes ofH+
2 (vi) ions withH2(v0) are very sensitive to the state of

vibrational excitation of both collision partners. For a fixedv0 level inH2, the vari-
ation of vi in H+

2 ion can make the reaction energy defect to vary from negative
(endothermic) to positive (exothermic) values, resultingin significant differences
in the corresponding cross sections . Andvice versa: for a fixed value ofvi, the
reactions withH2(v0) will be exothermic for certain values ofv0, and endothermic
for others. In most experiments neither the vibrational distribution of H+

2 (vi) nor
that of H2(v0) are precisely known; that results in significant differences in the
measured total cross sections . Even ifH2(v0) can be prepared to be in its ground
vibrational state, the uncertainty in the population ofH+

2 (vi) levels still remains
(except in certain dedicated state-selective experiments). The vi-population dis-
tribution depends on the method of formation ofH+

2 ion: if it is electron-impact
ionization ofH2(v0 = 0), then it depends on the energy of ionizing electrons; if
it is formed by a charge exchange ofH2(v0 = 0) on a certain ion, thenH+

2 (vi) is
produced with a quite differentvi- distribution that depends again on the collision
energy. In Penning type ion sources,H+

2 (vi) can be produced from dissociation of
H+

3 ions, with avi-distribution that is different from those of already mentioned
methods, and that depends on the gas temperature of the source. Therefore, the
experimental total cross section for a given collision process ofH+

2 with H2 (even
H2(v0 = 0)) always reflects the specific (but unknown)vi-distribution of the ion,
which is the origin of the differences in cross section results of different experi-
ments.

With all this in mind we shall review below the available cross section infor-
mation for vibrational excitation, charge exchange, dissociation andH+

3 formation
processes inH+

2 +H2 collisions, with inclusion also the results of theoreticalstud-
ies of these processes, as well as of some state-selective studies.

7.3.1 Vibrational excitation (de-excitation) and charge transfer

Due to the nuclear symmetry of colliding system, the processes of vibrational ex-
citation (and de-excitation ) and charge transfer inH+

2 (vi) + H2(v0) collisions are
mutually connected

H+
2 (vi) + H2(v0) → H+

2 (v′i) + H2(v
′
0) (D) (203)

→ H2(v
′
0) + H+

2 (v′i) (CX) (204)

Whenv0 = 0, reaction (203) corresponds to direct (D) vibrational excitation ; oth-
erwise it describes the vibrational transfer process. The charge exchange (CX) re-
action (204), even forv0 = 0, produces vibrationally excitedH2(v

′
0) andH+

2 (v′i).
The direct and charge exchange channel, (203) and (204), areexperimentally

distinguished by monitoring the fast (underlined) or slow reaction products.
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Starting with the seminal work of Ref. [240], there have beenseveral theoretical
studies of state-selective processes (203) and (204) forH2 in its ground vibrational
state,v0 = 0, [241, 242] for a number of ion impact energies in the range1eV −
5 keV, and for initial vibrational states of theH+

2 ion vi = 0 − 5. (If H+
2 (vi)

are produced by electron impact ionization ofH2(v0 = 0), the vibrational states
vi = 0 − 5 account for85% of the totalH+

2 (vi); see Table 25.)vi-selective
(total in v′0 andv′i) experimental cross sections for charge exchange reaction(204)
for vi = 0 − 4 have been reported for a number of selected ion energies in the
range 8-1000 eV [243–246]. The total cross section of chargeexchange reaction
(204) (with unknownvi distribution ofH+

2 ) has been measured by many authors
and covers the ion energy range from 1 eV to∼ 150 keV [247–252]. A critical
assessment of all these data has been performed in Refs. [12]and [253].

A Vibrational excitation cross sections
Vibrationally excitedH+

2 ions in collisions withH2(v0 = 0) are produced either
by the direct mechanism, reaction (203) (withvi = v0 = 0), or as result of charge
exchange process, reaction (204). Combining the availabletheoretical (Ref. [240])
and experimental (Ref. [246]) data, the cross section forvi = 0 → v′i = 1 direct
excitation (d-exc) has been derived in Ref. [253] in the ion energy range from
threshold to 10 keV. This cross section can be represented bythe following analytic
expression

σd−exc
vi

(0 → 1) =
5.75 exp

[

−20.5/(E − 1.032)1.20
]

E0.29(1 + 2.58 × 10−4E0.874)
(×10−16cm2), (205)

where the ion (laboratory) energy is in eV. See Figure 43 on page 183. The cal-
culations of Ref. [242] indicate that the cross sectionσCX−exc

vi
(0 → 1) via charge

exchange process (CX excitation) in the ion energy range 16 eV-800 eV is, on
average, by a factor 3.7 larger than the cross sectionσd−exc

vi
(0 → 1). These cal-

culations (considered to be the most involved ones) furtherindicate that the CX-
excitation cross section forvi = 0 → v′i = 2 transition is by a factor of about 5
smaller thanσCX−exc

vi
(0 → 1) for energies below in∼ 40 eV. This is a result of

the increased strong mixing of many reaction channels with the increase of col-
lision energy. Since direct excitation channels forvi = 0 → v′i ≥ 2 transitions
are also strongly mixed with many charge exchange channels,the observed ratio
σCX−exc

vi
(0 → 2)/σCX−exc

vi
(0 → 1) can be expected to approximately hold also

for σd−exc
vi

(0 → 2)/σd−exc
vi

(0 → 1).
The excitation (and de-excitation ) cross sections of vibrationally excitedH+

2

ions (v ≥ 1) will be discussed in the following part B of this sub-section, together
with the state-selective electron capture.

B State-selective charge transfer and associated excitation (de-excitation)
As mentioned earlier, the state-selective processes associated with charge trans-

fer reaction (204) have been studied only forv0 = 0. Most of experimental studies
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have been state-selective only with respect to the initial vibrational state ofH+
2 (vi)

with no resolution of vibrational states of the products [243, 245, 246, 254, 255].
The onlyvi-selective charge transfer absolute cross section measurements have so
far been performed forvi = 0 andvi = 1 in Ref. [254] in the ion (laboratory)
energy range 8-400 eV. The measured cross sectionsσCX

vi
(total with respect to

(v′i, v
′
0) product channels) agree well with theoretical predictions[242], and for

a number of ions impact energies they are given in Table 46. The cross sections
show maxima in the region around 16 eV, forvi = 1, and 35 eV, forvi = 0, in con-
trast to the expectations based upon the simple two-state resonant charge transfer
theory [1–3, 5–8]. This indicates the strong multi-state coupling in the system in
this collision energy range. Relative measurements ofσCX

vi
have been performed

for vi = 0 − 4 [244] , vi = 0 − 5 [243] andvi = 0 − 10 [255] for a selected
number of collision energies. The results of these measurements are generally in
good agreement with each other. The ratios of the cross sectionsσCX

vi
andσCX

vi=0

taken from Ref. [244] and Ref. [255] (the later normalized onthose of Ref. [244])
for a number of ion impact energies are given in Table 47. (We note that the levels
vi = 0− 10 comprise about99% of the population of allH+

2 (vi) ions produced by
electron impact ionization ofH2(v0 = 0)). The ratiosσCX

vi
/σCX

vi=0 are continuous
functions ofvi for a given energy with a maxima atvi ' 1 − 2 whenElab � 30
eV. Their energy variation forElab � 100 eV is also smooth and an interpolation
procedure can be used to obtainσCX

vi
/σCX

vi=0 from the data in Table 47 for ion im-
pact energies below 100 eV. At higher collision energies, the number of reaction
channels becomes large for any initial statevi, and the variation ofσCX

vi
/σCX

vi=0

with vi is weaker, as seen in Table 47 forElab = 400 eV.

Theoretical studies of reaction (204) by a close-coupling formalism are able
to provide cross sections for any of the(v′i, v

′
0) reaction product channels. Such

cross section calculations have been performed forv0 = 0 and a selected number
of vi [240–242] within a semi-classical formulation of the collision dynamics. The
cross section of a particular channel(vi, v0 = 0) → (v′i, v

′
0) of charge transfer

reaction (204) strongly depends on the channel energy defect, ∆Evi(v
′
i, v

′
0), and

the overlap of vibrational wave-functions of initial and final states. The later be-
comes important at collision energies above∼ 100 eV, and attains a decisive role
at energies above∼ 1 − 2 keV [241]. The channel energy defects are proportional
to the difference∆N = N ′ − N , N ′ = v′i + 2v′0 andN = vi + 2v0. Levels
with ∆N = 0 are in energy resonance (or near resonance), and their crosssections
at low energies are (generally) much larger than for the channels with∆N 6= 0.
The strictly resonant charge transfer channel is, of course, that withv′i = vi and
v′0 = v0.

Theoretical calculations of Ref. [242] have proved to be very successful in
predicting the ratios of initial-state-selective total cross sections ,σCX

vi
. In that

reference, the fully state-selective charge transfer cross sections ,σCX
vi

(v′i, v
′
0), have

been calculated forvi = 0− 5 for ion impact energies 16, 32, 400 and 800 eV. The
fractional contributions of these cross sections to the total σCX

vi
cross section ,
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fvi(v
′
i, v

′
0) =

σCX
vi

(v′i, v
′
0)

σCX
vi

(206)

for the ion energies of 16 eV and 32 eV are given in Tables 48 and49, respectively.
As it can be noticed from these tables, the contribution of∆N = 0 channels to
σCX

vi
is substantial for the lower values ofvi, but it decreases with increasingvi.

This decrease is faster forElab = 32 eV than forElab = 16 eV. The (v′i, v
′
0)

channels in these tables withv′0 = 0 describe the CX excitation(v′i > vi) or de-
excitation(v′i < vi) of H+

2 ion. The channels withv′i = vi andv′0 ≥ 1 describe
the CX excitation of neutral molecule. Other charge exchange channels are a kind
of CX V − V transfer.

C Total charge transfer cross section
Although the charge exchange reaction ofH+

2 andH2 possesses nuclear and
charge symmetry in the entrance and exit channels, its totalcross section does not
show the typical energy behaviour of symmetric resonant charge transfer reactions
(logarithmic increase of the cross section with decreasingthe collision velocity in
the energy region below∼ 10−20 keV). The reason is the strong coupling of many
quasi- resonant and non-resonant(vi, v0) → (v′i, v

′
0) channels with the resonant

one (v′i = vi, v0 = v′0) and the coupling with the strong nuclear rearrangement
channel,H+

2 + H2 → H+
3 + H, at C.M. energies below∼ 2 − 3 eV.

Most of the total cross section measurements ofH+
2 + H2 charge exchange

reaction [247–252] have been performed in the ion impact energy range above∼ 5
eV, with the exception of that in Ref. [251] where the cross section extends down to
1 eV. The cross sections of Refs. [251] and [256] show a sharp decrease forElab �
4 eV, attributed to the coupling with the competingH+

3 formation channel (see sub-
section 7.3.3). The total CX cross section measured in Ref. [251] atElab = 1 eV
is' 3.0× 10−16cm2. On the other hand, the measured thermal rate coefficient for
H+

2 + H2 charge exchange reaction is6.4× 10−10cm3/s [257], indicating a cross
section value of2.89×10−15cm2 for Elab = 0.052 eV. Therefore, in the ion energy
region below∼ 1 eV, the total CX cross section has to start to increase again with
decreasing the collision energy. It should be also noted that in the region 500-1000
eV, the total cross section cross section exhibits a mild minimum. In general, the
measured total cross sections from various sources are in good mutual agreement
in the energy regions of their overlap(Elab

�
5eV ).

The energy dependence of total cross sectionσtot
CX for H+

2 + H2 charge ex-
change reaction, in the ion impact energy range from thermalto∼ 150− 200 keV,
can be represented by the analytic expression (with an accuracy well within the
experimental uncertainties,±10%)

σtot
CX(E) = σ<

CX(E) + σ>
CX(E) (207a)
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σ<
CX(E) =

6.59

E0.5(1 + 2.29E1.78)
+ (207b)

+
12.85 exp(−1.84/E1.55)

E0.0673(1 + 2.60 × 10−3E0.97 + 1.63 × 10−10E2.76)
(×10−16cm2)

σ>
CX(E) =

11.38 exp(−61.80/E0.54)

1 + 8.21 × 10−10E2.08 + 3.80 × 10−26E5.15
(×10−16cm2) (207c)

whereE = Elab is in eV units (see Figure 44 on page 183). The first term in
Eq. (207c) describes the cross section behaviour in the thermal energy region,
while the exponential function in the second term ofσ<

CX accounts for the cross
section decrease (down to∼ 1eV ) due to the competition withH+

3 formation
process. We should note that in Refs. [253] and [258] no account was taken of
the large cross section values in the thermal region, and their recommendedσtot

CX

cross section continues to decrease with the decrease of energy below∼ 1 eV. The
σtot

CX cross section of Ref. [11] does take into account its thermalenergy values,
but the decrease in the region 1-5 eV due to competingH+

3 formation channel was
accounted for much more conservatively, in view of the trendof other experimental
results (for instance those of Ref. [259]) in the energy range 5-10 eV. Theσ>

CX

term, Eq. (207c), describes appropriately the high energy part of the CX cross
section.

7.3.2 Collision induced dissociation of H
+

2 (v�)
The collision induced dissociation (CID) ofH+

2 (vi) in collisions withH2(v0) can
proceed via two mechanisms,

H+
2 (vi) + H2(v0) → (H+∗

3 + H) → H+ + H + H2(v
′
0), (208a)

→ [H+
2 (2pσu/2pπu···) + H2] → H+ + H + H2(v

′
0). (208b)

The first mechanism is operative at low (� 8 eV) collision energies, whereas the
second one (dissociative excitation , DE) is effective at higher (above∼ 15 − 20
eV) energies. The formation of intermediate excitedH+

3 complex in this colli-
sion system has been demonstrated in classical trajectory-surface hopping (TSH)
calculations [260]. On the other hand, the observed angulardistribution of disso-
ciation protons at high collision energies confirms that theexcitation of repulsive
2pσu, 2pπu, · · · states ofH+

2 is the operating mechanism at these energies [261].
Reaction (208) has been subject of many experimental [250–252,255,259,261–

266] and one theoretical study [260]. Determination of the total cross section of
reaction (208), withH+

2 (vi) having an unknown distribution overvi, has been
the main focus of experimental investigations. However, there have been both
measurements [255] and calculations [260] of the cross sections of reaction (208)
for H+

2 in specific initial vibrational statesvi. In all these studies, theH2 molecule
was in its ground vibrational state,v0 = 0.
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A Total CID cross section
The low-energy total cross section of reaction (208) is sensitive to the initial

state population distribution ofH+
2 (vi) and the results of different measurements

may differ by a factor as high as two (cf., e.g., Refs. [251] and [259]). In the high-
energy experiments, the measured fast-H+ ion production cross section contains a
significant contribution from the dissociative ionizationof H+

2 in the region above
∼ 10 keV, that has to be subtracted [261, 262]. The state of the target after the
collision is usually left undetermined (see, however, [250]).

In this situation, a conservative approach (followed, e.g., in Ref. [253]) would
be to determine a ”lower bound” of the total CID cross sectionbased upon reliable
experimental data. The cross sections from Refs. [251, 252,265] have provided a
basis for implementing such an approach in Ref. [253]. Theσtot

CID cross section
recommended in Ref. [253], extended beyond 10 keV with the data from Ref.
[252] (after subtraction of the dissociative ionization contribution to the fast-H+

production cross section , see e.g., [261]) and its modification in the region below
10 eV by the use of original cross section values of Ref. [251], has been adopted in
the present work. This (modified) cross section can be represented by the analytic
expression

σtot
CID(E) = σ<

CID(E) + σ>
CID(E) (209a)

σ<
CID(E) =

4.05

E0.653
exp[− 3.15

(E − 2.0)1.65
] (×10−16cm2), (209b)

σ>
CID(E) =

0.139E0.318 exp(−680/E2.10)

1 + 2.75 × 10−12E2.65 + 9.04 × 10−23E4.65

(×10−16cm2), (209c)

whereE is the ion impact (laboratory) energy in eV units (see Figure45 on page
184). Other low-energy experimental data (e.g., from Ref. [259]) can be accom-
modated in this expression by increasing the coefficient 4.05 in Eq. (209b) by a
factor of two. The reliability ofσ>

CID cross section above∼ 30−40 keV, however,
is not very high.

B CID cross sections for individual initial v� states
The cross sectionsσCID

vi
for the individual excited states ofH+

2 (vi) in reaction
(208) have been experimentally determined in Ref. [255] forvi = 0 − 10 at ion
impact energiesElab = 8, 12, 16 and 32 eV. These cross sections are given in Table
50. From the values in this table it is observed thatσCID

vi
have, on average, a linear

dependence onvi and are virtually independent on ion energy in the considered
energy range. The claimed accuracy ofσCID

vi
cross sections of Ref. [255] is∼

30%.
The TSH calculations ofσCID

vi
in Ref. [260] forvi = 0, 3 and 6 forElab = 8

and 16 eV, andvi = 0 − 7 for Elab = 12 eV, give somewhat higher values than
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those of Ref. [255], but confirm the linearvi-dependence and the weak energy
dependence ofσCID

vi
. It is, however, unclear how far beyond the considered energy

range these dependencies ofσCID
vi

can be extended.

C Other collision induced dissociative processes
Apart from the induced dissociation described by Eq. (208),there are several

other dissociative processes that can take place in high energy H+
2 +H2 collisions.

These include (we omit the vibrational state labels)

H+
2 + H2 → H+ + H+ + e + H2 (210a)

→ H + H + H+
2 (210b)

→ H2 + H+ + H (210c)

→ H2 + H+ + H+ + e (210d)

→ H + H + H+ + H (210e)

→ H + H + H+ + H+ + e (210f)

where the ”fast” products are underlined. Coincident registration of all reaction
products is infeasible, and in most cases composite (inclusive) cross sections for
particle (ion,atom,or electron) production are measured.The cross section for
dissociation ionization process (210a) has been, however,determined experimen-
tally [262] in the ion energy range above 30 keV. The fast-H atom-production cross
section has been measured in [252] forElab ≥ 3 keV; it is by a factor 2-3 larger
than the fast-H+-ion production cross section in this energy region. The slow-H+-
ion production cross section has also been measured in the ion energy range5−50
keV [250] with values significantly smaller than the fast-H+ production cross sec-
tion. All ”particle production” inclusive cross sections of dissociative processes
(210) attain their maxima (of the order of10−16cm2) at ion kinetic energies in the
range∼ 20 − 100keV , and show a trend of rapid decrease with decreasing the
energy.

7.3.3 H
+
3 ion formation

The process

H+
2 (vi) + H2(v0) → H+

3 (v3) + H(1s) (211)
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has been subject of numerous experimental [251, 259, 267–274] and theoretical
[260, 275–277] studies. Most of experimental studies have been devoted to de-
termination of total cross section ofH+

3 ion formation (with unspecified initial
and final vibrational state distributions), but in a few of them [271–273], thevi-
dependence of the cross section for a number of collision energies (in the range
ECM = 0.04 − 15 eV) and forv0 = 0 has been investigated. Theoretical stud-
ies have been performed within the classical trajectory surface hopping (TSH)
method and have produced not only total and initial (vi) state-selective cross sec-
tions [275,277], but also cross sections corresponding to the two particle exchange
channels of reaction (211) [260,276] : the proton transfer channel

H+
2 + H2 → (H+H2) + H, (PT ) (212a)

and the atom transfer channel

H+
2 + H2 → (H+

2 H) + H. (AT ) (212b)

TheH+
3 molecular ion has two vibrational modes: a symmetric stretch mode and

a degenerate (asymmetric plus bend) mode. The asymmetric stretch vibrational
states can make dipole transitions to the ground symmetric stretch states and have
lifetimes in the millisecond range [278]. The symmetric strech states can decay to
the ground state only via electric quadrupole transitions.Dipole transitions from
symmetric to asymmetric states are, however, possible, which renders their life-
time in the millisecond range as well. The symbolv3 in Eq. (211) refers to the
symmetric stretch vibrational states ofH+

3 .
The population of vibrational states ofH+

3 resulting from reaction (211) with
vi = v0 = 0 at thermal energies has been analyzed in Ref. [279] and the results
are given in Table 51. The excitation energies of vibrational states ofH+

3 are also
given in this table (taken from Ref. [279]). A more refined treatment of vibrational
spectrum ofH+

3 ion can be found in [276, 278]. We note that the dissociation
energy ofH+

3 is 4.51 eV, i.e.H+
3 is more stable thanH+

2 .

A State-selective cross sections
For vi = v0 = 0, the reaction (211) is exothermic by 1.73 eV with a thermal

rate coefficient of2.11 × 10−9cm3/s [274]. Its cross sectionσH+
3 (vi = v0 = 0)

has been experimentally determined in the energy region below 15 eV [271–273].
Theoretical calculations [275–277] support the experimental data forECM � 5 eV,
but at higher energies the TSH cross sections decrease faster than the experimental
ones. TheσH+

3 (vi = v0 = 0) cross section increases with decreasing the energy
asE−0.48

CM for ECM � 1eV , and shows a rapid decrease when the energy increases
aboveECM ∼ 2 eV. A similar energy behaviour is observed in the total cross
sections with undeterminedvi andv0 initial state distributions. The rapid decrease
of σH+

3 for ECM
�

2 eV is associated with the competing CID process.

R.K.Janev, D.Reiter, U.Samm 89



7 Collision Processes of H
+

2

The available experimental and theoretical data onσH+
3 (vi = v0 = 0) can be

represented by the analytic expression

σH+
3 (vi = v0 = 0) =

17.76(×10−16cm2)

E0.477(1 + 0.0291E3.61 + 1.53 × 10−5E6.55)
(213)

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

The ratio

f(vi) =
σH+

3 (vi, v0 = 0)

σH+
3 (vi = v0 = 0)

(214)

has been experimentally determined forvi = 1 − 4 [273] at a number of C.M.
energies between 0.04 eV and 15 eV, and shows a a smooth behaviour that allows
reliable extrapolation.(Note thatvi = 0 − 4 states account for77% of theH+

2 (vi)
population; see Table 25.)

The values off(vi) from Ref. [273], extrapolated up tovi = 10, are given in
Table 52 for twelve energies from the range 0.04 eV-15 eV. Thesmooth energy
behaviour off(vi) allows reliable interpolation along the energy scale. It isto be
noted in Table 52 that forECM ≤ 0.5 eV andECM

�
10 eV, f(vi) ≤ 1, whereas

for 0.5eV < ECM < 10eV, f(vi) ≥ 1 for the lowervi values. The suppression
of σH+

3 (vi ≥ 1, v0 = 0) with respect toσH+
3 (vi = v0 = 0) in the regionECM ≤

0.5eV is due to competition with the strong charge exchange channel, while its
suppression forE

�
10 eV (and even at lower energies for the highvi states) is

due to competition with the CID channel.
There have been no experimental or theoretical studies so far for the state-

selectiveH+
3 formation process withv0 ≥ 1. For the most populatedvi = 1 −

3 levels ofH+
2 , however, reaction (211) becomes endothermic forv0

�
5 − 3,

resulting in a decrease ofH+
3 formation cross section with respect toσH+

3 (vi =
v0 = 0). The merged and crossed beams experiments onH+

3 formation [267,268],
in which theH2 beam is produced by charge exchange withH+

2 and is, therefore,
vibrationally excited, indeed give totalH+

3 formation cross sections that are by a

factor 0.7-0.8 smaller thanσH+
3 (vi = v0 = 0).

Apart from the earlier mentioned determination ofP (v3) populations ofH+
3 (v3)

vibrational states for thevi = v0 = 0 case of reaction (211) at thermal ener-
gies [279] (see Table 51), only a single theoretical TSH study is available [276] in
which P (v3) has been investigated forvi = 3, v0 = 0 andECM = 0.11, 0.46 and
0.93 eV. This study indicates thatP (v3) has a significantvi dependence, but its
variation in the considered energy is relatively weak.

B Total cross sections
The total cross section forH+

3 ion formation, summed overvi andv3, but for
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the initial v0 = 0 state, is obtained as

σH+
3 (vi all; v0 = 0) =

18
∑

vi=0

f (vi) PH+
2

(vi)σH+
3 (vi = v0 = 0) (215)

Wheref(vi) is given by Eq. (214), andPH+
2
(vi) is the initial population ofH+

2 (vi)

states (see Table 25). The values off(vi) from Table 52 can further be extrapolated
to vi ≥ 11, but in view of small values ofPH+

2
(vi) for vi ≥ 11, the terms withvi ≤

10 in the sum of Eq. (215) account for about 99% of the total cross section. In the
energy range 0.5 eV� ECM � 10 eV, where for the lowervi f(vi) > 1, the total
cross sectionσH+

3 (vi all; v0 = 0) is larger thanσH+
3 (vi = v0 = 0), in accordance

with experimental data obtained by the ion beam gas cell method [269, 270], in
whichH+

2 (vi) are produced by electron-impact ionization ofH2(v0 = 0).
As discussed in the preceding sub-section, the total section

σtot
H+

3

(vi all; v0 all) =
18
∑

vi=0

14
∑

v0=0

f (vi)PH+
2

(vi) PH2
(v0)σH+

3 (vi = v0 = 0)

(216)
is expected to be somewhat smaller thanσH+

3 (vi all; v0 = 0) due to appearance of
endothermic channels in Eq. (211) for certain pairsvi, v0 of initial states. (PH2

(v0)
in Eq. (216) is the population ofv0 state ofH2(v0).) The total merged (crossed)
beamsH+

3 formation cross sections of Refs. [267, 268] indicate that the reduction
factor

κ (ECM ) =
σtot

H+
3

(viall; v0all)

σH+
3 (vi = v0 = 0)

(217)

lies in the rangeκ(0.02eV ) ' 0.78 toκ(3eV ) ' 0.67.

C Proton and atom transfer cross sections
In certain plasma modelling studies it is important to distinguish between the

proton and atom transferH+
3 formation channels, (212a) and (191b), respectively.

The TSH cross section calculations for these reaction channels have been per-
formed forvi = v0 = 0 andvi = 3, v0 = 0 cases in the C.M. energy range 0.25-5.0
eV [276]. The relative contribution of proton transfer (PT)and atom transfer (AT)
channels toH+

3 ion formation cross section are given in Table 53 [276]. Similar
calculations have been extended in Ref. [261] up to 8 eV. Table 53 shows that at low
(� 1 eV) energies, the PT and AT contributions toH+

3 formation cross section are
approximately equal, but at higher energies the AT contribution dominates. These
findings are in agreement with the experimental studies of PTand AT reactions

H+
2 (vi) + D2 → D2H

+ + H (PT ) (218a)

D+
2 (vi) + H2 → D2H

+ + H (AT ) (218b)

performed in Ref. [280].
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7.4 Collisions of H
+

2 (v�) with H
�

The collision dynamics ofH+
2 (vi) + H− system at low energies is dominated by

the strong attractive Coulomb interaction in the entrance channel. The energy of
{H+

2 (vi = 0) + H−} state at infinite separations R betweenH+
2 and H− ions lies

0.754 eV below the energy of{H+
2 (vi = 0)+H(1s)} state, and 1.08 eV above the

energy of{H2(v0 = 0)+H+} state. With decreasing R, the potential energy curve
of ionic state{H+

2 (vi = 0) + H−}, therefore, intersects (in a diabatic approxima-
tion) the potential energies of all covalent{H∗

2 (N1,3Λσ′ ,v0)+H(1s)} (N ≤ 4) and
{H2(X

1Σ+
g ; v0) + H∗(n ≥ 2)} states. The non-adiabatic coupling of initial ionic

state with the covalent states (having the same symmetry as the ionic state) results
in electron capture reactions during aH+

2 + H− collision. The adiabatic energy
curve of the{H+

2 (vi = 0) + H−} state, as function ofH+
2 − H distance R (and

at a fixed distanceρ = 1.65a0 between two of the protons, corresponding to the
equilibrium distance of equilateralH3 systems;a0 is the Bohr radius), has a mini-
mum at R' 3.6 − 3.8a0, and intersects the potential energy curve ofH+

3 ion at R
' 2.6a0 [281]. In the region R≤ 2.6a0 the{H+

2 (vi = 0) + H−} state becomes
an auto-ionizing (resonant) state that can decay either forming a vibrationally ex-
citedH+

3 ion (associative detachment) or producingH+
2 + H(1s) (or H2 + H+ at

higher collision energies) fragments (non-associative detachment). Before entering
theH+

3 + e continuum, the potential curve of resonant{H+
2 (vi = 0) + H−} state

diabatically intersects (for the second time) the potential energy curves of all states
of theH3 system, except those of the first excited and of the dissociative ground
state. The excited states ofH3 system are loosely bound and unstable against pre-
dissociation. The first excited state ofH3, although of different symmetry (2B2)
than the resonant{H+

2 (vi = 0) + H−} state (2A1) is, nevertheless, coupled with
it and can be significantly populated during theH+

2 (vi = 0) + H− collision. This
state asymptotically correlates to theH2(b

3Σ+
u ) + H configurations and its popu-

lation leads to production of threeH(1s) atoms.

7.4.1 H
+

2 − H
� mutual neutralization

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

H+
2 (vi) + H− → (H∗

3 ) → H2

(

N1,3Λσ; v0

)

+ H (1s) , N ≤ 4, (219a)

→ H2

(

X1Σ+
g ; v0

)

+ H (n ≥ 2) (219b)

have not been studied in detail so far. There has been only onetotal cross section
measurement of reaction (219) at three energies in the keV region [282] indicating
that the cross section for this reaction (at these energies)is close to that of theH++
H− collision system. A recent theoretical attempt to estimatethe cross section of
reaction (219) within a multichannel Landau-Zener model [283] has failed due to
an inappropriate treatment of channel dynamics and coupling interactions.

On general theoretical grounds (see [5,6]), one should expect that mutual neu-
tralization cross section ofH+

2 (vi) andH− ions in the energy region below∼ 1
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keV should be large and comparable to that for theH+ − H− system (see sub-
section 3.2.1). For the electron capture in reactions (219), the most important are
the (avoided) potential energy crossingsRx of initial ionic state with the final chan-
nel states at the largeH+

2 − H distances,R. The crossings ofN ≥ 4 andn ≥
4 channels in Eqs. (219a),(219b) are distributed atR

�
80a0, where the ionic-

covalent coupling it too weak (see, e.g., [284]). For the states with (N,n) = 2
and(N,n) = 3, these crossings are distributed in the regionsδR2,x = 8 - 11 a0
andδR3,x = 19 - 40 a0, respectively, where the ionic-covalent coupling can induce
strong transitions (in analogy with the case ofH+−H− system; see [93,94,284]).
The large density of available charge exchange (covalent) channels within each
(N,n) = 2, 3 group of states, particularly when the vibrationalv0-states are taken
into account, provides ample compensation for the reduction of coupling matrix
element due to its multiplication with the Franck-Condon factor for thevi → v0

transition.
A rough estimate of the total mutual neutralization cross section for reactions

(219a,219b), summed overv0-states, can be obtained by using the absorbing sphere
model (ASM) [285]. The application of this model can be justified by the high den-
sity of available charge exchange states within eachN1,3Λσ vibrational manifold.
The cross section for charge exchange reaction (219a) within this model forN =
2,3 states is, respectively, given by

σ
(ASM)
CX,2

(

vi; 2
1,3Λσ

)

= πR2
2xS2 (E) ,

σ
(ASM)
CX,3

(

vi; 3
1,3Λσ

)

= π
[

R2
3xS3 (E) − R2

2x,max

]

(220)

whereR2x andR3x are the crossing points (ina0 units) of corresponding ionic and
covalent states, andR2x,max is the largest ofR2,x crossings. The factorsS2(E)
and S3(E), that depend on collision energy E, are the survival probabilities of
the system in the covalent state{H2(N

1,3Λσ) + H(1s)} in the regionR ≤ RNx

against pre-dissociation to statesN ′ 6= N , or decay in theH+
3 continuum (after the

second interaction of covalent state with the{H+
2 (v0) + H−} 2A1 resonant state

at small R). The crossing pointRNx is related to the vibrational energyEexc
H+

2

(vi),

ionization energyIH2

(

N1,3Λσ; v0 = 0
)

and electron affinityEA(H−) (=0.754
eV) by

RNx (a0) =
27.2

Eexc
H+

2

(vi) + IH2
(N1,3Λσ; v0 = 0) − EA (H−)

(221)

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

channel (198b). If one setsS2 = S3 = 1 in Eq. (220), the total cross sections for
mutual neutralization,σ(ASM)

MN,2 andσ
(ASM)
MN,3 in theN = 2, andN = 3 channels are

determined only by the values ofRNx, Eq. (221).
In order to estimate the magnitudes ofσ

(ASM)
MN,2 andσ

(ASM)
MN,3 , we take the mean

valuesR̄2x (= 9.24a0) and R̄3x (= 25.5a0) for R2x and R3x from the intervals
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δR2x and δR3x mentioned above. The resulting cross sections areσ
(ASM)
MN,2 '

7.5 × 10−15cm2 andσ
(ASM)
MN,3 ' 5.0 × 10−14cm2. These values are of the same

order of magnitude as those forσMN (n = 2) and σMN (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 electron detachment (asso-
ciative and non-associative) cross section in theH+

2 + H− collision system is not
very large (∼ 5 × 10−17cm2 in the energy region 1-5 eV), which indicates that
the population of resonantH∗

3 (2A1) by the non-adiabatic couplings of this and
covalent states at smallH+

2 − H− distances (2.6a0 ≤ R � 4a0), and its decay
in the H+

3 , (H2 + H+) and (H+
2 + H) continua is not very strong. Therefore,

continuum decay precesses do not affect significantly the survival of charge ex-
change (covalent) states in the regionR < RNx , and, consequently, the total
mutual ion-ion neutralization cross section. However, thepre-dissociation ofH∗

3

bound excited states, as well as their coupling with the resonant state at R> 2.6
a0, can significantly affect the above estimates forσ

(ASM)
MN,2 andσ

(ASM)
MN,3 . It should

also be mentioned that even some of the asymptotic states in reaction (219a) are
pre-dissociating states (such asD1Πu(v0) andd3Πu(v0) for v0 ≥ 3). Furthermore
N = 2,3 gerade triplet states are radiatively coupled with the dissociative b3Σ+

u

state. This indicates thatH+
2 − H− mutual neutralization can lead to significant

dissociation to neutral atoms.

7.4.2 Associative and non-associative detachment

The associative detachment (AD) reaction

H+
2 (vi) + H− → (H∗

3 ) → H+
3 (v3) + e (222)

has been experimentally studied [85,286] and its total cross section (summed over
vi andv3) is known in the collision (C.M.) energy range 0.07-10 eV. As discussed
earlier, reaction (222) results from the decay of resonantH∗

3 (2A1) state in theH+
3

continuum forH+
2 − H− distances R≤ 2.6 a0 [281]. Other decay modes of

H∗
3 (2A1) resonance in the region R< 2.60a0, the non-associative reactions

H+
2 (vi) + H− → (H∗

3 ) → H2 (v0) + H+ + e (223a)

→ H+
2 (vi) + H + e (223b)

→ H+ + 2H + e (223c)

have, however, not been studied as yet.
The potential curve of2A1 resonant{H+

2 (vi = 0) + H−} state intersects
the H+

3 potential energy curve at the position (R = 2.6a0) on the right from its
minimum (R' 1.5a0), which energetically corresponds to thev3 =3 vibrational
level [281]. This indicates that the levelsv3

�
3 are predominantly populated in

reaction (222). Forvi ≥ 1, thev3-distribution ofH+
3 in reaction (222) is shifted

upward for the amount of excitation energyEexc
H+

2

(vi).
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The measured total cross section of associative detachmentreaction (222) can
be represented by the analytic expression

σdet
AD =

0.38 × 10−16cm2

E0.782 (1 + 0.039E2.62)
(224)

where the collision (C.M.) energy is expressed in eV. The E−0.782 (close to E−1!)
behaviour ofσdet

AD at energies below∼ 1 eV reflects the dominant role of attractive
Coulomb interaction in the entrance reaction channel (see for more detail Refs.
[86,286]). The fast decrease ofσdet

AD for E
�

3 eV indicates that the non-associative
detachment reactions (223), competing with (201), become dominant decay modes
of theH∗

3 resonance at these energies. See Figure 47 on page 185.

8 Collision Processes of H+

3

The collision processes ofH+
3 ions with e,H,H2 andH− have been relatively

little investigated compared to the processes of other charged particles of a low-
temperature hydrogen plasma. Exception is the process of dissociativee + H+

3

recombination that received much attention in last two decades because of several
conflicting experimental results on its rate coefficient, and because of its funda-
mental importance in astrophysics (see sub-section 8.1.2 and Refs. [287, 288]). In
the present section we review the available cross section information for collision
processes ofH+

3 with other constituents of a low temperature hydrogen plasma
and emphasize the lack of such information for some important processes.

8.1 Collision processes of H
+

3 with electrons

8.1.1 Vibrational excitation

The electron impact vibrational excitation ofH+
3 (v3)

e + H+
3 (v3) → e + H+

3

(

v′3
)

(225)

has not been studied so far. The transitions between the (symmetric stretch)v3

states ofH+
3 can take place only via the electric quadrupole interaction, and in

the Coulomb-Born approximation (CBA) the cross section forpredominantv3 →
v3 + 1 transition is given (in analogy with thee + H+

2 (v) case; see sub-section
7.1.1) by [209]

σexc
vib (v3 → v3 + 1) =

3 × 0.284

ωk2
(v3 + 1)

(

∂Q2

∂ρ

)2

ρ0

(

πa2
0

)

(226)

whereω is thev3-vibrational spacing inH+
3 (v3) (ω = 0.372 eV; see Table 51),k is

the electron wave number,Q2 is the electric quadrupole moment ofH+
3 related to

the charge displacement along one of its three internal internuclear distancesρ, and
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its derivative is evaluated at the equilibrium distanceρ0 (= 1.65 a0) of equilateral
geometry (D3h symmetry) ofH+

3 . The factor3 in Eq. (226) takes into account the
three internuclear distances inH+

3 ; the energiesω andk2(= 2Eel) are expressed
in atomic units (1 a.u of energy = 27.2 eV) anda0 (= 0.529Å) is the Bohr radius.
The electric quadrupole momentQ2(ρ) for H+

3 has been calculated in Ref. [289].
The cross sectionσexc

vib given by Eq. (226) is summed over the rotational states of
v3 and(v3 + 1) vibrational levels.

For the dipole allowed electron impact transitions betweenthe symmetric stretch
v3 states and asymmetric stretchṽ3 states ofH+

3 , a general CBA cross section for-
mula, analogous to Eq. (226), is available in Ref. [209]. It relatesσexc

vib to the
derivative of dipole momentQ1(ρ) at the equilibrium distanceρ0, which is also
available from Ref. [289].

8.1.2 Dissociative excitation

In the Franck-Condon region of ground vibrational state ofH+
3 ion, all electronic

excited states of this ion have repulsive character in theD3h geometries [290].
Only some of them exhibit bound character at large bond distances with a shallow
potential well. A vertical Franck-Condon transition from the lowerv3-states (v3 �
6 − 7) of ground electronic state1A′ of H+

3 to any of the electronic excited states
of this ion leads to dissociation ofH+

3 . The electron-impact dissociative excitation
of H+

3 ion can result in several dissociation channels

e + H+
3 (v3) → e + H+∗

3

(

N1,3Λσ; ε
)

→e + H+ + H (1s) + H (n ≥ 1)

(227a)

→e + H+ + H2

(

N1,3Λσ; v0

)

(227b)

→e + H+
2 (vi) + H (n ≥ 1) (227c)

The total cross section of proton production reactions (227a) and (227b) has been
measured in the energy range from threshold (' 15 eV) up to∼ 600 eV [291],
while the total cross section of reaction (227c) has been measured only in the region
14.75 eV (threshold) to' 30 eV [292]. The initial vibrational state ofH+

3 in these
experiments was claimed to bev3 = 0 (this claim being supported by the observed
threshold energies corresponding to vertical transitionsfrom H+

3 (v3 = 0) state
to specific electronic excited states ofH+

3 ). The total cross section for proton
production reactions (227a) and (227b) shows weak structures above E' 19.25
eV, indicating that several excited states ofH+

3 ion contribute to the cross section.
Similar, but much more pronounced structures were observedin the cross section
section for the reaction (227c) [292].

With an accuracy exceeding the experimental uncertainties, the totalH+ pro-
duction cross section in reactions (227a) and (227b) can be represented by the
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analytic expression

σ
(H+)
DE =

82.56

E0.521

[

1 −
(

15.0

E

)5.15
]

exp

{

− 50.32

E1.177 (1 + 1.019 × 10−14E7.462)

}

(

×10−16cm2
)

(228)

whereE is the collision energy in eV units (see Figure 48 on page 185). Exper-
imental resolution of the contributions of channels (227a)and (227b) to the cross

sectionσ
(H+)
DE has not been made, but the potential energy curves of excitedelec-

tronic states ofH+
3 [290] indicate that for E

�
20 eV theσ

(H+)
DE cross section is

dominated by the reaction channel (227a) withn = 1.
The cross section of reaction (227c) in the energy interval 14.75 - 32 eV, in

which it has been measured [292], shows sharp resonant structures, typical for the
processes proceeding via formation of intermediary resonances (H∗

3 ). The mean
value of this cross section, averaged over the resonant structures, is about 0.3×
10−16 cm2, i.e. more than an order of magnitude smaller thanσ

(H+)
DE in the energy

interval 16 – 32 eV. Since in the energy region above∼ 20 eV dominant contri-

bution toσ
(H+)
DE gives the dipole allowed transition to the first excited singlet 1E′

state ofH+
3 , which is a dissociative state producing twoH(1s) atoms, it follows

that dominant electron-impact dissociative excitation channel forH+
3 above 20 eV

is (227a) withn = 1. A polynomial fit to σ
(H+)
DE cross section is given also in

Ref. [11].

8.1.3 Dissociative recombination (DR)

Contrary to the case ofe + H+
2 (vi) dissociative recombination (DR), where the

diabatic potential energy curve of doubly excited (2pσu)2 resonant state ofH2 in-
tersects the potential energy curve ofH+

2 ion at the energy position ofvi = 0
vibrational state, and thereby ensures the effectiveness of ”direct” DR mechanism
(see sub-section 7.1.3), in the case ofe + H+

3 (v3) collision system, as mentioned
earlier, the potential energy curve of2A1 resonant state ofH3 intersects the po-
tential curve of ground electronic state ofH+

3 at the energy position of itsv3 = 3
vibrational level. This circumstance strongly suppressesthe effectiveness of direct
DR mechanism for thee + H+

3 (v3 = 0) collision system at thermal energies, and
was taken as a basis for interpretation of the small observedvalues of thermal DR
rate coefficient (KDR(300K) � 10−10cm3/s) in flowing afterglow / Langmuir
probe (FALP) experiments [293]. At the same time, this argument was used to
question the complete vibrational relaxation ofH+

3 (v3) ion in the stationary after-
glow [294], merged beams [295, 296] and infrared spectroscopy [297] DR experi-
ments, reporting thermal DR rate coefficient of1 − 2 × 10−7 cm3/s and claiming
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complete vibrational relaxation ofH+
3 (v3). The multi-pass merged beams experi-

ments performed on ion storage rings [298,299], in which theH+
3 ions are certainly

vibrationally fully relaxed (v3 = 0), also give values for the thermal DR rate coef-
ficient of H+

3 of 1 - 2× 10−7 cm3/s. The question then arises about the reaction
mechanism producing such high thermal values for KDR of H+

3 (v0 = 0).
Thee + H+

3 (v3) DR reaction has two principal dissociation channels,

e + H+
3 (v3) →

(

H∗∗
3 ,H∗Ryd

3

)

→ H2

(

X1Σ+
g ; v0

)

+ H (n ≥ 1) (229a)

→ 3H (1s) (229b)

whereH∗∗
3 is a doubly excited (resonant) state andH∗Ryd

3 is a (core excited) pre-
dissociating (possibly also auto-ionizing) Rydberg statethat provides an ”indirect”
mechanism for DR. Most of DR cross section measurements havebeen performed
for ”cold” (v3 ≤ 1) H+

3 ions [295, 296, 298, 299], covering the collision energy
range from∼ 0.001 eV to 30 eV. There are also cross section measurements with
H+

3 vibrationally excited [300], with av3-population distribution corresponding to
that given in Table 51. In all these experiments only the total cross section for the
two DR channels, (229a) and (229b), has been measured.

There are only two theoretical (total) cross section calculation of DR reaction
(229) with v3 = 0. In one of them [301], only the contribution from the direct
DR mechanism (with inclusion of fourH∗∗

3 states) was considered by employ-
ing the wave packet propagation method on potential energy surfaces ofH3 (two-
dimensional dynamics). These calculations have reproduced the broad resonant
feature in the DR cross section observed in the energy regionaround 10 eV. The
other calculation [302], performed within a ”hybrid” wave packed-multichannel
quantum defect method in the energy range below 1 eV, has included the con-
tributions from both direct and indirect DR mechanisms. It was shown that the
cross section obtained with the direct DR mechanism alone isfour to five orders
smaller than the experimental cross section in this region.Adding the contribution
from the indirect DR mechanism reduces this difference to two orders of magni-
tude. Only quite recently, in a three-dimensional treatment of collision dynamics
(involving inclusion of new types of kinetic couplings, such as Jahn-Teller interac-
tions) [303], an agreement of theoretical and experimentalcross section results in
the low energy region has been reached.

A Total cross section and channel branching ratios for H
+

3 (v3 = 0)DR
As mentioned earlier, the total DR cross section results from storage ring exper-

iments withH+
3 (v3 = 0) agree well with each other (see also discussions in [228]

and [287]) and cover the collision energy range from∼ 5 × 10−4 eV to∼ 30 eV.
The total cross section from the CRYRING storage ring experiment [298] can be
represented by the following analytic expression

σtot
DR (v3 = 0) = σL

DR (v3 = 0) + σH
DR (v3 = 0) (230)
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σL
DR=

3.00
(

×10−16cm2
)

E0.725 (1 + 4.45E1.20)
(231a)

1

σH
DR

=
1

σ<
+

1

σ>
(231b)

σ< =0.0646E1.478
(

×10−16cm2
)

, σ> =
634.22

E2.605

(

×10−16cm2
)

(231c)

whereE is the relative collision energy in eV.
This cross section is plotted in Figure 49 on page 186.σL

DR describes the low-
energy part of the cross section. The departure of its E−0.725 behaviour in the low
energy limit (forE � 0.1 eV) from theE−1 Wigner law is a reflection of complex
dynamical mechanisms governing the DR process in this region [302, 303]. σH

DR

term in Eq. 230 describes the broad resonant feature inσDR(v3 = 0) in the region
aroundE ' 10 eV.

The relative contributions of reaction channels (229a) and(229b) to the to-
tal cross sectionσtot

DR (v3 = 0) as function of energy have been measured in both
single-pass [304] and multi-pass (storage ring) [305] merged beams experiments.
The storage ring data cover a broader energy range and they are given in Table 54
for a number of collision energies in the range 0.003 – 25 eV. This table shows that
for E � 0.3 eV, the branching ratios of the channels (229a) and (229b) are practi-
cally constant, with average values of 0.24 and 0.76, respectively. At the collision
energy of' 0.35 eV (close to the threshold for excitation of first vibrational state
of H+

3 ; see Table 51, the branching ratio of two-body dissociationchannel begins
to increase rapidly, reaching a maximum of 0.65 atE = 5 eV. The two-body dis-
sociation branching ratio exhibits resonance structures at E ' 1 eV andE ' 13.6
eV, corresponding to the thresholds forH2 + H (n = 2) andH2 + H+ + e disso-
ciation channels. ForE

�
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) withv3 = 0 have been

theoretically investigated in [306] under the assumption that the process is domi-
nated by the direct mechanism (via the2A1 resonant state in C2v geometry). The
threshold energies for the lower dissociation channels of reaction (229) withv3 = 0,
calculated in Ref. [306], are given in Table 55. It should be noted that the exother-
micH2(b

3Σ+
u )+H(1s) channel in Table 55 promptly produces threeH(1s) atoms.

The thresholds in Table 55 are given for theH2-fragments in their ground vibra-
tional states. It is, however, very likely, that the large potential energy ofH∗∗

3 state
is, to a significant extent, distributed over the vibrational (and rotational) degrees
of freedom, so that the values in Table 55 represent the upperlimits of correspond-
ing thresholds. For collision energies above' 0.37 eV, whenH+

3 (v3) can be vi-
brationally excited by the incident electron, the DR process can also proceed via
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core-excited Rydberg states ofH3, and the distribution of available total energy in
the system over the possible dissociation channels is quitedifferent. The inclusion
of Jahn-Teller couplings to properly describe the DR process at low energies also
leads to different populations of dissociation channels. The question of quantum
state distribution of products from reaction (229) for different collision energies at
the present remains open.

C Total DR cross section for H
+

3 (v3 ≥ 0)
There have been two merged-beams cross sections measurements of reaction

(229) with both cold (v3=0) and vibrationally excited (v3 ≥ 0) H+
3 ions in the

energy range0.01 − 0.8 eV [300]. The excitedH+
3 ions have been produced in

H+
2 + H2 collisions and their vibrational population should have been that given

in Table 51.
The measured total cross sectionσtot

DR(v3 = 0) andσtot
DR(v3 ≥ 0) in the energy

range0.01 − 0.8 eV are mutually related by

σtot
DR(v3 ≥ 0) = R(E)σtot

DR(v3 = 0), (232)

where

R(E) =
9.02

E0.173
. (233)

It should, however, be noted that the merged-beams cross section σtot
DR(v3 = 0) of

Ref. [300] is by a factor of about three lower than the storagering cross section
of Ref. [298], represented by Eqs. (230 - 231), in the overlapping energy range.
Nevertheless, one can plausibly assume that the ratio R(E) given by Eq. (233)
should retain its validity. Moreover, the ratio of other merged-beams total cross
sectionsσtot

DR(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 individualv3 states toσtot
DR(v3 ≥ 0) has not been investi-

gated as yet. The crossing of potential energy curve ofH∗∗
3 (2A1) resonant state

with that of ground stateH+
3 ion at the position of itsv3=3 level could suggest that,

at least at energies above∼ 5-6 eV,σDR(v3 = 3) should give the main contribution
to σtot

DR(v3 ≥ 0). On the other hand, the cross section measurements of Ref. [300]
with successively cooledH+

3 (v3) ions indicate that, in the energy region below∼
1eV, the contribution of differentv3 states toσtot

DR(v3 ≥ 0) is fairly uniform.

8.1.4 Ion-pair formation

An alternative decay channel for the resonant stateH∗∗
3 (2A1) formed during the

e + H+
3 (v3) collision is the ion-pair formation process

e + H+
3 (v3) → (H∗∗

3 ) → H+
2 (vi) + H−. (234)
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The asymptotic limit (R → ∞) of H∗∗
3 (2A1) resonant state is just theH+

2 (vi) +
H− configuration, as mentioned earlier. In order to reach this asymptotic limit
in the course of dissociation, the system formed in2Λ1 resonant state must pass
(twice!) through the regions of strong interaction with thecovalentH2(N

1.3Λσ; v0)+
H(1s) andH2(X

1Σ+
g ; v0) + H(n) states having N,n ≤ 4. These couplings divert

the dissociation flux into the covalent DR channels and, as result, theH+
2 (vi)+H−

dissociation channel is populated very weakly.
Whenv3 = vi = 0, the energy threshold for reaction (234) is 4.51 eV [306].
The cross section of ion-pair formation reaction (234) has been measured with

both cold (v3 = 0) [307,308] andH+
3 (v3 ≥ 0) ions having thev3-distribution as in

Table 51 [308]. The ion-pair formation cross section forv3=0 ions has a maximum
of ∼ 2 × 10−18 cm2 at Em ' 8 eV. The cross section forH+

3 (v3 ≥ 0) ions is
about two times larger than forH+

3 (v3 = 0) with a threshold at' 2 eV. Thus, the
cross section for ion-pair formation in the energy range below ∼ 30 eV is about
two orders of magnitude smaller than the DR cross section, and the process (234)
can be excluded from the plasma kinetics studies.

8.2 Collision processes of H
+

3 with H

Collision processes ofH+
3 ions with hydrogen atoms have not been studied so

far. However, some of these processes should exhibit significant cross sections,
and their experimental and theoretical study should not pose serious difficulties.
Below, we give a qualitative discussion of two such processes: dissociation and
dissociative charge exchange.

8.2.1 H
+

3 dissociation

The dissociation ofH+
3 (v3) in collisions with ground stateH atoms may proceed

via two mechanisms (in analogy with theH + H+
2 case; see sub-section 7.2.3):

promotion of adiabatic vibrionic states ofH∗∗
4 collision complex to theH+

3 disso-
ciation continuum,

H(1s) + H+
3 (v3) → (H∗∗

4 ) → H(1s) + H2(v0) + H+, (235)

and by direct excitation of excited electronic states ofH+
3 (dissociative excitation)

H(1s) + H+
3 (v3) → H(1s) + H+∗

3 → H(1s) + H2(N
1Λσ; v0) + H+

(236a)

→ H(1s) + H+
2 (vi) + H(1s) (236b)

These processes can take place also whenH is in an excited state. The process
(235) is expected to have large cross sections (∼ 10−16 − 10−15 cm2) in the col-
lision energy region below∼10 eV, especially for vibrationally excitedH+

3 ions.
Dissociative excitation processes (236) have thresholds in the energy region above
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∼ 15 eV, depending on the vibrational excitation ofH+
3 (v3). As mentioned ear-

lier, in the Franck-Condon regions of lower vibrational states (v3 � 6 − 7) of
H+

3 (v3), all excited states ofH+
3 are dissociative. The first excited state ofH+

3

to which a dipole allowed transition is possible is the1E′ fully dissociative state
that lies 19.2 eV above theH+

3 (1A′
1; v3 = 0) ground state [290] and dissociates to

H2(X
1Σ+

g ) + H+. Whenv3 ' 10, the threshold for this transition is, however,
reduced to about 15 eV. The next singlet excited state ofH+

3 ,1 A′′
2, is only 3 eV

higher than1E′ in the Franck-Condon region ofH+
3 (1A′

1; v3). The calculation of
the cross section for dissociative excitation ofH+

3 (1A′
1; v3) in the first Born ap-

proximation, requires only knowledge of the dipole momentsfor the low-energy
corresponding ground-to-excited singlet state transitions. The calculation of the
cross section for reaction (235), however, requires determination of the adiabatic
(discrete and continuous) vibrionic spectrum ofH+

4 system, and solving of a large
set of coupled equations (obtained e.g., within the IOSA description of collision
dynamics), in analogy with theH(1s) + H+

2 (vi) case (see sub-section 7.2.3).

8.2.2 Dissociative charge transfer

The dissociative electron capture reaction

H+
3 (v3) + H(n ≥ 2) → H∗

3 + H+ → H2(X
1Σ+

g ; v0) + H(1s) + H+ (237)

should also proceed with a large cross section at low collision energies. The forma-
tion of long-lived excited states ofH∗

3 (such as thenp 2A′′
2 states) for experimen-

tal studies of properties and dynamics ofH∗
3 Rydberg states [309], is standardly

achieved by aH+
3 charge exchange reaction at (1 - 1.5 keV) withCs atoms [310].

It has been shown in Ref. [311] thatnp2A′′
2 states with n=2, 3 pre-dissociate to

the vibrationally highly excitedn′p2E′ states, which further pre-dissociate to the
dissociative ground state ofH3 [→ H2(X

1Σ+
g ) + H(1s)]. For H(n = 2, 3),

the electron capture step in reaction (237) takes place at appropriately large ion-
atom distances which ensures large total cross sections (∼ 10−16 − 10−15 cm2)
at collision energies below a few keV. It should be noted thatthe Rydberg state
pre-dissociation dynamics may lead also to population of exit reaction channels
involving electronically excitedH2 andH neutrals.

8.3 H
+

3 − H2 collisions

The experimental studies of collision processes ofH+
3 ions with H2 at both low

and high collision energies are difficult because of many competing channels. Most
often, inclusive cross sections are provided for a group of processes producing a
specific common product (”particle production” cross sections). Theoretical stud-
ies ofH+

3 +H2 collision processes are meeting the same channel complexity prob-
lem, in addition to the quantum-chemistry structural problem for this many-particle
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collision system. Below we discuss the available experimental cross section infor-
mation for the most importantH+

3 − H2 processes. It should be noted that the
vibrational energy ofH+

3 andH2 in the experiments with these systems is largely
undefined, which introduces significant uncertainties in the measured cross sec-
tions and differences between the results of various authors.

8.3.1 Proton transfer reaction

The proton transfer reaction (the “fast” particle is underlined)

H+
3 (v3) + H2(v0) → H2(v

′
0) + H+

3 (v′3) (238)

can proceed very efficiently at low (� 5 eV) collision energies, provided the initial
vibrational states ofH+

3 andH2 ensure its exothermicity. Forv0 = 0 andv3 = 0,
reaction (238) is exothermic by 0.46 eV, but already forv0 = 1 andv3 = 0 it is
endothermic by 0.16 eV. WhenH+

3 is vibrationally excited, reaction (238) with
v0 = 0 becomes increasingly more exothermic and its efficiency in the thermal
energy region increases. The thermal rate coefficientKPT for reaction (238), with
unspecified population ofv3 andv0 states, has been measured [312] and has values
in the range (0.3 - 0.7)×10−9 cm3/s. It should be noted, however, that some authors
have reported much smaller values of this rate coefficient for v3 = 1 andv3 = 2
[313].

The cross section of reaction (238) has been measured in the collision energy
range above 3 eV [314]. For relative collision energies in the interval 3 - 8 eV
its values are of the orders of magnitude10−16 cm2, but it decreases rapidly with
increasing the collision energy. Connecting this cross section with the values de-
rived from the thermal rate coefficients reported in Refs. [312], gives the following
analytic expression

σ
(H+

3 −H2)
PT =

A

Eα(1 + bEβ + cEγ)
(×10−16 cm2) (239)

whereE is the relative collision energy in eV. The cross section is shown on Figure
50 on page 186. The values of the fitting parameters in Eq. (239) for KPT =
0.3 × 10−9 cm3/s, and forKPT = 0.7 × 10−9 cm3/s, as well as for their average
value0.45 × 10−9 cm3/s are given in Table 56.

8.3.2 Collision induced dissociation of H
+

3

Collision induced dissociation (CID) ofH+
3 (v3) in collisions withH2(v0) can pro-

ceed either through formation and dissociation of an intermediate excited complex,
H+∗

5 , or by direct excitation of some of dissociative excited states ofH+
3 . The first

mechanism is effective at low collision energies (ECM � 20 − 30 eV), while the
second one (dissociative excitation, DE) at high energies.SinceH+

3 can dissociate
to bothH+ +H2, H+

2 +H andH+ +2H fragments, the following CID processes
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should be distinguished:

H+
3 (v3) + H2(v0) → (H+∗

5 ) → H+ + H2 + H2(v
′
0) (240a)

→(H+∗
3 + H2)→ H+ + H2 + H2(v

′
0) (240b)

→ H+ + 2H + H2(v
′
0) (240c)

H+
3 (v3) + H2(v0) → (H+∗

5 ) → H+
2 + H + H2(v

′
0) (241a)

→(H+∗
3 + H2) →H+

2 + H + H2(v
′
0) (241b)

The thresholds for reaction channels (240a) and (241a), when v3 = v0 = 0, are
4.32 eV and 6.16 eV, respectively, whereas those for reaction channels (240b, 240c)
and (241b) are above 15 eV (see sub-section 8.1.2). The crosssections for reactions
(240) and (241) at collision (C.M.) energies below 120 eV have been measured in
Refs. [314,315]. In the regionsECM � 100 eV, for reactions (240) andECM � 50
eV, for reactions (241), the CID channels via formation and decay of intermediary
complex (H+∗

5 ) are dominant processes and almost completely determine theH+-
andH+

2 -ion production cross sections, respectively. At the higher collision ener-
gies, where the DE channels (240b, 240c) and (241b) become more effective CID
channels, contributions to theH+- andH+

2 -ion production cross section give also
the dissociative ionization processes

H+
3 (v3) + H2(v0)→H+ + H+ + H + H2(v

′
0) + e (242a)

→H+ + H+
2 + H2(v

′
0) + e (242b)

At these high energies, the targetH2 molecule may also be dissociated. The inclu-
sive cross sections for processes for fast-H+ and fast-H+

2 production inH+
3 + H2

collisions have been measured in [252, 261, 263, 266] in the collision (C.M.) en-
ergy region above 800 eV. These cross sections can be smoothly connected with
those of Ref. [314] forECM ≤ 120 eV. Using the data of Refs. [252] and [314],
the fast-H+ and fast-H+

2 ion production cross sections can be represented (with an
accuracy well within the original data uncertainties) by the analytic expressions:

σCID(H+) = σ<
CID(H+) + σ>

CID(H+) (243a)

σ<
CID(H+) =

18.5 exp(−54.5/E1.65)

E0.63 (1 + 4.66 × 10−6E1.93)
× (243b)

×
[

1 −
(

4.32

E

)2.32
]4.06

(×10−16cm2)

σ>
CID(H+) =

3.84 exp(−44.2/E0.48)

1 + 7.49 × 10−11E1.85 + 7.55 × 10−28E4.60
(243c)

(×10−16cm2)
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σCID(H+
2 ) = σ<

CID(H+
2 ) + σ>

CID(H+
2 ) (244a)

σ<
CID(H+

2 )=
17.35 exp[−5.35/(E − 6.16)1.65]

E1.08(1 + 1.32 × 10−8E3.26)
(244b)

(×10−16cm2)

σ>
CID(H+

2 ) =
9.68 × 10−3E0.602 exp(−1.39 × 104/E2.57)

1 + 7.95 × 10−6E1.25 + 1.03 × 10−12E2.62
(244c)

(×10−16cm2)

where the collision (C.M.) energy is expressed in eV units. The cross sections are
shown in Figures 51 and reffig50 on page 187, respectively. The experimental cross
sections of Ref. [252] forH+− andH+

2 − ion production extend toECM ' 50
keV andECM ' 40 keV, respectively, and beyond these energies the analytic fits
are less reliable.

8.3.3 Dissociative electron capture and fast H2 production

The dissociative charge transfer reaction

H+
3 + H2 → H + H2 + H+

2 (245)

produces a slowH+
2 ion and fastH andH2 products. SlowH+

2 ions are produced
also in the dissociative proton transfer reaction at low collision energies

H+
3 + H2 → H2 + (H+

3 ) → H2 + H + H+
2 (246)

and direct target ionization at high energies

H+
3 + H2 → H+

3 + H+
2 + e (247)

Besides in reactions (245) and (246), the fastH2 products are produced also in col-
lision induced processes (240) and non-dissociative proton transfer reaction (238)
(the latter being effective forECM � 10 eV only).

The cross section for slow−H+
2 ion production inH+

3 + H2 collisions has
been measured in Refs. [314] and [316] in the energy region below ECM ' 150
eV, and the two sets of results agree well with each other in the overlapping en-
ergy range (down toECM ' 12 eV). The cross section for fast−H2 production
has been measured in Ref. [252] in the C.M. energy range 2.0-50 keV, and these
data can be smoothly be connected with those of Refs. [314, 316] in the region
ECM ' 150 eV. Below' 10 eV, the slow−H+

2 production cross section rapidly
decreases with decreasing energy, indicating that reactions (245) and (246) with
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another rearrangement reaction (see next sub-section). The inclusive slow−H+
2 /

fast−H2 cross section from Refs. [252, 314, 316] can be represented by the ana-
lytic expression

σincl(H
+
2 /H2) = σ<

incl(H
+
2 /H2) + σ>

incl(H
+
2 /H2) (248a)

σ<
incl(H

+
2 /H2) =

1.977 exp(−9.64 × 105/E6.15)

E0.518(1 + 1.68 × 10−7E2.41)
(×10−16cm2) (248b)

σ>
incl(H

+
2 /H2) =

8.22 × 10−2E0.462 exp
[

− 29.78
E1.012

(

1 + 5.15
E

)]

1 + 8.20 × 10−6E1.16 + 1.85 × 10−18E3.84
(248c)

(×10−16cm2)

where the collision (C.M.) energy is expressed in eV units. See also Figure 53
on page 188. ForECM > 50 keV, the reliability of the analytic fit (248) for
σincl(H

+
2 /H2) is lower.

8.3.4 Slow H+ production processes

Slow H+ ion production inH+
3 + H2 collisions can occur in the following pro-

cesses

H+
3 + H2 → H2 + (H+

3 ) → H2 + H+ + H2 , (249a)

→ H + H2 + H+ + H , (249b)

→ H+
3 + H+ + H + e . (249c)

The dissociative proton transfer reaction (249a) should bethe dominant slow−H+

production channel at collision energies below∼ 10 − 15 eV, while dissociative
charge transfer and dissociative ionization reactions, (249b) and (249c), respec-
tively, should dominate forECM

�
30 eV.

The inclusive cross section for slowH+-ion production has been measured in
Ref. [314] in the energy range belowECM ' 120 eV. The cross section has maxi-
mum atECM ∼ 6− 8 eV (of ∼ 1.5 × 10−16cm2), and drops sharply at lower and
higher energies. The cross section passes through a minimum(atECM ∼ 50− 60
eV, with a value∼ 0.25 × 10−16cm2) and then starts to increase slowly with in-
creasing the energy. The contribution of dissociative proton transfer channel (249a)
can be, thus, unambiguously separated out from the total slow−H+ production
cross section of Ref. [314], and can be represented by the analytic expression

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



8.4 Collision processes of H
+

3 with H
�

σdiss
PT (H+) =

70.32

E1.782
exp

[

− 198.8

E3.26(1 + 3.71 × 10−13E14.2)

]

(×10−16cm2) (250)

where the collision (C.M.) energy is expressed in eV units, see Figure 54 on page
188.

8.4 Collision processes of H
+

3 with H
�

Collision processes ofH+
3 with H− have not been studied so far either experimen-

tally or theoretically. The Coulomb attraction in the entrance channels, however,
ensures that some of these processes proceed with large cross sections at low col-
lision energies. Below we briefly discuss two such processes.

8.4.1 Dissociative mutual neutralization

The dissociative electron capture (mutual neutralization) reaction

H+
3 (v3) + H− → (H∗

3 ) + H(1s) → H2(X
1Σ+

g ; v0) + H(1s) + H(1s)(251)

is initiated by electron capture to certain of boundH∗
3 excited states at largeH+

3 −
H− distances and then proceeds via predissociation of that state down to the ground
dissociative state ofH3. The predissociative dynamics may also leads to other ex-
cited neutral products.

Since the potential energy curve of initial ionic state in reaction (251) exhibits
(avoided) crossings with the potential energy curves of allcovalentH∗

3 + H(1s)
states asymptotically lying for 0.754 eV below theH+

3 + H continuum edge, the
number of intermediate electron capture channels of reaction (251) is expected to
be large. The distribution of favourable (avoided) crossings (in the rangeRx ∼
10 − 40a0, a0 is the Bohr radius) is also expected to be large, ensuring a cross
section of reaction (251) of order of magnitude10−15 − 10−14cm2 for collision
energies below∼ 1keV .

8.4.2 Dissociative electron detachment

Another reaction inH+
3 + H− collisions for which the cross section is expected to

be large at collision energies below∼ 10 eV is the dissociative electron detachment

H+
3 (v3) + H− → (H+

4 ) + e→H+
2 (vi) + H2(v0) + e (252a)

→H+
3 (v′3) + H(1s) + e (252b)

The associative detachment step of this reaction leads to formation ofH+
4 which is

unstable against theH+
2 +H2 dissociation , and has a very shallow potential well of
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9 Concluding Remarks

0.02 eV in theH+
3 +H(1s) exit channel [317]. The total electron detachment cross

section of reactions (252) is determined by the first, associated detachment step,
which involves formation and decay of an auto-ionization stateH∗∗

4 . According
to the simple semiclassical analysis of associative detachment processes given in
Refs. [85,86], the total associative detachment cross section is given by

σtot
ADet = πa2

0

R∗Pai

E
(253)

whereR∗ is theH+
3 − H− distance at which the auto-ionizing stateH∗∗

4 crosses
the continuum edge,Pai is the probability for auto-ionization forR ≤ R∗, andE is
the collision (C.M.) energy. (R∗ andE in Eq. (253) are expressed in atomic units).
The expression (253) is valid as long as the competing direct(non-associative) de-
tachment becomes a more importantH− destruction process. The analogy with
theH+

2 + H− system (and otherA+ + B− systems) [86] suggests that this hap-
pens atECM ' 2 − 3 eV. For ECM

�
2 − 3 eV, theE−1 decrease ofσtot

ADet

becomes much stronger (see Eq. (224) in sub-section 7.4.2).The non-associative
detachment reaction

H+
3 + H− → H+

3 + H + e (254)

has also not been studied as yet.

9 Concluding Remarks

In the present work we have reviewed the most important collision processes tak-
ing place in a low-temperature hydrogen plasma. The plasma temperature was
assumed to be in the range from about 0.01 eV(thermal region)to several hun-
dreds eV, with particle composition containinge,H+,H,H−,H2,H

+
2 andH+

3 .
The plasma and neutral particle densities were assumed to benot too high (be-
low ∼ 1015cm−3) so that processes of formation of heavier complexes (such as
H+

5 ) were excluded from the consideration. The considered collision processes
of above particles between themselves included not only their ground states but
also their excited electronic (in the case ofH andH2) and vibrational (in the case
of H2, H+

2 andH+
3 ) states in both the entrance and exit reaction channels. The

present work, therefore, is an attempt to construct the basic reaction scheme of a
coupled collision-radiative (CR) model for atomic and molecular hydrogen with
inclusion of vibrational kinetics. Only the collisional part of such a CR model has
been, however, addressed in the framework of the present work. The information
on radiative transition probabilities of excited electronic states ofH andH2 can be
found in [318] and [319], respectively.

For the vast majority of considered collision processes of the constituents of a
low-temperature hydrogen plasma, including those involving electronically and/or

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



vibrationally excited states, the cross section information is available in the litera-
ture. We have performed a critical assessment of this information and provided a
”preferred” cross section for each considered reaction foruse in hydrogen plasma
studies. Each selected cross section has correct physical behaviour in its low- (or
threshold) and high-energy limit. Only for a limited numberof reactions, we have
used the polynomial cross section fits from Refs. [11] and [112].

The cross section information provided in the present work,however, is still
incomplete to establish a self-consistent collisional kinetic scheme for the coupled
H/H2 CR model. While appropriate cross section scaling relationships allow to
extend the available cross section information for majority of considered processes
to transitions involving the high atomic or molecular electronic states, for many
state-selective processes involving vibrationally excited H2, H+

2 andH+
3 species

the necessary basic cross section information is still missing. This is particularly
true for thev−v selective and exit-channel-resolved processes involvingformation
and destruction ofH+

3 (v3) ion. Furthermore, a significant part of the available
energy (kinetic plus potential) in molecular particle rearrangement processes is
distributed to the rotational degrees of freedom of reacting products. The processes
involving rotationally excited states in a low temperatureplasma, therefore, may
play a significant role in the overall plasma kinetics, but have not been included in
the present work.

In many low-temperature hydrogen plasma studies, and particularly in the neu-
tral particle transport kinetic codes, not only the cross section (or rate coefficient)
for a specific reaction is required, but also information on angular and energy distri-
bution of reaction products. In the present work we have refrained from providing
such information for the considered collision processes. For many of these pro-
cesses, however, such information is given in Ref. [11].

Finally, we note that the cross section database presented in this work cannot
be in its entirely used for studies of hydrogen plasmas containing the heavier hy-
drogen isotopes (deuterium and tritium). While the identity of electronic structure
of hydrogenic (atomic or molecular) isotopes ensures equality of the cross sections
of processes involving a transition between two electronicstates, the collision pro-
cesses involving the vibrational states, an intermediary quasi-stationary state (such
as the dissociative attachment or dissociative recombination), or formation of an
long-lived intermediary complex (e.g., in low-energy particle rearrangement pro-
cesses), usually show a significant isotopic dependence of the cross section . The
mass dependent vibrational energy spectrum of different molecular isotopes is ob-
viously related to the exothermicity of particle (proton oratom) transfer reactions
and, thereby, can dramatically influence the cross section magnitude at low col-
lision energies. (A survey of the cross sections for charge exchange and particle
transfer processes between hydrogenic isotopomers is given in [320]). The time
that the collision system spends on a decaying auto-ionizing or predissociating
state also depends on the reduced mass of the system, which strongly affects the
survival probabilities of the system on that state and, consequently, the probabili-
ties of the reaction channels. Cross sections for isotope most sensitive processes of
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9 Concluding Remarks

dissociative electron attachment and dissociative recombination (and excitation )
for heavier hydrogenic isotopomers are given in Ref. [158] and Ref. [216], respec-
tively. Information on predissociation rates of excited electronic states of a number
of hydrogen isotopomers is given in Ref. [172].
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[92] W. Schön, S. Krüdener, F. Melchert et al., J. Phys. B20, L759 (1987)

[93] F. Borondo, A. Macias and A. Riera, Chem. Phys. Lett.100, 63
(1983); and: R. Shingal and B.H. Bransden, J. Phys. B23, 1203
(1990)

R.K.Janev, D.Reiter, U.Samm 115



References

[94] D. Fussen and C. Kubach, J. Phys. B19, L31 (1986); and: V. Sidis,
C. Kubach and D. Fussen, Phys. Rev. Lett.47, 1280 (1981); and:
A.M. Ermalaev, J. Phys. B21, 100 (1988)

[95] K.L. Bell, A.E. Kingston and P.J. Madden, J. Phys. B11, 3977
(1978); and: R. Gayet, R.K. Janev and A. Salin, J. Phys. B6, 993
(1973)

[96] B. Peart, R.Grey and K.T. Dolder, J. Phys. B9, 3074 (1976)
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10 Tables

10 Tables

Transition 1s → 2s 1s → 2p 1s → n = 2

a 0.114 0.114 0.228
b 0.0575 0.129 0.1865
c 0.1795 0.323 0.5025

A0 0.00 4.5146 4.4979
A1 0.88606 0.43563 1.4182
A2 -2.7990 -17.995 -20.877
A3 5.9451 45.247 49.735
A4 -7.6948 -42.229 -46.249
A5 4.4152 15.446 17.442

Table 1: Values of parametersa, b, c andAi in Eq. (4) for the cross sections of
1s → 2l transitions.

Transition 1s → 3s 1s → 3p 1s → 3d 1s → n = 3 1s → n = 4 1s → n = 5

∆E(eV ) 12.09 12.09 12.09 12.09 12.75 13.06
α 0.77920 0.14606 0.35496 0.38277 0.41844 0.45929
A0 0.00 0.77738 0.00 0.75448 0.24300 0.11508
A1 0.17663 0.014194 0.13527 0.42956 0.24846 0.13092
A2 -0.42600 -0.34362 0.19672 -0.58288 0.19701 0.23581
A3 0.18342 0.50609 -0.10712 1.0693 0.00 0.00
A4 0.99615 0.00 0.00 0.00 0.00 0.00

Table 2: Values of threshold energies (∆E) and parametersα andAi in Eq. (5)
for excitation cross sectionσ(1s → 3l;n), n = 3, 4, 5.

Initial state 1s 2s 2p n = 2 n = 3

In(eV ) 13.6 3.4 3.4 3.4 1.511
A0 0.18450 0.20901 0.13197 0.14784 0.058463
A1 -0.032226 -0.16481 0.033285 0.0080871 -0.051272
A2 -0.034539 0.13873 0.21332 -0.062270 0.85310
A3 1.4003 0.73025 1.0058 1.9414 -0.57014
A4 -2.8115 -0.34957 -0.83918 -2.1980 0.76684
A5 2.2986 0.00 0.29989 0.95894 0.00

Table 3: Values of threshold energy (In) and fitting parametersAi in Eq. (14) for
ionization cross sections of1s, 2l andn = 2, 3 states.
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ai 1s → 2s 1s → 2p 1s → n = 2

a1 10.082 33.777 34.433
a2 9.5185(-4)∗ 62.880 8.5476
a3 0.60403 9.8099 7.8501
a4 -2.7993 -11.310 -9.2217
a5 8.7513(-3) 1.6317(-2) 1.8020(-2)
a6 12.125 1.5817 1.6931
a7 1.1038(-6) 4.3511(-3) 1.9422(-3)
a8 3.1597 2.5564 2.9068
a9 45.483 48.717 44.507
a10 - 0.49512 0.56870

∗ a(−X) = a × 10−X

Table 4: Values of parametersai in Eq. (29) for proton-impact1s → 2s, 2p, and
1s → n = 2 excitation cross sections forH(1s).

bi 1s → n = 3 1s → n = 4 1s → n = 5 1s → n = 6

b1 6.1950 2.0661 1.2449 0.63771
b2 5.5162(-3)∗ 5.1335(-4) 3.0826(-4) 3.2949(-4)
b3 0.29114 0.28953 0.31063 0.25757
b4 -4.5264 -2.2849 -2.4161 -2.2950
b5 6.0311 0.11528 0.024664 0.050796
b6 -2.0679 -4.8970 -6.3726 -5.5986
b7 35.773 34.975 32.291 37.174
b8 0.54818 0.91213 0.21176 0.39265

∗ a(−X) = a × 10−X

Table 5: Values of parametersbi in Eq. (30) for the cross section of proton-impact
excitation ofH(1s) for n = 3, 4, 5, 6 levels.
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ci 2 → 3 2 → 4 2 → 5

c1 1247.5 190.59 63.494
c2 0.068781 0.073307 0.077953
c3 0.521176 0.54177 0.53461
c4 -1.2722 -1.2894 -1.2881
c5 11.319 11.096 11.507
c6 2.6235 2.9098 4.3417

Table 6: Values of fitting parametersci in Eq. (32) for proton-impact excitation
cross sectionsσexc(2 → 3, 4, 5) of H∗(n = 2).

ci 3 → 4 3 → 5 3 → 6

c1 394.51 50.744 18.264
c2 0.013597 0.014398 0.013701
c3 0.16565 0.31584 0.31711
c4 -0.8949 -1.4799 -1.4775
c5 21.606 19.416 18.973
c6 0.62426 4.0262 2.9056

Table 7: Values of fitting parametersci in Eq. (35) [with reference to (32)] for
proton-impact excitation cross sectionsσexc(3 → 4, 5, 6) of H∗(n = 3).

bi n = 1 n = 2 n � 3

b1 2.016 (-3)∗ 3.867(-3) 1.1167(-2)
b2 3.7154 1.800 1.6314
b3 3.9890(-2) 7.1120(-3) 7.1516(-3)
b4 3.1413 (-1) 5.2740(-3) 1.2217(-2)
b5 2.1254 1.5908 1.4822
b6 6.3990 (+3) 6.9575(+3) 3.3458(+3)
b7 6.1897 (+1) 1.2944(+2) 1.2247(+2)
b8 9.2731 (+3) 2.5440(+5) 5.5455(+2)

∗ a(±) = a × 10±X

Table 8: Values of parametersbi in Eq. (40) for the proton-impact ionization cross
sections ofH(n) for n = 1, 2 andn � 3.
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Ai n = 1 n = 2 n = 3 n � 4

A1 3.2345 9.2750(-1)∗ 3.7271(-1) 2.1336(-1)
A2 2.3588(+2)∗ 6.5040(+3) 2.7645(+6) 1.0000(+10)
A3 2.3713 2.0699(+1) 1.4857(+3) 1.3426(+6)
A4 3.8371(-2) 1.3405(-2) 1.5720(-3) 1.8184(-3)
A5 3.8068(-6) 3.0842(-6) 3.0842(-6) 3.0842(-6)
A6 1.1832(-10) 1.1832(-10) 1.1832(-10) 1.1832(-10)

∗ a(±X) = a × 10±X

Table 9: Values of parametersAi in Eq. (44) for the total charge exchange cross
section inH+ + H(n) collisions.

aj n = 2 n = 3

a0 -3.49880888(+1)∗ -3.11479336(+1)
a1 2.15245051(-1) -7.73020527(-1)
a2 -2.35628664(-2) 5.49204378(-2)
a3 5.49471553(-2) -2.73324984(-3)
a4 5.37932888(-3) -1.22831288(-3)
a5 -6.05507021(-3) 4.35049828(-4)
a6 9.99168329(-4) -6.21659501(-5)
a7 -6.63625564(-5) 4.12046807(-6)
a8 1.61228385(-6) -1.039784996(-7)

∗ a(±X) = a × 10±X

Table 10: Values of fit coefficientsaj in Eq. (63) for the charge exchange cross
sections ofH+ + H− → H(n = 2, 3) + H reactions.

aj H + H + e H2 + e

a0 -3.61799082(+1)∗ -3.44152907(+1)
a1 1.16615172 -3.39348209(-1)
a2 -1.41928602(-1) 5.66591705(-2)
a3 -1.11195959(-2) -9.05150459(-3)
a4 -1.72505995(-3) 7.66060418(-4)
a5 1.59040356(-3) -4.27126462(-5)
a6 -2.53196144(-4) -1.57273749(-7)
a7 1.66978235(-5) 2.57607677(-7)
a8 -4.09725797(-7) -1.20071919(-8)

∗ a(±X) = a × 10±X

Table 11: Values of fitting coefficientsaj in Eq. (71) for the cross sections of
H + H + e andH2 + e production inH− + H collisions.
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v′ a1 a2 a3 a4 a5 a6

0 -7.5980 -0.15006 -2.3448 1.0147 -8.0412 7.9813(-2)
1 -13.327 -8.7148(-2)∗ -6.0249 1.2828 -8.8773 0.12732
2 -17.564 -5.4436(-2) -17.117 0.80536 -4.3441 0.19250
3 -19.333 -5.3110(-2) -22.534 0.80910 -3.5290 0.19760
4 -19.251 -6.7406(-2) -30.152 0.81438 -2.4330 0.10814
5 -20.750 -6.4240(-2) -32.227 0.92195 -3.5451 0.10243
6 -22.792 -5.5113(-2) -33.789 0.98888 -3.3806 0.11688
7 -24.228 -5.0631(-2) -36.382 0.98940 -2.8794 0.13049
8 -25.958 -4.3967(-2) -39.417 1.0190 -3.0842 0.16320
9 -27.240 -3.9953(-2) -42.249 1.0115 -2.7728 0.19473
10 -26.890 -4.6593(-2) -48.900 0.90022 -0.59724 8.9765(-2)

∗ a(−X) = a × 10−X

Table 12: Values of fitting parametersai in Eq. (75) for the rate coefficients of
H2(0 → v′) excitation via theH−

2

(

X2Σu, B2Σg

)

states (from [112]).

v′ a1 a2 a3 a4 a5 a6

0 -22.103 2.5142(-2)∗ -121.13 1.0583 -6.5889 0.28729
1 -124.80 1.0277 -21.196 1.2299(-2) -3.4388 0.27455
2 -121.35 1.0563 -22.642 2.4069(-2) -6.3281 0.28896
3 -22.128 1.9256(-2) -122.46 1.0473 -5.4407 0.28314
4 -22.173 1.9497(-2) -122.48 1.0471 -5.4929 0.27790
5 -22.492 2.1828(-2) -121.60 1.0545 -6.1702 0.28867
6 -21.554 1.2471(-2) -124.34 1.0319 -4.1247 0.25525
7 -125.50 1.0231 -21.043 6.3836(-3) -3.6812 0.20980
8 -20.325 -1.1112(-3) -127.61 1.0059 -1.9403 0.16030
9 -20.849 2.8543(-3) -127.24 1.0081 -1.8860 0.19505
10 -127.78 1.0030 -21.011 4.0391(-3) -0.85698 0.27961
11 -21.164 4.7984(-3) -127.39 1.0061 -1.0805 0.31177
12 -126.69 1.0117 -21.471 7.0803(-3) -1.3133 0.39423
13 -118.82 1.0733 -25.050 3.6964(-2) -8.4809 0.33128
14 -25.411 3.5353(-2) -118.77 1.0739 -8.6323 0.33313

∗ a(−X) = a × 10−X

Table 13: Values of fitting parametersai in Eq. (75) for the rate coefficients of
H2(0 → v′) excitation via theH∗

2

(

B1Σu, C1Πu

)

excited electronic states (from
[112]).
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Conf. Nsσg Npσu Npπu Ndσg Ndπg Ndδg

Symm.
∑+

g

∑+
u

∏

u

∑+
g

∏

g ∆g

N Singlets
2 EF(2s) B(2p) C(2p)
3 HH̄(3d) B′(2s) D(3d) GK(2p) I(2p) J(3d)
4 O(3p) B′′(3s) D′(4p) P(3d) R(3p) S(4f)

N Triplets
2 a(2s) b(1s) c(2p)
3 h(2p) e(2s) d(3p) g(3s) i(2p) j(3d)
4 o(?) f(2p) k(3d) p(3d) r(3d) s(4d)

Table 14: Electronic configuration(1sσg, Nlµσ) and symmetry of lowest excited
states ofH2. (In parenthesis is given thenl-state of the one excitedH atom in the
dissociation limit.)

B1Σu B′1Σu B′′1Σu C1Πu D1Πu D′1Πu

∆E(eV ) 12.754 14.85 15.47 13.29 14.996 15.555
α 0.550 0.550 0.550 0.552 0.552 0.552
A1 3.651(-2)∗ 6.827(-3) 2.446(-3) 3.653(-2) 8.913(-3) 3.872(-3)
A2 -0.8405 -0.1572 -5.631(-2) -0.8398 -0.2049 -8.902(-2)
A3 1.2365 0.23122 6.2846(-2) 1.2368 0.30178 0.13110
A4 2.5236 0.47191 0.16908 2.8740 0.70126 0.30464

∗ a(−X) = a × 10−X

Table 15: Values of parametersα andAi in Eq. (80) for the cross sections of
dipole allowed transitionsX1Σ+

g (v = 0) → 1Σu, 1Πu in H2.

EF 1Σ+
g HH̄1Σ+

g GK1Σ+
g I1Πg

∆E(ev) 13.13 14.98 14.816 14.824
α 2.71 2.71 2.75# 2.80
A1 0.8322 2.913(-2)∗ 1.43(-2)# 5.409(-2)

∗ a(−X) = a × 10−X

# Estimate

Table 16: Values of parameters α and A1 in Eq. (81)
for the cross sections of symmetry-forbidden transitions
X 1Σ+

g (v = 0) → EF 1Σ+
g , HH̄ 1Σ+

g , GK 1Σ+
g , I 1Πg in H2.
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X1Σ+
g → B1Σ+

u X1Σ+
g → C1Σ+

u

a1 0.9754 1.1106
a2 0.3708 0.8921
a3 -0.2800 -0.2019
a4 0.5479 0.6545

v ∆EXB(Rt
v)(eV ) ∆EXC(Rt

v)(eV )

0 11.61 12.28
1 10.75 11.61
2 10.13 11.12
3 9.62 10.81
4 9.19 10.53
5 8.81 10.30
6 8.48 10.12
7 8.21 9.97
8 7.97 9.86
9 7.80 9.80
10 7.68 9.78
11 7.64 9.79
12 7.70 9.88
13 7.94 10.01
14 9.11 10.21

Table 17: Values of fitting parametersai, and of transition energies∆EXΛ, in Eqs.
(84), (85) forX1Σ+

g (v) → B,C1Σ+
u transitions.

X → B′ X → B′′ X → D X → D′

v=0 v=1 v=0 v=1 v=0 v=1 v=0 v=1

∆EXΛ(Rt
v)(eV ) 14.85 13.09 14.99 13.35 15.67 13.86 15.66 14.04

b1 0.1688 0.1937 0.3226 0.3696 0.0651 0.0746 0.1256 0.1471
b2 1.2433 1.3554 0.4512 0.6749 1.1633 1.2327 0.7526 0.7778
b3 0.8581 0.9300 -0.2770 -0.3478 0.8448 0.8157 -0.1110 -0.2842
b4 1.0069 0.9659 0.5916 0.7568 1.1140 1.0515 0.5811 0.6728

Table 18: Values of∆E(Rt
0,1) and parametersbi in Eq. (86) forX1Σ+

g (v =

0, 1) → N1Λu excitation cross sections .
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Ci X → B′ X → B′′ X → D X → D′

C1 0.00 0.00 2.93(-3) 1.10(-4)
C2 0.00 0.00 2.25 3.60
C3 2.00 -2.01(-1) 1.00 5.50(-1)
C4 0.00 0.00 2.00(-1) 2.6(-1)
C5 1.10 1.10 1.00 1.00
C6 -1.30(-1)∗ -1.30(-1) 0.00 0.00
C7 1.94(-2) 1.26(-2) 0.00 0.00
C8 7.0(-1) 5.0(-1) 0.00 0.00
C9 2.42(-2) 3.44(-2) 0.00 0.00
C10 -3.21(-3) -5.40(-3) 0.00 0.00
C11 -1.08(-4) -9.20(-5) 0.00 0.00
C12 1.36(-4) 2.55(-4) 0.00 0.00

∗ a(−X) = a × 10−X

Table 19: Values of parametersCi in the Eq. (89) related to excitation cross
sections forX(v) → N 1Λu transitions.

v X → B X → B′ X → B′′ X → C X → D X → D′

0 0.22 3.02 0.14 0.48 0.083 0.042
1 1.31 3.50 0.64 2.52 0.49 0.235
2 4.02 3.62 1.02 6.51 1.28 0.59
3 6.76 4.48 0.94 8.50 1.82 0.78
4 7.18 4.81 1.13 7.24 1.74 0.66
5 5.98 5.62 1.40 7.50 1.69 0.63
6 6.50 6.58 1.44 9.68 2.02 0.84
7 8.11 7.36 1.75 9.21 2.03 0.85
8 7.94 8.78 1.88 8.52 1.75 0.76
9 6.68 9.57 1.63 9.80 1.90 0.85
10 6.23 10.35 1.51 9.79 2.01 0.84
11 6.22 9.41 1.15 8.51 1.74 0.70
12 5.42 7.48 0.46 7.51 1.35 0.55
13 3.61 3.07 0.15 6.08 0.94 0.40
14 1.82 1.48 0.073 5.89 0.58 0.20

Table 20: Values of dissociative excitation cross sectionsσdiss
exc (v) (in units of

10−18cm2) via dipole-allowed transitionsX1Σ+
g (v) → N1Λu (N = 2− 4) in H2,

at the collision energyE = 40 eV (from [15]).
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v X → B X → B′ X → B′′ X → C X → D X → D′

0 0.44 38.5 4.41 1.10 0.92 1.20
1 2.18 40.2 18.5 5.71 5.27 6.44
2 5.58 37.7 29.4 13.0 13.2 15.2
3 8.78 43.5 27.0 16.2 17.4 19.0
4 7.98 43.3 31.6 13.1 15.1 15.5
5 5.67 48.4 39.2 12.9 13.85 14.4
6 5.55 55.1 40.2 15.4 16.3 18.8
7 6.39 61.3 50.9 13.8 16.0 18.5
8 5.80 72.0 60.6 13.1 13.1 16.6
9 4.64 79.7 64.7 13.4 13.8 17.0
10 4.24 90.8 75.5 12.7 13.9 16.2
11 4.51 90.5 59.9 10.5 11.4 13.2
12 4.23 84.0 29.2 8.92 8.71 10.1
13 3.44 45.8 11.4 7.22 6.06 7.21
14 2.56 27.7 4.10 6.93 3.87 4.10

Table 21: Contributions (in%) of dissociative excitation process (79) to total exci-
tation cross section for dipole-allowed transitionsX1Σ+

g (v) → N1Λu (N = 2−4)
in H2, atE = 40 eV.

a3Σ+
g b3Σ+

u c3Πu e3Σ+
u d3Πu

A 0.544 11.16 1.43 0.190 0.375
β 4.5 2.33 5.5 4.5 5.5
γ 1.55 3.78 1.65 1.60 1.75

∆E(eV ) 11.72 7.93 11.72 13.0 13.6

Table 22: Values of parametersA, β andγ in Eq. (95) and of threshold energies
∆E for triplet state excitation cross sections fromXΣ+

g (v = 0) in H2.
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v Eexc,v(eV ) ∆Ev(eV )

0 0.00 7.93
1 0.516 6.76
2 1.003 6.05
3 1.461 5.00
4 1.891 4.05
5 2.293 3.42
6 2.667 2.76
7 3.012 2.14
8 3.327 1.74
9 3.611 1.26
10 3.863 0.95
11 4.086 0.79
12 4.254 0.66
13 4.384 0.45
14 4.461 0.28

Table 23: Values of excitation energiesEexc(v) of H2(X
1Σ+

g ; v) vibrational states
and threshold energies,∆Ev, for X1Σ+

g (v) → b3Σ+
u transitions in Eq. (96).

v b1 b2 b3 b4 b5 b6

0 -11.565 -7.6012(-2)∗ -78.433 0.74960 -2.2126 0.22006
2 -12.035 -6.6082(-2) -67.806 0.72403 -1.5419 1.5195
2 -13.566 -4.3737(-2) -55.933 0.72286 -2.3103 1.5844
3 -46.664 0.74122 -15.297 -2.2384(-2) -1.3674 1.3621
4 -37.463 0.81763 -0.40373 -0.45851 -18.093 1.1460(-2)
5 -28.283 0.99053 -10.377 -8.5590(-2) -11.053 6.7271(-2)
6 -23.724 1.0112 -2.9905 -0.24701 -17.931 3.4376(-2)
7 -19.547 1.0224 -1.7489 -0.31413 -19.408 2.8643(-2)
8 -15.937 1.0213 -10175 -0.38040 -20.240 2.4170(-2)
9 -12.712 1.0212 -0.60400 -0.44572 -20.766 2.1159(-2)
10 -0.40557 -0.49721 -9.9025 1.0212 -21.031 1.9383(-2)

∗ a(−X) = a × 10−X

Table 24: Values of fitting parameters in Eq. (97) for dissociation ofH2(X
1Σ+

g ; v)
via excitation ofb3Σ+

u , a3Σ+
g andc3Πu states (from [112]).

R.K.Janev, D.Reiter, U.Samm 139



10 Tables

v′ Ref. [148] FC Ediss
H+

2

(v′)(eV )

0 0.119 0.092 2.645
1 0.190 0.162 2.374
2 0.188 0.176 2.118
3 0.152 0.155 1.877
4 0.125 0.121 1.651
5 0.075 0.089 1.440
6 0.052 0.063 1.243
7 0.037 0.044 1.059
8 0.024 0.030 0.890
9 0.016 0.021 0.734
10 0.0117 0.0147 0.593
11 0.0082 0.0103 0.465
12 0.0057 0.0072 0.351
13 0.00374 0.0051 0.252
14 0.00258 0.0036 0.168
15 0.00175 0.0024 0.100
16 0.00109 0.0016 0.0491
17 0.00056 0.0008 0.0170
18 0.00012 0.0002 0.0020

Table 25: Population factorsF0v′ of H+
2 (v′) levels by electron-impact transitions

from H2(
1Σ+

g ; v = 0) derived from experiment [148] and calculated in Franck-
Condon approximation (FC).Ediss

H+
2

(v′) is the dissociation energy ofH+
2 (v′) level

(in eV).
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v C1 C2 C3 C4 C5 ∆Ev(eV )

0 -2.1196(+2)∗ 1.0022 -20.350 -4.5201 1.0773 (-2) 30.6
1 -2.0518(+2) 0.99226 -19.905 -3.3364 1.1725(-2) 27.4
2 -1.9936(+2) 0.98837 -19.600 -3.0891 1.2838(-2) 25.2
3 -1.9398(+2) 0.98421 -19.457 -3.1386 1.3756(-2) 23.4
4 -1.8893(+2) 0.97647 -19.397 -3.2807 1.4833(-2) 21.9
5 -1.8422(+2) 0.96189 -19.310 -3.2609 1.6030(-2) 20.6
6 -1.7903(+2) 0.94593 -19.170 -3.0592 1.7254(-2) 19.6
7 -1.7364(+2) 0.93986 -19.052 -2.9880 1.8505(-2) 18.5
8 -1.6960(+2) 0.93507 -18.908 -2.7334 1.8810(-2) 17.6
9 -1.6664(+2) 0.92602 -18.723 -2.2024 1.8055(-2) 16.7
10 -1.6521(+2) 0.92124 -18.549 -1.6895 1.6245(-2) 16.0
11 -1.6569(+2) 0.93366 -18.479 -1.6311 1.5194(-2) 15.4
12 -1.6464(+2) 0.94682 -18.440 -1.7259 1.5304(-2) 14.8
13 -1.6071(+2) 0.95533 -18.405 -1.8938 1.6254(-2) 14.2

∗ a(±X) = a × 10±X

Table 26: Values of fitting coefficientsCi in Eq. (112) for ionization rate
coefficient Kdiss

ion (2Σ+
g ,1 Σ+

u )v , and values of transition energies,∆Ev, for
1Σ+

g (v) → 2Σ+
u in Eq. (111) .
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v Eth,v(eV ) σ
(0)
v (10−16cm2)

0 3.72 3.22(−5)∗

1 3.21 5.18(-4)
2 2.72 4.16(-3)
3 2.26 2.20(-2)
4 1.83 1.22(-1)
5 1.43 4.53(-1)
6 1.36 1.51
7 0.713 4.48
8 0.397 10.1
9 0.113 13.9
10 -0.139 11.8
11 -0.354 8.87
12 -0.529 7.11
13 -0.659 5.00
14 -0.736 3.35

∗ a(−X) = a × 10−X

Table 27: Values of threshold energies,Eth,v, and peak DA cross sections,σ
(0)
v , in

Eq. (124) forσDA(2Σ+
u (v).

v a1 a2 a3 a4 a5 a6

0 -50.862 0.92494 -28.102 -4.5231(-2)∗ 0.46439 0.87950
1 -48.125 0.91626 -24.873 -4.9898(-2) 0.45288 0.87604
2 -41.218 0.96738 -23.167 -4.8546(-2) -1.7222 0.19858
3 -37.185 0.96391 -21.264 -5.1701(-2) -1.8121 0.19281
4 -35.397 0.85294 -18.452 -6.522(-2) -0.56595 8.8997(-2)
5 -33.861 0.9301 -20.852 -3.016(-2) 5.561 0.45548
6 -23.751 0.9402 -19.626 -3.276(-2) -0.3982 1.58655
7 -19.988 0.83369 -18.700 -3.552(-2) -0.38065 1.74205
8 -18.278 0.8204 -17.754 -4.453(-2) -0.10045 2.5025
9 -13.589 0.7021 -16.850 -5.012(-2) -0.77502 0.3423
10 -11.504 0.84513 -14.603 -6.775(2) -3.2615 0.13666

∗ a(−X) = a × 10−X

Table 28: Values of fitting parametersai in Eq. (128) for rate coefficient
Kdiss(

2Σ+
u ) of reaction (126) .
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v a1 a2 a3 a4 a5 a6

0 -15.760 -5.2659(-2)∗ -84.679 1.0414 -8.2933 0.18756
3 -16.966 -4.41421(-2) -53.814 0.96478 -1.8705 0.30887
6 -14.430 -5.8984(-2) -33.755 0.90310 -1.4420 6.9051(-3)
9 -14.423 -5.4825(-2) -16.684 0.88550 -1.6937 6.9260(-3)
12 -19.921 -9.2022(-3) -46.095 0.62850 44.245 0.28407

∗ a(−X) = a × 10−X

Table 29: Values of fitting parametersai in Eq. (128) for rate coefficient
Kdiss(

2Σ+
g ) of reaction (127a).

v′ = 1 v′ = 2 v′ = 3 v′ = 4 v′ = 5 v′ = 6 v′ = 7

E0v′(eV ) 0.774 1.5045 2.192 2.837 3.440 4.001 4.518
a1 7.21 5.71 3.12 1.86 10.56 58.51 385.8
a2 0.50 3.75 25.5 218.0 580.0 628.0 642.0
a3 2.15 4.50 5.50 4.50 4.50 4.50 4.50
a4 1.255 1.65 1.38 1.20 2.40 3.60 4.90
b1 62.0 84.8 26.50 27.42 4.03 0.34 0.028
b2 26.5 60.2 79.8 164.0 164.0 164.0 164.0
b3 1.15 1.32 1.40 1.38 1.38 1.38 1.38
b4 0.488 0.862 0.867 1.22 1.22 1.22 1.22
b5 1.26(-7)∗ 8.55(-5) 9.50(-6) 8.5(-7) 8.5(-7) 8.5(-7) 8.5(-7)
b6 1.74 1.05 1.45 1.67 1.67 1.67 1.67

∗ a(−X) = a × 10−X

Table 30: Values ofE0v′ and fitting parametersai andbi in Eqs. (140a), (140b)
for the cross section of0 → v′ vibrational excitation .
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v = 0 v = 1 v = 2 v = 3 v = 4 v = 5 v = 6 v = 7 v = 8

E0v 2.67 1.74 1.17 0.48 0.00 0.00 0.00 0.00 0.00
(eV)
a1 18.60 2.51 3.01 4.50 24.0 11.75 11.58 0.00 0.00
a2 -1.66 -0.56 -0.63 -0.57 0.32 0.092 0.091 0.00 0.00
a3 2.53 4.21 7.04 5.00 0.00 0.00 0.00 0.00 0.00
a4 1.93 4.07 10.74 14.62 0.00 0.00 0.00 0.00 0.00
a5 0.00 1.0(-5) 1.0(-5) 1.0(-5) 0.145 3.86(-3) 3.84(-3) 0.00 0.00
a6 0.00 1.00 1.00 1.00 1.84 2.86 2.87 0.00 0.00
b1 17.3 58.0 26.53 39.50 10.8 20.0 20.04 33.0 30.0
b2 105.0 11.28 25.20 9.35 0.00 0.00 0.00 0.00 0.00
b3 2.0 0.246 0.65 0.51 0.00 0.00 0.00 0.00 0.00
b4 1.0(+4)∗ 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
b5 -1.12 0.00 0.00 0.00 -0.297 -0.193 -0.192 -0.022 -0.017
b6 3.64(-4) 3.92(-5) 1.56(-6) 5.32(-7) 2.92(-4) 1.36(-5) 1.34(-5) 1.22(-2) 1.87(-2)
b7 0.90 1.11 1.45 1.60 0.76 1.15 1.15 0.36 0.375
b8 5.03(-19) 4.95(-17) 5.50(-19) 3.52(-20) 4.93(-11) 4.46(-12) 4.46(-12) 6.51(-8) 9.0(-10)
b9 4.00 3.65 4.00 4.25 2.35 2.61 2.61 1.78 2.18
b10 5.87(-28) 3.88(-26) 8.50(-27) 3.50(-27) 2.62(-27) 4.31(-27) 4.31(-27) 3.25(-23) 1.85(-25)
b11 5.50 5.20 5.30 5.40 5.50 5.50 5.50 4.86 5.25

∗ a(±X) = a × 10±X

Table 31: Values ofE0v and of fitting parametersai andbi in Eqs. (145) for total
v-selective charge transfer cross sections inH+ + H2(v) collisions.

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



10 Tables

v(H2) Ediss
v (H2)(eV ) v0′(H

+
2 ) ∆Evv′0

(eV )

0 4.478 - -
1 3.962 - -
2 3.475 - -
3 3.017 - -
4 2.587 0 0.058
5 2.185 2 0.067
6 1.811 3 0.066
7 1.466 5 0.026
8 1.151 6 0.092

7 0.093
9 0.866 8 0.024
10 0.612 9 0.019
11 0.3995 12 0.049
12 0.224 13 0.028
13 0.0940 15 0.006
14 0.0171 17 0.0001

Table 32: Dissociation energies,Ediss
v (H2), of vibrational levels ofH2, the quasi-

resonant levelsv′0 in H+
2 (v′) corresponding to theH2(v) levels and their resonance

energy defect,∆Evv′0
.

v E0v(eV ) a1 a2 a3 a4

0 6.717 7.52(+3)∗ 4.64 5.37 2.18
1 5.943 1.56(+3) 3.91 3.42 1.55
2 5.313 3.83(+2) 3.22 2.71 1.50
3 4.526 72.5 2.40 2.32 1.34
4 3.881 23.8 1.64 1.86 1.50
5 3.278 8.68 0.94 1.39 1.04
6 2.716 6.85 0.58 1.20 1.14
8 1.727 10.54 0.36 1.03 1.25
10 0.918 22.86 0.28 0.73 1.78
12 0.336 30.11 0.20 0.65 1.64
14 0.0257 33.92 0.15 0.58 2.08

∗ a(+X) = a × 10X

Table 33: Values ofE0v and fitting parametersai in Eq. (153) for proton-impact
dissociation cross section ofH2(v).
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0 → 1 0 → 2 0 → 3 0 → 4 0 → 5

E0v′(eV ) 1.55 2.04 2.50 - -
a1 3.15 4.33 9.56 - -
a2 1.00 1.61 1.56 - -
a3 9.84 12.5 8.16 - -
a4 16.58 3.92 16.20 - -
b1 16.50 3.55 4.57 4.03 7.14
b2 37.45 31.31 213.7 132.0 91.4
b3 1.29 1.47 1.88 2.82 1.77
b4 0.57 0.50 0.66 0.76 0.80
b5 5.22(-4)∗ 3.25(-4) 1.45(-4) 4.31(-4) 2.54(-4)
b6 0.94 0.96 1.13 1.12 1.12

∗ a(−X) = a × 10−X

Table 34: Values of parametersE0v′ , ai and bi in Eqs. (162) for vibrational
H2(0 → v′) excitation byH-atom impact.

v a1 a2 a3 a4 a5

0 2.06964(+1)∗ 7.32149(+7) 1.74660 4.75874(+3) -9.42775(-1)
1 2.05788(+1) 4.32679(+7) 1.68520 1.91812(+3) -8.16838(-1)
2 2.05183(+1) 5.15169(+7) 1.73345 3.09006(+3) -8.88414(-1)
3 2.04460(+1) 1.87116(+8) 1.87951 9.04442(+3) -9.78327(-1)
4 2.03608(+1) 4.93688(+8) 1.99499 2.32656(+4) -1.06294
5 2.02426(+1) 1.80194(+8) 1.92249 1.28777(+4) -1.02713
6 2.00161(+1) 2.96945(+5) 1.31044 9.55214(+2) -1.07546
7 1.98954(+1) 4.53104(+5) 1.37055 3.88065(+2) -8.71521(-1)
8 1.97543(+1) 5.13174(+5) 1.39819 3.54272(+2) -8.07563(-1)
9 1.97464(+1) 9.47230(+4) 1.24048 2.28283(+2) -8.51591(-1)
10 1.95900(+1) 6.43990(+4) 1.22211 1.16196(+2) -7.35645(-1)
11 1.94937(+1) 3.49017(+4) 1.20883 1.26329(+2) -8.15130(-1)
12 1.90708(+1) 1.05971(+5) 9.91646(-1) 1.05518(+2) -1.93837(-1)
13 1.89718(+1) 7.76046(+5) 7.84577(-1) 1.31409(+3) -1.00479(-2)
14 1.87530(+1) 5.81508(+5) 7.35904(-1) 1.69328(+3) 4.47757(-3)

∗ a(−X) = a × 10−X

Table 35: Values of parametersai in Eq. (165) for the rate coefficient ofH-impact
dissociation ofH2(v).
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v a1 a2 a3

0 6.20 2.56 9.72
1 7.60 2.30 4.82
2 9.05 1.91 2.88
3 10.50 1.72 2.45
4 11.93 2.05 2.87
6 14.75 1.82 2.15
8 16.70 2.16 3.38
9 16.79 2.36 4.82
10 16.52 2.32 4.52
11 14.04 2.35 5.85
12 11.31 2.00 8.43
14 6.72 1.08 4.06
16 3.61 1.00 15.77
17 2.26 1.00 44.58
18 0.69 0.75 68.42

Table 36: Values of parametersai in Eq. (182a) for electron impactv-selective
DE cross section ofH+

2 (v).
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2pσu 2pπu

v Av Bv Av Bv

0 3.10 1.96 2.79 0.007
1 3.45 2.61 2.91 0.058
2 3.84 3.40 3.04 0.111
3 4.28 4.34 3.16 0.166
4 4.79 5.48 3.27 0.221
5 5.35 6.87 3.38 0.277
6 6.00 8.55 3.49 0.334
7 6.74 10.6 3.59 0.391
8 7.61 13.2 3.68 0.448
9 8.61 16.4 3.75 0.504
10 9.82 20.6 3.82 0.558
11 11.26 25.9 3.88 0.612
12 13.1 33.2 3.94 0.666
13 15.4 43.3 4.00 0.722
14 18.4 58.2 4.05 0.778
15 22.8 82.1 4.11 0.835
16 30.0 126.0 4.17 0.892
17 43.9 234.0 4.22 0.945
18 91.8 782.0 4.29 0.969

Table 37: Values of coefficientsAv andBv in Eq. (183) forσDE(v) in Bethe-Born
approximation (from Ref. [215]).
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v A a α b β Ec(eV )

0 3.758 0.69 1.37 0.350 0.12 9.0
1 5.037 0.56 1.54 0.422 0.18 7.0
2 2.505 0.66 1.82 1.391 0.22 5.5
3 4.575 0.0025 3.12 1.292 0.28 4.5
4 16.72 0.011 3.12 0.443 0.66 3.5
5 34.04 0.026 3.14 0.199 0.60 2.5
6 28.32 0.018 3.14 1.708 0.80 2.0
7 52.83 0.056 3.14 0.269 0.85 1.5
8 85.23 0.17 2.96 - - -
9 133.43 0.43 2.85 - - -
10 114.37 0.41 2.84 - - -
11 92.04 0.71 2.52 - - -
12 66.71 0.52 2.58 - - -
13 50.65 0.39 2.68 - - -
14 37.58 0.38 2.58 - - -
15 28.86 0.37 2.56 - - -
16 21.29 0.40 2.56 - - -
17 10.46 0.37 2.55 - - -
18 3.16 0.44 2.50 - - -

Table 38: Values of parametersA, a, α, b, β andEc in Eq. (186) forσDR(v).
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v n = 3 n = 4 n = 5 n = 6 n = 7 n = 8 n = 9 n = 10 n = 11

0 1.00 1.661 1.967 2.133 2.233 2.298 2.343 2.375 2.399
1 0.729 1.390 1.696 1.862 1.962 2.027 2.072 2.104 2.128
2 0.473 1.134 1.440 1.606 1.706 1.771 1.816 1.848 1.872
3 0.232 0.893 1.199 1.365 1.465 1.530 1.575 1.607 1.631
4 0.006 0.667 0.973 1.139 1.239 1.304 1.349 1.381 1.405
5 -0.205 0.456 0.762 0.928 1.028 1.093 1.138 1.170 1.194
6 -0.402 0.259 0.565 0.731 0.831 0.896 0.941 0.973 0.997
7 -0.580 0.081 0.390 0.553 0.653 0.718 0.763 0.795 0.819
8 -0.755 -0.094 0.212 0.378 0.478 0.543 0.588 0.620 0.644
9 -0.911 -0.250 0.056 0.222 0.322 0.387 0.432 0.464 0.488
10 -1.052 -0.391 -0.085 0.081 0.181 0.246 0.291 0.323 0.347
11 -1.180 -0.519 -0.213 -0.047 0.053 0.118 0.163 0.195 0.219
12 -1.294 -0.633 -0.327 -0.161 -0.061 0.004 0.049 0.081 0.105
13 -1.393 -0.732 -0.426 -0.260 -0.160 -0.095 -0.050 -0.018 0.006
14 -1.477 -0.816 -0.510 -0.344 -0.244 -0.179 -0.134 -0.102 -0.078
15 -1.545 -0.884 -0.578 -0.412 -0.312 -0.247 -0.202 -0.170 -0.146
16 -1.596 -0.935 -0.629 -0.463 -0.363 -0.298 -0.253 -0.221 -0.197
17 -1.628 -0.967 -0.661 -0.495 -0.395 -0.330 -0.285 -0.253 -0.229
18 -1.643 -0.982 -0.676 -0.510 -0.410 -0.345 -0.300 -0.268 -0.244

Table 39: Threshold energies (in eV) for production of anH(n � 3) atom from
electron DR onH+

2 (v). (The negative numbers indicate the exothermicities (in
eV) of (v, n) DR channels).
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E(eV ) 0.5 1.0 2.0 3.0 4.0 6.0 8.0 10.0

n v = 0

2 1.00 1.00 0.84 0.66 0.50 0.31 0.13 0.09
3 0.00 0.00 0.11 0.18 0.24 0.30 0.33 0.32
4 0.00 0.00 0.04 0.10 0.14 0.21 0.27 0.26
5 0.00 0.00 0.01 0.02 0.04 0.06 0.09 0.11
� 6 0.00 0.00 0.00 0.04 0.08 0.012 0.18 0.22
n v = 1

2 1.00 0.85 0.57 0.23 0.15 0.11 0.07 0.07
3 0.00 0.15 0.20 0.29 0.30 0.31 0.32 0.32
4 0.00 0.00 0.11 0.18 0.24 0.26 0.28 0.28
5 0.00 0.00 0.06 0.10 0.10 0.11 0.11 0.11
� 6 0.00 0.00 0.06 0.20 0.21 0.22 0.22 0.22
n v = 2

2 1.00 0.65 0.25 0.14 0.08 0.07 0.06 0.06
3 0.00 0.35 0.32 0.32 0.32 0.31 0.31 0.31
4 0.00 0.00 0.19 0.23 0.27 0.27 0.27 0.27
5 0.00 0.00 0.08 0.10 0.11 0.12 0.12 0.12
� 6 0.00 0.00 0.16 0.21 0.22 0.23 0.24 0.24
n v = 3

2 0.57 0.34 0.22 0.15 0.10 0.07 0.06 0.06
3 0.43 0.54 0.42 0.38 0.34 0.33 0.32 0.32
4 0.00 0.10 0.21 0.26 0.29 0.29 0.29 0.29
5 0.00 0.00 0.05 0.07 0.09 0.10 0.11 0.11
� 6 0.00 0.00 0.10 0.14 0.18 0.21 0.22 0.22
n v = 4

2 0.32 0.22 0.14 0.08 0.07 0.07 0.06 0.06
3 0.68 0.54 0.40 0.34 0.33 0.32 0.31 0.31
4 0.00 0.24 0.25 0.27 0.28 0.28 0.27 0.27
5 0.00 0.00 0.07 0.09 0.11 0.11 0.12 0.12
� 6 0.00 0.00 0.14 0.18 0.21 0.22 0.24 0.24

Table 40: Population of excitedH atoms frome + H+
2 (v) → H(1s) + H(n ≥ 2)

DR process forv = 0 − 5, 10 andE = 0.5, 1 − 4, 6, 8, 10 eV.
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Table 40 (continued):
Population of excitedH atoms frome + H+

2 (v) → H(1s) + H(n ≥ 2)
DR process for v = 0 − 5, 10 and E = 0.5, 1 − 4, 6, 8, 10 eV.

E(eV ) 0.5 1.0 2.0 3.0 4.0 6.0 8.0 10.0

n v = 5

2 0.24 0.16 0.10 0.08 0.07 0.07 0.08 0.08
3 0.74 0.55 0.38 0.34 0.33 0.32 0.32 0.32
4 0.02 0.24 0.25 0.25 0.24 0.24 0.23 0.23
5 0.00 0.02 0.09 0.11 0.12 0.12 0.12 0.12
� 6 0.00 0.03 0.18 0.22 0.24 0.25 0.25 0.25
n v = 10

2 0.08 0.07 0.07 0.07 0.07 0.07 0.08 0.08
3 0.43 0.36 0.33 0.33 0.33 0.32 0.32 0.32
4 0.25 0.24 0.24 0.24 0.24 0.24 0.23 0.23
5 0.08 0.11 0.12 0.12 0.12 0.12 0.12 0.12
� 6 0.16 0.22 0.24 0.24 0.24 0.25 0.25 0.25
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v Eexc
v (eV ) ∆Ev(eV )

0 0.000 27.0
1 0.271 25.9
2 0.527 25.0
3 0.768 23.95
4 0.994 22.95
5 1.205 22.2
6 1.402 21.6
7 1.586 21.2
8 1.755 20.6
9 1.911 20.0
10 2.052 19.7
11 2.180 19.3
12 2.294 18.9
13 2.393 18.6
14 2.477 17.4
15 2.545 16.6
16 2.596 16.0
17 2.628 15.5
18 2.643 15.2

Table 41: Excitation energies,Eexc
v , of H+

2 (v) levels, and transition energies∆Ev

for DI reaction (194) .
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v′ 1 eV 2 eV 3 eV 4 eV 5 eV 6 eV 7 eV

1 1.21 1.45 1.52 1.62 2.0 2.6 3.4
2 0.34 0.28 0.34 0.47 0.68 0.9 1.2
3 0.83 5.2(-2) 6.4(-2) 0.15 0.25 0.34 0.43
4 6.4(-2)∗ 3.8(-2) 4.0(-2) 9.0(-2) 1.40 1.95 2.08
5 0.0 3.6(-2) 3.8(-2) 7.6(-2) 0.11 0.12 0.12
6 0.0 2.4(-2) 3.7(-2) 5.6(-2) 6.4(-2) 6.2(-2) 6.0(-2)
7 0.0 2.1(-2) 3.5(-2) 4.0(-2) 4.0(-2) 3.6(-2) 3.2(-2)
8 0.0 1.8(-2) 2.5(-2) 2.7(-2) 2.8(-2) 2.5(-2) 2.2(-2)
10 0.0 0.0 1.8(-2) 2.0(-2) 1.9(-2) 1.8(-2) 1.6(-2)
12 0.0 0.0 1.2(-2) 1.2(-2) 1.1(-2) 1.0(-2) 8.6(-3)
14 0.0 0.0 7.6(-3) 6.1(-3) 6.0(-3) 5.8(-3) 5.4(-3)
16 0.0 0.0 4.6(-3) 4.0(-3) 3.1(-3) 2.6(-3) 2.2(-3)
18 0.0 0.0 1.9(-3) 1.5(-3) 1.4(-3) 1.3(-3) 1.2(-3)

∗ a(−X) = a × 10−X

Table 42: Excitation cross sectionsσexc(0 → v′), in units of10−16cm2, in H +
H+

2 (v = 0) collisions for a number of0 → v′ transitions and center-of-mass
collision energies1, 2, 3, 4, 5, 6 and7 eV (from Ref. [186]).

v 0.5eV 1.0eV 2.0eV 3.0eV 4.0eV 5.0eV 6.0eV 7.0eV

0 1.68 1.64 1.80 2.08 2.22 2.95 3.82 4.90
1 8.2 9.4 12.0 14.2 16.5 19.2 19.8 19.6
2 6.9 8.7 9.6 12.5 15.8 18.8 18.2 17.8
3 5.4 6.3 8.2 9.6 12.2 14.0 15.3 14.8†

5 14.7 16.1 15.2 17.0 18.7 18.6 17.8 17.0
10 21.5 18.8 16.5 16.2 16.0 15.9 15.8† -
14 23.6 19.2 17.8 17.0 16.3 15.8 15.7† -
18 9.6 6.6 4.3 3.7 3.4 3.3 - -

† Extrapolated values

Table 43: Depopulation cross sections inH(1s) + H+
2 (v) collisions (in units of

10−16cm2) for a number ofv-states and C.M. collision energies (Ref. [186]).
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v′ 0.2eV 0.5eV 1.0eV 1.5eV 2.0eV 3.0eV 4.0eV 5.0eV 6.0eV 7.7eV

0 3.6 0.95 0.22 7.7(-2)∗ 4.1(-2) 2.5(-2) 2.0(-2) 1.8(-2) 1.8(-2) 2.4(-2)
1 4.9 1.4 0.36 0.13 7.0(-2) 3.8(-2) 3.4(-2) 3.9(-2) 5.0(-2) 0.11
2 5.2 1.7 0.48 0.20 0.13 8.0(-2) 7.1(-2) 9.0(-2) 0.12 0.26
3 8.3 3.2 1.1 0.49 0.33 0.28 0.36 0.50 0.68 1.02
4 10.8 18.3 24.7 22.2 20.0 16.1 13.8 11.9 10.0 8.2
5 -# 0.15 0.22 0.31 0.42 0.65 1.20 1.40 1.36 1.15
6 - - 4.6(-2) 6.5(-2) 9.2(-2) 0.16 0.24 0.26 0.28 0.27
7 - - - 3.8(-2) 5.0(-2) 6.2(-2) 6.3(-2) 5.9(-2) 5.5(-2) 6.7(-2)

∗ a(−X) = a × 10−X

# Charge transfer tov′ = 6, 7, 8 levels is endothermic by0.40, 0.78, and by1.12
eV, respectively.

Table 44: Charge exchange cross sections (in units of10−16cm2) of reaction (199)
for v = 0 and v′ = 0 − 7, for a number of center-of-mass collision energies
(from [186]).

v 0.2eV 0.5eV 1.0eV 1.5eV 2.0eV 3.0eV 4.0eV 5.0eV 7.7eV

0 0.0# 0.0 0.0 0.0 0.0 3.8(−2)∗ 0.13 0.20 0.41
1 0.0 0.0 0.0 0.0 0.0 0.36 0.51 0.70 0.96
2 0.0 0.0 0.0 0.0 0.0 0.60 0.84 1.12 1.38
3 0.0 0.0 0.0 0.0 6.7(-2) 0.85 1.22 1.60 1.82
4 0.0 0.0 0.0 0.0 0.40 1.61 1.98 2.15 2.45
5 0.0 0.0 0.0 9.6(-2) 1.80 2.56 2.63 2.68 2.73
6 0.0 0.0 0.0 0.45 2.55 3.00 3.06 3.12 3.18
8 0.0 0.0 0.3 3.24 3.57 3.97 4.00 4.02 (3.98)†

10 0.0 0.0 2.45 5.34 6.26 6.20 6.14 6.00 (5.87)
12 0.0 1.28 9.8 10.0 10.2 10.0 9.7 9.3 (8.8)
14 2.25 7.5 17.0 18.2 17.7 17.2 16.7 16.3 (15.7)
16 18.0 26.8 35.7 37.0 37.8 38.6 37.6 36.4 (35.0)
18 68.7 70.2 67.4 65.1 63.7 60.1 56.6 52.2 (47.6)

# Threshold(= Eexc
v ) energies for individualv-channels are given in Table 41.

∗ a(−X) = a × 10−X

† Extrapolated value

Table 45: Dissociation cross sections (in units of10−16cm2) of H+
2 (v) by H(1s)

impact for variousv-states and C.M. collision energies (from Ref. [197]).
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Elab(eV ) σcx
vi=0 σcx

vi=1 σcx
vi=1/σcx

vi=0

4 6.82† 11.18† 1.64
8 8.20 12.04 1.47
16 10.35 13.66 1.32
24 11.75 13.20 1.12
32 12.06 12.45 1.04
45 11.86 11.15 0.94
60 10.93 10.00 0.91
80 9.78 9.18 0.94
100 9.00 8.75 0.97
140 8.03 8.28 1.03
200 7.12 7.91 1.11
300 6.36 7.58 1.12
400 5.77 7.33 1.27

† Extrapolated values

Table 46: Selected values ofσcx
vi=0 andσcx

vi=1 total charge transfer cross sections
(in units of 10−16cm2) for H+

2 (vi = 1, 2) + H2(v0 = 0) collisions in the ion
(laboratory) energy range4 − 400 eV (from Ref. [254]).

vi 4eV 8eV 16eV 24eV 32eV 45eV 100eV 400eV

0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
1 1.64 1.47 1.32 1.12 1.04 0.94 0.97 1.27
2 1.75 1.52 1.41 1.17 1.00 0.81 0.86† 1.32
3 1.54 1.38 1.28 1.03 0.88 0.73 0.75† 1.27
4 1.34 1.22 1.07 0.89 0.76 0.62 0.64† 1.22
5 1.20 1.06 0.92 0.77 0.63 0.51 0.53† 1.14†

6 1.03 0.91 0.77 0.63 0.52 0.40 0.42† 1.06†

7 0.88 0.75 0.64 0.51 0.42 0.31 0.33† 0.98†

8 0.73 0.62 0.52 0.39 0.32 0.22 0.24† 0.90†

9 0.59 0.49 0.40 0.29 0.23 0.14 0.16† 0.82†

10 0.47 0.37 0.29 0.20 0.14 0.08 0.10† 0.74†

† Extrapolated values

Table 47: Total charge exchange cross section ratiosσcx
vi

/σcx
vi=0 for H+

2 (vi) +
H2(v0 = 0) collisions for a selected number of ion (laboratory) energies (based
upon Refs. [244] and [255]).
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vi = 0 vi = 1 vi = 2 vi = 3 vi = 4 vi = 5

∆N (v′i, v
′
0) f (v′i, v

′
0) f (v′i, v

′
0) f (v′i, v

′
0) f (v′i, v

′
0) f (v′i, v

′
0) f

(0,0) 0.8 (1,0) 0.7 (2,0) 1.4 (3,0) 1.9
-2

(0,1) 0.3 (1,1) 1.2

(0,0) 5.4 (1,0) 6.1 (2,0) 6.6 (3,0) 5.7 (4,0) 4.3
-1 (0,1) 2.4 (1,1) 5.4 (2,1) 7.1

(0,2) 2.8

(0,0) 88.9 (1,0) 71.6 (2,0) 52.8 (3,0) 36.8 (4,0) 23.8 (5,0) 12.8
0 (0,1) 13.6 (1,1) 13.8 (2,1) 14.4 (3,1) 14.6

(0,2) 8.1 (1,2) 17.2

(1,0) 6.7 (2,0) 6.4 (3,0) 5.8 (4,0) 5.1 (5,0) 4.4 (6,0) 3.3
(0,1) 10.3 (1,1) 11.1 (2,1) 7.9 (3,1) 3.7 (4,1) 1.7

+1
(0,2) 8.4 (1,2) 10.6 (2,2) 8.1

(0,3) 8.6

(2,0) 1.1 (3,0) 0.9 (4,0) 1.7 (5,0) 1.2 (6,0) 1.6 (7,0) 0.9
(0,1) 3.0 (1,1) 0.3 (2,1) 1.3 (3,1) 1.6 (4,1) 1.9 (5,1) 0.5

+2
(0,2) 3.2 (1,2) 5.7 (2,2) 2.4 (3,2) 1.0

(0,3) 6.5 (1,3) 6.9

Table 48: Fractional contributions f (in %) of state-selective crosssections
σcx

vi
(v′i, v

′
0) of charge exchangeH+

2 (vi) + H2(v0 = 0) → H2(v
′
0) + H+

2 (v′i) to
total cross sectionσcx

vi
at Elab = 16 eV (based upon Ref. [242]). (The sum of

f-values in a given column of the table is less then 100% due toneglected weak
channels.)
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vi = 0 vi = 1 vi = 2 vi = 3 vi = 4 vi = 5

∆N (v′i, v
′
0) f (v′i, v

′
0) f (v′i, v

′
0) f (v′i, v

′
0) f (v′i, v

′
0) f (v′i, v

′
0) f

(0,0) 1.4 (1,0) 1.6 (2.0) 2.2 (3,0) 1.6
-2

(0,1) 1.0 (1,1) 1.5

(0,0) 12.5 (1,0) 12.0 (2,0) 9.7 (3,0) 7.4 (4,0) 4.4
-1 (0,1) 3.2 (1,1) 6.0 (2,1) 6.9

(0,2) 5.1

(0,0) 78.7 (1,0) 44.4 (2,0) 30.3 (3,0) 21.0 (4,0) 14.6 (5,0) 8.2
0 (0,1) 10.6 (1,1) 11.3 (2,1) 11.0 (3,1) 11.6

(0,2) 6.8 (1,2) 15.1

(1,0) 11.9 (2,0) 10.8 (3,0) 8.9 (4,0) 5.8 (5,0) 4.0 (6,0) 2.9
(0,1) 23.6 (1,1) 15.2 (2,1) 9.7 (3,1) 4.2 (4,1) 2.2

+1
(0,2) 10.5 (1,2) 1.3 (2,2) 10.9

(0,3) 8.2

(2,0) 1.1 (3,0) 1.4 (4,0) 1.7 (5,0) 1.3 (6,0) 0.8 (7,0) 0.6
(0,1) 6.4 (1,1) 1.9 (2,1) 2.7 (3,1) 2.9 (4,1) 1.6 (5,1) 0.8

+2
(0,2) 9.4 (1,2) 6.1 (2,2) 4.0 (3,2) 2.2

(0,3) 10.0 (1,3) 6.2

Table 49: Fractional contributions f (in %) of state-selective crosssections
σcx

vi
(v′i, v

′
0) of charge exchangeH+

2 (vi) + H2(v0 = 0) → H2(v
′
0) + H+

2 (v′i) reac-
tions to total cross sectionσcx

vi
atElab = 32 eV (based upon Ref. [242]).

vi 8 eV 12 eV 16 eV 32 eV

0 0.6 0.8 1.1 1.1
1 0.7 1.7 1.3 1.4
2 1.6 1.8 1.8 2.1
3 2.4 2.4 2.2 2.5
4 2.9 2.9 2.6 2.7
5 4.0 4.4 3.7 2.8
6 4.4 4.3 3.9 5.3
7 5.2† 5.5 4.7 5.4
8 6.1† 6.3† 4.5 5.5
9 6.8† 7.0† 4.7 6.9
10 7.5† (7.7) 4.9 7.1

† Extrapolation

Table 50: Values ofσCID
vi

cross sections (in units of10−16cm2) for vi = 0 − 10
and selected ion impact (laboratory) energies (from Ref. [255]).
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v3 P (v3) Eexc
v3

(eV )

0 0.0341 0.00
1 0.0919 0.372
2 0.1601 0.744
3 0.2197 1.116
4 0.2303 1.488
5 0.1387 1.860
6 0.0796 2.232
7 0.0299 2.604
8 0.0109 2.976
9 0.0037 3.348
10 0.0010 3.720
11 0.0001 4.092

Table 51: Relative populationsP (v3) of H+
3 (v3) arising from reaction (211) with

vi = v0 = 0, and excitation energiesEexc
v3

of H+
3 (v3) ion (after [279]).
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vi 0.04 eV 0.25 eV 0.5 eV 0.75 eV 1.0 eV 2.0 eV

1 0.94 0.98 1.00 1.01 1.075 1.27
2 0.89 0.965 0.995 1.02 1.10 1.40
3 0.865 0.95 0.990 1.01 1.11 1.49
4 0.84 0.935 0.985 0.99 1.115 1.47
5 0.825 0.925 0.980 0.97 1.11 1.44
6 0.805 0.915 0.975 0.94 1.10 1.39
7 0.79 0.905 0.970 0.91 1.09 1.34
8 0.77 0.895 0.965 0.88 1.08 1.29
9 0.76 0.885 0.960 0.85 1.07 1.24
10 0.75 0.875 0.955 0.82 1.06 1.19

vi 3.0 eV 4.0 eV 5.0 eV 8.0 eV 10.0 eV 15.0 eV

1 1.46 1.23 1.17 1.13 1.01 0.97
2 1.59 1.245 1.14 1.06 0.93 0.89
3 1.57 1.175 1.035 0.93 0.82 0.78
4 1.46 1.075 0.925 0.81 0.72 0.68
5 1.33 0.99 0.835 0.72 0.62 0.59
6 1.21 0.90 0.74 0.63 0.54 0.50
7 1.09 0.82 0.67 0.55 0.47 0.43
8 0.99 0.74 0.60 0.48 0.41 0.37
9 0.89 0.67 0.53 0.415 0.36 0.31
10 0.79 0.61 0.46 0.35 0.31 0.26

Table 52: Values off(vi) ratio, Eq. (214), for a number of collision (C.M.) ener-
gies (vi = 1 − 4 from Ref. [273];vi = 5 − 10, extrapolation).

vi = 0 vi = 3

ECM (eV ) fPT fAT fPT fAT

0.25 0.56 0.44 0.58 0.42
0.50 0.55 0.45 0.52 0.48
1.0 0.52 0.48 0.44 0.56
3.0 0.36 0.74 0.47 0.53
5.0 0.15 0.85 0.28 0.72

Table 53: Relative contributions of proton (fPT ) and atom (fAT ) transfer channels
to H+

3 formation cross section forvi = 0 andvi = 3 in the collision (C.M.) energy
range0.25 − 5.0 eV (after [276]).
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ECM (eV ) H2 + H 3H ECM (eV ) H2 + H 3H

0.003 0.225 0.775 3.0 0.60 0.40
0.01 0.25 0.75 4.0 0.64 0.36
0.03 0.25 0.75 5.0 0.65 0.35
0.1 0.24 0.76 6.0 0.64 0.36
0.3 0.25 0.75 7.0 0.56 0.44
0.4 0.28 0.72 8.0 0.45 0.55
0.6 0.40 0.60 9.0 0.40 0.60
0.8 0.48 0.52 10.0 0.36 0.64
0.9 0.40 0.60 12.0 0.34 0.66
1.0 0.45 0.55 13.6 0.32 0.68
1.2 0.53 0.47 15.0 0.38 0.62
1.5 0.52 0.48 17.0 0.28 0.72
2.0 0.51 0.49 20.0 0.18 0.82
2.5 0.49 0.51 25.0 0.08 0.92

Table 54: Relative contributions of dissociation channels (229a) and (229b) to
total DR cross section ofH+

3 (v3 = 0) in the C.M. energy range 0.003-25 eV (after
Ref. [305])

Reaction channel EC.M.
th (eV )

H2(X
1Σ+

g ) + H(1s) 0.00
H2(b

3Σ+
u ) + H(1s) 0.00

H2(X
1Σ+

g ) + H(n = 2) 0.93
H2(B

1Σ+
u ) + H(1s) 1.91

H2(c
3Πu) + H(1s) 2.42

H2(a
3Σ+

g ) + H(1s) 2.48
H2(X

1Σ+
g ) + H(n = 3) 2.80

Table 55: Energy thresholds,EC.M.
th , for various exit channels of DR reaction

(229) withH+
3 (v3 = 0) (after [306]).
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KPT = 0.3 KPT = 0.45 KPT = 0.7

A 9.15 13.54 16.88
α 0.078 0.111 0.171
b 1.83(-2)∗ 0.145 0.125
β 2.71 1.66 1.88
c 6.15(-7) 1.45(-5) 1.33(-5)
γ 7.25 6.22 6.25

∗ a(−X) = a × 10−X

Table 56: Values of fitting parameters in Eq. (239) for proton transferreac-
tion (238) for three values of thermal rate coefficientKPT (KPT in units of
10−9cm3/s)
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Cross sections for e+H(1s) � e+H(2l,n=3,4,5) excitation
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Figure 3: Electron impact excitation cross sections ofH(1s) : 1s → 2s, 2p, and
1s → n = 3, 4, 5, transitions, Eqs. (4,5), resp.

Electron impact cross sections for 2 � 3, 2 � 4 and 3 � 4 
transitions in H*
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Figure 4: Electron impact excitation cross sections ofH(n) : n → m transitions
(2 → 3, 2 → 4 and3 → 4), Eqs. (10-13).
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Electron impact ionization cross section of 1s, 2s,  2p, n=3 states of H

Figure 5: Electron impact ionization cross sections for1s, 2s, 2p states andn = 3
level of atomic hydrogen, Eq. (14).

Radiative electron attachment e + H(1s) � H- + hνννν
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Figure 6: Cross section for radiative electron attachment onH(1s), Eq. (18).
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Radiative recombination (e + H+ � H(nl) + hν)ν)ν)ν) rate coefficients 
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Figure 7: Rate coefficients for radiativee + H+ recombination into1s, 2s, 2p
states andn = 3, 4 levels of hydrogen, Eqs. (21,22).

Proton impact excitation: H+ + H(1s) � H+ + H(n=2s;2p;,3,4,5)
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Figure 8: Proton impact excitation cross sections ofH(1s) to 2s and2p states and
n = 3, 4, 5 levels, Eqs. (29,30).
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Proton impact excitation: H+ + H(n) � H+ + H(m) : 2 � 3, 2 � 4, 3 � 4
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Figure 9: Proton impact excitation cross sections ofH(n) : n → m transitions
(2 → 3, 2 → 4, 3 → 4), Eqs. (32-37).

Scaled proton impact ionization cross section for H(n)
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Figure 10: Scaled proton impact ionization cross section for
H(n) : n = 1s, n = 2 andn ≥ 3, Eq. (40).
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Scaled charge exchange cross sections for H+ + H(n) collisions
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Figure 11: Scaled charge exchange cross section forH+ + H(n) collisions:
n = 1, 2, 3 andn ≥ 4, Eq. (44).

Cross sections for excitation transfer in H(1s) + H (np) (n=2,3,4) slow 
collisions
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Figure 12: Cross section for excitation transfer inH(1s) + H(np) collisions:
n = 2, 3, 4, Eq. (53).
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Cross sections for associative ionization in H(1s) + H*(3s,4s) 
collisions
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Figure 13: Cross sections for associative ionization inH(1s) + H∗(3s),H∗(4s)
collisions. [The sharp cross section changes atECM = 0.1eV andECM = 1eV
are results of the approximate character of the analytic fit function, Eq. (55).]

Cross section for electron detachment in e + H- collisions
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Figure 14: Cross section for electron detachment ine + H− collisions, Eq. (58).
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Double detachment: e + H- � e + H+ + 2e
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Figure 15: Cross section for “double detachment” reaction:
e + H− → e + H+ + 2e, Eq. (61).

Cross sections for electron capture in H+ + H- � H + H(n) reactions
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Figure 16: Cross section for electron capture inton = 2 andn = 3 levels in
H+ + H− → H(n) + H mutual neutralization reaction, Eq. (63).
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Cross section for associative electron detachment H+ + H- � H2
+ + e 
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Figure 17: Cross section for associative electron detachmentH++H− → H+
2 +e

reaction, Eq. (66).

Cross section for resonant charge exchange H- + H � H + H-
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Figure 18: Cross section for resonant charge exchange reaction
H− + H → H + H−, Eq. (70).
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Cross section for associative and non-associative electron detachment
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Figure 19: Cross section for associative (AD) and non-associative (Det) electron
detachment inH− + H collisions, Eq. (71).
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Figure 20: Cross section for electron impact vibrational excitation of
H2(X

1Σ+
g ; v = 0) to v = 1 andv = 2 states via the two lowestH−

2 resonant
states, Eq. (74).
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Electron impact vibrational excitation via H2
- resonant states:

Maxwellian rate coefficients
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Figure 21: Rate coefficients for electron impact vibrational excitation of
H2(X

1Σ+
g ; v = 0) via the two lowestH−

2 resonant states, Eq. (75).

Total cross section for excitation of single states from X1 ΣΣΣΣg
+ (v=0)
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Figure 22: Total electron impact excitation cross sections ofB,C,D,B′,D′, B′′

singlet electronic states ofH2 from theH2(X
1Σ+

g ; v = 0) ground state, Eq. (80).
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Figure 23: Total electron impact excitation cross sections ofEF, I,HH̄ andGK
singlet electronic states ofH2 from theH2(X

1Σ+
g ; v = 0) ground state, Eq. (81).

Shape funtion for X � B,C electronic transitions

1.E-19

1.E-18

1.E-17

1.E-16

1.E+00 1.E+01 1.E+02 1.E+03

E / ∆E

σ 0
(x

) 
(c

m
2 )

X � C

X � B

Figure 24: The ”shape function”σ0(x), Eq. (85), forX → B and X → C
electronic transitions, Eqs. (84,85).
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Total electron impact excitation of triplet states from H2 ground state
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Figure 25: Total electron impact excitation cross section of a,b,c,d and e triplet
states ofH2 from its (X1Σ+

g ; v = 0) ground state, Eq. (95).

Electron impact non-dissociative and dissociative ionisation of H2 

ground state
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Figure 26: Cross sections for electron impact non-dissociative and dissociative
ionization ofH2(X

1Σ+
g ; v = 0) via transitions to2Σ+

g and2Σ+
u electronic states

of H+
2 , Eq. (106).
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Dissociative electron attachment e + H2(v) � H(1s) + H-
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Figure 27: Cross sections for dissociative electron attachment reaction
e + H2(X

1Σ+
g ; v) → H−

2 (2Σ+
u ) → H(1s) + H− for a number of initial vibra-

tional states, Eq. (124).

Electron impact dissociation of H2(v) via H2
-(2ΣΣΣΣu

+) resonant state:
Maxwellian rate coefficient
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Figure 28: Rate coefficients for electron impact dissociation ofH2(X
1Σ+

g ; v) via
theH−

2 (2Σ+
u ) resonant state, Eq. (128).
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Electron impact dissociation of H2(v) via H2
-(2ΣΣΣΣg

+) resonant state:
Maxwellian rate coefficient
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Figure 29: Rate coefficients for electron impact dissociation ofH2(X
1Σ+

g ; v) via
theH−

2 (2Σ+
g ) resonant state, Eq. (128).

Electron impact induced (c 2ΠΠΠΠu;v=0) � (a 3ΣΣΣΣg
+;v'=0) transition
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Figure 30: Cross section for the electron impact induced
(c3Πu; v = 0) → (a3Σ+

g ; v′ = 0) transition in H2 in distorted wave approxi-
mation, Eq. (134).
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Proton impact induced H2(v=0) � H2(v') excitation
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Figure 31: Cross sections for proton impact induced excitation
H2(v = 0) → H2(v

′) for v′ = 1, 2, 3 and4, Eqs. (139,140)

Total charge exchange (ion conversion) in p + H2(νννν) collisions
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Figure 32: Total charge exchange cross sections inH+ +H2(X
1Σ+

g ; v) collisions
for a number of initial vibrational statesv, Eqs. (144,145).
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Proton-impact induced dissociation of H2(v)
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Figure 33: Cross sections for proton impact induced dissociation ofH2(X
1Σ+

g ; v)
for a number of initial vibrational statesv, Eq. (153).

Electron detachment in (H- + H2(v=0) � H + H2(v') + e) collisions
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Figure 34: Cross section for electron detachment inH− + H2(v = 0) collisions,
Eqs. (159).
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Vibrational excitation in H + H2(v=0) � H + H2(v')collisions
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Figure 35: Vibrational excitation cross sections inH + H2(v = 0) collisions:
H2(v = 0) → H2(v

′) transitions(v′ = 1 − 4), Eqs. (161,162).

H2(v) dissociation by H(1s) atom impact
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Figure 36: Rate coefficients forH2(v) dissociation in collisions withH(1s)
atoms, Eq. (165).
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H2(v) dissociation by H2(v=0) molecule impact
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Figure 37: Rate coefficients for dissociation ofH2(v) in collisions withH2(v = 0)
molecules, Eqs. (169,170).

Scaled electron-impact v � v + 1 excitation cross section of H2
+(v)
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Figure 38: Scaled form of electron impactv → v + 1 excitation cross section of
H+

2 (v), Eqs. (175,176).
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Total dissociative excitation in e + H2
+ collisions

1.E-17

1.E-16

1.E-15

1.E-14

1.E-02 1.E-01 1.E+00 1.E+01 1.E+02 1.E+03

E (eV)

σ D
E

 (c
m

2 )
to

t

Figure 39: Cross section for total dissociative excitation ine + H+
2 collisions, Eq.

(180).

Total dissociative recombination in e + H2
+ collisions
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Figure 40: Total cross section for dissociative recombination ine + H+
2 collisions

(see text, Eq. (185)).
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Figure 41: State-selective cross sections for dissociative recombination in
e + H+

2 (v) collisions, Eq. (186).

Total dissociative ionization cross section for e + H2
+ collisions
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Figure 42: Total dissociative ionization cross section fore + H+
2 collisions, Eq.

(195).
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Direct vibrational 0 � 1 excitation in H2
+(vi=0) + H2 collisions
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Figure 43: Cross section for direct vibrational0 → 1 excitation ofH+
2 (vi = 0) in

collisions with ground stateH2, Eq. (205).

Total charge transfer cross section in H2
+ + H2 collisions
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Figure 44: Total charge transfer cross section inH+
2 + H2 collisions, Eqs. (207).
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Collision induced total dissociation in H2
+ + H2 collisions
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Figure 45: Total collision induced cross section ofH+
2 in collisions with

H2(v0 = 0), Eqs. (209).

H3
+ formation cross section in H2

+(vi=0) + H2(v0=0) collisions
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Figure 46: Cross section forH+
3 formation in collisions ofH+

2 (vi = 0) and
H2(v0 = 0), Eq. (213).
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Associative detachment cross section in H2
+ + H- collisions
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Figure 47: Associative detachment cross section inH+
2 + H− collisions, Eq.

(224).

Dissociative excitation in e + H3
+ � H+ + ... collisions
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Figure 48: Dissociative excitation cross section ine + H+
3 collisions, Eq. (228).
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Total dissociative recombination in e + H3
+ (v3 = 0) collisions
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Figure 49: Total cross section for dissociative recombination ine + H+
3 (v3 = 0)

collisions, Eqs. (230,231).

Cross section for proton transfer in H3
+ + H2 collisions
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Figure 50: Cross section for proton transfer inH+
3 +H2 collisions for three values

of thermal reaction rate coefficientKth
PT , Eq. (239). [a(−x) denotesa · 10−x.]
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Collision induced fast H+ production in H3
+ + H2 collisions
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Figure 51: Cross section for fastH+ production inH+
3 + H2 collisions, Eqs.

(243).
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Figure 52: Cross section for fastH+
2 production inH+

3 + H2 collisions, Eqs.
(244).
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Figure 53: Inclusive cross section for slowH+
2 and fastH2 production inH+

3 +H2

collisions, Eqs. (248).
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Figure 54: Dissociative proton transfer cross section inH+
3 + H2 collisions, Eq.

(250).
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