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Nonlocal model of dissociative electron attachment and vibrational excitation of NO

C. S. Trevisart,K. Houfek?* Z. Zhang? A. E. Orel! C. W. McCurdy*® and T. N. Rescigro
lDepartment of Applied Science, University of California, Davis, California 95616, USA
Chemical Sciences, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
3Department of Applied Science and Department of Chemistry, University of California, Davis, California 95616, USA
(Received 14 January 2005; published 27 May 2005

We present the results of a study of elastic scattering and vibrational excitation of NO by electron impact in
the low-energy(0—2 e\) region where the cross sections are dominated by resonance contributior’& The
1A, and'>* NO™ resonance lifetimes are taken from our earlier stiRlyys. Rev. A69, 062711(2004], but
the resonance energies used here are obtained from different configuration-interaction studies. Here we employ
a more elaborate nonlocal treatment of the nuclear dynamics, which is found to remedy the principal deficien-
cies of the local complex potential model we employed in our earlier study, and gives cross sections in better
agreement with the most recent experiments. We also present cross sections for dissociative electron attach-
ment to NO leading to ground-state products(%®)+N(*S). The calculations show that, while the peak cross
sections starting from NO in its ground vibrational state are very stralld2° cn?), the cross sections are
extremely sensitive to vibrational excitation of the target and should be readily observable for target NO
molecules excited t@=10 and above.
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I. INTRODUCTION perimental determinations of the cross sections by Allan
. . . o i [9,13] have since appeared, which differ near threshold from
. Low—e_nergy electron |nteract|onst with nltrlp oxide are of the experiment§5,7,8 with which we originally compared.
interest in a broad range of chemical, physical, and atmOrhg new measurements do not show the dramatic suppres-
spheric processes. NO is also used as a plasma gas and play$, of peaks near threshold that some earlier experiments
important functional roles in a variety of phyS|olog|ca] SYS- suggested. These facts prompted the present study, in which
tems. Although there have been a number of experimentale nyclear dynamics problem is treated with a more elabo-

studies on the low-energy behavior of the electron-NO colli-4te nonlocal resonance model that should be better able to
sion cross sectiongl—-9], relatively little has been done on treat the threshold region.

the theoretical fronf10,11], particularly in the energy region e present study also includes the calculation, using the
below 2 eV, which is dominated by negative ion resonancessame nonlocal model, of dissociative electron attachment

Calculations in this energy range were initiated in our previ-(DA) cross sections, from both ground and vibrationally ex-

ous study(Zhanget al. [12]), which presentedb initio de- i target states, that proceed through ke anion state
terminations of elastic and vibrational excitation cross sec g produce ground-state fragments. Near-threshold DA to
tions using the local complex potential or “boomerang”

NO has been studied for several deca@e® Brunt and Ki-

model, with resonance parameters extracted from electronié:ﬁer[l 4], Krishnakumar and Srivastayas], and references

fixed-nuclei variational scattering calculations. While thosethereir) and, in principle, can proceed via the following three
calculations were successful in capturing the essential fegy,5nnels: ' ’

tures of the measured cross sections and confirmed the inter-

pretation that the prominent features in the elastic and vibra- e+NO— O°(?P) + N(*9), (1)
tional excitation cross sections arise fro~ and A
negative ion states, they also revealed deficiencies in the lo-
cal complex potential model, most notably in the threshold
behavior of the cross sections, that arise when the transiently . .2
excited vibrational levels of the anion are energetically close e+NO— O (“P) + N (“P). ()

to the vibrational levels of the neutral target. Although several experimental studies have observed DA
In our previous study12] we speculated that nonlocal associated with channe(8) and (3), detection of DA chan-
effects—beyond the boomerang model—would be needed tQq (1) has been controversial. Orient and Chutjit6]

achieve quantitative agreement with measured cross sectionSagimed to have measured ground-state fragments of reaction
particularly for the first peaks in the cross sections for eXCi'channeIe+NO—>O‘(2P)+N(“S), reporting it as the most
tation of higher vibrationally excited states. Interesting &X-apundant channel in the DA to NO. However, several studies
performed afterward17—2Q found no indication of the oc-
currence of ground-state fragments in their measurements,
*Permanent address: Institute of Theoretical Physics, Faculty atonsistently reporting chann&) as the major DA channel,
Mathematics and Physics, Charles University Prague, V HoleSowvith reaction channgl3) making a smaller contribution. Our
ickach 2, 180 00 Praha 8, Czech Republic calculations show that, although cross sections that proceed

e+NO — O (°P) + N*(°D), (2
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through reaction channél) are negligibly small when DA R-dependent resonance energies and lifetimes as well as a

proceeds from the vibrational ground state of NO, signifi-suitable model for calculating the nuclear dynamics.

cantly enhanced cross sections are obtained when the target The nonlocal formulation we employ here, as well as the

is vibrationally excited. local complex potential approach used previously by Zhang
The fixed-nucleiR-dependent energies and widths of theet al, reveal an important property of these collisions, which

various negative ion states form the basis for a study of thés that the contributions of the three resonances to the cross

nuclear dynamics. Our present study uses the resonansection are independent. Since the resonances belong to dif-

widths of Zhanget al. [12], which were in turn obtained ferent total symmetries, their contributions to the observed

from the results of fixed-nuclei complex Kohn variational cross sections are strictly additive; the resonances may over-

scattering calculations. The calculated cross sections atap but they do not interfere. Thus the nonlocal potential

found to be extremely sensitive to the relative positions ofcalculations can be carried out separately for each resonance

the neutral and negative ion states. We have therefore carriehd these results can be combined to produce the physically

out large-scale configuration interactié@l) calculations in  observed cross sections.

an attempt to better position the neutral NO and*¥hg, *A,

and 1E+ anion states. These Cl curves lie closer to the semi- A. Local and nonlocal potential models

empirical curves obtained by Teillet-Billy and F. Fiquet- ] S o

Fayard[21] and provide a more accurate description of the ~Local complex potentiaMWe begin with a description of

low-lying excited states of NOthan the coupled-cluster the local complex potential or boomerang approach to reso-

(CO) potential curves employed in the previous study Ofnz_int_ collisions. The the(_)ry, which is for_mulated entirely

Zhanget al. vylthln_the Born-Oppenheimer apprIOX|mat|on, has been de-
Using these potentials we have computed elastic and vidved in several way$22-24 to arrive at a nuclear wave

brationally inelastic cross sections to compare the result§duation that governs the nuclear dynamics associated with

from the local complex potentigbr boomerangmodel, the ~ the resonance state. _ _

local complex potential model modified by the introduction ~ The nuclear wave equation at total enefgys

of “barrier penetration factors,” and a nonlocal model de- K. _ _

scribed below. The nonlocal model was used in our final (B-Kr=Viedé, = b, @

calculations of vibrational excitation and dissociative attachiwhereKp is the nuclear kinetic energy operatdf, is the

ment. As will be shown below, the present results obtainecnion potential,

with more accurate resonance curves and the nonlocal model

represent a considerable improvement over the boomerang ViedR) = EedR) —iT'(R)/2, (5)

model used in our previous calculations and are in reason- . . . .

. : and¢, is the nuclear wave function associated with the elec-
ably good agreement with the most recent experimental megr i resonance state. The L d width of th i
surements. . position and width of the reso

The theoretical formulation we have used is described i pance that form the anion potential &g andI', respec-

; . . . ively.
the following section. Section Il presents the computationa The driving term for the nuclear wave equation. or “entr
details of the present theoretical study together with our re- 9 q ' y

sults and, where possible, comparisons to both the previouasmp“tUde’ ¢y is defined as

local complex potential model and recent experimental data. I'(R)\2
We conclude with a brief discussion. (R = Py 7,(R), (6)
Il. THEORETICAL FORMULATION AND where 7, is the initial vibrational wave function of the neu-
IMPLEMENTATION tral target.

The local complex potential model is expressed in Egs.

As explained by Zhangt al. [12], a simple molecular (4)—(6) in its original or boomerang form, and provides the
orbital picture suffices to explain the general features of lowsvave functioné, from which the cross sections can be cal-
energy electron-NO scattering. The ground state of NO hasulated as described below.
2IT symmetry, corresponding to a singler 2lectron outside Barrier penetration factarln general, cross sections com-
a closed-shell core. By adding a secondéectron, one can puted with the entry amplitude in E¢6) will not have the
form negative ion states with symmetrigs™, *A, and'S*,  correct energy dependence near threshold and will thus be
which, by analogy with @ are expected to be separated byinaccurate at very low scattering enerdi2s,26. This prob-
only a few electron volts. Fixed-nuclei electron-NO scatter-lem was addressed in the second model we consider here
ing calculations in these overall symmetries, at low energiesyhich is a modification of the local complex potential model
produce amplitude€T matrices that display prominent reso- with a barrier penetration factg27,2§. This modification
nant behavior that depends strongly on the internuclear sep#volves the introduction of aad hocfunction of the elec-
ration. The low-energy0—2 e\) electron-NO elastic and vi- tron momentunk into the entry and exit amplitudes.
brationally inelastic cross sections are found to be dominated This idea is based on identifying the angular momentum
by contributions from these negative ion resonances. To exhat corresponds to the lowest partial wave that contributes to
plain the rich structure observed in the various cross seahe resonance and enforcing a threshold law corresponding
tions, one needs an accurate characterization of th® that value ofl. We define the quantity as

052714-2



NONLOCAL MODEL OF DISSOCIATIVE ELECTRON.. PHYSICAL REVIEW A 71, 052714(2005

k/k(R) if k<k(R) bound-state calculations in its bound regioandk, is the
yk,R) = . () momentum of the scattering electron when the molecule is
1 otherwise, . ) : :
left in the final vibrational statey,. The sum runs over the
wherek is the physical electron momentum, aki@R) is the  energetically open vibrational states of the ion.
local momentum at which the resonance would occur if elec- Following Haziet al. [24,30 we approximateJ,(k,,R),
trons were scattered by molecules with the nuclei fixed athe matrix element coupling the resonance to the nonreso-

separatiorR, nant background associated with a vibrational leyehs
K(R)/2=E{R) - Eo(R), (8 I'(R)\*?
| . - U,(k,,R) = ¥* 2k, R)(Q) 7R. 1D
with Eo(R) denoting the electronic energy of the target. The 27

barrier penetration factor is thef**/3(k,R). With the intro-

duction of this factor, the entry amplitude will be At sufficiently high incident energy one can make use of

Eqg. (7) and also assume that the sum over vibrational states

I'(R)\*? in Eq. (10) is complete to show that in the high-energy limit

— J+1/2

$(1) = (k"R)( 2 ) 7R ©) the nonlocal potential in E¢10) produces the local width
function,

The modification of Eq(4) with Eq. (9), and the use of
the same factor in the “exit amplitude” in the expression for ~_T'(R
the scattering amplitude below, constitutes the local complex > U,(k,, RIU,(k,,R) = o (12)
potential model with barrier penetration factors. .

Nonlocal modelTo go beyond these simple local models, Therefore the nonlocal potential model we use here goes to
we must make use of the well-established formulation ofthe local complex potential approach, with the barrier pen-
nonlocal versions of these theories. A detailed exposition oétration factor still present in the entry and exit amplitudes,
the nonlocal theory based on the projection-operator formalin the limit of high energies. This nonlocal model should at
ism has been given by DomcK&9], and numerous refer- least partially repair the deficiencies of the local complex
ences to earlier work on nonlocal potential theory can bepotential approach when it breaks down in the case that the
found therein. However, in our case we are starting our calauclear motion of the metastable anion takes place near a
culations of the nuclear dynamics with somewhat more incrossing of the anion and the neutral potential curves
formation than those theories ordinarily employ as theirf24-24.
point of departure. Typically one begins with a real-valued Amplitudes and cross sectiariEhe resonanT matrix for
and square-integrable approximation to the electronic resovibrational excitation or elastic scattering is obtained by pro-
nance wave functionj,.dr ,R), wherer denotes all the elec- jecting the solution of Eq(4) in any of these three models
tronic coordinates. The expectation value of theonto the “exit amplitude’s, given by Eq.(6) or Eqg. (9)
(N+1)-electron Hamiltonian with respect i gives a real- depending on the model,
valued approximation to the resonance energy. The interac- T,,(E) = (b, |&,) (13)
tion of .5 With the continuum produces both a real-valued v v
“shift” and a correction that gives the imaginary part of the Integral vibrational excitation cross sections are then given
resonance energy, or width of the resonance. In the generbl
nonlocal theory both of these corrections appear as nonlocal 473
and energy-dependent potentials. o,y = —7;|TW,(E)|2, (14)

Our case is different, because we have already computed K;
the energy and width of the resonance in a complete

open

Vibrational excitation and elastic cross sections calculated

calculated the real part of the resonance energy itself, and NRei
shift correction is required. However, following the ideas of
Hazi et al. [24] it is still possible to construct a nonlocal
width function which goes correctly to the local widii{R)

compared with experimental measurements. For the case of
NO, the physical cross sections are given by

in the limit of high energies, and that can at least partly total _ Lo 35~ A Is*
repair some of the deficiencies of the local model. Tvof = 8(30"—’f Y20, %0, ) (15)

In our nonlocal potential model we begin with E@L) . . )
with the modification of the driving term given in E¢9). In the case of dlssomanve_ attachment, a so_lu_t|0n of Eq.
We then introduce a complex, energy-dependent, nonlocéﬂ) must be constru_cted that is regular_a_t the origin and sub-
potentialV,.. defined as ject to purely outgoing boundary conditions. The integrated

cross sections for dissociative electron attachment from vi-

open . .
0 brational statev is then expressed as

Vied RR) =EdRSR-R) —im>, U,(k,RU,(K,R). o2k
’ O-V*?DA: g?;gE]JéV(R)F! (16)

v

(10)

E,sis the real part of the potential-energy curve of the negawhereg is the ratio of resonance state to initial state statis-
tive ion from electron-molecule scattering calculatidios  tical weights(i.e., 3/8 for the case of th&,~ resonanceand
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K2/2u is the asymptotic kinetic energy of the dissociated A great advantage of the DVR approach is that any local
fragments with reduced mags i.e., operator, like the potential in the local potential model, has a
diagonal representation. In this approach the kinetic energy
K224 = E = Vied RlR - 17 is nondiagonal, but its matrix elements have simple analytic
An alternative approach to calculating dissociative attachforms. Although our nonlocal potential will be nondiagonal
ment cross sections, which we will use when interpreting thdn the DVR, its matrix elements can be trivially constructed
results of our calculations of this process in NO, can bdn terms of the factordJ,(k,,R) in Eq. (11) evaluated at
derived by employing the principle of detailed balafaé], pointsR on the DVR grid. Thus the nonlocal potential model
which relates th@ matrix for dissociative attachment to the is no more difficult to implement using the finite element

T matrix for its reverse process, associative detachment, DVR approach than the local potential case.
Both of the processes that are investigated here can be

T, pa=Tap—s (18)  represented by Ed4). In the case of vibrational excitation,
This equation leads to the following relation between theth® solution&,(R) will be square integrable, and the finite
cross sections: element DVR approach using real-valued coordinates will
constitute an adequate approach to solving(Ey.Dissocia-
MeEe0,_pa(Ee) = uEoap_.,(E), (19 tive electron attachment, on the other hand, requires a solu-

tion of Eq. (4) that behaves outside the interaction region as
a purely outgoing wave. Exterior complex scaling allows one
to easily construct such a solution without detailed consider-
ation of asymptotic boundary conditions. The origins of this
E=E,+E, (20 complex coordinate scaling have been discussed extensively
in the recent review by McCurdgt al.[33]. The ECS trans-
formation which we apply to Eq4) is given by

wherem,, the mass of the electron, has been written explic
itly for clarity, but is otherwise expressed in atomic units in
this discussionE is the total energy of the system,

whereE, is the energy of vibrational state and E; is the
energy of the incident electron.

From these consideratiofier from an explicit examina- R<R,
tion of the asymptotic form of(R) in terms of the Green’s R—T(R) = Ro+(R-Ry)d” R=R,’ (23
function for the Hamiltonian in Eq4)], the cross section for
dissociative attachment can be written as whereR is the internuclear distance, whiy and » are fixed
parameters of the transformation. The transformed
o, oa(Ed) =gAi2E|<l/,E| o2, (21) Schrédinger equation is then solved on a grid that extends
E. K beyondR,, into the region in which the outgoing wave falls

off exponentially. The combined finite-element DVR tech-
nique offers a practical and accurate method for implement-
ing the ECS transformation. We refer the interested reader to
(E-Kr=Vied e =0. (22)  Ref. [33] for further details. Making the radiuR, large
enough to enclose the entire interaction region allows the
collision dynamics to be extracted from the region inside that

Fln{ar:lyt, we note t?_at frc;m these _C(tqn3|%ertat|(?]ns |ttc?n fb adius, where coordinates are real. This transformation, as
seen that cross sections for associative detachment 10 T0fq ytigneq apove, eliminates the need for explicit enforce-

NO are much Sma”ef than the cqrrgspondmg dISSOCIat“"?nent of asymptotic boundary conditions and produces a so-
attachment cross sections. This point is easily deduced frorlrl1Jtion with the correct boundary conditions automatically.
Eq. (19), W.he.re the value of .the reduged mass of o To construct the wave function corresponding to associa-
=13 614 will imply that oap..., is approximately four orders e getachment we must solve E@2). To do so using the
of magnitude smaller tham,_pa. ECS transformation, we first write the radial scattering solu-
tion as the sum of a free functiof, and a scattering wave

lpSO

In order to solve the equations that govern the electron-
molecule collision processes that are relevant to this study, e =yt Yse (24)

we have made use of a finite-element method, implemente\%. . . . .
: : : ith the cross section defined b 1), o is just siNKR).
using a discrete variable representati@VR) [32]. In the ;’hus the driven Schrédinger eqii?or)l gjgco:nes MKR)

case of dissociative attachment, the generalization of thi
method to use exterior complex scalifgCS gives the ad- (E=Kr~= Vied ¥se= Vsedlo (25)
ditional advantage of avoiding the need for explicit imposi- _

tion of asymptotic boundary conditions. Details of this very Which has the same form as Hd) and can be solved in the
efficient numerical representation, as well as important preSame way.
vious developments of the DVR method, can be found in the

work of Rescigno and McCurd}32], the recent review of

McCurdy et al. [33], and the references therein. Here we

only mention some of its main features and how they relate Zhanget al.[12] carried out fixed-nuclei scattering calcu-
to the present study. lations using the complex Kohn variational method and ex-

where the scattering solutioftz satisfies the Schrodinger
equation

The proper normalization afe will be discussed below.

B. Numerical solution of the Schrédinger equation

C. Fixed-nuclei resonance curves

052714-4



NONLOCAL MODEL OF DISSOCIATIVE ELECTRON.. PHYSICAL REVIEW A 71, 052714(2005

tracted resonance energies and lifetimes for the negative ion T e ;:-__—_-_—;-___‘.__‘./7- T

| e

1

states from Breit-Wigner fits of the relevant eigenphase
sums. The trial wave functions in their calculations were
constructed using modest Cl expansions. The molecular or-
bitals were obtained by averaging the density matrices of the
target and resonance states in order to strike a balance be-
tween correlation effects in the neutral and anion states. The
resonance widths from that earlier study were also employed
in the present calculations.

Since the quasibound vibrational levels of the N&Dates
overlap, the electron-NO cross sections below 2 eV are
highly structured. To meaningfully compare calculated cross

sections with measured values requires that the relative po- 16 18 2 22 24 26 28 3 32

Energy (eV)

sitions of the anion states with respect to the target states be @) Internuclear distance (a,)

known with an accuracy of less than 0.1 eV. Practical con-

siderations make it difficult to achieve such accuracy in scat- T s L7 7
tering calculations, even with fairly elaborate trial wave 2r \ e 2 -/
functions. Electronic structure calculations were therefore Vi

carried out to better position the negative ion and target po-
tential curves. Zhanget al. had previously employed
coupled-cluster, single- and double-excitation calculations
with a noniterative triples correctiohCCSOT)]. In the
present work, we used large-scale configuration-interaction
methods. CC calculations are size-consistent and are gener- =~ | | r-———f--—

1.5F

Energy (eV)

ally accurate in calculating energy differences between the e S T ]
lowest states of systems with different numbers of electrons,

as in the case of NO and NOOn the other hand, multiref- of -\ A S ]
erence configuration-interactioMRCI) calculations will P S A S S T
give accurate results for the relative energies of the different 16 18 2 22 24 26 28 3 32
resonance states, providing in this way better potential ®) Internuclear distance (a,)

curves for the calculation of dissociative electron attachment

. FIG. 1. (Color onlin@ NO and NO potential curves and vibra-
cross sections.

tional levels. Solid curve<II neutral ground state; dashed curves:
3% anion; dotted curvesA anion; dash-dot curved=* anion. Top
IIl. CALCULATIONS AND RESULTS panel: curves obtained from configuration-interaction calculations;
bottom panel: shifted Cl curvésee text Internuclear distances are

For the present study, multireference single- and doublegiven in atomic units, where,=5.291 7721 10" m is the Bohr
excitation calculation§MRCISD) [34] were performed on radius. Energies are in units of eV=1.602 13650719 J.
the NO ground state and tH&~, A, and 3" anion states
using one-electron orbitals generated from multireferenceibrational levels associated with each curve. For the anion
self-consistent field MCSCH calculations for each state. states, both the real and imaginary parts of each resonance,
The active space for the MCSCF calculations, as well as théhe latter obtained from the earlier complex Kohn calcula-
reference space for the CI calculations, consisted of all théons, were used in computing the vibrational levels. While
orbitals of the D shells of O and N, with the valence elec- the present potential curves give results in better agreement
trons distributed in all possible ways. The neutral and aniorwith measured values than the earlier CC results of Zleng
potential curves obtained from these CI calculations aral., a final small adjustment of the resonance curves was
shown in the top panel of Fig. 1. For all the states, the relaearried out to better compare the theoretical cross sections
tive shapes of the curves and their equilibrium internuleawith experiment. The’S~ curve was lowered by 65 meV,
distances agree with the earlier CC values. The potentiakhich brings the first three peaks in the calculated elastic
curves for the neutral ground state and f& anion state cross section into good agreement with the positions of the
are very close to the CC values previously obtained bycorresponding peaks in Allan’s recent high-resolution mea-
Zhanget al. (cf. Fig. 6 of Ref,[12]), whereas théA and’S*  surementg9,13]. The A curve was lowered by 83 meV,
anion curves lie below the previous curves B¥).24 and based again on Allan’s high-resolution elastic as further ex-
0.26 eV, respectively. These results giveacurve thatis in  plained below. Finally, théS* was lowered by~0.15 eV so
better agreement with the semiempirical result obtained byhat its asymptotic value at large internuclear distance coin-
Teillet-Billy and F. Fiquet-Fayardi21], while the results for cided with that of the'A state. The shifted curves, which
the !3* state are consistent with experimental findings ofwere used in all the calculations described below, are shown
Randellet al. [6]. in the bottom panel of Fig. 1. It is worth noting that in their

The top panel of Fig. 1 illustrates the calculated neutrakkemiempirical analysis of Tronet al’s data, Teillet-Billy
and anion potential curves, together with the real parts of thend F. Fiquet-Fayard assumed a coincidence of*Figv
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e e LA S B B By with barrier penetration factors included in the entry and exit
40 - - amplitudes andiiii ) the nonlocal model. For clarity, only the
15 l’, ] 3%~ contribution to the cross section is shown. As expected,
T i the cross sections computed without inclusion of barrier pen-
7:/ 30 ig ] etration factors are qualitatively incorrect at low energy and
S 251 i ] significantly overestimate the first few peaks near threshold.
g 20l i ) This behavior becomes even more pronounced in the higher
g 15k i ,‘ ] excitation cross sectiongot shown. The introduction of
S bl barrier penetration factors, both in the local and nonlocal
or : i ] approximations, produces the correct behavior of the cross
SP ] sections at threshold. The latter two models produce similar
0 ! LAE L ¥ e T e results, with the nonlocal model giving slightly larger peak
0 02 04 06 08 1 12 14 16 18 2

values in the cross sections at low energy. As the energy
increases, and more vibrational states become energetically

FIG. 2. (Color onling 33~ symmetry component of the-No  available, all three approximations yield the same cross sec-
v=0—1 vibrational excitation cross section. Comparison of differ- tions, as expected. These trends were also seen in the higher
ent theoretical models for treating the nuclear dynamics. Soli€Xcitation cross sections. These results serve to quantify the
curve: nonlocal model; solid curve with stars: local complex poten-breakdown of the simple local complex potential model in
tial model with inclusion of barrier penetration factors: dash-dot:the present case where the vibrational levels ofieanion
local complex potentialboomerany model. Cross sections are are energetically close to those of the neutral target, which
given in atomic unitfa%=2.800 2852 107! m?) and energies are invalidates several key assumptions used in deriving the lo-
in units of electron volts. cal complex potential mod¢R4,26]. All subsequent results

we will present, for both vibrational excitation and dissocia-

=7) and "A(v=2) levels as a criterion to position thg\  tive electron attachment, were obtained using the nonlocal

curve. Such a criterion, however, is invalidated by the facfPotential model. o o

that there are significant shifts, which change with the ob- Figure 3 shows the individual resonance contributions to
served exit vibrational level, between the actual peak posithe elastic and=0—1,2, 3vibrationally inelastic cross sec-
tions in the cross sections and their expected positions baséi@ns obtained with the nonlocal model an? the shifted CI
on the vibrational energy-level values. These shifts arise as Rotential curves described above. Ti® and*A cross sec-

consequence of the finite lifetimes of the anion states again§ons both show pronounced boomerang structure while the
autodetachment. resonance gives only a broad, structureless contribution

to the cross sections. TH& ™ peaks are narrower than thé
peaks, reflecting the longer autodetachment lifetimeerse
width) of the 33~ negative ion state. Th&~ and *A reso-
Figure 2 shows the=0—1 vibrational excitation cross nance peaks overlap strongly above 0.75 eV, which results in
sections calculated using three different models for treatingotal vibrational excitation cross sections with pronounced
the nuclear dynamics described in Sec. II@: the local irregularities. The basic structure of these cross sections, as
complex potential model, as used by Zhagigal. in their ~ Zhanget al. have pointed out, are readily explained by ex-
earlier calculations(ii) the local complex potential model amination of the neutral and anion potential curves and vi-

Energy (eV)

A. Elastic scattering and vibrational excitation

JPPN S e s e v s B e B A B B
g L Elastic | 61— v=0—>1-
e° 50 — r 1
DN - 4 5 —

z 40 o - a

5 a0l 1 i ]

et 1 3r i 7

2 20 ] 21 ! \ — . I -

Z ok b L :\ i\~ / . FIG. 3. (Color online Contribution of indi-
o L J 'C 2y '\}.,\H'_\\’_,‘_i_’-_ Dy vidual resonances to the elastic and vibrationally

05 > 9% 03 R TR inelastic cross sections. Solid curves: total cross
sections; dashed curve&.~ symmetry contribu-

_ — T T T 0.6 T tions; dash-dot curves'A symmetry contribu-
°'§ 1'5__ v=0-2 ] g5 _ tions; double dash-dot curves3* symmetry
12 T ol 7 contributions. Individual symmetry contributions
< ool 1 4 include statistical weights given in E¢L5).

g 7L 1 o3 —

g 0.6 _— __ 0.2 L a

2 03— v - C ]

80.3_ ARV 0.1

0 | A A A gy 0 1
0 0.5 1 L5 2 0 .
Energy (eV) Energy (eV)

052714-6



NONLOCAL MODEL OF DISSOCIATIVE ELECTRON..

PHYSICAL REVIEW A 71, 052714(2005

. 70 L T I T I T | T I' T ] 7 C T | T
= 60— Elastic 6
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brational levels(Fig. 1). Below 0.5 eV, the'A resonance consider the angular dependence ofrésonantcontribution
cannot be excited; the three lowest peaks in the elastic cross vibrational excitation cross section. Since the ground state
section arise solely from th&,"~ state. This fact allowed us of NO is doubly degenerate, we can write the electronically
to fix the relative positions of the neutral afll~ states by elasticT matrix (for a particular vibrational transitiorin the
comparing the positions of the calculated and measured elafllowing schematic notation:

tic peaks. In the case of tHa resonance, the second peak in 11 141
the A elastic cross section does not overlap dBy peaks - (T T )
and was therefore used to position fideresonance curve, as T e
explained above. Note that the lowéSf vibrational state is . Y o
bound and lies outside the Franck-Condon region of the ned¥nere the superscripts on the matrice$ " denote initial

tral ground level. The first peak in the elastic cross sectiofd final channels labeled by thv, quantum numbers of the
arises from thev=1 level of the®s™ anion. A striking point target. !Each of these_ blocks is itself a square matrix whose
to note about these cross sections is the fact that the peafinension is determined by the number of partial waves,
arising from the®S~ anion occur at energies close to the '‘@P€led by(l,m), used to expand the fixed-nuclei wave func-
difference between the neutral and anion vibrational leveldion. The differential cross section associated with a particu-
and appear at roughly the same energy in different exit charf@" fransition is then
nels. By contrast, théA peaks in the elastic cross section M’ M 4
appear at energies below the anion vibrational energy levels do => @m)” 1
and shift to higher energy as the excitation level increases. kiz 87
This behavior is caused by the shorter lifetime of tie 27
state.

Figure 4 compares our calculated elastic and vibrationallyyhere the spherical harmonics refer to the body frame of the

inelastic cross sections with the recent experimental meaarget and the integration overis the average over molecu-
surements of Jelisavciet al. [8] and Allan[13]. All data  |ar orientations.

shown are on an absolute scale with no internormalization. |n the simplest model, we assume that for all three reso-
Jelisavcicet al. obtained integrated cross sections from theirnances the electron is scattered ip-avave (I1=1'=1) with
angular differential measurements by using a multiparametef, = +1. Which m, component of the incident or scattered
phase shift analysis to extrapolate their cross sections to fogjectron to associate with which target channel depends on
ward and backward angles. Allan made differential measureyhich of the three resonances is in question. With these as-
ments at high resolution and was able to measure cross segamptions, the angular dependence of the cross sections can
tions for individual fine-structure levels of the target pe obtained in closed form. We can now follow the logic of
molecule. To compare with our calculations, which do notpybe and Herzenbef@3] to perform the necessary transfor-

treat spin-orbit effects, and with the lower resolution mea-mation to the lab frame and integrate over molecular orien-
surements of Jelisavciet al, we have plotted Allan’s cross tations. The result is

sections summed over all{) (spin-orbi} transitions.

Allan took absolute measurements at a single angle doM'M 212
(1359, and in Fig. 4 his results were simply multiplied by do = e
4+ for this comparison. To see why this is a reasonable ap- !
proximation to the integral cross section, it is instructive toand has the same form for all four possible choices df M

(26)

[ o oot oo,
1l

|T™" M2 30[7 +c0$20)] (28)

40
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FIG. 5. (Color onling Angular dependence of resonant cross  FIG. 6. (Color online@ Comparison of theory and experiment for
sections. With the assumption of a single partial wave, the resultingrrand total cross sections. Solid dark curve: present results; dash-
distribution is(7+cos M) for both *%~ and*A cross sections. The  dot curve: experimental measurements of Alteal. [5]; solid grey
angular distributions fO?E_ andlA are different when more partial cyrve: experimental measurements of Zeetal. [35]
waves are used in the analysgee text

striking difference is that the lowest few peaks in the0
and M in Eq. (26) and for all three resonance&hen Eq. —1 and v=0—2 cross sections, while prominent in both
(28) is integrated over the scattering anglésand ¢, it re-  Allan’'s measurements and in our calculations as well, are
produces Eq(14). strongly suppressed in the Jelisavat al. measurements.

Based on this analysis, all three resonance contributionfhe magnitude of our calculated cross sections overall ap-
to the integral cross section are expected to have a fairly flgtears to be in better agreement with Allan’s measurements,
angular distribution determined by the factor 7+@8. An  but we must again empasize that Allan’s differential cross
alternative treatment, that does not assume a single partiakctions at a single angle were multiplied by.4&'he agree-
wave for the scattered electron, was carried out using thenent between theory and experiment for the0— 3 cross
computedT-matrix elementgat the equilibrium internuclear section is excellent.
distance from the complex Kohn scattering calculations The principal discrepancy between theory and experi-
computed exactly on resonance and evaluating(Z9.nu-  ment, which is most apparent in the case of the0— 2
merically. Such a calculation gives angular dependences farross section, is the fact that the calculatdpeaks are too
the 33~ and A cross sections that are slightly different, but broad. For example, the brodd peak at 0.8 eV in the cal-
again nearly isotropic, as can be seen in Fig. 5. In any caseulatedv=0— 2 cross section obscures tiE~ peaks near
fixing 6 to be 135°, and multiplying the differential cross 0.65 and 0.9 eV that are clearly seen in Allan’s measure-
section by 4r gives Eq.(14) to within a few percent, so this ments. The calculated error in tHA peaks is undoubtedly
approximate conversion of Allan’s data to give integratedcaused by an overestimate of the electronic resonance width
cross sections should be reasonable. of the A anion. The resonance widths came from eaftl&y

The calculated elastic cross sections shown in Fig. 4 infixed-nuclei scattering calculations, while the resonance en-
clude the nonresonant background contributions froti ergies came from accurate Cl calculations and were further
symmetry calculated by Zhanet al. [12]. In the case of adjusted as described above. For $B¢ state, the scattering
elastic scattering, there is excellent agreement between tlwlculations and the CI calculations gave very similar reso-
two sets of measurements above 0.8 eV, whereas the pealance curves. In the case of thé state, our shifted anion
cross-section values near 0.45 and 0.6 eV measured by Allasurve lies~0.3 eV below the scattering results. We would
[9,13] are relatively larger than those measured by Jelisavciexpect the electronic width of th&\ state to therefore be
et al.[8]. The agreement with theory is also rather good, thesmaller than the results given by our fixed-nuclei scattereing
principal difference being a somewhat larger value for thecalculations. Despite some qualitative differences between
background cross section given by theory. The calculatetheory and experiment, it is clear that the overall features are
elastic cross sections show little structure above 1.5 eVproperly displayed by these calculations and that the nonlo-
while Allan’s measurements show weak structure out tocal model gives a good description of the vibrational excita-
2.0 eV. Both Allan and Randedt al.[6] have suggested that tion dynamics in this system.
the 3* resonance may be responsible for structure above Figure 6 shows our calculated grand total cross sections
1.5 eV, but our calculations predict the width of this state to(the sum of the integrated elastic and the vibrationally inelas-
be too large to give any boomerang structure. tic cross sectionsand the experimental measurements of

The vibrational excitation cross sections have irregularAlle et al. [5], obtained by high-resolution time-of-flight
structures, which is the result of overlapping contributionsspectroscopy, and of Zeces al. [35], who analyzed previ-
from the different resonance states. While the two sets obus experimental measuremefit3,36]). For reference, our
measured values are in reasonable agreement above 1.5 @yfand total cross sections for selected energies are also tabu-
they show noticeable differences at lower energies. The mosated in Table I. The authors will provide tabulated values for
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TABLE |. Calculatede™-NO grand total cross sectiof&€TCS'’9 as a function of energy. Cross sections
are in units of 10% cn? and energies are in electron volts.

Energy GTCS Energy GTCS Energy GTCS

0.1000 0.8320 0.7354 19.4719 1.3709 21.3185
0.1127 3.2252 0.7481 22.3429 1.3836 21.4026
0.1254 20.5018 0.7608 26.9145 1.3963 21.5218
0.1381 0.3518 0.7735 31.2134 1.4090 21.5888
0.1508 0.06775 0.7862 30.1425 1.4217 21.5626
0.1635 0.1200 0.7989 25.5610 1.4344 21.4518
0.1762 0.2485 0.8117 22.0260 1.4471 21.2770
0.1889 0.4699 0.8244 20.2311 1.4598 21.0570
0.2016 0.7435 0.8371 19.6350 1.4725 20.8099
0.2143 1.0987 0.8498 19.7636 1.4852 20.5546
0.2270 1.5948 0.8625 20.3278 1.4979 20.3148
0.2397 2.3645 0.8752 21.1866 1.5107 20.1146
0.2525 3.7583 0.8879 22.3143 1.5234 19.9703
0.2652 6.9256 0.9006 23.8366 1.5361 19.8814
0.2779 18.7501 0.9133 25.9359 1.5488 19.8261
0.2906 61.2796 0.9260 28.1865 1.5615 19.7778
0.3033 10.1580 0.9387 28.9980 1.5742 19.7195
0.3160 3.1994 0.9515 27.5446 1.5869 19.6446
0.3287 2.2709 0.9642 25.3023 1.5996 19.5518
0.3414 2.3782 0.9769 23.4854 1.6123 19.4388
0.3541 2.8238 0.9896 22.2825 1.6250 19.3062
0.3668 3.4695 1.0023 21.6604 1.6377 19.1486
0.3795 4.3272 1.0150 21.5018 1.6505 18.9713
0.3923 5.5048 1.0277 21.7097 1.6632 18.7956
0.4050 7.2673 1.0404 22.2205 1.6759 18.6307
0.4177 10.2128 1.0531 23.0255 1.6886 18.4817
0.4304 16.1795 1.0658 24.1311 1.7013 18.3470
0.4431 30.1699 1.0786 25.3802 1.7140 18.2227
0.4558 44.1474 1.0913 26.2417 1.7267 18.1037
0.4685 23.2452 1.1040 26.2254 1.7394 17.9878
0.4812 11.6303 1.1167 25.4906 1.7521 17.8734
0.4939 8.2425 1.1294 24.4993 1.7648 17.7592
0.5066 7.3877 1.1421 23.5439 1.7775 17.6435
0.5193 7.4823 1.1548 22.7453 1.7903 17.5255
0.5321 8.0750 1.1675 22.1560 1.8030 17.4033
0.5448 9.0707 1.1802 21.8044 1.8157 17.2778
0.5575 10.5562 1.1929 21.7108 1.8284 17.1513
0.5702 12.8291 1.2056 21.8847 1.8411 17.0259
0.5829 16.5922 1.2183 22.3224 1.8538 16.9032
0.5956 23.2862 1.2311 22.9361 1.8665 16.7844
0.6083 33.4398 1.2438 23.5053 1.8792 16.6692
0.6210 36.5577 1.2565 23.8026 1.8919 16.5574
0.6337 27.3836 1.2692 23.7780 1.9046 16.4486
0.6464 20.3016 1.2819 23.5242 1.9173 16.3426
0.6591 17.1405 1.2946 23.1458 1.9301 16.2385
0.6719 15.9589 1.3073 22.7151 1.9428 16.1355
0.6846 15.7470 1.3200 22.2494 1.9555 16.0327
0.6973 16.0603 1.3327 21.8407 1.9682 15.9254
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TABLE I. (Continued)

Energy GTCS Energy GTCS Energy GTCS
0.7100 16.7254 1.3454 21.5302 1.9809 15.8159
0.7227 17.7824 1.3581 21.3518 2.0000 15.6514

other cross sections upon request. As can be seen in Fig. 8escribed in Sec. Il B. The two panels of Fig. 7 show that the
the most significant contribution to the grand total cross seceross sections increase by several orders of magnitude as the
tion derives from the elastic cross section, with vibrationalvibrational state from which the dissociation takes place in-
excitation cross sections making a smaller contribution. Witrereases. We can see from these calculations that dissociative
the exception of a slight overestimate of the nonresonarttachment proceeding from the vibrational ground stade
background, our calculated cross sections provide a goodSible on the scale of the figurevould lead to cross sections
description of the elastic cross sections and hence of ththat are too small to be detectable. However, dissociative
grand total cross sections. attachment arising from vibrationally excited states should
be measurable, provided the initial vibrational level is suffi-
ciently high. Table Il lists maximum values of dissociative
B. Dissociative electron attachment attachment cross sections from each vibrationally excited

The process of dissociative electron attachment to N@tate and the electron energy at which this cross section peak
studied in the present investigation takes place via the reads Produced. _ _ o _ _
tion channele+NO— O~(2P)+N(*S), which is associated It is interesting to investigate the origin of this dramatic
with the 33~ resonance. Figure 7 shows the dissociative elecenhancement of the dissociative attachment cross section

tron attachment cross sections calculated using the nonlocifith Vibrational excitation. The clearest way to display the
potential model as described in Sec. Il A. The numerical S0- TABLE II. Maximum values of calculated dissociative electron

lution of the working equations of this process was carriecattachment cross section®ACS's) from vibrationally excited
out using the finite-element DVR implementation of ECS, asstates(y,) of NO and energies of the incident electron at which

these cross sections are produced. Cross sections are in units of

0.5 1071 cn? and energies are in electron volts.
04 Vi Energy DACS

gg 0 4.854 8497 2.692 145510°°
2 03 1 4.594 5892 7.389 442410°
g 2 4.414 4088 1.997 212710°
3 02r 3 4.374 3687 5.016 723810°5
z 4 3.773 7675 4.925679710°
© o1F 5 3.553 5471 1.965 6159107
6 3.373 3667 4.605 14321074
0726 28 3 32 34 36 38 4 7 3.173 1663 1.085248410°°
(@) Energy (V) 8 2.932 9259 1.963 60251073
9 2.712 7054 4.961 709 1073
0.3 T T 10 2.512 5050 1.458 32661072
_ 11 2.312 3046 3.648 92161072
Ng 12 2.132 1242 7.373 65541072
E-O 13 1.951 9439 0.129632 21
E 14 1.771 7635 0.204 932 59
§ 15 1.611 6032 0.290 1275
2 16 1.451 4429 0.367 416 63
UE 17 1.331 3226 0.421 704 41
18 1.231 2224 0.448 168 16
0 . 03 . | . I3 . 5 >3 — s 19 1.211 2024 0.450 419 18
(b) Eneray (eV) 20 1.211 2024 0.436 572 56
21 1.211 2024 0.422 077 84
FIG. 7. Dissociative electron attachment cross sections. Top 22 1.231 2224 0.410 33554

panel: cross sections from vibrationally excited states 5-9. Bottom 23 1.231 2224 0.397 5291

panel: cross sections from vibrationally excited states 9—-23.
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FIG. 8. (Color onling Bottom panel: potential-energy curves of NO and of 1i& resonancésolid curve$, and vibrational levels of the
neutral targetdotted line$. Also shown are the vibrational wave functiong(R) and 7;5(R) and the scattering solution of E2), i, at
E=0.1, 0.5, and 1.0 eV\solid curve$. top panel: enlargement of the selected region of the right panel. In addition to the wave functions
mentioned above, the entry amplitudgsR) and ¢,5(R) [see Eq(6)] are shown. Vibrationally excited DA cross sections are plotted fod
[opa(v=0)]%x 5000, and forr=15 [opa(v=15)]. Internuclear distances are given in atomic units and energy in units of electron volts.

physics of that enhancement is to view the process via Eqntegral. In this way, the cross sections for dissociative at-
(21) which gives the cross section in terms of the wave functachment are rapidly enhanced as the initial vibrational quan-
tion, ¢, associated with the reverse process in which an Otum numberv increases. The resulting cross sections for dis-
and N atom collide. The relevant wave functions and thesociation proceeding from vibrational states0 multiplied
associated potential curves are shown in Fig. 8 where it igy a factor of 500Q0pa(r=0)], andv=15[opa(v=15)], are
particularly important to note the role of the imaginary parta|so shown in the left panel of Fig. 8 as a function of the total
of the resonance potential curve. Vibrational wave function%nergyE_
of neutral NO are plotted specifically for vibrational states  aAnother noticeable characteristic of the calculated disso-
v=0 and 15 in the right panel. Also shown in this panel aregjative attachment cross sections is the change in their shape
three scattering solutions of E€?2) for total energies given ith the decrease of the threshold energy onset with increas-
by Eq.(20) of E=0.1, 0.5, and 1.0 eV. ing vibrational levels. This feature can be understood by tak-
A key point is that close to the classical inner turninging into account the fact that the barrier penetration factor
points the scattering functiong: appear suppressed due 1o jntroduced in our equations will affect the cross sections only
the imaginary part of the resonance potentiall'(R)/2.  at electron energies with momerkahat are lower than the
Thus there is no large peak in the scattering wave functioocal momentunk(R) in Eq. (7). As the energy of the vibra-
near the classical turning point, and the enhancement of thggnal level from which the dissociation takes place in-
cross section is not associated with any simple classical etreases, the threshold energy, and thus the incident electron
fect. momentum needed for the the dissociation to occur, de-
Evaluation of the dissociative attachment cross section Ugreases. A= 15, the introduction of the barrier penetration
ing Eq. (21) requires the calculation the integral of the prod-factor gives rounded shape to dissociative attachment cross
uct of the scattering function/e and the entry amplitude sections near threshold, whereas the cross sections from

from Eq. (6), #,. Recall that the entry amplitude is propor- |ower vibrational states are unaffected by the barrier penetra-
tional to the initial vibrational wave function of the neutral tjon factor.

multiplied byI'(R). The left panel of Fig. 8 is an enlargement
of a selected area of the right panel that shows the entry
amplitudes¢y(R),#15(R) associated withv=0 and 15. Also
enlarged in this panel are the scattering solutigasWe can We have presented electron-NO elastic and vibrational ex-
see that in the case of low vibrational states, the product of aitation cross sections for incident electron energies between
rapidly oscillating scattering functio#iz and a smooth vibra- 0 and 2 eV. These calculations were performed using a non-
tional wave function[e.g., ¢o(R)], will give a very small local potential model to describe the nuclear dynamics, to-
overall integral. For higher vibrational stateg, oscillates gether with a set of resonance potential curves that are more
with a frequency closer to that afi, resulting in a larger accurate than what we had previously employ&d]. The

IV. DISCUSSION
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complex-valued potential curves were obtained by combinground state K¢S)+O~(?P). Our results show that the disso-
ing large-scale configuration-interaction calculations for theciative attachment cross sections in this channel that origi-
resonance positions with fixed-nuclei, complex Kohn calcunate from the ground vibrational state of NO are extremely
lations for determining the resonance lifetimes. The resultingmall, as confirmed by several experimental stufl&s-2Q.
low-energy scattering cross sections are dominated by shaptowever, the dissociative attachment cross section is pre-
resonance contributions associated with 8¢, A, and, to  dicted by these calculations to increase by several orders of
a lesser extent'S* states of NO and display pronounced, magnitude when the dissociation takes place from vibrational
overlapping boomerang structures that give irregularlyexcited states of NO. We predict that dissociative attachment
shaped vibrational excitation cross sections. cross sections producing ground-state atomic products
The inclusion of barrier penetration factors in these calshould be measurable starting from vibrational levels above
culations, in both the entry and exit amplitudes, enforces thepproximatelyr=10.
correct threshold behavior in the resonant cross sections for
vibrational excitation and removes the spurious threshold
peaks that were seen in earlier boomerang calculations.
However, in contrast to what was seen in earlier experiments Work at the University of California Lawrence Berkeley
[8], we do not find a complete supression of the lowest fewNational Laboratory was performed under the auspices of the
peaks in cross sections for exciting higher vibrational levels|J.S. Department of Energy under Contract No. DE-AC03-
but instead find encouragingly good agreement with the re76SF00098 and was supported by the U.S. DOE Office of
cent experiments of Allaf9,13]. Basic Energy Sciences, Division of Chemical Sciences.
We have also investigated dissociative electron attachA.E.O. also acknowledges support from the National Science
ment to NO via the’s,” negative ion resonance which gives Foundation(Grant No. PHY-02-44911
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