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Electron-impact-induced allowed transitions between triplet states of H

A. Laricchiuta
IMIP CNR, Sezione territoriale di Bari, Bari, Italy

R. Celiberto
DICA-Dipartimento di Ingegneria Civile e Ambientale, Politecnico di Bari, Bari, Italy

R. K. Jane¥
Macedonian Academy of Sciences and Arts, Skopje, Macedonia
(Received 21 December 2002; revised manuscript received 29 October 2003; published 17 Febryary 2004

Electron-impact-induced excitation and dissociation processes between the excited tripleaéfa;es
—d3M, ¢’,—h3;, andc’l,—g®, of molecular hydrogen are studied by using the impact-
parameter method. The cross sectionsifor v¢ resolved vibronic transitions between states have been cal-
culated in the energy range from threshold to 100 eV, their maxima being located in the region of 5-10 eV. A
special treatment was required for the transition to hﬁ’ég state, whose adiabatic potential-energy curve
possesses a barrier at the internuclear distance of alagutsbistaining three quasi-bound vibrational states
with widths of 5.3<10 %2, 1.5x10 3, and 42.0 cm?, respectively. The quasistationary character of these
vibrational states is taken into account when calculatingctfld ,— h 32; excitation and dissociation cross
sections.
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[. INTRODUCTION section information on all population and depopulation pro-
cesses involving(*S ; , v;) andd(®IL,,vy), as well as those
The electron-impact excitation and dissociation collisionsfor the statex*I1,, h®3, g3% 7, i°lly, andj Ay, to
of vibrationally excited hydrogen molecules, either in theirwhich a3 andd®Il, are strongly coupled.
ground or excited bound electronic states, play an important In the present work we shall study the dipole-allowed
role in the kinetics of many astrophysical and laboratory hy-a %S, * —d*II,, ¢ *I1,—h %%}, andc*I1,—g %%, transi-
drogen containing low-temperature plasnia$ The deter- tions as they are the strongest ones that couplenth@
mination of electron energy distribution function and mo-(a,c) andn=3 (h,e,d,g,i,j) groups of states, whene is
lecular vibrational temperature, and the interpretation othe state’s principal quantum number in the united atom
many spectroscopic and transport properties of such plasméimit. The »;— v; resolved excitation and; resolved disso-
require knowledge of electron-impact excitatiGand disso- ciative excitation cross sections will be calculated by using
ciation) cross sections resolved in both the initial and finalthe impact-parameter meth¢@i3—15, employed previously
vibrational state$2]. in many similar calculations for the transitions within the
There have been a significant number of excitatiand ~ series of singlet electronic states of (,14-18. The c-h
dissociative excitationcross-section calculations for transi- triplet system is different from tha-d andc-g, and from all
tions from vibrationally excited Kin its ground electronic Previously studied singlet-singlet systems, in that the adia-
state[3], and only one of these calculations has included twdPatic potential-energy curve of tHes | state has a poten-
electronically excited states of,H4]. With the exception of tial barrier at internuclear distances of aboutd,Ovherea,
Refs.[5-9], all these calculations were performed for tran-iS the Bohr radius. The three uppermost V|prat|or1al states in
sitions involving singlet electronic states. Total excitationthis potential lie above the dissociation limit bisg_g_ state,
cross sections have, however, been done in Red] for and have, therefore, a quasibound nature. Transitions to these
transitions from the ground vibrational state of(M 12;) to  Quasistationary states will require a special attention and
triplet b3, ¢3M,, a%3 ], dM,, ande3s states. treatment. . .
Recently, a diagnostic method has been applied for deteBriThe organization of our paper is as follows: in Sec. Il we

mination of plasma electron temperature and vibrational teml—II \?vféy ?:;I'ggnzzeofmglzgﬁ ﬁg{}gﬁﬁt&o&gh?s&mﬁ .ir:nsigg.
perature of H(X 2 ;) in low-temperaturd0.5-5 eV} tech- 9 P : :

nical and fusion divertor plasmad1,12. The method is IV and V the results are presentgd an_d discussed. Finally the
; . summary and conclusions are given in Sec. VI.

based on the intensity measurement of the v; resolved

transitions in the Fulcher banca {2, —d°Il,) of the H,
molecule. A full development of this method requires cross Il. METHOD OF CROSS-SECTION CALCULATIONS
The basic idea of impact-parameter meth@®@M) con-

*Present  address: Institute ~ of  Plasma  Physicssists in classical description of incident electron motifor

Forschungszentrum-Juelich, Juelich, Germany. which a straight-line trajectory is assumeand quantum-
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mechanical description of moleculdboth electronic and -0.50 -
nucleay motions. Implicit to this method is the assumption __ C
of dominance of “distant collisions” and the constraint on § 055 [
impact-parameter values to be larger than the typical molecug I
lar dimensiongto avoid overlap effects with the molecular <&, r
cloud, which would require a quantum description of the > -0.60
incident electron motion %‘) r
In this approach, the electron-target interaction potential g 065 [
is a time-dependent function, and, consequently, the colli-z r
sional dynamics is described by a time-dependent Schro'g -
dinger equatiorf19]. 2 070
The impact-parameter method is a two-state, perturbativea?, i
method which at high energies reduces to the Born approxi- P e R R

maltionh f culat hich invol 0.0 2.0 40 6.0 8.0 10.0
n the context of present calculations, which involve a .
p Internuclear distance (bohr)

group of energetically close-lying and coupled electronic
states, a close-coupling approach to the collision dynamics o 800 ———
considered processes would certainly be much more appra c (b)

d—g

priate. This is particularly true for the dynamics at interme- 7.00
diate and low collision energiggorresponding to the colli- 6.00 |
sion energy region around the cross-section maximum anc r
below). However, the practical implementation of such an 3 5.00
approach would require inclusion in the expansion basis alsc 5

of the states from tha=4 (and even highen) manifold, in E 400 : E
order to accurately describe the transitions within tve2 = 300 E e—ra_ 4
and n=3 manifolds. Inclusion of high vibrational states in ~— ¥ asd coa—_ 1
such an approach would also lead to a significant extensior 2.00 | =
of the configuration space in which the couplings are strong, 100 _ < Sh E
and, consequently, to serious numerig@nvergencediffi- - coi 3
culties. Nevertheless, the multistate coupling naturenof 000 i — S E
=2 andn=3 collision dynamics remains, and its reduction 20 30 40 50 6.0
to sets of isolated two-state dipole couplin@s inherent to Internuclear distance (boht)

the first-order methods, such as IPh an approximation
that can be justified only at energies considerably higher than FIG. 1. (a) Schematic energy diagram for triplet states of H
the transition energy involved. molecule;(b) transition dipole moment as a function of internuclear
No data are available in literature for comparison fordistance for some ftriplet-triplet transitioifghick lines indicate the
these transitions. However, the cross-section results obtaindgnsitions considered in this pajper
in the two-state theoretical frame for transitions between sin- ) . )
glet Rydberg states of the hydrogen molecule have proved t1at energetically lie close to them. The potential-energy
be fairly reliable[18]. These highly excited electronic states, Curves ofn=2 and somer=3 triplet stategtaken from Ref.
like those in the triplet series, are embedded in theeléc-  [20]), and the dipole momentd;¢(R)| for the considered
tronic manifold(and, accordingly, coupled via many dipole- 2°%4 —d®M, c®ll,—h%3, and ¢c®*M,—g%s, and
allowed transitions yet the discrepancy between the calcu-Some other transitioniaken from Ref[20]) are shown in
lated cross sections and the available=0 experimental Figs. 1@ and 1b), respectively. WhilgM(R)| is the rel-
data was found to be within a factor 2, in the worse casegvant parameter expressing the strength of the coupling be-
This seems to indicate that first-order methods can give &veen|i) and|f) states, theR-extension of this coupling is
semiquantitative information on cross-section magnitudedetermined by the overlap of the vibrational wave functions
This work can be considered a step forward in understandingf initial and final electronic statgsee Eq(2) below]. From
the dynamics of triplet states, which, to our best knowledgeFig. 1(b) it can be seen that in the rangel.5a,—6.08, of R,
have been still very little studied either experimentally orwhere majority of vibrational states of considenmed 2 and
theoretically. n=3 electronic states are localized, the dipole moments for
In this frame, some general qualitative argument can hel@ s —d®Il,, ¢*II,—h33 ", andc®I,—g 3% transi-
us to elucidate the coupling dynamics of triplet electronictions are significantly smaller than those for other transitions
states considered here. For dipole-allowed triplet-triplet trante.g.,e® ; —a®3 , d®Il,—g%% ). The large difference
sitions, the coupling is provided by their transition dipole between the dipole moments for different transitions as well
moment|M;;| as a function of the internuclear distanRe as theg— u selection rules facilitate an approximate decou-
[see Eq(2) below]. Thea, ¢, h, d, andg states, involved in  pling of the dynamics o$tronglycoupled states from that of
the transitions considered here, are also coupled with otheteaklycoupled states. For instance, the dynamics of strongly
triplet states(e.g., e33 [, i32;, etc), particularly those coupled(but pairwisé a, c, e, andg states is not significantly
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affected by the weak couplings ef—~d, c—h, andc—g u2— U2 y (s
pairs of states. Conversely, when considering dhed, c '2—; |n(—f) + > So( y)dy> ., 3
—h, andc— g transitions the initial-state amplitudes can be ui+ug Yi Vi

considered as predetermined by their strong-coupling dy-

namics with the other states or, in other words, the time scalehereK; and S; are the modified Bessel and Struve func-
on which the strong transitions take place is much shortetions, respectively, and; and u; are the initial and final
than that for the weak transitions, resulting in separation o&lectron velocities. Moreover

their dynamics. Finally, the considered transitions are sym-

metry decoupled, and each of them can be considered sepa- pg_ CJAES 4| 1
rately as a two-state dynamical problem. G i B (4)
. . . . Yi % ,
In the following we give a brief account of the main ele- Ui
ments of IPM computational scheme, referring the reader to
the literature for a complete description of the methb8-— 0 JAE Y|
15] P v viove!l U 5)
) . 4 S
The state-to-state cross secti@f_i V:”(E) for an electron- h uf2
i
impact-induced transition from theth vibrational level of _
the «; electronic state to thesth vibrational level of the final pgi ’,,f|AEj_' ”fffl 2u;
a; electronic state of a diatomic molecule is expressed, in y= 7 : %> (6)
the IPM framework, as Ui+ us
. . . i @ @f i iti i
"ji',vfaf(E):Sji',ffiji',::(E)’ (1) with AEVi by being the transition energy defined as
aj,af__ _af__qj
AEVi b€ € (7)

vt Vi

whereE is the incident kinetic energy. The “structural fac-

tor” S'1 """, related to the target structure, is defined by
o ande; is the energy eigenvalue of theh vibrational level

of the a electronic statepgi oy in Egs.(4)—(6), is a cutoff

2,2
o ar_ M€ (2= 584 (2= 84 o) parameter introduced in the impact-parameter method to pre-
Vit 3giht " f serve the unitary o8 matrix [13—15, whose value is set by
. 5 equating the impact-parameter and Born approximation cross
% f dRXjf(R)MXi_vif(R)X:{i(R) ) sections F;\t hlgh .energles. o . .
0 f e ' The dissociative cross sectlcmvi' f(E) is defined by
the integral
In this expressiomm, e, #, andg; represent, respectively,
the mass and charge of electron, Planck’s constant, and the doi~(E)
degeneracy factor for the; state.y$(R) is the vibrational T (E) = fsmax io® de ®)
wave function that depends on the internuclear distdice Vi sth de '

and MK‘."X’T(R) is the usual electronic transition dipole mo-
.

ment characterized by the quantum numbers of the projevherec! "*/(E) is readily obtained from Eq(1) by simply
tion Of e|eCtI’0niC angular momentum on the internuclear aXiSreplacing the final quantum numbef W|th the Continuum

AjandAyg. _ energye. The continuum integration limitsy,, &may are,
The “dynamical factor” D 'fff(E) describing the respectively, defined as

inelastic-scattering effects on the motion of incident electron

is given by etn=Va,(R=%), ema=E+e). 9
|
aap 2 K K a2 s Herevaf(R—m) is the dissociation threshold for the upper
vivp mzuiz ¥il Ko(yi)Ka(yi) — TSO('Yi) 1(71) a; electronic state.

Finally thetotal cross sectionsan be written as

2
1| Kol 70K (7= - Sol 7Sl m)

e do Y(E)
aj— ag — aj— af 1
oy (E) > o (E)+f de—g—

+ | Ko(¥)K1(ys) + Kol y1)K1(yi) N " (10)
2 2
T T where the sum extends over all the bound vibrational levels
+ 7SSy + 7 50(%)51(%)) of the a; state.
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FIG. 2. Internal amplitude, Eq12), as a function of continuum
energy(the second peak is magnified in the inserted pigture

IIl. COMPUTATIONAL DETAILS

A. Potential-energy curves, vibrational states,
and determination of pg

The potential-energy curves and transition dipole mo-
ments for the considered transitions, needed for calculation
of the structural factok2), were taken from literaturg20]
[see Figs. (@ and Xb)]. The repulsive portion of the poten-
tial curves, at very short internuclear distanc&s<(0.6a,),
has been extrapolated by the analytical expression

Dissociative cross section (A?%)

V(R)=Aexi —BR), (11) 00 200 40.0 60.0 200 100.0
Energy (eV)

where the constants andB have been determined by inter-  FIG. 3. Cross sections as a function of energy for the processes
polation of the first two calculated points, corresponding to(a) H,(a®s; ,»=0-13)}+e—H,(d %) +e; (b) Hy(a®s
the shortest internuclear distandég|. =0-13)+e—Hy(d3M,)+e—H+H+e.

The discrete vibrational eigenvalues and wave functions . ] .
were obtained by employing the Numerov numerical proce- F_mally in all th(_e processes considered, dge to the re!a_\tlve
dure, while vibrational wave functions belonging to the con-POsition of potential-energy curves coupled in the transition,
tinuum of the final electronic state were calculated by usindhe last V|prat|onal levels .of the initial elect_ronlc state are
the method outlined in Ref17). placed at h|gher energy W|th respect tq the. first levels .of t.he

The Born cross sections at high collision energy, needefinal electro.mc states. In t_hls case a vibrational deexcnaqon
to determine the cutoff parametgg, were calculated in the May occur in t.h'e. elgctronlc transn'lon. We have not consid-
usual fashion in terms of the generalized oscillator strengtigred this possibility in our calculations.

[4]. The electronic wave functions, needed in this last quan-
tity, were obtained by performing full configuration interac-
tion ab initio calculations with theamess packagd21]. In As already mentioned earlier, due to the existence of both
the range of (0.6—64d)}) internuclear distances, was chosena minimum and a maximum in the potential-energy curve of
a basis set of Gaussiansg,8p,3d) contracted td4s,3p,2d]  theh 32; state, quasibound levels arise near the top of the
[22,23 and augmented by the Rydberg-like(exponential potential barrier, which qualitatively correspond to vibra-
parameter{=0.01), p (£=0.03, 0.0}, d ({=1.0, 0.03, tional levels of the diatomic system, but are unstable to tun-
0.01), f (£=0.03, 0.0} functions on the center of mag24];,  neling through the potential barrier to the dissociation con-
for R>6.0ag the basis set was enriched with four diffuse tinuum. There are different procedures for determining the
functions =0.197, 0.079, 0.032, 0.01325]. Potential- energies and widths of these quasibound leyeisonances
energy curves for excited triplet states, as well as transitiothrough the localization of maxima of thepllisional time
dipole moments, were found to be in good agreement withjelay functionr, or treating the resonances as bound levels
Ref.[20] in the range (0.6—8&}). Due to the lack of accu- with discrete outer boundary conditigAiry function bound-
racy in reproducing electronic state energy in the asymptotiary condition [26,27).

region (R>8.0ap), the cross section calculations were per- In the present work the energy positions of quasibound
formed only fory;<13. vibrational states were determined by using the method of

B. Quasibound vibrational states

022706-4
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FIG. 4. Total[procesd(a) in the texi and dissociativgprocess o« i ®) ]
(b)] cross sections as a function of initial vibrational quantum num- T:’ L 1
ber at the collision energlg =10 eV. k=) 0.15 ]
o L ]
3 i )
. . : o . i
internal amplitude(lA) given by 2 A ]
Rolx.(R)|2dR § otoh .
A(e)=| o —p (12 o I ]
Ra [Rb_Ra] = |1 10 ]
£ oo ]
whereR, andR,, are the first two classical turning points of 8 [ o _
the vibrational level of energy and the vibrational wave & _
function x.(R) is asymptotically normalized according to & N

Ref.[17]. The resonance energy positions correspond to the
IA maxima.

In order to completely resolve the resonance spectrum
from the threshold energy up to the barrier's maximum, we g 5. Cross sections as a function of energy for the processes
adopted an adaptative step size proced28, finding three (5 ,(c311,,»,=0—13)+e—H,(g 33)+e (b) Hy(c®Ml,,,
quasibound vibrational statésee Fig. 2 The dissociating =0—13)+e—H,(g 35)+e—H+H+e.
lifetime 74 of these levels has been obtained in terms of the
resonance dissociation widih through the relation

0.0 20.0 40.0 60.0 80.0 100.0
Energy (eV)

IV. RESULTS

A. Total and dissociative cross sections

h
==, 1 I .
77T (13 Total excitation cross sections, for the procéss

3y + 3
The parametef has been estimated by the standard WKB Ha(a g ,vi) +e—Hy(d Il +e
semiclassical methof®9], which gives

calculated by Eq(10), are shown in Fig. &) as a function of
WKB._ e 2? the incident energy. Each curve is identified by the value of
I _715” 14 the initial guantum numbew;. The maxima of the cross
sections monotonically increase by a factor of 2 fram
=0 up to»;=9-10 (solid lineg, and decrease for;>10
(dashed lines This trend, observed also in other cases
. [16,18, is mainly determined by the structural factor and it
ng ‘d R(2u[V(R)—E]¥?), (15) does_ not depend on the |n_C|d§nt energy. The small peak ap-
Rp pearing at very low energies is an artifact of the computa-
tional method. Figure ®) shows the dissociative cross sec-
Ry tions as a function of the energy, obtained by By, for the
b= f dR(2u[E—V(R)]*?), (16)  transition(b)
Ra

where

R, is the outer classical turning point. Hy(a®%y ,vj)+e—Hy(d ) +e—~H+H+e.
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FIG. 6. Total[procesd(c) in the texi and dissociativgprocess °$
(d)] cross sections as a function of initial vibrational quantum num- g
ber at the collision energlf =10 eV. ‘8
[}
w
The cross sections display a regular increase with the in- 2
crease of vibrational level up tgq =13, for which they reach g
their maximum. However they remain quite a small fraction ¢
of the total cross sections shown in Figa3 This point can 2

be better appreciated in Fig. 4 where total and dissociative
cross sections are compared as a function of the initial vibra-
tional quantum number for a fixed incident electron energy .
of 10 eV (about the maximum of;=0 cross section

Figures %a) and(b) show the total and dissociative cross
sections for the processés and (d)

issocia

|

D

Ha(c ®Ily,vj) +e—Hy(g %2 y) +e,

50.0

200 {

15.0

100
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(a)

200 400 60.0 80.0 100.0
Energy (eV)

12

11

(b)]

200 40.0 60.0 80.0 100.0
Energy (eV)

FIG. 7. Cross sections as a function of energy for the processes

(@ Hy(c3M,,1;=0-13)+e—Hy(h3s ) +e; (b) Hy(c®My,v;
H2(03Hu,vi)+eHH2(gSEg)+eHH+H+e, =0-13)+e—H,(h% ) +e—~H+H+e.

respectively. Forv;>1, and for an incident energy greater
than 10 eV, the total cross sections decrease with the increase
of vibrational quantum numbédashed lines The dissocia-

tive cross sections of Fig.([5) give a very small contribution

to the total cross sections also in this case. A comparison

: L X . S 10° g E
between total and dissociative cross sections is shown in Fig 3 N ' 3
. - - F E=10eV ]
6 as a function of the vibrational quantum number for an L o]
incident electron energy of 10 eV. o« 0F total | ,-e AT
Total and direct dissociative cross sections have been cak<t TR SR 3
N’ E P -
culated also for the processes and (f) a o b ‘ ]
g g s’
H,(c 3Hu 1) +e—Hy(h 32;;) +e, § - dissociative
: st s 10'F
Ho(c Iy, v)) +e—Hy(h*% ) +e—H+H+e, 4 3 J 3
o i ]
I . @) I > |
and the results are shown in Figgajzand 1b), respectively. 102F P E
The dependence of cross section on the vibrational levels fo b 1
the above two processes is shown in Fig. 8 at a collision 10_3' N T T T
energy of 10 eV. Forw;>4 the dissociative cross section 01 2 3 4 5 6 7 8 9 10 11 12 13
increases with the increasing of the vibrational quantum Vibrational quantum number V.
number, becoming the predominate contribution to the total !
; ; 3
cross section fory;=8. The main feature of the I, FIG. 8. Total[process(e) in the texi and dissociativgprocess

—h 3Eg transition is the existence, in tHE329 electronic ()] cross sections as a function of initial vibrational quantum num-

state, of three quasibound vibrational levels and the calculaser at the collision energg=10 eV.
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Final vibrational quantum number v,

FIG. 10. State-to-state cross sections for procegs M1, ,v;)
+e—H,(g 32; ,vi)+e (solid lineg as a function of final vibra-
tional quantum number, at the incident eneifgy 10 eV, for
=0, 6, and 13, compared with corresponding structural fa¢tens
(2)] (dashed linesnormalized to the firsi; cross-section value.

tion of the incident energy. The cross sectiofi ;) depends

on both the initial and final quantum numbers. Figurés-9

9(c), display the cross sections foy=0, 6, 13, respectively,
and for all thev; levels ofg 3Eg electronic state. Inspection

of these figures show that the energy dependence of the cross
sections is practically the same abowe20 eV for all the
vibrational levels. It is determined by the dynamical factor,
which can be considered approximately independent of the
vibrational level of the molecule, particularly at high ener-
gies[17,30. On the contrary, the trend of the cross sections
as a function of the final vibrational quantum number is
strongly affected by the structural factor. This can be clearly
seen in Fig. 10, where the same cross sections as in Figs.
9(a)—9(c) are shown as a function of the final vibrational
quantum number at a fixed incident electron energy of 10 eV,
along with the corresponding structural factors normalized to
the firstvs cross section value.

Same considerations hold for the other two cases. Figures
11 and 12 show the cross sections for & ; —d °I1,, and
c¢’Il,—h33 ] transitions, respectively, as a function of the
final vibrational quantum number at an incident energy of 10
eV and forv;=0, 6, 13. Fory;=13 the cross sections are
shown only fory;=3 (and forv;=2 in Fig. 10, for which a
vibrational excitation occurs: far; <3 (v;<2 in Fig. 10, in

FIG. 9. State-to-state cross sections for proceg& BIl, ,v;)
+e—H,(g 325 ,vf) + e as a function of incident energy for differ-
ent final vibrational levels; and for(a) »;=0, (b) »;=6, (C) v
=13.

fact, the transition energy is found to be negative.

V. DISCUSSION

The development of collisional-radiative models foy H
lasmag 11,12 used as diagnostic tool for the determination
of electronic and vibrational temperature of(M{ '3 ;) mol-
ecules requires the knowledge of vibrational population of
all the triplet states correlating witm=2 and n=3

Figures 9a)—9(c) show an example of state-to-state crossasymptotic states. An accurate model, therefore, must in-
sectiond Eq. (1)] for the transitionc 3I1,—g 323 as a func- clude all the direct and indirect processes, and their possible

tion of cross section for dissociation from these levels re-
quired a special treatment. A detailed discussion is given i
Sec. V.

B. State-to-state cross sections

022706-7



LARICCHIUTA, CELIBERTO, AND JANEV PHYSICAL REVIEW A69, 022706 (2004

10" g et al. [31] report, in an experimental-theoretical work, that
= . the percentage of dissociative tunneling from the rotational
100 F 1 levels of v’ =4 vibrational state is in the range 0.1-8 % of
— L S the total (tunneling + radiative decay In addition, in the
< 10° F 3 above percentage the authors include also the contribution
= E E=10 eV ]  coming from predissociation df state viaa ®%, andi *I1
.g 10° _ —e 0 _ states. They found completely different results for the rota-
3 a ——6 E tional levels ofy’ =5 quasibound state, which mostly disso-
- 107 _ —13 _ ciates by tunneling80%). These results indirectly confirm
8 e 3 our calculations. Actually, as discussed below, the tunneling
&) S E E dissociative cross section for the =5 resonant level of
107 £ h3%; electronic state is found to be much higher than the
ot ; ‘ | ‘ E corresponding cross section for thé=4 level, due to the

short tunneling lifetime o¥’ =5 resonant state which allows
the barrier penetration before radiative decay 1, state
might occur. The inverse situation has been found ifor
=4 case.

FIG. 11. State-to-state cross sections for process 3 I n
Hy(a3S ! 1) +e—H,(d3Il,,v)+e as a function of final vibra- The d °II, state can radiatively decay back to méEg

tional quantum number, at the incident enefgy: 10 eV, for »,  State, but also undergo predissociation through &,
=0, 6, and 13. triplet state. The cumulative lifetime for these two processes
has been measured and calculated by Kiyoshetral. [24].
ramifications, which can affect the vibrational density. SuchFurthermore, the higher vibrational levels;&6) of d state
an analysis is complex and beyond the scope of presefie above the ground vibrational level of,H molecular ion,
work. However, a brief qualitative discussion of the possibleand the excitation to these levels can lead to autoionization.
exit channels following the electron-impact excitation in- No quantitative information exists, to the best of our knowl-
volving the triplet states considered here could be of interestdge, on this process, which affects directly the population of
and could provide indications for further quantitative studiesd state, and, thereby, the results of Fulcher band emission in
Direct dissociative cross sections calculated in this papedivertor plasma diagnostifl1,12. Autoionization, finally,
refer to the electron-impact excitation to the repulsive brancktan also occur from the high vibrational levels;&6) of
of the upperd, h, and g potential curves, lying above the theg32g electronic state.
dissociation limit. Other processes however can lead to dis- As mentioned in Sec. Il A, the energy positions of qua-
sociation via indirect mechanisms. ThéEg state, for in-  sibound vibrational levels in thIEt32§+I electronic state were
stance, is coupled by symmetry with the completely repul-determined by evaluating the IA by E@L2). The plot of the
sive stateb33_ and, in addition, supports a number of IA against the continuum energy shown in Fig. 2, displays
resonant vibrational states’(=4,5,6, see belowThese two three sharp peaks of very narrow amplityttee inserted pic-
circumstances can lead competitively to dissociation via rature in Fig. 2 shows the dependence of the second resonance
diative decay and tunneling effect, respectively. Wouterson the continuum energy at a closer sgakose maximum
is placed, with respect to the bottom of the ground-state po-
E tential well, at the energies of 121 038.85, 122 357.89, and
123325.99 cm? correspondingly. In particular, in the first
two energy regions, the amplitude of tlye(R) wave func-
tions is very high inside the potential well and rapidly decays
under the barrier, becoming finally oscillating as the internu-
clear distance tends to infinity. This can be better seen in Fig.
13 where they.(R) wave function is shown for the three
different values of energyfull lines), corresponding to the
maximum of the three peaks in Fig. 2, along with the vibra-
tional wave function for arz value falling outside the reso-
] nance regionsdashed ling In the figure, the amplitudes of
3 E the first two quasibound wave functions, inside the well, are
i 1 reduced by a factor of 10 and 10 2, respectively, while the
105 — ! ! ! ! ' ' dashed curve is magnified by a factor of°1@or a better
0 1 2 3 4 5 6 representation. This figure suggests that the tunneling prob-
Final vibrational quantum number vf ability for the first resonance should be very small, due to the
very large amplitude of.(R) inside the potential well, com-
FIG. 12. State-to-state cross sections for procegs H1,,»;) pared with the amplitude beyond the barrier.
+e—Hy(h 32;’ ,v¢)+e as a function of final vibrational quantum The situation for the third resonant region in Fig. 2 is
number, at the incident ener@y=10 eV, for»;=0, 6, and 13. quite different. In this case the peak of the internal amplitude

0 5 10 15
Final vibrational quantum number v,

8

10!

10° F

0 E

102 g

Cross section (A%)

" E=10eV
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-0.60 speaking, a continuum nature, due to a nonzero amplitude

i hi3Z+ behind the potential barrier, and their amplitude inside the
potential well changes significantly through the resonance
. shape, the nodes, conversely, remain unperturbed and their
0.61 - number progressively increases from four through six pass-

i ing from the first to the third peak. This allows the charac-
terization of the three resonance levels by a pseudoquantum
numbery’' =4, 5, 6.

The tunneling of all these three states is obviousiythe
frame of two-state transitigrin competition with the radia-
tive decay back to the %I, vibrational manifold. The dis-
sociative cross sections for the excitation to the quasibound
states can be thus calculated only whenréiative tunneling
probability is known. We have defined the tunneling branch-
ing ratio P in terms of the resonance lifetimg [Eq. (13)]
and radiative decay time, [Eq. (18)] as

-0.62

-0.63

Potential energy (hartree)

-0.64

74 "(e)

T e e

17
065

. The radiative lifetime is defined through the Einstein co-
efficients of spontaneous emission,

066 Lo Lo e e e 1
20 00 2.0 4.0 6.0 80 100 120 140 T

=
Internuclear distance (bohr) > A v+ f de

: (18)
(A e")
de’

FIG. 13. Potential-energy curves and vibrational levels for

3 39+ i i . . o
c”lIl, andh °% 4 states of H. Some wave functions of quasibound \yheres’ is the continuum energy levels for the initial elec-
states(corresponding to internal amplitude pepkhill lines) and tronic statec 311
u-

for a non-quasi-bound levéblashed ling are also displayed. The The Einstein coefficient for a quasibound level which ra-
left portion of the first three wave functioriBom the origin of the diatively decays to a bound level is given by

internuclear distance to the right wall of the barribas been mul-
tiplied by 1076, 10 (dashed ling and 102 for a better represen- .
tation. A(v' v)=| " de2.142x 101

is placed close to the top of the barrier, near the pure con- " 5 )

tinuum vibrational spectrum, so a more pronounced dissocia- X(e—&,)°9[(xoM(R)|x, )%, (19
tive character of this quasibound vibrational level is to be

expected. The small barrier height and width, in fact, ensurguheree i, and e 4 are the energy limits of the resonance
a high tunneling probability. Finally, an intermediate situa-shape angj is a symmetry factor depending on the transition.

tion is found for the second resonance region, where thgor radiative decay to the continuum of the lower state the
wave-function amplitude for the vibrational level reaches in-expression of the Einstein coefficieA(v’,e’) involves a

termediate values with respect to the other two cdbés double integral over the energy.

13. o . _ S We have estimated the radiative decay considering only
No contribution from direct dissociation is to be expectedthat portion of the wave function trapped in the potential

from quasibound levels, due to the small vibrational overlapyell, so that all integrals ofR were truncated under the bar-

in the region of internuclear separation, behind the barriefsier. The resonance lifetime was estimated by using the WKB

where the vibrational wave function for the bound levels ofapproximation[Eq. (13)]. In the case of the second reso-

c °I1, state rapidly vanishesee Fig. 13 A similar situation  nance ¢'=5), however, we have checked the accuracy of

can be predicted for those levels lying outside the resonanage semiclassical approximation by calculating the resonance

regions. In this case the corresponding wave functions eXifetime through the time delay [26,37, defined as
hibit large oscillations only in the asymptotic regitashed

line in Fig. 13, which implies again a weak overlap in the "
Franck-Condon integral. Direct dissociation from the pure T(g):f (X Xo— XEX) AR+
vibrational continuum above the potential barrier can, how- 0
ever, be quite significant.

The last feature of the quasibound vibrational wave funcwhere 8, is the phase shifandk?=2us/%2. The exact ra-
tions we want to stress is that although they have, rigorouslgial wave function is asymptotically normalized as

#) sin(25,), (20)
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TABLE I. Tunneling, 74, and radiative decay;, , lifetimes. - 1O
[q\] -
< r -
v 74 (9) 7 (9 = eop  BSlOeV
o) C
4 1.0 9.1x10°8 T sof
5 3.5x10°° 1.0x1077 o -
6 1.3x10713 1.2x1077 v  40f
= -
= F
3 30 F .
Xe=Xw=r R— 2 E ]
S 20F 3
< s ]
24 1/2 (21) 23] o .
. S C ]
Xoo= 5 sin(kR+ 4,). @2 10r ]
whok A r ]
00¢&
The resonance lifetime is correlated to the time delay by 0 1 2 3 4 5 6 7 8 9 10 11 12 13
[26] Vibrational quantum number v,
Td:%[T]max- (22

FIG. 14. Quasibound state dissociative cross section for the pro-
We have evaluated at the energy peak,., for the level — cess H(c®Il,,»;)+e—H,(h®%; ,v')+e as a function of initial
v' =5, finding the value of 3.48 10 ° s, in good agreement vibrational quantum number, at the incident eneffgy 10 eV. The

with the semiclassical value of 3.5210°° s. curve labeled ag’ =4 has been multiplied by a factor of 10
Table | gives the numerical values ef and 7, . As it can
be seen from this table, for the first case €4) 74> 7, VI. CONCLUSIONS
which impliesP~0, confirming the strong bound nature of
this level. For the next two levelsv(=5,6), the tunneling We have calculated the electron-impact cross section for
probability is appreciably different from zero. the transitionsa 3Eg—>d 31, ¢3M,—h 325 , and ¢ 311,

The cross sections for dissociation via the excitation to_ 3%+ using the impact-parameter method. No other the-
the resonant levels can be obtained by using the expression 9% g pact-p '

oretical or experimental data exist for these transitions, to the

Stop do, (E) best of our knowledge, to which the present results can be
a,,i(E)z f P(e) ('j—ds, (23 compared. As expected, the small energy difference between
Eth € the initial and the final electronic states involved in these

transitions results in cross sections that are n{ocle-to-two

wheres, ande,, represent the continuum energy threshold . ) : .
and the maximum value of the potential barrier, respectivel p_rders of magnitudelarger than previously studied singlet-

The integration in Eq(23) has been performed only for the Singlét transitions induced in XX '3 .v;) by electron im-
three narrow regions, labeled as=4,5,6, where the inter- pact. Due to space Ilmltatlons,_ only total, dissociative an_d
nal amplitude is markedly different from zer. has been SOMev; — v .resolvled cross sections are presented. The entire
assumed as independent of the continuum energy by settirf§t of data is available on request from the aut/iggs.

its value at the energy peak positieR,,,. The dissociative

cross sections obtained are shown in Fig. 14. The curve for

the first resonancer( =4), which is magnified by a factor

of 107, confirms the almost nondissociative character of this ACKNOWLEDGMENTS

level. The second ' =5) and third ¢’ =6) resonances
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