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Electron-impact dissociative cross sections for H, and D, vibrationally excited molecules have been
calculated in the frame of the impact-parameter method for dissociative processes involving direct disso-
ciation M,(X':S,v;))+e—>M3(B'S} ,C'll,)+e—2M +e and radiative cascade M,(X'S},v;)
+e—>M7F(B'S),C'Il,)+e—>M,(X 'S} )+e+hv—2M +e+hv (M, represents a hydrogen or deu-
terium molecule). The results show that direct dissociation cross sections strongly depend on the initial
vibrational state of the molecule, while an opposite behavior is found in the case of dissociation by radia-
tive cascade. Moreover, for this last process, the fraction of molecules that undergoes dissociation has
been evaluated with respect to the total cascade process, yielding in general quite small values in both

the H, and D, cases.

PACS number(s): 34.80.Gs, 52.20.Fs

I. INTRODUCTION

A lot of theoretical work has recently been devoted to
the understanding of elementary processes responsible for
the creation of H™ and D™ negative ions in multicusp
magnetic plasma. Dissociative attachment from vibra-
tionally excited molecules is the main process for forma-
tion of negative ions, and its efficiency, i.e., the produc-
tion rate of H™ and D7, strongly depends on the initial
vibrational level of the molecules [1]. Therefore, all the
elementary processes that can lead to the formation or
destruction of vibrationally excited molecules or, in gen-
eral, can affect the vibrational population, are of funda-
mental importance in the modeling of these kinds of plas-
mas [1].

One of the most important processes that occurs in the
multicusp magnetic plasmas for populating the high vi-
brational states is the so-called radiative decay process
(also known as the E -V process), i.e.,

H,y(X '3 ,v;)+e—Hj(singlet states)+e
N
Hy(X 'S ,v,)+hv, ()

where the H, molecule, initially in the vibrational level
v;, excited by electron impact in a singlet electronic state
decays radiatively in the manifold of v, vibrational levels
of the electronic ground state. This process has been ex-
tensively studied by Hiskes [2,3], and more recently by
our group using excitation cross sections calculated ac-
cording to the impact-parameter method [4,5].

On the other hand, the dissociation can be considered
one of the main processes responsible for the destruction
of vibrationally excited H,(v;) molecules.

Although in general the excitation to the completely
repulsive electronic state b 32, is the main dissociative
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process [6], the dissociation can occur through many oth-
er important channels. In particular, in this paper, we
will take into account the following processes induced by
electron impact (involving either H, or D, molecules).

(a) Direct dissociation from electronically excited
singlet states:

H,(v;)t+e—H}+e—H(n,I)+H(n',lI')+e , (2)

where HJ represents a molecule excited over the repul-
sive part of the bound potential curve of an excited
singlet electronic state, and n,/ and n’,!’ define the quan-
tum state of H atoms.

(b) Dissociative decay:

H,y(X '2],v;)+e—Hj(singlet state)+e
N
HyX 'S/ ,e)+hv
N
H(1s)+H(1s) . (3)

This process occurs through the same mechanism of pro-
cess (1), but in this case the H} molecule decays in the
continuum of the vibrational energies € belonging to
X '3 ground electronic state.

Due to their importance in many fields of physics, dis-
sociative processes have been widely studied for both H,
and D, molecules. Cross-section data are now available
in the literature for a large spectrum of electronic transi-
tions. On the other hand, a common feature shown by
this kind of data is that they are generally referred to
molecules in their ground vibrational state, while, to our
knowledge, the study of electronic transitions by electron
impact involving vibrationally excited H, and D, mole-
cules |6-8] is particularly poor.
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In this paper we present a complete set of dissociative
cross sections for processes (2) and (3) for hydrogen and
deuterium as a function of v;, discussing in particular the
electronic transitions X '3 —»B '3} and X '3} —»C'I,
which represent the main singlet-singlet excitations in-
volved in the above radiative decay process [9]. This
work follows that of Ref. [4] (hereafter referred to as I),
where the total excitation cross sections have been calcu-
lated as a function of the initial vibrational quantum
number for the same transitions and for both H, and D,
molecules.

In Sec. II we illustrate the impact-parameter method
[8,10] used in these calculations, while the results are dis-
cussed in Sec. III. Finally a brief summary is given in
Sec. IV.

II. METHOD OF CALCULATION

A. Direct dissociation

We performed the dissociative cross-section calculation
in the frame of the impact-parameter method as formu-
lated in Ref. [8]. In this section we collect and briefly dis-
cuss the relevant formulas, referring to paper I for com-
putational details.

The dissociative excitation cross section can be written
in the frame of impact-parameter method [8] as
T (E) @)

VisPor

€
o, N(E)= [ ™deS, /D
! €min P

where v; is the initial vibrational quantum number, a;
and a, represent the initial and final electronic states of
the molecule, respectively, and E is the incident energy of
the impinging electron. € is the continuum energy of the
a; state ranging between the dissociation threshold ener-
8Y Emin and €., defined by
=E+e,’, (5)

Emax

where e‘:i is the eigenvalue of the v;th vibrational level be-

longing to the a; electronic state.
The “structural factor” S, ./ is defined by [4]

wa, _ mle?

v;,€ 3g’.ﬁ4(2_8Af’0)(2—8A"’0)

oo a Qa; 2
X | [ TaRxIRIM, 5 (RACR)|,(6)

where X:/ (R) and )(Llf'(R) are the continuum and bound
vibrational wave functions, respectively, and M A A.(R)
is the usual electronic dipole transition moment depend-
ing on the internuclear distance R. All other quantities
appearing in Eq. (6) have been defined in paper 1.
The “dynamical factor” D, ',/ (E) depends on the
. . o oy a;a
continuum energy via the transition energy AEv_:Ef
defined by

AE:’:f =e—s:z" . (7

po is the usual cutoff parameter introduced in the
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TABLE 1. Cutoff parameter p, (a.u.) for some values of the
initial vibrational quantum number v;.

Vibrational
quantum

Transition number v; H, D,
X—>B 0 1.87 1.87
5 1.98 1.95
10 2.15 2.03
X-C 0 2.03 2.03
5 2.27 2.23
10 2.42 2.34

impact-parameter method to avoid divergent cross sec-
tions. Its values for every vibrational level of the ground
electronic state have been obtained by using Egs. (18) and
(19) of paper I, where R has been set equal to the internu-
clear distance corresponding to the absolute maximum in
the vibrational wave function. Table I contains the p,
values for X —B and X — C transitions for both H, and
D, molecules and for v; =0, 5, and 10. The explicit ex-
pression for D:: ‘:({ (E) is given in paper I with the transi-
tion energy expressed by (7).

The vibrational wave functions have been calculated by
solving the radial Schrodinger equation

ﬁZ dZ

2 agz HValRIEs X RI=0, @)

where 1 is the reduced mass of the molecule, V,(R) is the
electronic potential for the a state, and & is the vibra-
tional energy. The vibrational wave function for bound
states has been obtained by expanding YJ(R) in
harmonic-oscillator eigenfunctions. The potential V,(R)
has been calculated for both H, and D, molecules by
linear interpolation of the data of Ref. [11] for X, B, and
C electronic states. Moreover, for the last two states we
calculated some values above the dissociation threshold
performing configuration-interaction calculations with a
basis set of Cartesian Gaussian functions reported in pa-
per L. The results are shown in Table II.

The continuum vibrational wave function has been cal-
culated using a method briefly outlined in the Appendix.
In this case, for the repulsive portion of ¥,(R) potential
we interpolated the data of Table II, and for short inter-

TABLE II. Transition energies as a function of internuclear
distance for X '2 —B '2} and X '3 —C ', electronic tran-
sitions of H,.

Internuclear Transition
distance energy
Transition (a.u) (a.u.)
X—>B 0.5 0.1352
0.7365 —0.3580
0.9109 —0.5255
X-C 0.7 —0.3049
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nuclear distances (R <0.5 a.u. for the B state and
R <0.7 a.u. for the C state) we used the functional form

Ae_BR

V.(R)= R

9)

where constants 4 and B have been determined by fitting
the available potential values at the smallest internuclear
distances [8].

Expression (4) for the cross section has been obtained
J

Eu'
de A
(E) Eth

ai—>af—>a ai—»af

af—>ai
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in the frame of adiabatic-nuclei approximation, consider-
ing the rotational levels as degenerate [8].

B. Dissociative decay

The cross section . 7 “(E) for the a; —>a  elec-

tronic transition induced by electron impact on a mole-
cule initially in the vibrational state v; and followed by
radiative cascade in the continuum energy of «; state is
given by

(v',e)

o, "(E)=2(ful_’vr

E,
" S g, q (00)F fem de Ay, .o 0'e)

v

where v’ is the quantum number of the bound vibrational
levels belonging to the a state, and ¢ is the continuum
energy ranging between the dissociative threshold energy
gy Of the @; state and the v’th eigenvalue E,. of the a,
state. A v',v) and Aaf_,ai(v’,e) are the well-

known Einstein coefficients for the bound-bound and
bound-continuum a;—q; transitions, respectively, while

a,—a . . . . .
. J(E) is the electron-impact excitation cross section

a)ea|

v,.,u'
for the bound-bound a; —a/ transition. The sum on v in
the denominator of Eq. (10) runs over the bound vibra-
tional levels of the a; state.

Using these definitions, we are now able to write the to-
tal cross section af,‘:‘(E ) for process (3). Taking into ac-

count the excited states B '=;" and C 'II, and neglecting
all the other singlet states, we have

o ME)=0) PN E)+a T TNE) . (11)

In order to calculate the cross section by Egs. (10) and
(11) we evaluated the Einstein coefficients Ap_, y(v',€)
and A._, y(v’,€) for D, according to the equation [12]
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FIG. 1. Dissociative cross sections as a function of incident
energy for the process H,(X '3} ,v,=0-14)+e—HyB'Z})
+e—2H+e.

) (10)

Ag, o (v',€)=2.142X 10'%E, —¢)’G

XU IMpa (RGP, (12)

where G is the degeneracy factor. The other Einstein
coefficients entering into Eq. (10) for both H, and D,
transitions have been taken from Ref. [13]. o¥ ",,73 (E) and

aX ",}C(E ) for bound-bound transitions have been calcu-

lated by using the following equation [see paper I: Eq.
(13) and ff]:

oyt N(E)=S,"/D, "I [(E) (13)
where all the symbols have the same meaning as in Eq.
(4), the only exceptions being the structural and the
dynamical factors which now depend on the v’ discrete
vibrational levels. From Egs. (4) and (13) we can obtain

. . . a.—a
the total excitation cross section o, /(E),,, as
1
a;—~ar

o NE)=38,"/D

a;ap
V;,Pgp ¥

(1[:4*(1}-

o (E)+o, Y(E). (14

v’

The cross sections calculated by Egs. (4) and (13) have
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FIG. 2. Same as Fig. 1 for the process

Hy(X 'S} ,v,=0-14)+e—H,(C'll,) +e—2H+e.
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FIG. 3. Dissociative cross sections as a function of initial vi-
brational quantum number for the process Hy(X ‘2; ,0;=0-14)
+e—H,(B'S})+e—2H+e, with E=40 eV. Open circles:
cross sections calculated by Eq. (4). Closed circles: cross sec-
tions calculated by Eq. (15).

been checked evaluating o, /(E), from Eq. (14): the

results have been found to be in good agreement with the
total cross sections reported in paper I.

III. RESULTS

A. Direct dissociation

In this section we will discuss the cross sections for the
processes

Hy(X '3},v;)te—>H3(B'2])+e—H(ls)+H(2p)t+e ,
(a)
Hy(X '3} ,v;)+e—>H3(C',)+e—H(1s)+H(2p)+e ,
(b)

and corresponding ones for deuterium.
Figures 1 and 2 show the dissociative cross section for
processes (a) and (b), respectively, as a function of in-
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FIG. 4. Same as Fig. 3 for the process Hy(X '2},v,=0-14)
+e—H,(C ', )+e—2H+e.
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FIG. 5. Dissociative cross sections as a function of initial vi-
brational quantum number for the process Hy(X '2,v,=0-14)
+e—H,(C'Il,)+e—2H+e, with E=40 eV. Open circles:
cross sections calculated by Eq. (4). Closed circles: cross sec-
tions calculated in the Franck-Condon approximation [Eq.

(16)].

cident energy for different initial vibrational quantum
numbers (0 <v; < 14). The intricate trend of the curves
for different v; values is mainly due to the overlap be-
tween the continuum and bound vibrational wave func-
tions, respectively.

To better understand this point, we define a “modified”
cross section

€max a;a
a=f5m deS,'s’ (15)
obtained from Eq. (4) by artificially assuming the dynami-
cal factor D:: ';{ <(E) is equal to 1. A comparison of the
cross sections calculated by Eqgs. (4) and (15) (see Figs. 3
and 4) clearly shows that the behavior of the two curves
versus v; is mainly determined by the structural factor
S:: i/, which in turn depends on the vibrational wave

function [see Eq. (6)]. Moreover Eq. (4) can be rear-

ranged according to the Franck-Condon approximation
as

10
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FIG. 6. Same as Fig. 5 for the process Hy(X '2;,v,=0-14)
+e—H,(B'=})+e—2H+e.



4782

§ e e
o 12 13
B9 /N 11 g 57,14

~ F / SN >

E o L S

3 £

s SF 3

c 4F

2 o

F 3k

w .

» £

8 2 -

S i 20
Le ! 1 0 E
£ M 3
0 | | " 1 " PUN—T i
0 50 100 150 200

energy (eV)

FIG. 7. Same as Fig. 1 for the process D,(X 1E;,v,-=0—20)
+e—D,(B'Ef)+e—2D+e.
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where R, is the ground-state equilibrium internuclear
distance, and g, . is the well-known Franck-Condon den-

sity given by
g, =17 D1 a7

Again, inspection of Figs. 5 and 6, shows that the
Franck-Condon approximation [Eq. (16)], closely follow
the trend of the cross sections obtained by Eq. (4). This
confirms that the cross-section behavior, as previously
mentioned, depends mainly on the overlap integral of the
vibrational wave functions appearing in the Franck-
Condon density.

In Figs. 7 and 8 the dissociative cross sections as a
function of incident energy involving D,(v;) molecule for

T

= oo
I B M S S e

&

cross section (10'18 cmz)

0 2 4 6 8 10 12 14 16 18 20
vibrational quantum number
FIG. 9. Dissociative cross sections as a function of initial vi-
brational quantum number, with E =40 eV for the following
processes: Open circles: Hy(X '2),0,=0-14)+e
—H,(B'E])+e—>2H+e. closed circles: Dy(X '2},v,=0-20)
+e—>Dy(B'2f)+e—2D+e.
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FIG. 8. Same as Fig. 1 for the process D,(X '3 ,v,=0-20)
+e—D,(C'II,)+e—2D+e.
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min ! o

I

X —B and X —C transitions, respectively, are reported.
One can note that the trend of cross sections in D, is
similar to that observed for H,. A comparison between
H, and D, cross sections as a function of the initial vibra-
tional quantum number for a fixed energy of 40 eV for
both transitions is reported in Figs. 9 and 10. We can
note an isotopic effect. In particular, the D, cross sec-
tions are shifted with respect to H, toward higher vibra-
tional quantum numbers as a consequence of the lower
vibrational energy of D, for the same v;.

B. Dissociative decay

In Figs. 11 and 12 we report the cross sections for pro-
cess (3) as a function of energy for hydrogen and deuteri-
um, respectively. Both isotopes present a similar
behavior. In particular the cross sections show large

12 T ' 1 T T T 1
r 1
10 | j
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K] 8 C » ]
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& 4 L 3
. [ 3
4 r 4
e L 4
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0 L ! 1 L M | ]

0 2 4 6 8 10 12 14 16 18 20
vibrational quantum number
FIG. 10. Same as Fig. 9 for the processes Open circles:

Hy(X '} ,v,=0-14) +e—H,(C'll,)+e—2H+e, closed cir-
cles: Dy(X '3},0,=0-20)+e—D,(C'Il,)+e—2D+e.
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FIG. 11. Dissociative decay cross sections as a function of
energy for the process H,(X '2},0,=0-14)+e
—H,(B'=},C',)+e—H,yX 13 )+e+hv—2H(1s)+e +hv.

values for very high quantum numbers (v;>12 for H,
and v; > 18 for D,). This point can be better appreciated
in Figs. 13 and 14, where the cross sections for process (3)
and for a fixed incident energy of 40 eV are reported as a
function of v;. Except for the last v; values, the cross sec-
tions show a weak dependence on the initial vibrational
state of the molecule.

An interesting question arising in the study of these
processes is the estimation of the fraction of molecules
falling by cascade in the continuum part of the ground
electronic state [2]. Actually, the major portion of the
molecules collisionally excited in the B and C states re-
populates by decaying the v, discrete vibrational levels of
the X ‘2; state, while a small fraction undergoes dissoci-
ation following process (3). In order to evaluate the two
contributions coming from process (1) (bound-to-bound)
and dissociative process (3) (bound-to-continuum), in
Figs. 13 and 14 we also report the cross sections for pro-
cess (1), summed over all v, final states [5] as a function
of v;. As aspected the bound-to-bound cross sections
present values larger than the corresponding ones for the

)
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FIG. 12. Same as Fig. 11 for the process

Dy(X 'S),0;=0-20) +e—Dy(B'3},C'II,)+e—Dy(X'3})
+e+hv—2D(1s)+e +hwv.
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FIG. 13. Dissociative decay cross sections as a function of in-
itial vibrational quantum number with E =40 eV for the pro-
cesses HyX':f,v;)+e—H,(B'S},C'Il,)+e—  either
2H(1s)+e +hv (open circles) or Hy(X '2/,v,)+e +hv (closed
circles).

bound-to-continuum process, showing also a strong
dependence on the initial vibrational quantum number.
In Table III we report the ratio between the bound-to-
continuum cross sections and the total cross sections
(bound-to-bound plus bound-to-continuum) for E =40 eV
for both H, and D, molecules as a function of v;. This ra-
tio in the case of H, does not exceed 15% for every v;
value, becoming quite a bit higher only for v;=14. A
similar behavior is observed in the D, case, so that no
relevant isotopic effect is found in this kind of cross sec-
tion.

IV. SUMMARY

In this paper we have presented a complete set of elec-
tron vibrationally excited H, and D, molecule cross sec-
tions for dissociative processes occurring through direct
excitation of the dissociative part of electronically excited
bound state, and through radiative cascade from the
bound part of the same states. In the direct dissociation

20
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FIG. 14. Same as Fig. 13 for the processes D,(X '=},v;)
+e—Dy(B'2},C'I,)+e— either 2D(1s)+e-+hv (open
circles) or Do(X '2,v,)+e +hv (closed circles).
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TABLE III. Ratio of dissociative cross section to total cross
section as a function of initial vibrational quantum number for
E =40 eV for H, and D, molecules.

v; H, (%) D, (%)
0 14 15
1 12 12
2 12 12
3 8 9
4 8 8
5 9 8
6 9 9
7 8 7
8 10 8
9 9 9

10 9 8

11 9 8

12 9 8

13 15 8

14 37 9

15 8

16 8

B =
O O 00 2
W N e

O WO

we found a strong and irregular dependence of the cross
section on the vibrational quantum number, mainly due
to the behavior of the vibrational wave functions, while
in the dissociation by radiative decay the cross sections
are not particularly affected by the initial vibrational
state of the molecule. Moreover, for this last process the
ratio of ‘“dissociative cross section to total cross section”
as a function of v; ranges from 7 to 15%, becoming
markedly larger in the case of the highest vibrational
quantum number.
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APPENDIX

Equation (8) for the continuum vibrational states is
written as

_ﬁZ d2
2u dR*?

+V (R)—¢ |x*R)=0, (A1)

where € is the continuum energy of the a electronic state.
The boundary conditions are given by

(A2)
(A3)

0 for R—0

Xe(R)> 1 4 Gin(kR +7) for R—oo |

where 7 is the phase shift, 4 is a normalization constant
given by [14]

172
A= |2 (A4)
#emk
and k is defined as
2ule—V (R=w)
Kie ul p ] ' AS)

ﬁZ
Due to the formal analogy of Eq. (A1) with the scattering
equations, we can approach its solution by using the same
numerical methods developed in the scattering theory

[15]). We may start transforming Eq. (A1), in the frame
of the Green’s-function formalism, in integral form [16]:

YXR)=C sin(kR)— COS("R COLER) [ EdR” sin(kR" U, (R'WER") ~ S“‘”‘R f dR’cos(kRU,(R')Y*R"),  (A6)
where U (R) =(2,u/ﬁ2)Va(R ), and C is a normalization constant.
Adding and subtracting the following quantity:
SIRER) [ 54R" cos(kR"VUL(R WE(R') (A7)
Eq. (A6) becomes
cos(kR sm(kR

X#(R)=BC sin(kR)— f dR’sin(kR")U (R
where the B factor is given by
B =1——f dR’ cos(kR")U,(R")X*R")
Defining the new function u ¢ (R) as
XHR)=BCuZ(R) ,
we find from Eq. (A8) that

xR+

f dR'cos(kR")U,(R")X%R"),  (A8)

(A10)
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ug’(R)=sin(kR)—%fORdR'sin(kR’)Ua(R')ug(R')+ﬂ(:—R)fORdR'cos(kR’)Ua(R')ug(R') . (AlD

This equation can be resolved numerically in the simplest way by dividing the interval {O,R} in a suitable grid of N
mesh points separated by a constant increment AR, and using the trapezoidal rule to calculate the two integrals in the

right-hand side. Thus

cos(kNAR) !

ug(NAR)=sin(kNAR)— X

i=0
sin(kNAR) V!

Tk

i=0

Since the Nth terms cancel each other, the two sums run
over the range 0 to N —1, so that the function uZ(NAR)
is related to its preceding N values.

The integration starts with the initial condition

u(0)=0,

and it is propagated up to the asymptotic region where
the process can be stopped for a suitable R value where
U,(R) is sufficiently small.
Knowing the function 4 Z(R) in all the mesh points, we
can calculate the B factor from Eqgs. (A9) and (A10):
B=—o . . (AI13)
1+;f0 dR’ cos(kR")U (R u®R")

The normalization constant C is found by comparison be-
tween the boundary condition (A3), rewritten as

S AR cos(kiAR)U,(iAR)u%(iAR) .

> ARssin(kiAR)U,(iAR)ug(iAR)

(A12)

[

X&(R')— A cos(n){sin(kR)+tan(n) cos(kR )}
for R—>wo , (Al4)
and the asymptotic form of Eq. (A6):

XX(R)=Csin(kR)

_Ccos(kR) o 0, . ' NV R
. J TdR'sin(kR")U,(R"XER") .

(A15)
Using Eq. (A10) it is easy to show that

C = A cos(n), (A16)
tan(n)=-—%fowdR sin(kR)U(R)u%R) .  (A17)

Finally, xZ(R) is calculated from Eq. (A10).
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