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PHYSICAL REVIEW A, VOLUME 61, 052705
Dissociative electron attachment to vibrationally and rotationally excited B and HF molecules

Y. Xu, G. A. Gallup, and I. I. Fabrikant
Department of Physics and Astronomy, University of Nebraska, Lincoln, Nebraska 68588-0111

(Received 25 October 1999; published 6 April 2D00

The vibrational and rotational state dependence of dissociative attaclibwntin low-energye-H, and
e-HF collisions is studied within the framework of nonlocal resonance theory. The dynamics of nuclear motion
in the nonlocal complex potential is treated by the quasiclassical approach. The resonance energy, width
function, and level-shift function are taken from our previous calculations based on the projection operator
formalism. Results for all vibrational states up to the dissociative attachment thresholds and selected rotational
states are presented. Our cross sections forekhibit a plateau structure in the energy range above the
dissociation threshold, and this structure gets more pronounced with higitek The dissociative attachment
cross section for vibrationally and rotationally hot HF=1150 K) agrees well with available experimental
data. For H in thermal equilibrium at 1400 K, the agreement between experiment and theory is less
satisfactory.

PACS numbd(s): 34.80.Ht

. INTRODUCTION son has been done only for attachment tpil its ground
rovibrational stat¢8]. The present work extends this type of
Dissociative attachmerfiDA) in low-energy electron mol- calculations to rovibrationally excited Hnolecule and the
ecule scattering has been a subject of many experimental amtF molecule.
theoretical investigations. Theoretically this process can be DA to H, in the energy range up to 5 eV has been studied
interpreted in terms of formation and dissociation of a tem-intensively in the past three decadé§—19. Measurements
porary negative molecular iofi,2]. The resonance energy of the absolute cross section for attachment to the ground
and width were usually obtained by either fitting a param-state ¢ =J=0) were reported by Schultz and Asundi in
etrized width function to the experimental d4&, or byab  1967[15]. Allan and Wong[16] showed that the cross sec-
initio calculationd 4]. The resonance energy obtained in thetion increases dramatically as the internal energy gfird
former case can then be adopted as a local complex potentiateases, and this behavior was explained by the analysis of
energy for the nuclear motion to calculate the DA cross secWadehra and Bardsley based on the local complex potential
tion [5]. In the latter case, Feshbach’s projection operatomodel [3]. Several nonlocal calculations were performed
formalism is usually used to separate the resonance statgore recently. Whereas Mdel et al. [8] and Gallupet al.
from the background scattering, and the nuclear dynamics i20] developed methods allowing complete inclusion of vi-
governed by the resultant energy-dependent, nonlocal conbrational dynamics, Atems and Wadeli®] and Hickman
plex potential[6,7]. It was pointed out that the local theory [11] included only open channels in the expression for the
fails severely when the resonance that drives the DA processonlocal potential. DA to vibrationally excited,+has been
is broad[8,9]. Later on, however, Atems and Wadelii®]  studied by several nonlocal resonance theofld11,2Q,
and Hickman[11] showed that special versions of local and also by nonresonant effective range thg@nj. Nonlo-
theory applied to DA to the Hmolecule can give results cal calculations of DA cross section to, kh thermal equi-
which are close to those of the nonlocal theory. It is notlibrium at 1400 K were published recenflg2].
clear, though, to what extent these methods can be general- HF is another interesting target for understanding the DA
ized for molecules other than,HIn addition, both papers process. It possesses a supercritical electron dipole moment
use a separable expression for the nonlocal potential. Thehich causes the resonance width to be finite at zero electron
separability appears due to inclusion of only open channelenergy. ResonarR-matrix calculations and nonlocal calcu-
in the expression for the nonlocal complex potential.lations based on the projection operator approach have been
Whereas this procedure is justified for the imaginary part oidone for DA to HF molecul¢23,20. The cross section for
the potential, it cannot generally be used for the real partthe ground state of HF, and the vibrational enhancement
Moreover, it is known[4,12,13 that contribution of the were found to agree well with experiment.
closed channels corresponding to excitation of discrete vibra- In this paper we present the DA cross section for vibra-
tional states and even vibrational continuum can be very imtionally and rotationally excited JHand HF. The next section
portant. When the electron energy approaches the dissociautlines our theory, with emphasis on the treatment of the
tion limit, the use of the separable approximation becomesguclear dynamics, Secs. Ill and IV give results foy &hd

even more questionablé4]. HF, respectively, and Sec. V contains concluding remarks.
Therefore, for comparison of the local and nonlocal ver-
sions of the resonance theory of DA it is important to use the Il THEORY

exactformulation of the nonlocal theory and the general ver-
sion of the local theory without model assumption regarding We follow the quasiclassical version of the nonlocal reso-
the coupling parameter or width. So far this kind of compari-nance theory24] for calculation of dissociative electron at-
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tachment cross sections. The method is based on the Fesh- . A(vI)A(v'd)
bach projection operator formalisrfi25] and has been  (vJ|GY{(E)|v’d)= W B-(v-J)B-(vJ),
applied to DA from low-lying vibrational states of ,Hand (6)

HF molecules. In this work we calculate DA from higher

excited vibrational states and extend the theory to incmd%vherev andv_ are maxg,v’) and ming,v’), respectively
rotational motion. We will only outline our treatment of the W is a> constgnt Wronsl;ian anA(vJ,) B (v3) and,
1 ’ < 1

233:Ea;ncéy&aerr:g:so:ggeéeTsfggtg ?ss (i:c;fgt(i)galo'rot?ﬁa{] Egterda Iirrln Igle >(.U‘J) are coefficients depending on the case under consid-
[20]. In our treatment of rotational motion we assume thateratlon' n WhaF fOHO\.NS' we drop_ the_ rotat|0_nal quantum
the formation of the negative-ion resonance is dominated b}rllumberJ as an mdex. n .order to simplify notation.

If the transition point is closer to the left molecular turn-

one partial wave with angular momentum(l8F molecule ing pointag(v), then
or 1 (H, moleculg, so that the rotational quantum numider gp S
can be treated as a conserved quantity during the DA pro-

(98(0) —-1/2 3 1/6 3 2/3
cess. L . - : B<(v)=< ) (—S(v)) Ai[—(—s(v)) }
The Schrdinger equation describing the nuclear motion JE, 2 2
in the temporary negative ion state with total eneEygnd (7)
reduced masM is [4]:
ﬁS(U) —-1/2 3 1/6I _ - 3 2/3

(E—Hd)|‘1’kiE>_F|‘I’kiE>=kai|UiJ>, (1) B>(v)=< 7E. ) ES(U) WW - ES(U) ,

where|\lfkiE> is the wave function in the dissociating chan- ®

nel satisfying the outgoing wave boundary conditiddg,is

the Hamiltonian for the nuclear motion in the diabatic poten- dR, 7,(ap(v),R,)

tial, |v;J) is the initial rovibrational state of the neutral mol- Alv)=| o(v) dg, 2

ecule k; is the momentum of the incoming electrdnjs the

nonlocal complex potential andy is the coupling ampli- J(I+1) -v2)12

tude between the diabatic negative-ion state and the electron X1 Ey—Uo(Ry)— SMRZ : 9
continuum. v

If we expand Wy g) in the eigenstatefp J) of the Hamil-

tonian for the neutral molecule, whereU is the potential of the neutral molecule(v) is the

vibrational frequency of molecular vibrational stateand

|‘I’kiE>:$ by [vJ), ) R, JA+1)|
o) TUav,szf dR| E,— Uo(R)—
@) R)=| R~
and make a substitution (10
By = Vi, (Ry)) a5, (3 s the reduced time of nuclear vibration from the left turning

) i ) . point to the transition point. The action functid®(v) is
the quasiclassical approach for nuclear dynamics gives thgefined as

following equation fora,; [20]:

R, Ja+1) "
avj—i (vI|G{NE) v I)F, a, S(v)=fa o 2M[E,—Uo(R)]— =2 dR
o' ov
= (vJ|G§H(E)|vJ). 4 R, I3+
(0IIGEUE)|v,) (@) —f ae-uyr- 220k
Here, F, is related to the partial resonance widthig and u® R
shifts A, at the Franck-Condon poimR, as (11

[Vik(R,)|? [ whereU (R) is the diabatic molecular energy cuna,(R)

=4,- Erv ' (5 is the left turning point for the negative ion with energy

E+i0—-E,— Ekz When the transition poirR, is closer to the right molecu-
lar turning pointbgy(v), the following representations are

used instead:

Fv=f kdkdk

whereE, is the energy of molecular vibrational state
The Green’s-function matrix element in E1) can be 2 U o

represented in a separable fofg#,26,27. For inclusion of B _[dS(v)| "3 6A' (3 3

the rotational motion, we extend the representation to be the ()= JE, ES(U) ! ES(U) ’

following: (12
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(98(0) -1/2 3 1/61_i 3 2/3 10! b \\
B>(v)=(f) 55(0) $W+ - 55(0) : \\
v 10° F E
13 N———__
z\T‘ 101 F 3
£
dR, 7,(R, ,bo(v)) < o2k
=(— v _— )
A(v)=(—-1) w(v)dEv 5 e
£ 108 F
I3+ 1)) VL G o |
X| Ey,=Uo(R)— ———- o 14 s
2MR? sl
sle |7 |le|s |4 |3 |2
bo(v) I+ 1o
S(U)Zf ZM[Ev_UO(R)]_—Z dR 107 L ! !
R, R 0 1 2 3 4 5 6
electron energy (ev)
R, J3+1)]M ¥
+ f 2ZME-Uy(R)]= ———| dR. FIG. 1. Dissociative attachment cross sections for various vibra-
a1(E) R tional states of ki
2.
(15

o culations[3]. The difference is mainly in the energy depen-
When the Franck-Condon poiR, lies between the two mo-  gence of the cross section. In the energy range above the

lecular turning points, the two representations for thegissociation threshold, our cross section exhibits a plateau
Green’s-function matrix element match smoothly. structure, and for highev the cross section drops more
The action functionS(v) and its derivative irE, the re- slowly with increasing energy. Far=9, the DA cross sec-
duced time of nuclear vibratiom,, and the vibration fre- {jon remains almost a constant from 1 to 4 eV.
quencyw(v) are all calculated numerically. Equatiof) can This interesting feature of the cross section can be inter-
then be solved recursively in and the solution is deter- preted as a result of the nonlocal effect. Indeed, at higher
mined by matching with the vibrational continuum function energies the point of transition between the initial vibrational
at the dissociation threshol@4]. We should emphasize that state and the resonance stdte Franck-Condon point
this matching process takes into account the effect of thenoves towards smaller internuclear distances where the reso-
vibrational continuum in a suitable way and thus allows for anance width is larger. In addition, the Franck-Condon point
reliable description of the dissociative attachment to highlyjg moving away from the classically allowed region which
excited state$14]. makes the Franck-Condon overlap smaller. This causes a fast
Finally, the total DA cross sectiompa(v;) is given by[4]  drop in the local cross section. In the nonlocal theory larger
internuclear distances, where the width is smaller, are also
_2772 lim ¥, -(R)|2 16 involved in the process. Therefore, nonlocality stabilizes the
IoAT 2 VM lRanx e(RI, 19 pa process. At smaller electron energies, however, nonlo-
' cality might substantially suppress the DA rate.
whereK is the relative momentum of the dissociating frag- ~ This is illustrated in Fig. 2 where we compare our local
ments, andr accounts for the spatial degeneracy of the elec-
tronic resonance state. 102

10" F

Ill. RESULTS FOR THE H , MOLECULE
. . . . . 10°F
Figure 1 gives the DA cross section for different vibra- «
tional states of Kl up tov=9. As was shown in Ref.20], < 101 F
our cross section for the ground state is in good agreemeng

with the nonlocal results based on the Lanczos-basis treatg |

ment of the nuclear dynami¢8]. Since the electronic parts % 5|

of the two calculations are almost identical, this agreements o, V= 0
implies that the quasiclassical treatment of the nuclear dy- 10*f
namics is a good approximation for DA to the ground state |
of the H, molecule. In view of the comparison made for HCI °

in Ref.[24], it is reasonable to expect the quasiclassical ap- 1o ' ' ' ' :

proach to work better for excited states of HDur calculated ° ! 2 ® N °
cross sections for vibrationally excited states=(1,2), how- slectron enerey (20

ever, are Sligh_tly different from those of Mdel et al. [8]. FIG. 2. Local and nonlocal DA cross sections for vibrational
For highly excited vibrational states £2), our cross sec- states of H with v=0 andv=8. Solid curves, nonlocal result;
tions are quite different from those obtained using local cal-dotted curves, local result.
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first that the semiempirical aspect of the Atems and Wadehra
O S — haman ] calculation does not allow for rigorous conclusions about the
T ome & Yradehia validity of the local approximation. Second, the local version
of the approximation used by Hickman is based on special
parametrization of the resonance width and is different from
the standard version, therefore, it is not clear how general his
conclusion is. Finally, perhaps most importantly, both calcu-
- lations use the separable approximation for the nonlocal po-
ves N 1 tential. The validity of this approximation is questionable
[4,12], especially in the energy region close to and above the
dissociation threshold14]. This is suggested by Fig. 3,
where we compare our results with previous nonlocal calcu-
lations involving the separable approximation and the calcu-
lations using the Lanczos-basis approf8h Forv =2, our
cross section is close to that of Madel et al.[8] in the low-

FIG. 3. Comparison of calculated DA cross sections for vibra-energy range, but drops slower with increasing energy above
tionally excited states of Hwith several previous nonlocal calcu- the dissociation threshold. For batl=2 andv =8, the en-
lations. ergy dependence of our cross sections is somewhat different

from that of Hickman’s calculatiorj11], although Hick-
and nonlocal DA cross sections for vibrationally ground stateman’s results do show a sign of the plateau behavior. A
and excited state=8. In accordance with the earlier obser- similar comparison with the results of Atems and Wadehra
vations [8,4], the local cross section for the vibrationally cannot be done since they present cross sections only in vi-
ground state is an order of magnitude higher than the nonlceinities of DA thresholds.
cal cross section. Far= 8, although the local cross section In Fig. 4 we show the DA cross sections for different
is somewhat higher near the threshold, it drops much fastaotational states of the vibrational ground state gf Aihe
with increasing energy, and the nonlocal curve crosses theross sections for highly excited states exhibit the same pla-
local one in the middle of the plateau region. teau structure above the dissociation threshold. We also ob-

Atems and Wadehrl0] and Hickman[11] calculated serve weak irregularities between the DA threshold and the
nonlocal DA cross sections for vibrationally excited states uglissociation threshold. This type of structure appears also in
to v=9 and also made comparison between their version oDA to vibrationally excited states. We find that these irregu-
local and nonlocal theories. The former calculations use &arities emerge only at vibrational excitation thresholds and
parametrization of the resonance width which is compatibleéhus are caused by the opening of higher vibrational chan-
with the Wigner threshold law and fit the parameters to renels.
produce the experimental cross sectifitb] at the DA Figure 5 compares our DA cross section tg Ht T
threshold. Hickmar[11] uses the same description of the =1400 K with experimental data and previous nonlocal cal-
resonance state as that of Mielet al.[8] but includes only  culation of dzek et al. [22]. Our cross sections were ob-
open channels in the expression for the nonlocal potentiatained by averaging the DA cross section over the Maxwell-
Both papers, in contrast to what Fig. 2 shows, conclude thaBoltzmann distribution. All rovibrational states below the
the local theory agrees reasonably well with the nonlocaDA threshold were included. The experimental data were
results, especially for highly excited states. We should noteormalized to the absolute cross-section value of Schultz and

107 F

cross section (10 ®cm?)

102 F

10°F

electron energy (ev)

10'1 T T T T

102 F E
E
@O
To10%F E
2 FIG. 4. Dissociative attachment cross sections
8 for various rotational states of HFrom right to
b
3 104 F left the curves correspond to=0 and J
g =0,5,10,15,20.
o

105 F

20 15
10-6 1 1 1 L
0 1 2 3 4 5 6

electron energy(ev)
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0.7 T T T T

107

2
=3

102 F

L 1N e
w KN 2]

e
[

cross section (10 2¢m 2)
cross section (10 “'%cm?)

o
o

o
o

2.0 25 3.0 35 4.0 45 1 2 3 4 5

electron energy (ev) electron energy (ev)

FIG. 5. Cross section for dissociative attachment fairHther- FIG. 7. Dissociative attachment cross sections for various rota-
mal equilibrium at 1400 K. Solid curve, present result; dashedional states of HF. From bottom to top the curves correspond to
curve, nonlocal calculation|22]; dotted curve, experimental data v=0 andJ=0,5,10,15,20.

[16]. served experimentally for DA to the ground state of [28]

) ) _and HCI[29], and can be explained by the sudden drop of
Asundi[15]. Our results are in general closer to the experi-the negative-ion survival probability at each vibrational ex-
mental data in the high-energy range than that of the previgjtation threshold. In our theory, this drop is represented by
ous calculation, but smaller than both the experiment and thgye sudden change of the partial resonance width at zero
previous theory in the low-energy range, since our threshol@lectron energy for a fixed internuclear distance, which is
cross section for the ground state is about 50% lower thawell known for molecules possessing permanent dipole mo-
the result of Gzek et al,, and the vibrational enhancement of ments[30,31.
these two calculations are about the same. Figure 7 gives our result for different rotational states of

Our calculation does not resolve the major discrepancyhe vibrational ground state of HF. Except for threshold ef-
between the experiment and theory. As was pointed out bfects, the cross sections for different rotational states are
Cizek et al. [22], the major problem with nonlocal calcula- about the same at the same electron energy. Although some-
tions for DA to H, is that the calculated threshold peak for What unexpected, this phenomenon can be qualitatively ra-
the ground state is usually too high, and the vibrational entionalized by considering the relatively weak influence of
hancement is usually too weak. rotational motion on vibrational structure. For HF the spac-
ing between vibrational levels is about the same for different
rotational quantum numbers. A similar and even more drastic
effect was obtained by Wadehra in his calculations of the

In Fig. 6 we present the DA cross section for vibrationally rotational effect in dissociative attachment to, [82]. The
excited HF ¢=0-5). As was observed fo=0—-2 in DA cross section to Liin the J=22 state is even slightly
Ref. [20], the cross section displays a step structure at eacimaller than that for the ground rotational state. Apparently
vibrational excitation threshold. This phenomenon was obPA Cross section becomes less dependend dor heavier

IV. RESULTS FOR THE HF MOLECULE

molecules.
102 : : : : In Fig. 8 we compare our cross section for the production
P 1 of F~ at 1150 K with the experimental data of Allan and
10 - Wong [33]. The experimental cross sections were normal-

-
(=]
©
T

ized to the peak value of our calculation. The results agree
quite well. The rotational structure was not observed in the
experiment because of its low-energy resolution.

The ratios of the peak cross sections for different vibra-
tional and rotational states to that of the ground state of HF
are given in Fig. 9. For two available experimental points our
results are quite close to the experiment. The cross section

o o o4
o o o
PR N
e

cross section (10 “"®cm?
R
(=]
iy
T

10°F enhancement by vibrational excitation was found to be much
w7k 7]t stronger than that by rotational excitation at the same internal
10tk energy. This confirms previous conclusidi®$ based on re-
109 , sults of local calculations.

0 1 2 3 4 5

electron energy (ev) V. CONCLUSIONS

FIG. 6. Dissociative attachment cross sections for various vibra- We have preformed aab initio study of vibrational and
tional states of HF. rotational effects in dissociative electron attachment to the
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105 T T
61 ] —&@— present theory v=5
3K experiment v=4
104 F X
q v=3
5 e,
§ o ) =30
o ® 103 F E
= v=2 3
< § Y
B b .
o g 102 E
g g v=1 -
g L 4=20
10 F & E
L J=15
. * =10
1 2 3 4 10° : * : * *
0.0 0.4 0.8 1.2 1.6 2.0 24

electron energy (ev) intarnal energy (ev)

FIG. 8. Cross section for dissociative attachment to HF in ther- FIG. 9. Internal-state dependence of threshold dissociative at-
mal equilibrium at 1150 K. Solid curve, present result; dotted curve " p

experimental datg33] normalized to the peak value of the present tachment cross sefztlon in HF. Solid curve,/c, —o; .dotted curve,
theory. o3lo;-¢ for vibrational ground state. The experimental data are

from Allan and Wondg 33].

H, and HF molecules using the projection operator formaliures when the contribution of highly excited states becomes
ism. The quasiclassical approach to the nuclear dynamic®ore important. . - ]

allows us to formulate the nonlocal resonance theory in such The DA cross section for vibrationally and rotationally
a way that it takes into account explicitly the vibrational €xcited HF agrees better with the available experimental
continuum for the nuclear motion. This enables us to obtaifiata. The main features of the experimental DA cross section
reliable cross sections for DA to highly excited vibrational &€ represented by our theory very well. The enhancement of
and rotational states. the cross section due to vibrational motion is found to be

Our calculated DA cross section for,Hat T=1400 K much stronger than that due to rotational motion, as was
basically agrees with recent nonlocal calculati¢gg], al-  found previously for H [3].
though our result is somewhat lower. Both theoretical sets of Note added in proofRecently, the authors have learned
cross sections differ quite noticeably from experimental re2bout calculations of DA to piby Kazansky[34] using the
sults[15,16]. The peak cross section for the ground state idonstationary nonlocal _theo[ﬁS]._Hls results do not exhibit _
too big, and the vibrational enhancement is too weak. Wéhe plateau struqture discussed in the present paper, and this
should emphasize that the near-threshold DA cross sectidi{Sagreement might be caused by an inaccuracy of the qua-
for H, is very small, which creates substantial uncertaintiesiclassical theory. However, the major results of the present
both in theory and experiment. While more accurate theoret?@Per(dependence of cross sectionsbandv and the tem-
ical calculations of the band H, potential energy curves perature effeciswould not be affected by this possible inac-
still need to be done, further experimental investigations ofuracy. We are grateful to A. K. Kazansky for communicat-
this fundamental collision process would be very desirable.N9 his unpublished results to us and for useful comments.

In the energy region above the dissociation threshold we
find a plateau-type behavior of the cross sections which be-
comes more pronounced with higheror J. This behavior This work was supported by the National Science Foun-
should substantially affect the DA rates at higher temperaeation through Grant No. PHY-9801871.
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